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Preface
Dear reader,

This special issue of the “Bulgarian Chemical Communications” comprises most of
the studies, presented at the Scientific Session on “Advanced Materials and
Technologies”, that was held in Sofia on October 10-11, 2016.

The Scientific Session was organized by the Institute for Optical Materials and
Technologies “Acad. Jordan Malinowski” at the Bulgarian Academy of Sciences.
The program involved invited lectures and poster presentations in three contemporary
scientific directions in material science: optical characterization and monitoring of
processes; materials for biomedical and environmental applications; thin films and
multilayer systems for applications in photonics, optoelectronics and sensor
technique. The testimony for the vivid interest this event provoked was the really high
response rate materializing into more than 60 participants. The presentation of the
invited distinguished lecturers in the above key research fields along with the
participation of prominent Bulgarian scientists, working together with colleagues
from leading international Institutes was highly appreciated by all present. The
significant attendance of young scientists and PhD students indisputably added to the
attractiveness of the session. Moreover, the continuous face-to-face communication
during the session days provided valuable opportunities to the attendees to share
knowledge and exchange experience, to network actively and confer on the latest
developments in the fields of research and technologies in the corresponding areas of
interest, that in fact was session’s core mission. For those who didn’t have the chance
to be there — we hope that this reading will serve as a teaser to attend the next round.

Wishing you an exciting and beneficial experience,

Guest editors of the special issue:
S. Kitova
J. Dikova
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The present investigation deals with the sol-gel synthesis and optical characterization of gels in the binary TiO, —
TeO, system. Titanium butoxide and telluric (VI) acid (H¢TeOg) were used as main precursors for preparation of the
rich in TiO, (above 35 mol %) compositions. The heat treated up to 300°C gels are predominantly amorphous and
contain small amount of metallic tellurium. Several crystalline phases TiTe;O0g, TeO,, TiO, (anatase) and TiO, (rutile)
simultaneously exist above this temperature. Two maxima about 230 — 250 nm and 290 — 330 nm related to the isolated
TiO, units and condensed TiOg groups, respectively were observed in the UV — Vis spectra. The heating of all samples
above 500°C led to an increase of the UV absorption peak at 330 nm (instead of that at 230 nm) which is related to the
greater condensation processes. In comparison to the pure Ti butoxide gel, a red shifting of the absorption edge for
samples containing up to 50 mol % TeO, was observed, while composition containing higher TeO, amount (above 50

mol %) exhibited blue shifting.

Keywords: sol-gel, telluric (V1) acid, crystallization

INTRODUCTION

In the past decade much attention has been paid
on the binary TiO, - TeO, system. From one side,
TiO,-based materials have always been of primary
research interest for the materials chemists driven
by the unique properties of TiO, and its ability to
create  high surface area structures for
photocatalysis and sensing [1]. On the other side,
the binary TiO,-TeO, system is of special interest,
as it has been shown that TiO, inhibits structural
changes of the Te polyhedra and maintains a
continuous amorphous network [2, 3]. It was found
that the addition of TiO, increases the thermal
stability of TeO,-based glasses by replacing Te-O-
Te linkages by more rigid Te-O-Ti ones [4].
However, it was established that the Ti*" as an
additive is the most influential ion for improving
the optical properties of TeO, among all transition
metal ions due to effect of its d orbital [5]. The
pioneer’s investigations with reference to sol-gel
obtaining of TiO,/TeO, thin films started by Weng
and Hodgson [6]. In their earlier research the sol —

* To whom all correspondence should be sent:
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gel technique was applied as an alternative of the
melt quenching method for synthesis of TeO, based
thin films but the uncontrolled hydrolysis of
tellurium isopropoxide was found as a problem.
That question was widely discussed in several
papers [4, 7 - 13]. Most of the authors reported that
during the heat treatment of TeO, thin films highly
dispersed metallic tellurium is present up to 340°C
[7 - 9, 14]. The a-TeO, occurred when the heat
treatment temperature was further increased.
Addition of TiO, retard the crystallization of a-
TeO, but promote the formation of other TiO, or
TiTe;0g phases [9, 15]. Recently, similar results in
that system have been described in several papers
[13, 16, 17]. Up to now, dense and transparent thin
films were obtained by these methods in the TiO,-
TeO, system containing 10 mol % TiO, and in a
more complex TiO,— TeO,— PbO system [18, 19].
The Ti0,/TeO, glasses, rich in TeO, (> 70 mol
%) have been obtained by sol-gel techniques [10,
17] and the optical properties of the obtained
materials were also verified. Melt quenched glasses
in the TiO, - TeO, system were obtained in a
narrow concentration range above 75 % TeO, [2,
20, 21]. Generally, it is difficult to be prepared
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glasses rich in TiO, by conventional melt —
quenching route due to its high melting temperature
(1843°C). We have chosen the sol — gel method as
an alternative one for obtaining of rich in TiO,
amorphous materials. Our earlier investigations in
that binary system started with the phase
transformations and photocatalytical properties of
sol — gel derived TiO,/TeO, powders containing
from 70 to 90 mol % TiO, [13, 15]. Data on optical
characterization of sol — gel derived TiO,/TeO,
powders containing higher TiO, content were not
found in the literature that motivates our present
study.

The purpose of this paper is to synthesize rich in
titania TiO,/TeO, powders applying a sol — gel
technique and to characterize optically the prepared
samples as well as to verify the morphology of the
obtained products.

EXPERIMENTAL
Samples preparation

Various samples containing different TiO,
content (above 40 mol %) were prepared and some
of them were selected for detailed phase and optical
investigations: ~ 80Ti0,.20TeO, (sample A),
50Ti0,.50TeO, (sample B), 40Ti0,.60TeO,
(sample C). In order to overcome the problem with
high hydrolysis rate of tellurium (VI) alkoxides we
used Te(VI) acid (Aldrich) [6, 22, 23] in
combination with Ti butoxide (Fluka AG) and
ethylene glycol (C,H4O,) (99% Aldrich). Solutions
(A and B) were prepared via dissolving of the
precursors in ethylene glycol by means of vigorous
magnetic stirring. Thus, transparent gels were
obtained. For comparison, pure TiO, gel was
obtained from Ti butoxide without addition of
water or ethylene glycol (EG) and it is denoted as
TBT. The as — prepared gels were subjected to
heating at ~ 150°C and subsequently to calcination
in the temperature range 200-700°C. The stepwise
heating of the samples from 200 to 700°C for one
hour exposure time in air was performed, until
obtaining powders. The calcination temperature
was selected on the basis of our previous
investigations [13, 15]. The pH during the
experiments was measured to be about 7.

Samples characterization

Powder XRD patterns were registered at room
temperature with a Bruker D8 Advance
diffractometer using Cu-K, radiation. It has to be
noted that the XRD patterns obtained below 200°C
are complicated due to the presence of organic

complexes and they are not discussed. The
morphology of the samples was examined by
scanning electron microscopy (SEM) using a JEOL
JSM 6390 electron microscope (Japan), equipped
with ultrahigh resolution scanning system (ASID-
3D). The accelerating voltage was 20kV, 1~65 pA.
Transmission  Electron = Microscopy (TEM)
investigations were performed on a JEOL JEM
2100 instrument (Japan) at an accelerating voltage
of 200 kV. The specimens were prepared by
grinding and dispersing them in ethanol by
ultrasonic treatment for 6 mins. The suspensions
were dripped on standard carbon/Cu grids. The
measurements of lattice fringe spacings recorded in
HRTEM micrographs were made using digital
image analysis of real space parameters. The
analysis was carried out by the Digital Micrograph
software. Additional support for the existence of all
participated elements in the investigated samples
was performed by X-ray energy dispersive
spectrometry (XEDS) elemental mapping studies.
The optical absorption spectra of the powdered
samples in the wavelength range 200 — 800 nm
were recorded by a UV-VIS diffused reflectance
Spectrophotometer "Evolution 300" using a
magnesium oxide reflectance standard as the
baseline. The absorption edge and the optical band
gap were determined following Dharma et al.
instructions [24]. The bandgap energies (E,) of the
samples were calculated by the Planck’s equation:
_hc 1240

) A

where E, is the bandgap energy (eV), 4 is the
Planck’s constant, c¢ is the light velocity (m/s), and
A is the wavelength (nm).

E

RESULTS AND DISCUSSION
X —ray diffraction

Transparent and monolithic gels were obtained
and the gel formation region determined at room
temperature is situated between 35 - 100 mol %
TiO, and up to 65 mol % TeO,. According to the
X-ray diffraction patterns heat treated gels up to
300°C consist of amorphous part and metallic
tellurium only (JCPDS 78-2312) (Fig. 1, samples
A, B, C). The residual organic component plays an
important role in promoting the formation of
tellurium [12]. According to Wei et al. [12] the
samples heated at 300°C with preheated treatment
at 200°C in O, showed great decrease in the
metallic tellurium content and clearer amorphous
phase in the XRD pattern. Looking at our results, at
400°C only tellurium was found in the XRD pattern
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for sample A (80Ti0,.20TeQ,), while for samples
B and C containing higher TeO, content (50, 60
mol %) partially oxidation of tellurium to
paratellurite (a-TeO,, JCPDS 42-1365) was
registered. Further increasing of the temperature
(500°C) led to fully oxidation of tellurium to TeO,
and at this temperature it exists simultaneously with
TiO, (anatase) (JCPDS 78-2486) and crystalline
TiTe;O3 phase (JCPDS 50-0250). At higher
temperatures (600, 700°C) all these phase coexist in
the prepared composite materials (Fig. 1a). The The
TiO, (anatase) to TiO, (rutile) (JCPDS 21-1276)

80Ti0, 2070,
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transformation is observed at 700°C for all samples.
Irrespective of using different precursor (Te"' acid)
in our experiments, the observed phase
transformations are in good accordance with those
obtained by other teams [7, 9, 14, 17]. For
comparison, the XRD patterns of Ti butoxide gel,
showed that it is amorphous up to 300°C and the
first TiO, (anatase) crystals appeared at 400°C (Fig.
1b). The addition of TeO, (samples A, B, C) to Ti
butoxide preserved the amorphous titania up to
400°C and first TiO, (anatase) crystals appeared at
500°C.
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Fig. 1. XRD patterns of the: (a) investigated samples A (80Ti0,.20TeO,), B (50Ti0,.50TeO,) and C (40Ti0O,.60TeO,)
and (b) pure Ti butoxide (TBT).

Electron microscopy

Sample C (40TiO,.60TeO,) heat treated at
400°C was subjected to SEM observations with
microprobe analysis (Fig. 2). The sample
morphology revealed shapeless agglomerates with a
size around 50 - 100 pm, that are probably a result
of the crashing of the monolithic gels during the
drying process. The microprobe analysis was
performed in different points of the sample surface
and the obtained data are summarized in Table 1.
As it is seen there are aggregates with composition
corresponding to TeO, (spectrum 1), other pieces
with composition equivalent to the initial one

(spectrum 2) and regions with segregated Ti on the
surface (spectrum 3).

The HRTEM images performed in different
parts of sample C heat treated at 400°C confirmed
the inhomogeneous nature of the sample at unit cell
level (Fig. 3a). The SAED data exhibited presence
of tetragonal TeO, (SG P4,2,2) with the lattice
parameters a = 4.810 A and ¢ = 7.612 A (Fig. 3b).
This implies that the crystal is viewed along the
[122] zone axis. The composition map via STEM-
XEDS analysis was carried out to examine the
distribution of elements in the composite sample.
The results of mapping studies (Fig. 4) portray the
coexistence of Ti, O, Te and C elements and their
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homogeneous distribution. The TEM images of
another part of the sample rich in carbon are shown
in Fig. 5. Several pods fill up with smooth and
spherical particles are observed with size between
20 nm to 2 um. Elemental mapping studies in this
part of the composite illustrate mainly existence of
carbon and oxygen (Fig. 6).

Table 1. Electron probe microanalysis (EPMA)
performed in different points on the surface of sample C

Microprobe analysis (at %)
4OTi02.60TeO2 (mol %)
Elements initial composition, 400°C
at % sp.1 |sp. 2sp. 3
Ti 13 - 11 | 23
Te 20 33 22 | 10
O] 67 67 67 | 67

Fig. 2. SEM images of sample C (40Ti0,.60Te0,) heat
treated at 400°C.

TeO, (tellurite) - tetragonal
SG P4,2;2
a= 4810A
c=7612A

Fig. 3 (a, b). (a) Bright field TEM micrographs of
sample C heat treated at 400°C and (b) SAED pattern of
TeO, (paratellurite) particle from sample C, oriented
along [122] direction.

C ka1 2 Te Lal

h | (a) .

Fig. 4 (a,b,c,d,e). (a) Integral XEDS-STEM composition
map of sample C heat treated at 400°C; (b) composition

map of C; (c) composition map of Te; (d) composition
map of O; (e) composition map of Ti.

Fig. 5 (a,b,c). Bright field TEM micrographs from
carbon rich areas of sample C heat treated at 400°C.

Fig. 6. (a,b,c,d,e). (a) Integral XEDS-STEM composition
map from carbon rich area of sample C heat treated at
400°C; (b) composition map of Te; (c) composition map
of Ti; (d) composition map of C; (e) composition
map of O.

UV — Vis DRS characterization

The diffuse reflectance spectroscopy (DRS) studies
were executed in order to determine the absorption
edge (cut - off) as well as to calculate the band gap
energy (E,) of the binary and pure TBT gels (aged
at room temperature) as well as of the heat treated
at 600°C samples (Fig. 7a, b; Table 2). Generally,
for the heated samples (200 - 400°C) these optical
characteristics could not be determined because of
the high absorption above 400 nm caused by the
presence of carbon. Such absorption is illustrated
by the UV — Vis spectra of pure TBT (Fig. 7c¢).
The UV — Vis spectra of the investigated binary
gels were compared to those of pure Ti butoxide gel
(TBT). All spectra of the gels (samples A, B, C and
TBT) are characterized with good transparency in
the visible region. Useful structural information on
the coordination number of Ti atoms was
additionally obtained by UV—Vis spectroscopy. The
appearance of two absorption bands below and
above 300 nm, could be related to the charge
transfer of electrons from O to Ti. The main
building units in the unhydrolyzed Ti butoxide are
isolated TiO, groups with absorption band in the
region 240-260 nm. These groups change their
coordination geometry to TiOg (300 — 330 nm) as a
result of the polymerization processes (Ti—O-Ti
links between TiOg units) [25, 26]. The UV — Vis
spectra of as-prepared binary gels showed more
intensive absorption peak about 300 - 310 nm that
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could be associated with greater degree of
hydrolysis and condensation processes (samples A,
B) in comparison to pure TBT. It is also evident
that TeO, increased the absorption in the UV region
(samples A, B, C).

2

(a) (1) samp f(sorlo: 207e0)_gel
40T £

(4) samp. Ti (IV) n-butoxide_gel

X -(2
Y

\
/_/ |
| A
T M
‘ \

04 2 -

g

Kubelka-Munk units

200 300 400 500 600 700 800

Wavelength.,nm
14
(b) M (1)famp. 8-2(§0Ti0_60T40)_600"C
i VAV (2)kamp. 7 (5QTi0,_50Ted,) 600°C
7T "‘ ‘ 1) (3)famp.4 (8qTi0, 20Ted,) 600°C
) I/ | (a)bamp 3(9¢Ti0_10Ted ) 60C
€ /( “\‘__..‘3, (8)famp. Ti (1Y) n-butoxide_600"C
2 f \
A )
s 1A
I T
= | /
s 1 ‘\ i )
5. Y
g "/,7 ot N
s N
AN
e |
o 5,

200 300 400 500 600 700 800
Wavelength.nm

(2) Ti (IV) n-butoxide_400°C
2 foxide

144 Ti (IV) n-butoxide _200°C

(5) Ti (IV) n-butoxide_gel

3
1

@
n

Kubelka - Munk units

04

200 300 400 500 600 700 800 900 1000 1100
Wavelength.nm

Fig. 7. UV-Vis DRS of samples: (2) gels, (b) heat treated
at 600°C powders and (c) pure Ti butoxide.

It is clearly observed that the gel (sample A)
containing lowest TeO, content (20 mol %) showed
shifting of the absorption edge towards a longer
wavelength (red shift) (~ 403 nm) compared to pure
TBT gel (~ 390 nm). The highest TeO, content (60
mol %, sample C) led to shifting of the absorption
edge towards a lower wavelength (blue shift) in
respect to TBT gel (sample C, ~ 381 nm, Table 2).
It is well known that Eg depends on many factors:
generally, disordered systems cause blue shift;
increasing the covalency of the bonds and the
degree of polymerisation shift the absorption to the
visible range [27]. Obviously, the binary gel
80Ti0,.20TeO, with more completed polymeri-
zation processes exhibited red shifting of the

absorption edge, while the gel 40TiO,.60TeO, with
uncompleted polymerization showed blue shifting.

Table 2. Investigated binary gels, observed cut-off and
calculated optical band gap values (Eg).

Compositions, mol % as prepared gels (ZSOC)
Eq, eV cut-off, nm
TiO2 (Ti (IV) n-butoxide) 3.18 389.71
80Ti02.20TeO2 3.08 402.86
50TiOZ.5OTeO2 3.39 365.55
40Ti02.60TeO2 3.25 381.58

The UV-Vis spectra of the investigated samples
(A, B and C) heat treated at 600°C possessing two —
edge absorption (Fig. 7b) that could be related to
the simultaneous existence of different crystalline
phases [TiTe;0s, TeO, and TiO, (anatase)] (Fig. 1)
and probably the absorption curves contain the
contributions from each of the components. Similar
explanations are made by other authors [28]. It was
also stated [28] that in such cases the dominant is
the influence of the compound with smaller E,.

CONCLUSIONS

By the new combination of organic and
inorganic precursors a simple route for obtaining of
complex homogeneous gels in the TiO, — TeO,
system is offered. The crystallization process
started about 400°C and above this temperature sol
— gel derived composite powders containing TiO,
(anatase), a-TeO, (paratellurite) and TiTe;Og were
obtained depending on composition. By UV — Vis
spectroscopy was established that the gels are
characterized with good transparency in the visible
region. It is also found that the low TeO, content
(20 mol %) causes red shifting of the absorption
edge while higher TeO, (60 mol %) amount leds to
the blue shifting, both cases compared to pure Ti
butoxide gel. It was found that the sol-gel method is
suitable for obtaining of amorphous samples which
are difficult to be prepared by conventional melt
quenching route due to the high melting
temperature of TiO,.
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30JI- TEJIEH CUHTE3, XAPAKTEPU3MPAHE U OIITUYHU CBOMCTBA HA TiO,/TeO, [TIPAXOBE

A. T BLqBapOBa—Hez[enqual, pP.C. ﬁopaaHOBal, P. ]I FGFOBal, II. B. MapKOBl,
. . HuxtsiroBa'” u S1. B. }II/IMI/ITpI/IeB3

! Unemumym no O6wa u Heopeanuuna Xumus, BAH, yn. “Axaod. I'. Bonues”, 6. 11, 1113 Cogpus, Boreapus

2 Unemumym no Munepanozus u Kpucmanoepagus, BAH, yn. “Akao. I'. Bonues”, 6. 107, 1113 Cogus, Bvaeapus
7 Xumuromexnonoauuen u Memanypeuuen Ynusepcumem, oyn. “Kn. Oxpuocku”, 1756 Cogpus, Bvreapus.

[MToctbruna Ha 10 okromBpu 2016 r.; kopurupana Ha 20 HoemBpH, 2016 T.

(Pesrome)

B Hacrosmoro m3cienBaHe ca OOCHIECHH 30JI — TEIHUAT CHHTE3 M ONTHYHOTO XapaKTEepU3UpaHe Ha TelId OT
neykomnonentnara Ti0, — TeO, cucrema. Tenyposa (VI) kucenvHa ¥ THTAHOB OYTOKCHJL Ca M3MOJI3BAHH 32 CUHTE3a
Ha 6oratu Ha TiO, (Hag 40 mon %) cberaBu. PentrenodazoBusaT ananus Ha TepMudHO Tpetupanute a0 300°C renu
IOoKa3a MPUCHCTBUE NPEAMMHO Ha opraHndHa amopdHa ¢da3za u MetaneH Temyp. Han Tasm TemmepaTypa, HAKOJIKO
kpuctanau ¢aszu TiTe;O0g, TeO,, TiO, (anata3) u TiO, (pyTnn) ca peructpupann. ¥YB — Buc crekTpockomnusaTa mokasa
MIpUCHCTBHE Ha J1Be abcopOrmonnn uBuIM npu 230 — 250 am u 290 — 330 HM, KOUTO MOTaT Ja Ce OTHECAT ChOTBETHO
kbM uzosupanute TiO4 u TiOg rpynu. Harpssanero Ha Benuku obpasuu Hax 500°C goBeie 10 MOBHMINIABAHETO HA
abcopbumonaust muk mpu 330 nm, KOETO MOXKE J1a C€ CBBPXKE C MO-IIBIIHO MPOTEKINTE KOHACH3AIMOHHU TPOIecH. 3a
cbeTaBu chabpkamm g0 50 mon % TeO, Oe HaOmomaBaHO €IHO OTMECTBaHE Ha aOCOPOIMOHHUSAT PHO KBM IO —
BHUCOKHTE CTOMHOCTH Ha JABJDKMHATA Ha BBJIHATA, JOKATO MPH ChCTaBU chAbpkaimu Hax 60 moa % TeO, ormecTBaHeTo
Ha abCOpPOLMOHHUSAT PBO € KbM 110 — HUCKUTE CTOMHOCTH Ha JBbJDKMHATA Ha BBJIHATA.
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Glass and glass-crystalline materials with nominal composition 55B,03'35Bi,05-10La,0; doped with 1 mol%
Eu,03; were synthesized by melt quenching method. Different phases were developed, applying several melting
temperatures. According to the XRD data, glass-crystalline materials containing LaBO; as crystalline phase were
obtained at 1050 °C and 1100 °C, while X-ray amorphous samples were prepared at 1200°C. Thermal parameters of the
obtained glass samples were estimated by DTA analysis. It was found that the thermal stability of the glass drastically
increased with the addition of Eu,03 (1 mol%). UV-Vis diffuse reflectance spectrum showed that the quenched glass is
transparent in the visible region. LaBO:Eu** crystals enhanced red °D,—'F, photoluminescence emission of the glass—
crystalline samples as compared with the glass sample. This is due to the incorporation of the active Eu®* ions with low

symmetry into the crystal phase.

Keywords: Glass; IR spectra; Luminescence spectra

INTRODUCTION

In the last decades, borate materials have largely
demonstrated their potential for the development of
new optoelectronics devices. Their interesting
properties do not only limit to the crystalline phases
but also can be extended to the glass form with
different compositions [1]. In particular, remarkable
attention has been directed towards complex
bismuth-borate based glass systems, containing rare
- earth metal oxides (RE) [1-3]. Such glasses have
many technological applications as lenses, lasing
materials, magneto-optic  materials, optical-
switching materials and sensors [1-3]. They have to
posses, a high thermal stability, excellent surface
polishing properties, high refractive index, etc. [1,
4] to be promising materials for use in all-optical
devices. It has been reported that the glass structure
of bismuth borate glasses can be stabilized by
doping with RE oxides. In particular, Bi,O3'B,0;
glasses doped with suitable amount of La,O3 could
tighten the glass network structure and improve the
microhardness of bismuth-borate glass [2, 5, 6]. In
this study, glass and glass-crystalline materials with

nominal composition 55B,05-35Bi,03-10La,03
doped with 1 mol% Eu,0; have been prepared by
melt quenching method. The influence of Eu** ions
on the structure and optical properties of the
55B,03'35Bi,03-10La,0; glass has been also
investigated.

EXPERIMENTAL

Reagent grade Bi,0s, H;BOs, La,03 and Eu,0;
were used as starting materials to prepare one
sample with nominal composition
55B,03'35Bi,03°10La,03 and three samples with
the same nominal composition doped with 1 mol%
Eu,0s;. The homogenized batches were melted at
the temperature range between 1050-1200 °C for 30
min in a platinum crucible in air. The melts were
guenched by pouring and pressing between two
copper plates (cooling rates 10'-10? K/s). The
phase formation of the samples was established by
x-ray phase analysis. Powder XRD patterns were
registered at room temperature with a Bruker D8
Advance diffractometer using Cu-K, radiation. The
data were obtained in the 10 < 26 < 60° range with
a step 0.02 for two different scanning times - of
0.02 seconds for the 55B,03-35Bi,05-10La,04

*To whom all correspondence should be sent:
E-mail: lubomirivov@gmail.com

sample and at longer scanning time of 0.1 seconds
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for the three Eu,O; doped specimens. Thermal
parameters of the glasses were determined using
differential thermal analysis (DTA) (Setaram,
LabsysEvo 1600). The heating rate was 10K/min in
air atmosphere under air flow of 20 mL/min. The
IR spectra of the glasses were recorded in the
1600400 cm™ region, using the KBr pellet
technique (Nicolet-320 FTIR spectrometer). The
optical spectra of powder samples at room
temperature were recorded with a spectrometer
(Evolution 300 UV-vis  Spectrophotometer)
employing the integration sphere diffuse reflectance
attachment. The uncertainty in the observed
wavelength is about + 1 nm. The Kubelka—Munk
function (F(R)) was calculated from the UV-Vis
diffuse reflectance spectra. The band gap energy
(Eg) was determined by plot (F(Reo) hv)™, n = 2
versus hv  (incident photon energy). The
photoluminescence (PL) spectra in the visible
region of Eu®** ions for the glass and glass—
crystalline samples were recorded with PL
spectrometer (Scinco FS-2 with wavelength
accuracy 1 nm) at room temperature in which the
excitation light of a wavelength A = 464 nm was
used.

RESULTS

Different phases were developed, applying
several melting temperatures. According to the
XRD data (Fig. 1 a, b, c, d), glass-crystalline
materials containing LaBO; (JCPDS-00-012-0762)
as crystalline phase were obtained at 1050 °C and
1100 °C, while x-ray amorphous samples were
prepared at 1200°C. Visual observation of the
obtained samples supported these experimental
results. The two glasses 55B,05°35Bi,03-10La,03
and 55B,05-35Bi,03-10La,05; Eu** were dark
brown and completely transparent. Glass-crystalline
55B,05:35Bi,03 10La,05; Eu®* specimen obtained
at 1100 °C was yellow and opaque, while the
sample melted at 1050 °C was opaquer probably as
a result of its higher crystallinity.

We used the IR spectroscopy in order to check
the effect of addition of Eu,O; in
55B,03-35Bi,03°10La,03 glass matrix (Fig. 2). As
it is seen from the figure, there is no noticeable
difference in the spectra of both glasses. They
contain absorption peaks characteristic of the BO;
(1360 cm™, 1290 cm™, 1190 cm™ and 695 cm™):
BO, (1020 cm™ and 910 cm™) and BiOg (540 cm®
'and 480 cm™) structural groups [6-8]. In order to
get more precise information about the europium
ions effect on the glass structure, we deconvoluted
glass spectra to check the relative population of
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boron in different structural units (BO3; and BO,).
Fig 3 (a, b) shows the deconvolution in Gaussian
bands, of the investigated spectra. Each component
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Fig. 1. XRD patterns of 55B,03-35Bi,0510La,05 ()
and 55B,0;35Bi,03°10La,05 : Eu** (b-d) glass and
glass-crystalline samples obtained by melt quenching at
different temperatures.
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Fig. 2. IR spectra of 55B,03-35Bi,03'10La,03 (a) and

55B,05°35Bi,05°10La,05 : Eu®" (b) glass samples
obtained by melt quenching technique.

band is related to some type of vibration in specific
structural groups. The concentration of the
structural group was considered to be proportional
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to the relative area of its component band. The
deconvolution parameters (the band centre at C and
the relative area A) and the band assignments are
given in Table 1. These characteristic parameters
are used to calculate the fraction N, of BO, units in
the bismuth-borate matrix. N, can be defined as the

Absorbance (a. u.)

Absorbance (a. u.)

558,0,-3581,0,10La,0, «'4//5\;;203 358ip03-10Lag05Eu>*

1600 1400 1200 1000 800 600 1600 1400 1200 1000 800 600
Wavenumber (cm™!) Wavenumber (cm")

Fig. 3. Deconvoluted IR spectra of:
(a) 55B,03:35Bi,05° 10La,05 and (b)
55B,05:35Bi,04° 10La,05 : Eu®* glass samples obtained
by melt quenching technique.

Table 1. Deconvolution parameters (the band centers C
and the relative area A) and the band assignments for the
undoped and Eu®* doped 55B,03-35Bi,03-10La,03 glass

Sample C A Assignments Ref.

B-O stretch 6-8
vibration in BO,
groups

B-O stretch 6-8
vibration in BO,
groups

B-O stretch 6-8
vibration in BO,
groups
B-O stretch 6-8
vibration in BO3
groups
B-O stretch 6-8
vibration in BO3
groups
B-O stretch 6-8
vibration in BO3
groups

55B,0; 815 2.8
35Bi,0,
10La,05
892 121

1025 21.9

1197 24.7

1319 29.5

1408 9.0

55B,0; 816 2.2
35Bi,0;
10La,0

Eu®* 887 9.7

B-O stretch 6-8
vibration in BO,
groups

B-O stretch 6-8
vibration in BO,
groups

B-O stretch 6-8
vibration in BO,
groups
B-O stretch 6-8
vibration in BO3
groups
B-O stretch 6-8
vibration in BO3
groups
B-O stretch 6-8
vibration in BO3
groups

1024 26.18

1199 214

1314 29.2

1405 112

samples ratio of the concentration of BO, units to the
concentration of (BO3+BO,) units [4, 8]. The calculated
N, values for the studied compositions are 0.36 and 0.38
for the undoped and Eu®** doped
55B,03-35Bi,03'10La,03 glass respectively. The higher
N, values for the Eu** doped sample calculated reveals
that the presence of europium ions influences the
surroundings of the B¥* cations favouring the formation
of the BO, structural units and in this way the glass
network became more stable [8].
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Eg=304 /
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Fig. 4. DR-UV-Vis spectra and the band gap energy Egq
(inset) of 55B,05-35Bi,03-10La,05 and
55B,0;35Bi,05°10La,05:Eu** glasses and
55B,05:35B1,05° 10La,05 : Eu®* glass-crystal obtained
by melt quenching technique.

The  structural ~ modification  of  the
55B,03-35Bi,03'10La,05 glass network, caused by
the presence of Eu,0; is also evidenced by DR-UV-
vis spectroscopy. Fig. 4 displays the diffuse
reflectance spectra of undoped and Eu®*‘doped
55B,03-35Bi,03-10La,04 glasses and
55B,03-35Bi,05 10La,03: Eu** glass-crystal. In all
spectra, two absorption bands at 260 nm and 305-
325 nm are observed. In the Eu®" free spectrum
these bands are due to 'S;—°P; and *P; transitions of
Bi** ions [9, 10]. The higher absorption intensity in
the spectrum of Eu®*doped glass is a result of the
contribution of ligand-to-metal charge-transfer
band of Eu*" ions (310-315 nm) [11, 12]. In
addition, the band located at 315 nm in the
spectrum of Eu®* free glass slightly blue shifts to
305 nm in the presence of Eu,0;. The observed
spectral differences can be explained in terms of the
structural changes that are taking place with the
incorporation of the Eu®* ions in the glass network
[9, 10]. The shift towards lower wavenumber can
be explained with the formation of more
symmetrical EuOs and BiOg units [13]. Optical
band gap values (Eg) evaluated from the UV-Vis
spectra can also give information about the
structural arrangement of the glasses under
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investigation. The calculated band gap (E,) energy
values for indirect transition (see the inset in the
Fig. 4) are 3.11 eV and 3.17 eV for the undoped
and Eu**doped 55B,05:35Bi,05-10La,0; glass
respectively. According to the literature in glasses
the variation of E; may be attributed to the network
structural changes [14, 15]. It is well known that in
metal oxides, creation of non-bonding orbitals with
higher energy than bonding ones shifts valence
band to higher energy which results to E,
decreasing. However, in our case, E, value of Eu®
doped glass increases which evidence that Eu,0Os
improves the connectivity inside the network by
decreasing of the non-bridging oxygen species. In
the case of glass-crystalline Eu®" doped sample, the
band above 300 nm shifts to higher wavenumber —
325 nm and Eq value is lower — 3.04 eV. These
spectral features indicate that Eu®* ions are with
lower local symmetry.

Exo.

558,04 35Biy0510Lag05
Tk

553203'35Bi203'10L32033 EU3+

<-— Endo.

100 200 300 400 500 600 700 800 900
Temperature, °c
Fig. 5. DTA curves of 55B,03-35Bi,03-10La,03 and

55B,05:35Bi1,04° 10La,05 : Eu®* glass samples obtained
by melt quenching technique.

The formation of more rigid glass structure with
the addition of Eu,Os is also confirmed by the DTA
data obtained (Fig. 5). For the undoped
55B,03'35Bi,03°10La,03 glass, DTA shows a
hump, corresponding to the glass transition
temperature T, at 505 °C, followed by one
exothermic peak at 530 °C, corresponding to
crystallization temperature - T, and other
endothermic event, corresponding to the melting
temperature T, — 650 °C. For the Eu®" doped glass
the glass transition temperature T4 is at 457 °C,
exothermic peak of crystallization Ty at 590 °C and
endothermic peak, corresponding to the melting
temperature T, at 680 °C. The temperature
difference AT = T,-Ty, gives a measure of the
thermal stability of a glass against crystallization is
25 °C and 133 °C for the undoped and Eu®" doped
glass respectively. As it is seen from the DTA data
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obtained, Eu** doped glass has higher glass
crystallization temperature T, and possesses much
higher thermal stability ( higher AT) as compared
with the undoped glass. These results suggest that
the network structure of 55B,05-35Bi,03-10La,0s.
Eu** glass is becoming stronger with the
introduction of Eu,0s.
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Fig. 6. PL (a) excitation and (b) emission spectra of
55B,05:35Bi,05° 10La,05 ; Eu®* glass and glass-crystal
samples obtained by melt quenching technique at
different temperatures.

The PL excitation and emission spectra at room
temperature  for  prepared  55B,03:35Bi,05-
10La,05:Eu® glass and glass-crystals are shown on
Fig. 6 a and b. The monitoring of excitation spectra
(Fig. 6a) shown that the intensity of the absorption
peak at 464 nm dominates in comparison with the
intensity of the absorption at 394 nm. That is why
the emission was registered with excitation at 464
nm. The emission spectra (Fig. 6b) excited at
Aex=464 nm consist five peaks assigned to the 4f
transitions of Eu** ions, i.e., °D—'F, J=0, 1, 2, 3
and 4). It is seen that the peaks intensity for sample
melted at 1050°C dominate as compared to the
other samples because of its higher degree of
crystallinity. 1t is well known that the *Dy—'F;
transition situated around orange light (590 nm) is
due to the magnetic dipole transition while
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*Dy—'F, with red line (615 nm) corresponds to the
electric dipole transition which band is dominant in
all spectra [16, 17]. The ratio of integrated
emission peaks intensity of the >Dy—'F, transition
to that of the °Dy—'F; transition can be connected
with the covalent/ionic bonding between Eu** ions
and surrounding ligands. The increasing ratio value
is due to the increasing of asymmetry between
europium and oxygen ions [17]. For the sample
synthesized at 1050 °C the calculated value is 0.25
while for the glass sample decrease to 0.15. These
values indicate that Eu®* ions are with lower local
symmetry in the glass crystalline sample and they
are in agreement with the DR-UV-vis results.

CONCLUSIONS

Glass and glass crystalline materials with
nominal composition 55B,03-35Bi,03°10La,0;
doped with 1 mol% Eu,Os; were synthesized by
melt quenching technique and the influence of Eu®*
on the structure and optical properties of the glasses
was investigated. The IR studies revealed the
existence of BO;, BO, and BiOg as the main
structural units of the amorphous network.
Europium ions generate structural changes,
favoring the formation of the BO, units. The optical
absorption studies revealed that the optical band
gap energy (Eg) of glasses increases in the presence
of Eu® ions, while Eg of glass crystalline sample
decreases. Increase in Eg value evidence the
decrease in number of non-bridging oxygen ions in
the glass structure. DTA data showed that the
introduction of Eu,0; significantly improves
thermal stability of 55B,05-35Bi,0310La,03 glass,
LaBOs:Eu® crystals enhanced red °Dy—'F,
photoluminescence emission of the glass—
crystalline samples as compared to the glass
sample.
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OIITUYHO OXAPAKTEPM3UPAHE HA [IOTUPAHU C EU* IOHU, CTHKJIA U
CTBKIIOKPUCTAJIHU MATEPUAJIN B CUCTEMATA B,05-B1,05-LA;0;

P. C. Hopoanosa®, M. K. Munanosa®, JI. H. Anexcandpos', A. Kanna®, H. I'eopeues®
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IMocremmna Ha 10 okToMBpu 2016 T.; KOopurnpana Ha 10 HoemBpH, 2016 T.

(Pesrome)

ITo merona Ha mpeoxiageHa CTONMMIKA, Ca CHHTE3UPAaHM CTHKIA U CTHKJIOKPHUCTAIHM MaTepHaIN C HOMHHAJICH
ceeraB 55B,03-35Bi;05°10La,03, motupanu ¢ 1 momn% Euy,O;. B 3aBucuMOCT OT mpmiiokeHaTa TeMmIepaTypa Ha
TOIEHE, ca MOoJy4eHH pa3nnyHu ¢a3u. Cropeq TaHHUTE OT PEHTTeHO(a30BHAT aHAIN3, Ca MOJIYYEHH CThKIOKPUCTAIHU
Marepuany, cpabpxamu LaBO; karto xpucranna ¢aza npu 1050 °C u 1100 °C, nokaro npu 1200°C e cuHTe3upaH
peHTreHo-amopden obpasen. TepMUYHUTE TTapaMeTPH Ha MOJYYEHHTE CTHKJA, Ca ONpeAeieHH 4pe3 audepeHnanto-
TEPMHUUYECH aHaJU3. YCTaHOBEHO €, Y€ TepPMUYHATa CTaOMJIHOCT Ha CTBKIO, chabpxkaimo Eu,O3 apactuyHo HapacTsa.
OnruyHHUTE CIIEKTPH, MOKA3BaT, Ye CTHKJATa ca NpPO3payHH BbB BHIMMAaTa O0JNACT Ha CIIEKTHPa. YCTAHOBEHO €, 4e
CTBKJIOKPUCTAIHUTE 00pa3ly, ChIbpiKALIK LaBO3:EU® ce XapaKTepH3UPaT C MOBHIIEHA uyepBeHA eMucus “Do— F, B
CpaBHEHHE ChC CTHKIOTO. TOBa MOXe 1a ce OGACHH C TO-HHCKaTa JToKamHa cumerpus Ha Eu®* ifonnTe B KpucTanHara
(a3a B cpaBHEHHE CHC CTHKIOTO.
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Optical band gap dependence on the oxalic acid concentration of antimony anodic
oxide films
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A decrease of the optical band gap of thin films of anodized antimony was observed when the concentration of the
oxalic acid used as an electrolyte was increased. The thin films of antimony were obtained using vacuum-thermal
evaporation on glass substrates. Electrodes were attached to them and the samples were galvanostaticaly anodized at a
constant temperature in a standard two-electrode cell in an aqueous solution of oxalic acid at various concentrations.
The normal-incident transmittance and reflectance spectra of the samples were measured and used to calculate by
different numerical methods the absorption coefficients and the optical band gaps.

Key words: anodized antimony, oxalic acid, optical band gap, Tauc plot

INTRODUCTION

Interest in the thin antimony oxide layers is
mainly related to their use in batteries, corrosion
protection and the creation of catalysts. The
anodizing is a very simple and cheap process used
to obtain thin oxide films. Layers of various metals
and semiconductors in which a high voltage
anodizing can be achieved were investigated over
many years. Antimony is such a valve metal, which
in anodizing shows interesting features such as the
presence of induction periods of time when in
galvanostatic mode the voltage remains stable for a
long period of time, and then suddenly begins to
grow as normal. The study [1] of this phenomenon
shows dependence on the electrolyte concentration
and has no generally accepted explanation yet. The
aim of our experiment is to find if another physical
property - the optical band gap depends on the
concentration too. Such dependence is interesting
from theoretical and practical point of view.

An effect of reducing the width of the band gap
of anodically grown ZnO thin films by increasing
the concentration of oxalic acid has been observed
in [2]. The same phenomena of band gap structure
modification of amorphous anodic Al oxide film by
Ti-alloying is observed in [3].

EXPERIMENTAL

Anodized antimony films, the objects of this

study, were prepared in two stages. First, on
borosilicate glass plates, thin layers of antimony
were obtained by thermal evaporation in vacuum,
situated to get gradually changing thickness. At the
second stage a copper wire was attached to the film
surface and the samples were placed in a galvanic
bath at a constant room temperature. In a
galvanostatic mode they were anodized using, at
different concentrations, water solutions of oxalic
acid as electrolyte. It is not possible to prepare a
continuous, unbroken antimony oxide film if the
thickness of the metallic antimony layer is constant.
In this case cracks appear which can stop the
process of anodizing on the parts of the film. The
variable thickness of the antimony film provides a
possibility for fully and smoothest oxidation of the
layer, starting from the end with a smaller thickness
and spread to the other end.

Measurements and calculations

X-ray diffraction studies show that the anodized
layers have an amorphous structure. The thickness
of the film on each sample was measured by
interferometric method and used in calculations. All
thicknesses are in the range of 200 — 340 nm.

In order to determine the optical band gap the
spectrophotometer JASCO V-600 was used and the
coefficients of transmission T and reflectance R
were measured, illuminating the samples by
incident light with different wavelengths, nearly
normal to the surface. The optical band gap E4 can

* To whom all correspondence should be sent: be extracted from the dependence of the absorption
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coefficient o on the light energy, which for
amorphous materials is [4]:

(aE)]/ZzE—Eg

E, can be found approximating (a.£)* by
straight line in the absorption region (Fig. 1 and
Fig. 2).

500

thin film

extrema
400 H ® ® thickfilm
thick-10%d
thick+10%d

300
e ——

200

(aE)"2, (cmeV)"2

100

0
3 32 34 36 3.8 4 4.2
E, eV

Fig. 1. Tauc plot for 0.01 M oxalic acid concentration.
The results shown by circles are calculated from
expressions for thin film, the boxes are from formulae
for thick film, triangles correspond to results obtained
from extrema of R and T.

600
o
% 400
- oxalic acid
I concentration
EN 0.015
g 0.03
w 08 -
2200 8

E, eV

Fig. 2. Tauc plots for all oxalic acid concentrations. The
tangent straight lines are used to find the optical energy
bands shown at the bottom axis.

According to this method the absorption
coefficient « have to be calculated from measured
transmission  coefficient T and reflectance
coefficient R. They depend on the refractive
indexes of the film and substrate, their absorption
coefficients and the film thickness, according
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expressions (1) — (2) given in Appendix. This
system of two equations with two unknowns can be
solved numerically for each wavelength, but a
problem exists due to the periodic functions in
Egns. (1) and (2), which results in many solutions
for the refractive index n. To select one an
additional criterion is needed. We used n,
calculated from the extreme of R and T according
Egn. (4) in Appendix and approximated linear in
the regions between two extreme. The closest
numerical solution is taken and referred in Fig. 1 as
thin film.

We are interested of the region above 3.5 eV
(Fig. 1), where the effects of interference are
suppressed by the absorption. In the case of no
coherent interference which happens in thick films,
T and R are given by Eqgns. (5) in Appendix. They
are simpler then Egns. (1) — (2) and have this
advantage than can be solved explicitly — Eqns. (6)
in Appendix. The results obtained, using this
method, are referred in Fig. 1 as thick film.

We calculated absorption coefficients for all our
samples using both methods. An example for a
sample at 0.01M concentration is shown in Fig. 1.
Dots denoted by circles are obtained from
expressions for thin film Egns. (1) — (2), the boxes
are from Eqgns. (6) for thick film and triangles
correspond to results calculated from extreme of R
and T. The difference between absorption
coefficients obtained by both methods is small and
the difference between correspondent optical band
gaps does not exceed 0.06 eV for all samples. We
calculated R and T according different models for
the refractive index and extinction coefficient,
including those in [5], and in all cases we found
negligible the difference for the absorption
coefficient in the absorption region.

Transmission and reflectance coefficients
spectra for each sample are obtained in two
separate measurements. It is possible that light rays
from the spectrophotometer have been passed
through different regions of the sample with
different thickness. In order to explore the influence
of this effect on the final results we calculated the
absorption coefficient under assumption that
transmission coefficient has a measured thickness,
but the reflectance coefficient has a thickness which
differs at +£10%. The Eqns. (6) for thick film were
modified and Eqns. (7) obtained were solved
numerically as explained in Appendix. The
correspondent results for one sample are shown in
Fig. 1 by solid lines. The error due to different
width is less than 0.02 eV in all cases.
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RESULTS

The Tauc plot for samples anodized in oxalic
acid with different concentrations is shown in Fig.
2. The absorption coefficients are calculated using
Egns. (6) for thick film. The corresponding
concentration is shown at the beginning of each
curve. The line tangent to the curve in the region of
absorption intercepts the abscissa at the optical
band gap E,. Each point is denoted by triangle in
Fig. 2 and the corresponding value for band gap is

given.
3.2

2.8

2.6

Eg, eV

2.4

2.2

0.01 0.02 0.03 0.04
concentration, M

Fig. 3. Optical band gap of anodized antimony films
depending on the concentration of the oxalic acid.

Fig. 3 shows the dependence of the optical band
gap of anodized antimony thin films on the oxalic
acid concentration. The straight line in Fig. 3 is a fit
to the data. It is seen the variation of the molar
concentration of the electrolyte has a significant
effect on the optical band gap of the antimony films
obtained in the process of anodic oxidation. The
increase of the concentration leads to decrease of
the band gap.

Our result corresponds to the reducing of the
band gap of anodic oxid film of other metals. Such
a decrease of the band gap due to increase of the
concentration of oxalic acid has been observed in
[2], but for ZnO thin films. This effect is explained
there by the structure of the layer, composed of
nanocrystals. The observed dependence correlates
with the increasing size of the nanocrystals with
concentration. Our case is different because the
anodized antimony film has an amorphous
structure. In [3] is observed the decrease of the
band gap energy of Ti-alloyed anodic Al oxide with
increasing Ti concentration.

CONCLUSIONS

Thin films of anodized antimony in solution of
oxalic acid at various concentrations were obtained.

Their optical band gaps were calculated using very
simple methods, based on the measurements of the
coefficients of transmission and reflectance. A
strong dependence of the optical band gap on the
oxalic acid concentration has been observed.
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APPENDIX

For a thin film on a thick transparent layer the
transmission coefficient T for light normal to the
surface is given by [5]:

T= Ax
B -Cx - Dx?
A=16s(n*+k?)
B=[(n+1)* +K][(n+1)(n+s?)+K?]
C=[(n* —1+k?)(n? —s? +k?)—2k?(s* +1)2cos ¢
—k[2(n? —s? +k?)+ (52 +1)(n* —1+k?)sing

D=[(n-1) +k*][(n—1)(n—s* )+ k] @
where n is the refractive index and k is the
extinction coefficient of the film, s is the substrate
refractive index and:
gp=4rnd/ A, xX=exp(-ad), a=47k/l 1 (2)
According to [6] the reflectance R from a thin film
on a thick substrate illuminated at nearly normal
incident light is given by:
_ A+ BX + Cx?

D + Ex + Fx?

A=[(n—1) +K][(n+s)® +(k+k, )]
C=[(n+1)? +Kk?][(n—s)* +(k—k, )]
D=[(n+1) +K][(n+5s)* +(k+k, )]
F=[(n—17+Kk?][(n—s)® +(k—k, )]

R
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A=(1-n*-k*)(n* —s* +k* —kZ )+ 4k(nk, —sk)

In our casek / n << 1, and Eqgns. (5) can be

B'=2(1-n® —k*)(nk, —sk)—2k(n* —s* + k> —k?) rewritten:

B = 2[A cos ¢+ B' sing]

C'=(1-n*-k*)(n*—s* +k* —k?)—4k(nk, —sk)
D'=2(1-n®—k?)(nk, —sk)+2k(n* —s* +k* —k?)

E = 2[C' cos ¢+ D' sing] (3)
where n, k, s, X, a, ¢ have the same meaning and ks

is the substrate extinction.
The condition for extreme of T and R is:

2nd =mA 4)
where m=1,2,3... is an integer number in the case
of maximum of T and minimum of R, and a half-
integer number 1/2,3/2,5/2... in the case of
minimum of T and maximum of R. It is seen the
refractive index can be easily calculated if the
thickness d is known and the order m of at least one
extremum is known.

The formulae of transmittance and
reflectance from a thick slab given in [4] are:

k2
1+ R)2[1+2je2“"
R=R,|1+ n ,
1

2 n—20d
-Rje

rA-RJe” () K
1-R ™™ n’

g = (-1 <k (5)
(n+1) +k?

1+(1-2R)x* _ (1-R,)x
1-RXx* 1-R¥
These equations can be solved explicitly:
C142R-R*+T?—J(1-2R+R*—T?) +4T°
° 2(2-R)
X=—1+2R—R2+T2+\/(1—2R+R2—T2)2+4T2
2T

R=R

R

(6)
The absorption coefficient is calculated from (2),
and after that k and n:

_1+R, + /4R, —K*(1-R Y
N 1-R,
If R and T of a sample are measured at different
thickness the formulae above must be changed. Let

us suppose that R is measured at thickness d; and T
at dy:

x, =exp(—ed,), X, = exp(—od, ),
) _ 2
Rep SR ¢ BRSe g
— R X 1_R0Xz

These equations can be solved very easily by
iteration method. Starting with the values obtained
at equal thickness, R, from the first equation is
found and after that o from the second. The
convergence is very fast and 2-3 iterations are
enough.

3ABUCUMOCT HA OIITUYECKATA HIMPOYNHA HA 3ABPAHEHATA 30HA HA AHOJIUPAHU
AHTUMOHOBU ®UJIMU OT KOHLIEHTPALIUATA HA OKCAJIOBATA KMCEJIMHA

E. W. JIunos, B. JI. JIunosa, C. H. Henes

Qusuuecku axynmem, XumMukomexnoio2suier u Memanypeuier yhugepcumen,
oyn. Knumenm Oxpuocku, 8, Cogus 1756, Bvreapus

[ocremmna va 10 okromBpu 2016 r.; kopurupasa Ha 10 HoemBpH, 2016 T.

(Pesrome)

HabnonaBaHo € HamassiBaHE Ha ONTHYECKaTa IMMPOYMHA Ha 3a0paHeHaTa 30Ha Ha THHKU CJIOEBE OT aHOAUpPaH
AHTHMOH, KOTaTO KOHIICHTPAIMATa HAa OKCAJIOBaTa KHCEJIMHA M3IMOJI3BaHA KATO EJCKTPOJUT Ce YBeNIW4aBa. TBHHKHTE
CJIOEBE OT AaHTHMOH 0siXa MOJTyYeHH 4pe3 BaKyyMHO-TCPMHYHO U3MApeHHE BBPXY CTHKIO. KbM TaX 0sXa MpUKpEreHu
CJICKTPOAH U OsXa aHOJMPAHH TaJTBAHOCTATUYHO IMPH MOCTOSIHHA TEMIIEpPAaTypa B CTAHIAPTHA JIBY-CICKTPOIHA KIETKA
BBB BOJICH Pa3TBOpP Ha OKCAJOBA KHCEIHMHA C Pa3iMYHU KOHIeHTparuu. CHeKTpUTe Ha NMPEMUHABAHE M OTPAaXKCHUE,
MEPIICHANKYJIIPHO Ha MOBBPXHOCTTa Ha MpoOWTe, OsfXa W3MEPEHU M W3IOJ3BaHU 3a IMPECMATaHE 4pe3 pPa3IuIHU
YHCIICHA METOIX Ha KOS(HUIIMECHTHTE HA MOTIbIIAHE U MUPOYHHUTE HA 3a0paHEHUTE 30HH.
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Lithium niobate (LN) and lithium tantalate (LT) are nonlinear, birefringent crystals with an important role in
optoelectronics. Beside their excellent optical properties, their most prominent feature is the high electro-optical
coefficient (rz3»30.5 pm/V) which allows the light field to be easily controlled by electric signals. Proton exchange (PE)
is a method of obtaining LiM,,H,O3 layers (M = Nb, Ta) on LiMO; substrates. The PE layers have a significantly
higher extraordinary refractive index (n.) than the non-protonated crystal; the change is An, = 0.120-0.150 for LN and
Ane = 0.015-0.020 for LT at wavelength 0.633 um providing a strong waveguide and polarizing effect.

The present paper aims at summarizing the most significant technological modifications of the method of PE and the
most important waveguide structures of LiM,H,O3 for different modulators used in modern optoelectronic devices

(navigation and communication systems, biosensors, etc.).

Keywords: proton exchange, optical waveguides, integrated optics

INTRODUCTION

Two of the most widely used ferroelectric
materials in integrated optics (IO) are lithium
niobate - LiNbO; (LN) and lithium tantalate -
LiTaO; (LT). This is due to their high electro-
optical (EO) coefficients (r;3230.5 pm/V) and the
possibility to change the refractive index by
modifying their composition in regions where
waveguiding of light is required. These features,
combined with excellent optical properties and
suitability for industrial production, make them key
materials for photonics.

Proton exchange is a technology with already
well-studied advantages and known prospects for
the obtaining of optical waveguides in LN and LT,
as well as of a wide range of passive elements and
active optoelectronic devices.

PROTON EXCHANGE TECHNOLOGY

Proton exchange is an induced - at favorable
conditions - diffusion of protons into the surface
layer of a crystal substrate, whereby the layer’s
refractive index becomes higher than that of the
substrate. The method is interesting with its
simplicity and fastness, combined with the
possibility of a strong waveguide effect (a

significant change of the refractive index), low
diffusion temperature (150-300 °C, of particular
importance for LT) and decreased photorefractive
susceptibility. Proton exchange increases the
extraordinary refractive index (up to 0.15 for LN
and 0.02 for LT at 633 nm) and lowers the ordinary
refractive index; therefore, depending on the
orientation of the substrate, the propagation of only
one polarization is sustained (TE for X- and Y-cut
samples or TM for Z-cut samples), ie. PE
waveguides guide only light polarized along the
optical axis of the crystal. Going by the scheme:

LiMO; +xH" = Li; ,HyMO3 +xLi* (M=Nb, Ta),

PE modifies the surface layer (several um in depth)
by Li-H ion exchange at a relatively low
temperature (160250 °C), usually in acidic melts.
The diffusion is anisotropic and the value of the
diffusion coefficient depends on the substrate
crystallographic orientation. This process changes
the structure and the composition of the exchanged
area. The PE layers show complex phase behavior
depending on the hydrogen concentration (the value
of x). The value of x determines the concentration
limits of the different phases that could form in the
waveguide layer (up to 7 in LN and 5 in LT) [1, 2].
The formation of phases depends in a complex way
on the crystallographic orientation and the diffusion
parameters. Each phase forms a separate sublayer
of submicron thickness, and differs from the others

* To whom all correspondence should be sent:
E-mail: m_kuneva@yahoo.com

by its structural and optical properties. The phases
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also have different lattice parameters. At the
interface of two phases, a rapid change of the
extraordinary refractive index (An.) and the
deformation perpendicular to the surface is
observed. Within each phase, An. is proportional to
x. The phase composition determines the properties
and the quality of the obtained waveguides. Strong
protonation considerably worsens the electro-
optical properties, causes higher losses and some
instability of the parameters over time. These can
be avoided by using the methods given below for
optimization of proton concentration and optical
profiles of the PE layers:

PE — proton exchange [3] — a one-step process
which takes place when LN or LT substrate is
immersed in an appropriate proton source. PE
waveguides usually have step-like optical profile
and nearly vanished EO-coefficients [4].

DPE - deep proton exchange [5] — proton
exchange for achieving a large change of the
refractive index (An.=0.15). Optical profile is
almost  step-like, better approximated by two
rectangular steps (or truncated parabolic profile
shape) [6].

ADPE - DPE with subsequent long time and
high temperature annealing (two-step process)
applied for obtaining deeper (over 20 um thick)
waveguides [5].

VPE — PE in vapors (one-step process) [7, 8].
VPE allows highly homogeneous monophase
waveguides with very low propagation losses to be
obtained by PE and reverse diffusion within a
single chemical reaction [7].

SPE — soft proton exchange in buffered melts
(i.e. lithium benzoate added to the benzoic acid) -
one-step process for obtaining of waveguides with
preserved EO properties [9].

HTPE - high temperature PE (one-step
process). Acid with a higher boiling point and
lower vapor pressure is used as a proton source
[10]. High quality a-phase waveguides could be
obtained directly (with no phase transitions) for a
short time.

APE — PE with subsequent annealing (two-step
process) for obtaining monophase (o) waveguides
with restored EO properties after phase transitions
from phases of high values of x to the phase of
lower value of x [11].

PEAPE - two-step PE with intermittent
annealing (three-step process) [12, 13], appropriate
for obtaining deep waveguides with high refractive
index change in Y-cut LN.

RPE - reverse PE (two-step process) [14] for
obtaining buried waveguides with various

22

properties. Takes place when PE-waveguide is
immersed in eutectic mixture of LiNO;, KNO; and
NaNO3.

RAPE - RPE in APE waveguides (three-step
process) [15] used to bury the waveguide under the
crystal surface, increasing that way the circular
symmetry of the optical mode.

Thus a predetermined phase composition
that meets particular requirements — a high
refractive index, high electro-optical coefficients,
low optical losses, stable parameters over time,
decreased  photorefractive  susceptibility, or
combinations thereof — can be achieved with an
appropriate  selection of proton exchange
conditions.

APPLICATIONS IN PHOTONICS,
OPTOELECTRONICS AND SENSORS

Proton exchange is mainly used for the
obtaining of high-quality waveguides for different
modulators, switches, multiplexers and Y-splitters
as main elements of modern optoelectronic devices
for navigation equipment, communication systems,
in a number of sensors (detectors of molecules in
fluids, biosensors, contamination detectors,
temperature sensors, etc.) and many devices for
interferometric control. Proton-exchanged LN and
LT waveguide devices are favored over Ti-diffused
LN ones in cases where high optical powers are to
be transmitted and/or single polarization operation
is desired. Some examples illustrating the use of the
PE technology in modern optoelectronics are given
below.

1. Phase modulator

Phase modulation originates from the elecrto-
optical properties of LN (LT) when the refractive
index changes, causing phase variation of
propagating light. Principle schemes of three
modifications of the phase modulator are shown in
Fig.1. The device consists of a stripe waveguide
(2) formed in the crystal substrate (1) and electrode
configuration (3) (Fig. 1 a and b). When electric
field is applied via electrodes, a phase change (Ag)
takes place in the light travelling along the
electrodes (longitude L). The phase shifting is
expressed by

A@=kAnL (D)

where k is a wave factor k=2n/A (A is the light
wavelength in vacuum) and An is the refractive
index change.

As a phase shifter, this modulator is an
important component in many EO lightguiding
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structures, due to its simplicity, efficiency and high
speed, e.g., in different interferometric systems for
phase deviation or compensation in the two arms.
The EO phase shifters are very popular in fiber
optic sensor technology because of the advantage
that the phase measurements are not influenced by
amplitude variations.

Fig. 1. A principle scheme of a phase shifter (a); PELN
on insulator phase modulator (b): 1 — substrate, 2 — PE
stripe waveguide, 3- electrodes, 4 — SiO, layer;
schematic representation of a dipole inverted PE element
for electric field sensor (c): 1, 2 — DI regions, 3 — PE
stripe

An example of the application of combined
advanced technologies for obtaining a phase
modulator is discussed in [16]. A proton-exchanged
stripe waveguide (near cut-off) is formed in the LN
on insulator film (Fig. 2b). The lithium niobate on
insulator technology (LNOI) is attractive due to the
high optical confinement and enhanced lightguiding
capability. The structure has a low driving voltage
and could be used in high sensitivity sensors.

Another example of a device based on dipole
inverted (DI) PELN is an all-optical electric field
sensor proposed in [17]. A proton-exchanged stripe
waveguide (3) near cut-off is fabricated in the
central DI region (2) of a Z-cut LN substrate (Fig.
2c). When external electric field is applied parallel
to the z-axis of the substrate, the refractive index in
the DI region increases/decreases but that in the
surrounding domains (1) decreases/increases
causing mismatch of the guided modes between
active and passive regions and thus produces a loss
after a sufficient propagation length. Electric field
intensities up to 20 MV/m could be measured this
way.

2. Mach-Zehnder (MZM) modulator/interferometer

The Mach-Zehnder interferometer structure is

the most frequently used type of EO amplitude
modulator and is a basic structure in a variety of 10
devices. As in the classical bulk configuration of
the MZ interferometer, light splits into two optical
paths with no possibility of interaction. The key
point in the interferometric modulators working on
the Mach-Zehnder principle from classic optics
consists of (in their integrated-optical version) two
Y-junctions which perform the function of beam
splitting and coupling into the stripe waveguides
which represent the interferometer’s channels (Fig.
2a). The refractive index (i.e. the propagation
velocity) in each arm could be modified by applying
electric field, changing that way the interferometric
pattern at the output. The performance of the device
strongly depends on the electrode configuration and
waveguide architecture.

a

Fig. 2. Principle schemes of MZM: (a) - classical
configuration; (b) — single-stripe MZM; 1 — substrate, 2-
PE-stripe (supports single mode), 3 — electrodes, 4 —
deeper stripe (supports 2 modes)

A fundamentally new, technologically simpler
broadband 10 modulator - a single-stripe MZM
(Fig. 2b) has been designed based on the polarizing
action of PELN [18]. The waveguide structure is
formed in the LN X-cut wafer (1) and consists of a
single-mode channel waveguide (2) whose central
region (4) is deeper (produced via double proton
exchange), has a higher rate of refractive index
change and supports two modes. This new
construction uses the simplest electrode
configuration consisting of two parallel driving
electrodes (3). Upon reaching region (4), light
divides into two orthogonal modes which propagate
independently, and after voltage is applied to the
electrodes, the phase for each optical mode changes
in a different way because the overlapping integrals
for electric and optic fields are different for each
mode. Reaching the end of the two-mode region,
these two modes interfere and the light continues
propagating as a single mode whose intensity
depends on the phase difference between modes in
the central region, i.e. on the voltage applied. This
construction together with the technology used
allows easier control of the geometry and the
composition of waveguiding regions as well as
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TEXHOJIOT'USTA ITPOTOHEH OBMEH 3A OIITUYHU BBJIHOBO/U B LiNbO; 1 LiTaO3 —
KPATBK OB30P

M. KnHeBa
Hucmumym no ¢usuxa na meovpoomo msno ,,Axao. I'. Haooicaxos”,0y1. Lapuepadcko woce 72, 1784 Cogus

ocremmna va 10 oktomBpu 2016 r.; kopurupana Ha 20 HoemBpH, 2016 T.

(Pesrome)

JlutneBust HnoOat (JIH) n nutuesmsr Tanranat (JIT) ca HelMWHEHHN, TBOWHO THYETPEUYNBALIN KPUCTATIH, KOUTO
ca OT Ba)XKHO 3HAY€HHE 3a ONTOEJeKTpOoHHKaTa. Haii-3a0e1exKuTeTHOTO B TSX, OCBEH OTJIMUHUTE ONTHYHM Ka4ecTBa, ca
BHCOKHTE UM EIICKTPOONTHIHN KoedurmeHTr (r33»30.5 pm/V), KOUTO MO3BONSABAT CBETIMHHOTO MOJE Ja Obje JIECHO
VIIPaBISIBAHO C MOMOIITA HA eJEKTPUUECKH CHTHAIHM. [IpPOTOHHUAT OOMEH € MEeTO[ 3a ToJTydaBane Ha cioese oT LiMy.
xHxO3 (M = Nb, Ta) Bepxy nmomioxka ot LiMO3;. OGMeHeHHTE CIIOEBE MMAT CHINECTBEHO IMO-BUCOK MMOKA3aTesl Ha
npeuynsaHe (N.) 32 HEOOMKHOBEHHMS JIbY OTKOJIKOTO HEIIPOTOHUPAH KpHcTall (MMpOMsIHATA B ITOKA3aTells Ha MPedyIBaHe
cren mpotorupane e Ane = 0.120-0.150 3a JIH u An, = 0.015-0.020 3a JIT npu gb/okiHA Ha BhiHata 0.633 pm).
[Topaau ToBa Te MPOSIBSIBAT CHIIHO BBHIHOBOAHO U MOJISIPH3HMPAIIO /I CTBHE. Lenta Ha HacTosaTa MyOJIMKALUS €
0000111eHne HA OCHOBHHUTE TE€XHOJOTUYHU MOJIU(HKAIMKM Ha METO/A M NPUWIOKEHUETO MY 33 Pa3IM4HU MOJYJIaTOPH,
M3MOJI3BaHU KaTO OCHOBHA YacT Ha ChbBPEMEHHHTE ONTOEIEKTPOHHH YCTPOMCTBA (HaBUTALMOHHU U KOMYHUKAIMOHHH
cUcTeMH, OMOaTYMLHU U Jp.)
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Digital image processing is an important area of preservation and representation of cultural and historical objects.
Part of it is the task of cleaning images corrupted by noise. Many different methods and approaches have been
successfully implemented, but still filtering and denoising techniques are developing and improving intensively. Herein,
we report numeric simulations of 2D image filtering. Effects of impulse noise are very efficiently reduced by adaptive
median filtering. The situation of additive noise, which itself depends on the intensity of the original image, is more
complicated. However, we demonstrate that in this case the use of wavelet transforms in the denoising procedure is very

productive and promising..

Keywords: Digital image processing, adaptive median filter, wavelet denoising

INTRODUCTION

One of the principle areas of digital image
processing methods is related to an improvement of
pictorial information for human interpretation [1]. It
includes preservation and representation of cultural
and historical objects. Image enhancement and
image restoration no doubt are related to denoising
images with certain degradation. Many different
methods and techniques have been successfully
implemented, but still filtering and denoising are
developing and improving intensively. That is due
to the fact that there is no such thing as the ‘best’ or
the ‘ultimate’ filter. Restoration techniques are
based on mathematical models of image
degradation [1]. Thus denoising (a particular case
of restoration) uses certain a priori knowledge of
the degradation phenomena. It develops a
probabilistic model of the noise and by a variety of
numeric approaches, then solves the so-called
inverse problem i.e. recovers the original.

Herein, we report numeric simulations of 2D
image filtering. The original image is assumed to be
without noise, and then it is corrupted by certain
degradation. In Section 1 we consider the so-called
‘impulse noise’, which is widespread in many
image deteriorations. In this case, we have
implemented the adaptive median algorithm [1].
The denoising software is ‘friendly’ and effective,

so it can be used by non-IT specialists. Section 2 is
addressed to image processing specialists. There,
the situation of additive noise, which itself depends
on the intensity of the original image, is treated. We
demonstrate that in this case the use of wavelet
transforms [1, 2] in the denoising procedure is very
productive and promising.

IMPULSE NOISE: ADAPTIVE MEDIAN
FILTERING

Impulse noise is also called shot noise, binary
noise or ‘salt and pepper’ noise. It is easily
identified in grayscale images because its
appearance has randomly scattered white (‘salt’)
and black (‘pepper’) dots (pixels) over the image
[1]. In color images, the noisy pixels bear no
relation to the color of the surrounding pixels. It is
known [1, 2, 3] that Median Filtering (MF) is
effective and widely used technique for reducing
such noise. The main idea of MF is to scan the 2D
image with a window (mask) of smaller size, and
replace the value of each pixel in the image by the
median of the neighboring pixels. A significant
drawback of this nonlinear filter is that it does not
preserve all details (edges) while removing noise
[1, 3, 4]. As a result, the denoised image appears
blurred. That is why we implemented the so-called
Adaptive Median Filter (AMF). ADF main feature
is that the size of the mask is changing during the
processing. The filter adapts its behavior on the

* To whom all correspondence should be sent:

_ : _ characteristics of the image in the mask region [1,
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4]. So, details are preserved and distortion is
reduced. In our implementation there is one
additional parameter: the size of the mask. In the
modeling, we use another additional parameter:
noise density. It gives the number of noise affected

Fig. 1. Original image.

In Fig. 1 we present the original image that will
be corrupted with impulse noise. It is a 19-th
century icon and its grayscale image has 988 x 768
pixels. We have affected 7% of pixels with impulse
noise. In Fig. 2 a section of the ‘degraded’ image is
shown, so that salt and pepper dots are clearly
visible.

Fig. 2. Section of the original image, contaminated with
impulse ‘salt and pepper’ noise.
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The AMF used in the denoising procedure has
maximum window size of 11 x 11 pixels. The
processing is robust and effective. In fact, AFM can
smooth other noises that may be not impulsive [1,
4, 5].

In practice, visual control of the AMF denoised
images is quite enough. However, for evaluation of
the denoising procedure, we apply the Figure of
Merit (FM) criterion, defined below in Section 2.
The lower FM value, the better - when FM = 0, the
denoised image is ‘equal’ to the original. The FM
before the processing of the degraded image gives
the starting point of the filtering. In this case FM =
0.036. After AMF processing, FM = 0.002 and we
can consider the denoising as very effective. We
have compared this result to the ‘classical’ median
filtering, which results in FM = 0.02. Section of the
denoised image is shown in Fig. 3.

Fig. 3. Section of the denoised image.

INTENSITY DEPENDENT NOISE: WAVELET
TRANSFORM FILTERING

In digital image processing Wavelet Transforms
(WT) are successfully used for edge detection,
image enhancement and restoration, signal
compression, denoising, etc. [1, 6, 7]. WT are often
compared to the Fourier transform. WT have the
advantage over Fourier transform because they
provide insight into both image spatial and
frequency characteristics [7, 8]. That is why WT
are more efficient in image restoration. However,
WT efficiency in denoising depends on the type of
disturbance in the image. If we have in the
preprocessing activity some information on the type
of noise, which is to be expected, we can choose
the most appropriate denoising method. If no such
information is available, several WT should be
explored [1, 7]. For 2D images usually discrete
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wavelet transformations are applied and the wavelet
is discretely sampled.

In general, the procedure includes several steps:
1) Compute signal WT. 2) Alter the transform
coefficients. 3) Compute the inverse transform. 4)
Evaluate the result.

In what follows we consider an image model
(O) with additive intensity dependent noise. The
‘degraded’ image (J) can be described by the
equation: J = O + N*O, where N is uniformly
distributed random noise with zero mean and
certain variance V. In the numeric modeling we
have chosen the variance to be V = 0.02.

Fig. 4. Section of the original image, contaminated with
intensity dependent noise

Fig. 5. Section of the denoised image.

In Fig. 4 we present a section of the model
(original) image from Fig. 1, contaminated with
intensity dependent noise. We have tried to denoise
the image J by the adaptive median filtering, but the
results were not satisfactory. Much better results
were obtained when the denoising was performed
with orthonormal wavelet “db4-2” (Daubechies
wavelet of order 4, level of decomposition - 2).

In order to evaluate the efficiency of the
filtering, we define a Figure of Merit (FM) as the
ratio of the Euclidean norm of the difference
between the original image and the processed
image, to the Euclidean norm the original image.
The norm of the difference between the original
and the noisy image gives the starting point of the
processing. In this case FM = 0.0612.

After the denoising, the FM is equal to 0.0087.
This is a 7 fold improvement, even without
optimization of the process. We continue the
investigations in this field and results will be
published elsewhere. Section of the denoised image
with “db4-2” wavelet is shown in Fig. 5.

CONCLUSIONS

We have demonstrated that 2D images can be
efficiently denoised by the help of adaptive median
filtering and wavelet transforms. In the numeric
modeling presented here, only the case of additive
noise was considered. The impulse noise is cleared
by AMF, while intensity dependent noise is better
removed by WT. Both filtering approaches are
found to be wvery robust and effective. The
correlation between noise and filter characteristics
indicates that we need a variety of filtering
procedures and that the filtering process should be
optimized over several different approaches. We
intend to develop a set of diverse filters in order to
attack the problem of multiplicative noise, which is
of high practical importance.

Acknowledgement: N. Berberova acknowledges the
World Federation of Scientists, Switzerland, for
financial support.
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OBPABOTKA HA IU®POBU NU30BPAXXEHUA: N3YMUCTBAHE HA LITYMA YPE3 AJAIITUBEH
MEJIMNAHEH ®WJITHP U 110 METOJJIA HA BBJIHUYKUTE

I1. lapnasmxues, 1. Hazpposa, H. bepbeposa

Hucmumym no onmuuecku mamepuanu u mexnonozuu ""Axao. 4. Manunoscku", bBvreapcka Akademus na naykume,
ya. "Akao. I'. bonues", 6. 109, 1113 Coghus, bvacapus

Hocmwvnuna na 10 okmomepu 2016 2.; kopueupana na 20 noemepu, 2016 2.

(Pesrome)

OOpaboTBaneTo Ha MU(POBH M300paKCHHS € BaKHA YacT OT CHhXPAHABAHETO M MPE/IC-TABIHETO Ha KYITYPHH U
nucropudecku obekTH. YacT oT 3aaunTe ca CBhP3aHU C M3-UMCTBAHETO Ha IIyMa, HACJIOXEH B M300paxeHusTa. MHOTO
Pa3IMYHA METO/U U TIO/1-XOJIH Ca YCIIENTHO NpHIaraHi, HO TEXHUKUTE 33 QWITPUPAHE U U3YNCTBAHE HA IIyMa BCE 10—
MHTEH3MBHO C€ pa3BUBAT M 1M0J00psBar. B Tasu craTus ce JOKIaaBa YHCIIeHa CUMYJIAlKs 3a GUIATPUPAHE HA IByMEPHHU
n300paxeHus. BimsHuATa Ha MMOYJICHUA IIyM Cca MHOTO e(HKAacHO peAylHpaHH 4pe3 (HUITPUpAHE C aganTHBEH
MenuaneH Guirsp. [Ipy axnTHBEH 1IyM, KOMTO 3aBUCH OT HHTEH3UTETAa HA OPUTHHAIHOTO M300pakeHNe, CUTyalusITa €
M0-CIO’KHA. BhIpexku ToBa, HHE INOKa3BaMe, Y€ B TO3M Cllyyail M3MON3BaHE Ha TpaHchopMmaimara 1Mo MeTofa Ha
BBJIIHUYKHTE 32 IPEMaxBaHETO Ha IIyMa € ¢ JOOpH pe3ylaTaTh u € MHOTO 00elaBalio.
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Fringe pattern analysis is an important task in optical metrology. Fringe patterns can be formed by optical
interference, by projection techniques, by overlapping two similar wave structures, etc. Patterns with constant global
angular carriers represent straight lines in the field-of-view. The presence of an object under investigation distorts the
fringes. Analysis of these distortions is called also phase recovery and it is widely used in many applications of science
and engineering, i.e. for retrieval of surface topography of 3D objects. Usually, three steps are discerned: pre-processing
(noise reduction, background zeroing), phase retrieval (extraction of the phase distribution), and post-processing
(unwrapping, smoothing and ‘cleaning’).

Herein we present an approach based on a combination of Hilbert transform for phase recovery and different
wavelet techniques for de-noising and smoothing. By numeric simulations we show that this technique is effective and
robust. Different types of noise are considered: Gaussian additive noise, multiplicative intensity dependent (speckle)
noise, high frequency environmental noise, jitter, fringe distortion due to non-sinusoidal modulation (presence of
second and third harmonics in the fringes). Each type of noise can be considered separately or all of them -

cumulatively.

Keywords: Optical metrology; Fringe projection; Numeric filter techniques

INTRODUCTION

Fringe pattern analysis is an important task in
optical metrology. Fringe patterns can be formed by
optical interference, by projection techniques, by
overlapping two similar wave structures, etc. [1].
Patterns with constant global angular carriers
represent straight lines in the field-of-view. The
presence of an object under investigation distorts
the fringes. Analysis of these distortions is called
also phase recovery and it is widely used in many
applications of science and engineering, i.e. for
retrieval of surface topography of 3D objects [1,2].
Usually, three steps are discerned: pre-processing
(noise reduction, background zeroing), phase
retrieval (extraction of the phase distribution), and
post-processing  (unwrapping, smoothing and
‘cleaning’).

Herein we present an approach based on a
combination of Hilbert transform [2] for phase
recovery and different wavelet techniques for de-
noising and smoothing. Different types of noise are

considered: Gaussian additive noise, multiplicative
intensity dependent (speckle) noise, high frequency
environmental noise, jitter, fringe distortion due to
non-sinusoidal modulation (presence of second and
third harmonics in the fringes). Each type of noise
can be considered separately or all of them -
cumulatively.

The effectiveness of the Hilbert transform is
compared to that of complex Gabor transform [1],
which can be used for phase retrieval, too. Wavelet
de-noising is compared to that of windowed Fourier
filter [2] and others filters, as well (see below).

In all simulations the phase unwrapping is done
by the Itoh approach [3]. The smoothed final result
is ‘cleared’ by an adaptive Wiener filter [1].

PHASE AND NOISE MODELS; FRINGES AND
COMPUTATIONAL PROCEDURES

The phase model (pm) in the simulations below
is the function “peaks”, which is more or less
accepted as a standard in surface profile analysis:

* To whom all correspondence should be sent:
E-mail: pete@iomt.bas.bg
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p=3+1-x)?*exp(-(x)* - (y + 1)?) -
1/3 xexp(—(x + D* = (»)?*) -
10 * (x/5 — x* — y°) * exp(=x* — y*);
pm(x, y)=3.5%* p; 0<x,y<51L;
The difference between the absolute maximum
and absolute minimum of the phase model is ~50

radians. In Fig. 1 pm(x, y) is shown.
3D Phase Model rad

e e

Phase, rad

Y, pixels 0 0

X, pixels

Fig. 1. Phase model function

The reference fringes 10(X, y) are simulated as
greyscale images with 8 bits per pixel with
background intensity of 0.5 and amplitude
modulation of 0.3. A certain and an avoidable
degradation of any registered image is due to noise
N(x, y). By ‘noise’ we mean any unwanted
component of the image, including jitter, non-
sinusoidal waveforms, speckle, etc. In the
simulations we consider additive Gaussian or
uniform noise; multiplicative noise; fringe
deformation and stochastic jitter of CCD rows.
Each noise can be considered separately or all of
them - cumulatively.

I, = 255 {0.5 + 0.3 * cos(w, * x)}
I, = 255 % {0.5 4+ 0.3 * cos(w, * x + pm)} + N(x,y)

where w, =2*m/T; T is the fringe period (in
pixels). N(x, y) is the noise, additive in this case. To
treat the case of fringes with constant global
carriers, it is considered that fringes lie parallel to
Oy axis. In Fig 2. the computer generated fringe
pattern, corrupted with cumulative noises (with
multiplicative noise) is shown.
The presented approach runs as follows:

1). Pre-process the input pattern. If
multiplicative  noise is present, make a
homomorphic transformation [1]. Smooth the

pattern with wavelet techniques. We do it with the
2 level discrete reverse bi-orthogonal wavelet [1,
2].

2). Phase evaluation is fulfilled with 1D Hilbert
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transformation on  row-by-raw  basis.  First,
eliminate the background illumination by
averaging, if the intensity is constant. We use also
an adapted envelope approach for illumination with
Gaussian distribution [2]. The four-quadrant
arctangent function supplies the wrapped phase. We
unwrap it, following Itoh approach [2, 3].

3). Smooth the estimated phase function by
wavelet techniques. We use 4 level symlet wavelet
[1] of 4-th order, followed by adapted Wiener
filtering [1].

Fig. 2. Computer generated fringe pattern, corrupted
with noise.

In order to evaluate the efficiency of the
processing, we define a Figure of Merit (FM) as the
ratio of the Euclidean norm of the difference
between the estimated phase function and the
model phase function, to the Euclidean norm the
phase model.

RESULTS AND DISCUSSIONS

The specific features of the noise models are as
follows:

e Additive noise with Gaussian probability
density function (PDF) with zero mean and
standard deviation (STD) of +/- 10 intensity
gray levels (out of 256)

e Multiplicative noise with Rayleigh PDF mean
value of 1 and STD = 0.2732 (maximum for
this PDF, which corresponds to two fully
developed correlation cells within one pixel of
the CCD detector)

e Non-sinusoidal modulation with  second
harmonic (ratio 2-nd to 1-st harmonic is equal
to 0.25) and third harmonic (ratio 3-rd to 1-st
harmonic is equal to 0.15)

e Noise due to stochastic high-frequency
(environmental) vibrations with uniform PDF
and values within +/- w/20 for each pixel, or
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jitter noise for each row of the phase model
(same PDF, same value)
The corrupted fringe pattern is processed with our
approach. The presented results are for
multiplicative noise. The obtained FM is 99.7%.
The difference between the model phase function
and the evaluated phase is presented in Fig. 3.

Hilbert: Phase Error = 0.022752

RMS, rad

Y, pixels X, pixels

Fig. 3. Difference between model and evaluated phase
function.

In Fig. 4 we present the histogram of that
difference. The result of de-noising and phase
evaluation and unwrapping is very satisfactory.

12000

10000 -

8000 -

6000

Number of Pixels

4000

2000 -

1 . L L
-15 -1 -05 0 05 1 15
Intensity Level Difference

Fig. 4. Histogram of the difference model and evaluated
phase function.

Also, we extracted the phase with 1D complex
Gabor wavelet and compared it to the Hilbert
transform, keeping all the rest of the approach

intact. The results are similar, but somewhat better
for Hilbert (FM = 99.7% to 95.7% for Gabor).

We compared and analyzed the performance of
different pre-processing algorithms and methods.
To name a few: windowed Fourier filters, Frost
filter, adaptive weight Wiener filter, anisotropic
diffusion method [1, 2, 4]. Their performances were
similar, but anisotropic diffusion had the highest
figure of merit - FM = 99.8%.

CONCLUSIONS

We presented an approach for phase recovery
from data, obtained from experiments in optical
interferometry, by projection techniques, etc. The
approach is based on a combination of Hilbert
transform and different wavelet techniques for de-
noising and smoothing. In our numeric simulations,
we introduced different types of noise in order to
get as close as possible to the physical reality. Our
results on patterns with constant global angular
carriers show that this approach is effective and
robust. It is competitive with other methods, which
are more complicated to implement and demand
sophisticated software.

We intend to apply this approach for
comparative analysis of single frame phase
recovery and the well-known multiframe phase
shifting algorithms.

Acknowledgement: Authors are grateful for the
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Fund under the project DCOST 01/7 and also
acknowledge the COST Action MP1205.
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BB3CTAHOBABAHE HA ®A3ATA OT CTPYKTYPU C UBULIM: TIOAXO/, BASUPAH HA
XNJIBEPTOBA TPAHCO®OPMAILIMA 1 OBE3LIYMABAHE YPE3 BBJIHUYKU

I1. [llapnasmkues, H. Bep6eposa, JI. Hazbposa u I'. Ctontos

Hucmumym no onmuuecku mamepuanu u mexnonoauu "Axao. M. Manunoscxu”, Bvieapcka Axademus na naykume,
ya. "Akao. I'. bonues", 621. 109, 1113 Coghus, bvaeapusa
YWnemumym no mexanuxa, Bvneapcka akademus na naykume, ya. "Axao. I. Bowueg", 610k 4, Cogus I11C-1113,
bvreapus

IMoctenuna Ha 10 okromBpu 2016 r.; kopurupana Ha 10 HoemBpu, 2016 r.

(Pestome)

AHaIM3BT Ha CTPYKTYpPH C UBHILM € Ba)KHA 33jJaya B ONTHYECKAaTa METPOJIOTHs. VIBUYHU CTPYKTypu ce ¢popMupat
Yype3 ONTUYHA WHTEp(EPOMETpPHs, NPOSKIHMOHHU TEXHHKH, NPHUIIOKPHBAHE Ha IOJOOHM BBIHOBH IIOJIeTa M Jp.
CTpyKTypH C TIOCTOSIHHA BIJIOBA YECTOTA MPEACTABISBAT IIPABH UBUIIM B T0JIETO Ha HaOmoaeHue. M3cnensanusaT o0exT
nedopmupa uBHIMTE. AHAIM3BT HA TE3M M3KPUBSBAHUS Ce HapH4a M3BIMYaHE Ha (a3ara U ce M3I0JI3BA LIMPOKO B
HayKaTa M TeXHHKaTa, Hamp. 3a IoJlydaBaHe Ha Tonorpadusara Ha 3/ obextn. To3u aHamu3 OOMKHOBEHO MMa 3 erama:
mpegBapuTenHa oOpaboTka (HamansdBaHe Ha ITyMa B W300pakeHHETO, HyNHpaHe Ha (oHa), M3BIMUaHe Ha (hazaTta
(mamupane Ha (a30BOTO pasmpeeNicHne) U KpaitHa o0paboTka Ha pe3ynraTute (pa3omakoBaHe Ha (hazaTa, H3TIIAXKIAHE,
,,TOUNCTBaHE”).

B Ta3u craTHs mpeacTaBsiMe IMoaxoA, OasupaH Ha KOMOMHAIMS OT mpeoOpa3oBaHue Ha XWiOepT 3a M3BIMYaHE Ha
¢hazaTa M pasIMYHN TEXHUKH C BBIHWYKU 32 00C3LIyMsBaHE W CIVIAXAaHE Ha JaHHUTE. Upe3 4MCICHO MOACIUpaHe
MOKa3BaMe, Y€ Ta3u METOJO0JIOTHs € e(peKTUBHA U CTaOMiIHA. Pa3nuyHu BHIOBE LIyM ca MOJEIUPaHU U aHAIM3UPaHU:
raycoB J00aBbYEeH, HHTEH3UTETHO 3aBUCHM MYJITHUIUIMKATUBEH (CHEKBJ), [DKUTEDP, HAINYME HA BUCOKU XapMOHUYHU B
WBULIUTE JIP.
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In this work we investigate the characteristics of reversible polarization recording in an azopolymer. Polarized light
from DPSS laser with wavelength 444 nm is used for recording photoinduced birefringence. Afterwards, two methods
for its erasure are used: heating the polymer to certain temperature or illumination with circularly polarized light.
Multiple cycles of recording and erasure are successfully realized with both methods, which allows us to compare and
outline the advantages of each of them. The photoinduced birefringence is calculated from the Stocks parameters,

monitored in real time, during the entire experiment.

Keywords: Azopolymers; Thermal and optical reversibility; Photoinduced birefringence; Polarization recording.

INTRODUCTION

In contrast to conventional optical data storage
(CD/DVD/Blu-ray technologies), where recording
is in one plane (2D), holographic data storage
allows to address the entire volume of the media
(3D) and to achieve much higher density of
information [1, 2]. Polarization holography makes
possible to increase the information density even
further by registering also the polarization state of
the recording light and realizing polarization
multiplexing [3-5].

Since 1984, when Todorov et al. [6] discovered
the possibility to inscribe high-efficient polarization
holograms in azobenzene-containing materials,
these materials are subject of intensive research for
numerous application, including holographic data
storage [7, 12]. Essential parameters for each data
storage media are the stability of the recorded
information, as well as its reversibility i.e. the
ability of the media to ensure multiple cycles of
recording, non-destructive reading and erasure of
information.

Here we present a study of the reversibility
properties of birefringence in amorphous azo
polymer. The value of the photoinduced linear
birefringence An is defined as the difference
between the component of the refractive index
perpendicular to the polarization of the recording

beam and the component parallel to it -
An=n, —n,. It is known that on illumination

with linearly polarized light within the absorbance
band of the photochromic azo groups, they undergo
cycles of trans-cis-trans isomerizations and tend to
reorient perpendicularly to the polarization
direction of light [3, 6]. As a result, birefringence is
induced in the material at a macroscopic level. On
the other hand, when the azopolymer film is
illuminated with circularly polarized light, no
preferential direction exists, so the molecules
orientation becomes random again, and the
birefringence is erased.

We apply two methods of erasure in this study —
optical and thermal. Both methods are compared in
terms of speed of erasure and anisotropy values
retention during multiple write/read/erase cycles.

EXPERIMENTAL
Materials

The polymer used in this experiment is side-
chain amorphous azocopolymer, denoted as Pi.,
synthesized earlier in the Institute of Optical
Materials and Technologies [13]. The azopolymer
chemical structure and spectrum of absorbance are
shown in Fig. 1. Its molecular weight is M,, = 3600
g/mol and glass transition temperature is
T, =102 °C [14].

* To whom all correspondence should be sent:
E-mail: lian@iomt.bas.bg
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Fig. 1. (a) Chemical structure of the azocopolymer P.,;
(b) Spectrum of absorbance of P.,.

Methods of characterization

The preparation of the polymer films includes
dissolving of the P;, copolymer in
1,2-dichloroethane and spin coating the solution at
1500 rpm on glass substrates. As a result, thin
homogeneous films are formed. The thickness of
the films is measured by a Talystep profilometer
(Taylor Hobson) and for the samples used in this
work is d = 700 nm.

To record and probe the photoinduced
birefringence, two diode-pumped solid state lasers
(DPSSL) are used: recording laser with A =
444 nm, power 35 mW, and reading (referred also
as probe) laser with Ayqe = 635 nm and power
below 2 mW. As it can be seen in Fig. 2, the
reading laser beam passes through polarizer,
oriented at 45°, while the recording beam passes
through vertical polarizer. After passing through the
azopolymer sample, the reading beam enters a
polarimeter (PAX5710 Polarization Analyzing
System, Thorlabs), which monitors the Stokes
parameters of light in real time.
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4%

Fig. 2. Experimental setup : 1 — reading laser (635 nm,
P <2mW), 2 —recording laser (444 nm, P =35 mW), 3 —
polarizer oriented at 45°, 4* — vertical polarizer/QWP,
5 — azopolymer sample, 6* — hot stage, 7 — Thorlabs
polarimeter. (* denotes an element, which is replaceable,
depending on the erasing method used).

In this case the birefringence can be calculated
from the expression:

A S
An=_Probe . ian 3
2

27d S
where d is the film thickness, and S, and S; are
Stokes parameters [10, 15].

)

RESULTS AND DISCUSSIONS

Fig. 2 is a representation of the experimental
setup for both deleting methods. The reading laser
is on throughout the entire experiment. Initially, 60
seconds of background signal is measured, without
illumination with the recording laser. During the
data processing, these background values are
subtracted from the measured data. Then we start
the illumination with the recording laser until the
photoinduced birefringence reaches saturation —
Anmax. Using Eg. (1), the time dependence of the
birefringence can be determined.

Optical erasure

During the recording, the light from the laser at
444 nm passes through a vertical polarizer, while
for the erasure it is replaced by quarter wave plate
(QWP), which converts the linearly polarized light
in circularly polarized (CP). CP light with the same
wavelength as the recording one, randomizes the
orientation of the azochromophores which leads to
erasure of the birefringence.

The processes of recording and deleting in the
azopolymer film had been repeated 10 times, all in
the same place of the sample. The results are shown
in Fig. 3. The recording time for each cycle is 4
minutes, then the recording laser is stopped and
only the reading beam is on for another 4 minutes
to determine the stability on reading. After that,
starts the illumination with circularly polarized
light at 444 nm for another 4 minutes.
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Fig. 3. (a) Ten cycles of inducing and optically deleting
linear birefringence; (b) Zoom on the first cycle. The
symbols indicate the state of polarization of the laser

with A = 444 nm.

As can be seen from Fig. 3, this polymer can be
successfully used for multiple cycles of recording
and deleting of linear birefringence. The response
of the polymer to different polarizations is fast and
relatively high values of birefringence have been
achieved. However, we should note, that after each
cycle the maximum value of birefringence is
reduced. This phenomena could be explained with
the reorientation of part of the chromophores
perpendicular to the film surface [9]. Hence, these
molecules do not contribute to the formation of
birefringence.

Thermal erasure

To study the thermal erasure, the sample was
mounted on a hot stage THMS600 (Linkam
Scientific), which can maintain or vary sample
temperature at a given speed, with high precision.
The recording and relaxation time in this
experiment were set to 2 minutes. After that time,
starts the heating process with rate 10°C/min. The
starting temperature for the measurement was 30°C.
The heating continues until temperature of 90°C is
reached, which leads to erasure of the photoinduced

birefringence, as shown in Fig.4. Then the
temperature is decreased back to 30°C for the next
cycle of recording/reading/erasure. It is important
to notice, that in this case no decrease of the
maximal value of birefringence in the consecutive
cycles is observed.
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Fig. 4. (a) Five cycles of inducing and thermally deleting
linear birefringence; (b) Zoom on the first cycle. The
arrow indicates the polarization state of the pump laser.

CONCLUSIONS

We have demonstrated experimentally the
possibility for multiple cycles of recording, reading
and thermal or optical erasure of photoinduced
birefringence in the azocopolymer P, synthesized
in IOMT. Reversible recording with linearly
polarized light and erasure with circularly polarized
light at the same wavelength is realized, in contrast
to other methods where a separate UV laser is used
for the erasure [9]. The processes can be repeated
many times only with slight decrease of the
amplitude — less than 5% for 10 cycles. A possible
reason for this behaviour can be the fact that some
molecules reorient perpendicularly to the plane of
the circularly polarized light. Being in such position
they cannot be addressed by the linearly polarized
light in the next recording cycle, which results in
decrease of the maximal value of the birefringence
(Anmay), @s seen in Fig. 3a. This drawback has been
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MHOTI'OKPATEH 3AIINC/YETEHE/M3TPUBAHE HA ABYJIBUEIIPEUYIIBAHE B A3OITIOJIMMEPU

JI. Henenqul’Z, I. I/IBaHOBl, TI. MaTeeBl, b. BnaroeBal, J1. KOCTa,E[I/IHOBal, H. ]56p66p0Bal u /. Ha31,p0Ba1

1 .
Hucmumym no onmuuecku mamepuanu u mexnonozuu ""Axao. 1. Manunoscku", bvreapcka Akademus na naykume,
ya. "Akao. I'. bonues", 6. 109, 1113 Coghus, bvreapus

2
Bucwe yuunuwe no menexomynuxayuu u nowu, yi. «Akao. Cm. Maaodenos» 1, 1700, Coghus, bvreapus

IToctpnuna Ha 10 oktomBpu 2016 r.; kopurupana Ha 10 Hoemspu 2016 T.

(Pesrome)

WscnenBan e mporechkT Ha MHOTOKpPAaTeH OOpaTHUM IOJIIPH3alMOHEH 3alic B a30MONIMMEp. 3a 3alic Ha
(OTOMHIYIIMPAHO IBYTBUYETIPEUYNBaHE € H3MOJ3BaHA IMOJIAPH3MpaHa CBETIMHA OT Jla3ep C OB/DKMHA Ha BBIHATA
444 nm. 3a u3TpUBaHE Ha 3amMca ca W3IMOJI3BAHU JIBA METOJA: 3arpsBaHE Ha MOJUMEPHHUS CJIOH Win 00J'bUBaHE C
KPBroBO MOJsIpU3MpaHa CBETIMHA. YcnemHo ca peam3npaH MHOTOKPATHU MUK Ha 3aITMC U U3TPHUBAHE U UPE3 ABaTa
METOZAa, KOETO HU IO3BOJIABA Aa TM CPAaBHHUM M IOCOYHM NPEUMYIECTBATA HAa BCCKHU OT TAX. (I)OTOI/IHJ]yHI/IpaHOTO
JIBYJIbUETIPEUYIBAHE € W3YUCIIEHO OT mapameTpure Ha CTOKC, KOUTO C€ CIEAST B PealHO BpPEeME M0 BpeMe Ha Lenus
€KCIIEPUMEHT.
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A human-centered design is an important factor for improvement quality of human life all over the world. This work
presents application of holography in human-centred design in view of the unique properties holography demonstrates
for 3D imaging. Holography enables design solutions with highly positive impact and supports design diversity. The
paper shows how holographic art-work can be used for creation of idea-based design. It proposes different types of
holograms suitable for environmental and interior design as outdoor holographic installation, artworks from rainbow
holograms or cylindrical holograms and presents their real implementation. Potential of the wavefront holographic

printing technique in holographic design is also discussed.

Keywords: holography, white light viewable holograms, holographic design

INTRODUCTION

Design is of crucial importance for human
society. Holography, as an optical tool with unique
properties, is a perspective candidate for human-
centered design because it enables solutions with
highly positive impact. It has also a potential to
support design diversity. The holograms make
possible accurate photorealistic 3D imaging with all
depth cues provided and thus enrich our perception
by expanding information capacity [1]. This
intrinsic property of the holograms can be used to
produce efficient and well-harmonized
environment, to change the interior design and to
improve quality of life [2]. Although holographic
optical elements are already widely used for
labelling products and security purposes, a lot of
research and practical implementations are needed
before the holograms can steadily step in
environmental and interior design. This task
requires understanding of 3D space perspectives
provided by the hologram.

This paper presents various types of white-light
viewable silver-halide holograms created recently
by the holographic artist Ray Park (or Joosup Park,
the first author of the paper) and discusses
perspectives of their usage in holographic design.
Potential of the recently developed wavefront
holographic printing techniques for production of

white-light viewable holograms in holographic
design is also addressed.

HOLOGRAPHIC ARTWORKS

In holography, the light scattered from three-
dimensional (3D) objects is recorded onto a 2D
plate with a photosensitive layer or encoded as a 2D
numerical array under coherent illumination. Both
real and virtual objects can get holographic
representation, and a variety of effects as e.g.
directionally dependent motion can be introduced
in the encoding process. Reconstruction of 3D
images from 2D holograms allows for development
of new design components and combinations
leading to irreplaceable design solutions. One may
argue that this really great advantage is
counterbalanced by the necessity to provide special
lighting to obtain high quality reconstructions.
Nevertheless, plane or curved holographic panels
which generate 3D reconstructions of objects
always impress the general public. The white-light
viewable holograms make possible outdoor
installations or indoor decorations by applying
inexpensive illumination with a point light source
as Sun or light-emitting diodes respectively.
Rainbow holograms allow for construction of
decorations which change their coloring with the
viewer position. Holographic displays are
autostereoscopic displays and no special means are
required to view the 3D images. Additional

* To whom all correspondence should be sent: attractive feature the holographic artwork has is

E-mail: elena.stoykova@gmail.com
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ability to be easily combined with other design
solutions. In the following we present several
holographic design solutions with the photographs
of real holograms produced during the recent years.

Fig. 1. Holographic installation ‘Holographic Lighting
Design’.

Fig. 2. Holographic lighting with the hologram attached
to a glass wall.

Fig. 3. Rainbow configuration: top view and bottom
view.

Holography  makes  possible
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design  of
holographic lighting which can be a part of large

outdoor installation. Fig. 1 shows a large size
holographic installation ‘Holographic Lighting
Design’ that has been presented at the Design Cube
competition held at Korean Foundation of Design
Culture in 2008. The author Ray Park was selected
for the ‘Designer of December’. The holograms in
this design work are attached to a glass pane; they
can be installed on a wall or in space. The size of
each panel in Fig. 1 is 2560 mm by 820 mm.
Another holographic lighting design introduced to
the Design Cube was exhibited at the outdoor space
of the Namsan Tower in Seoul, South Korea (Fig.
2). The size of the hologram was 140 mm by 210
mm. The holograms presented in Fig. 1 and Fig. 2
are analogue transmission type holograms recorded
on a silver-halide emulsion VRP-M (produced by
Slavich) with a diode pumped solid state laser
(DPSS) at a wavelength of 532 nm and laser power
of 150 mW. The holograms diffract light coming
from a light source and reconstruct incandescent
lamps floating in the air; the created impression is
of reemitted light.

A basic rainbow hologram configuration design
work has been developed by cutting the
holographic films used to record rainbow
holograms and arranging them as is shown in Fig.
3. The holograms were recorded on the VRP-M
emulsion. Their size is 160 mm by 140 mm. The
different parts of this composition reflect different
colors which vary with the viewing angle. By
overlaying the colors, a rainbow hologram design
of additive color mixture is formed. Fig. 4 shows
such rainbow hologram configuration of size 200
mm by 180 mm. When observed from the front,
varying colors can be seen by moving up and down.
The additive mixture of red, green and blue colors
in the middle creates perception of a white color.
Such rainbow hologram design works may be
coated on tiles, blocks, furniture, or walls.

Fig. 4. Composition made from rainbow holograms (left)
and its magnified view (right).
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Impressive design solution is to use a static
holographic display which provides a 3D image
floating in space. A holographic display design
work was manufactured in 2013 by combining
projection mapping with a 360 degrees cylindrical
hologram.  Projection  mapping  experiences
limitations related to projector location and objects
shape that hamper 3D observation of objects. A
cylindrical hologram is an attractive choice to make
all-directional observation available. Fig. 5
represents the cylindrical hologram of the Turtle
Ship used by Royal Korean Navy from 15" to 19"
century that is combined with projection mapping.
The hologram was recorded using a DPSS laser
(532 nm) on a silver-halide emulsion U08
(produced by Ultimate). The hologram enables
observation of the floating in the air 3D object from
all directions. The 2D representation of the Turtle
Ship is observed on the floor. One may expect
application of this method to the advertisement
design.

Fig. 5. Holographic display design by combining a
cylindrical hologram of a 3D object with its 2D
projection mapping.

HOLOGRAPHIC WAVEFRONT PRINTING

Advances in optical technology open new
prospects for holographic design. Nowadays,
analogue holography is available practically to
anyone and can be applied to the art and design
work. However, difficulties are arising when
modifying the already complicated optical set-up to
capture large scenes on the holographic plate. The
holographic printers are successful solution to this
problem [3, 4]. They record a white light viewable
hologram by partitioning it into 2D array of
elemental holograms and forming digital 3D
contents for each of them from the information
acquired about the 3D object. The numerical data

for each elemental hologram are fed to a spatial-
light modulator (SLM) which forms the object
beam for recording the hologram on the silver-
halide holographic emulsion. The holographic
stereogram printer has already proved its capability
to print large size horizontal parallax only color
holograms and so to be used for 3D advertisement
and visual design [4]. The 3D contents are
composed as parallax-related images from multi-
view incoherent capture of 3D objects. However,
the holographic stereogram records only directional
and color information, and quality of reconstruction
IS not equivalent to that from the analogue
hologram.

Fig. 6. Reconstruction from the first printed color
hologram by the wavefront printer (left); printed

hologram “Night of passion”, holographic artist Ray
Park (right).

Recently, we proposed and built a wavefront
holographic printer whose input is a computer-
generated hologram (CGH) [5]. The printed
hologram is partitioned into a 2D array of elemental
holograms. A set of CGHs is generated to make 3D
contents for the printer by using accelerated
computation of the fringe patterns. The CGHs fed
to the amplitude SLM encode the wavefront of light
coming from the 3D object and the latter is
extracted optically by a spatial filter and a
telecentric lens system to impinge the holographic
emulsion. This printer allows for manufacture of
Denisyuk and transmission type holograms with the
same quality of reconstruction as in analogue
holography. By using three continuous wave DPSS
lasers emitting at 640 nm, 532 nm and 473 nm it is
possible to print color holograms. The main
advantage of this printing modality is its ability to
produce holograms from virtual objects by using
their computer graphic models. This creates a lot of
opportunities for advertisement or design which
rely on 3D imaging. The photographs of
reconstructions from two holograms printed by our
wavefront printer are shown in Fig. 6. Actually,
Fig. 6(a) presents reconstruction from the first color
hologram printed this way. The bright saturated
colors of the reconstructed image are achieved by
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mosaic recording of the primary colors when an
elemental hologram gets a single color [5]. The
printed output can be used also as a master
hologram.

CONCLUSIONS

Unique properties of holographic 3D imaging
provided by white-light viewable analogue
holograms and recent achievements in computer
generation of holograms create rich platform for
developing impressive design solutions. The
holographically manufactured artworks can be used
for outdoor and interior decorations. The main
advantage of the outdoor white-light viewable
holographic installations is no need of a special
light source for their reconstruction.  Recently
developed holographic wavefront printing makes
possible producing of white light viewable
reflection holograms from digital contents encoding
3D information about virtual objects. The paper
included various original holographic examples to
illustrate the potential of holographic artworks
based on white-light viewable analogue holography
in design applications.
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XOJIOTPAMU BBPXY CPEBBPHO-XAJIOTEHUHA EMVIICUA
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Hocrermna va 10 oktomBpu 2016 r.; kopurupana Ha 11 HoemBpH, 2016 T.

(Pesrome)

Jw3aiiH, opreHTHpaH KbM YOBEKa, € BakeH (hakTop 3a MOJ00psBaHe HA KauyeCTBOTO HA JKUBOT MO cBeTa. Paborara
NIPE/ICTaBs M3IMOJI3BAaHETO Ha XoJorpadusaTa B OpUEHTUPAH KbM YOBEKa JM3AiH NMpeBH]] YHUKAJIHUTE CBOMCTBA, KOUTO
JIEMOHCTpHpa 32 TPUMEPHO Bu3yanuzupaHe. Xosorpagusra IaBa BB3MOXHOCT Ja CE€ OCBIIECTBIT JW3AHHEPCKU
peLIeHus] ¢ TOJSIMO TOJIOXKHTENTHO BB3JCHCTBHE M IoMara 3a yBelIMYaBaHEe Ha TIXHOTO paszHooOpasue. Paborarta
IIPE/CTaBs N3MOJI3BAHETO HA X0Jorpadcku apTUCTUYHYU TBOPOU 3a Ch3/1aBaHe Ha WjaeeH au3aiiH. Ts mpeasnara pa3nmuuHu
BUJIOBE XOJOTPAaMH, IOJIXOJSINIM 32 BIIMCBaHE B OKOJIHATa CPeAa M 3a HMHTEPHOPEH JW3aifH KaTo XOJOorpadCKu
MHCTaJIAllMU Ha OTKPHUTO, XYA0KECTBEHH TBOPOU OT JbrOBH WM LIWJIMHIPUYHHU XOJIOTPaMu U TPEJCTaBs PEaTHOTO UM
n3paborBane. OOCHXKIa ce MOTEHIMATBT Ha XoJorpadcka MPUHTHpAIIA TEXHUKA 3a CIydas Ha NMPUHTEP HA BBIHOBHUS

(poHT 3a 1enuTe Ha TU3aifHA.
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The most advanced 3D imaging technology of digital holography is holographic printing. It combines digital and
analogue holography by recording a hologram onto a holographic silver-halide emulsion as a volume reflection
hologram from digital contents fed to a spatial light modulator. The hologram is built as a 2D array of successively
recorded elemental analogue holograms. In the first developed holographic printing technique multiple perspectives of
the 3D scene are incoherently captured and printed as a holographic stereogram to allow the viewer to perceive 3D
objects by binocular vision. Recording of only directional data leads to distorted reconstruction from the recorded
stereogram. Direct printing of holographic fringes as a thin transmission hologram onto a holographic emulsion without
a reference wave provides non-distorted reconstruction but without color selectivity. The paper presents a color
holographic wavefront printer which prints a white light viewable hologram on a silver-halide emulsion as a two-
dimensional array of elemental holograms. The 3D contents for the printer are formed as a set of computer generated
holograms and contain depth, directional and colour information. The input data for each elemental hologram are fed to
an amplitude spatial light modulator. The light wavefront coming from a three-dimensional object is extracted by a
spatial filter and demagnified before recording. The printed hologram provides highly photorealistic reconstruction
similar to an analogue reflection hologram.

Keywords: Holography, holographic printer, 3D imaging, silver-halide emulsion, computer generated holograms.

holographic emulsion without a reference wave [4],
and the printed hologram has no color selectivity.
The drawbacks of these two printers are avoided by
the wavefront printing proposed independently by
us [5] and Yoshikawa [6]. In this approach, the
SLM displays a CGH which diffracts light to be
recorded as a volume reflection hologram. The
paper presents design and implementation of a
color holographic  wavefront printer  with

INTRODUCTION

The most advanced 3D imaging technology of
digital holography is holographic printing [1]. It
combines digital and analogue holography by
recording a hologram onto a holographic emulsion
from digital contents fed to a spatial light
modulator (SLM). The hologram is built as a 2D
array of successively recorded elemental analogue

holograms. The first developed printing technique
was the holographic stereogram printing [2,3]. In
this printer multiple perspectives of the 3D scene
are incoherently captured and processed to allow
the viewer to perceive 3D objects by binocular
vision. These data are recorded as a volume
reflection hologram on a silver-halide emulsion.
Recording of only directional data leads to distorted
reconstruction from the recorded stereogram. Non-
distorted 3D reconstruction is provided by a direct
fringe printer which records a thin transmission
computer generated hologram (CGH) onto a

demagnification of the object beam which makes
possible mosaic delivery of primary colors on a
silver-halide emulsion.

GENERATION OF 3D CONTENTS AND
OBJECT BEAM EXTRACTION

The essence of the wavefront printing is optical
extraction of the light wavefront which carries
information about the 3D object from the light
diffracted by a SLM which displays a CGH of this
object. We proposed a printer, in which the CGHs
for the elemental holograms were displayed in
succession on amplitude SLM. The CGH

* To whom all correspondence should be sent:
E-mail: elena.stoykova@gmail.com
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synthesized for this SLM is a 2D real-valued array
which encodes four terms:

H(£,7)=0(&7)0"(&,7)+R(En)R"(£,7)+
O(&,n)R"(&,m)+R(£1)0"(£,m)

where 0(&,17)=ao (& m)explig, (&.17)] and

R(&m)=a(&n)expliga(sn)] are  the complex
amplitudes or wavefronts of mutually coherent
object and reference beams that digitally interfere
in the plane (&) of the CGH or the SLM

respectively; a.(&,7) and @.x(&7) are the
amplitude and phases of these wavefronts and “i” is
the imaginary unit. The sum of the first two terms
forms the zero-order term while the other two terms
give the beam coming from the object and the beam
converging to the object. In the proposed printing
system, the beams encoded in the CGH and
diffracted from the SLM focused at separate spots
in the back focal plane of a lens which collected the
beam diffracted from the SLM when the CGH was
calculated in off-axis geometry. Thus the object
wavefront was optically extracted by spatial
filtering in this plane. The extracted object beam
was further demagnified to be recorded onto the
holographic silver-halide emulsion as a small size
elemental hologram. In view that the object beam
corresponded to the light beam scattered from the
3D object, we called our printer a wavefront
printer.

(1)

RN

Recording position
of elemental hologram

iz 41

Holographic emulsion

Fig. 1. Printing a volume reflection hologram as a
collection of elemental holograms recorded from a set of
CGHs.

The hologram printed by the wavefront printer
was built as a 2D collection of elemental holograms
which are recorded in succession. The 3D contents
to be printed consisted of a set of CGHs. Each CGH
was calculated according to the position of a given
elemental hologram (Fig. 1). The elemental
hologram in the wavefront printer is a part of the
whole hologram and exhibits all properties of a
hologram by encoding color, directional and
distance related phase information. Theoretically,
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its size is limited by the used active area of the
SLM. Substantial decrease of the elemental
hologram in our printer design made possible
mosaic delivery of exposures at primary colors
when each elemental hologram got a single color
[7]. Separation of color channels allowed for
avoiding the crosstalk and for achieving high
diffraction efficiency.

Fig. 2. Point-cloud representation of a 3D object.

We adopted the ray-casting approach to generate
the 3D contents by using a point-cloud object
representation (Fig. 2). The point cloud method
considers the 3D object as a collection of point light
sources which emit spherical waves. A set of point
clouds with P self-emitting points each was extracted
for all elemental holograms. The fringe pattern for a
given elemental hologram was computed using the
corresponding point cloud. For the purpose, we
developed content creation software with tools for
forming point-clouds of 3D objects and computing
of CGHs at RGB wavelengths. Usage of high
resolution SLM for displaying CGHs makes
computation of 3D contents a complicated task at
the chosen small size of the elemental hologram. To
accelerate computation we developed a fast phase-
added stereogram algorithm [8] that allowed for
fast Fourier transform (FFT) implementation. The
principle of fast CGH computation is elucidated in Fig.
3. The point “p” in a point cloud with spatial coordinates
(x,.v,,z,) is located at the distance

r,= [(g—xp)2 -y, F+ zfj]]/2 from the point (&,7)
on the hologram plane located at z =0. This point emits
three spherical waves at the RGB wavelengths with
different amplitudes and initial phases (a,,¢,). The

algorithm partitioned each CGH into MxN square
segments. The segment size is chosen small enough to
use a plane wave for description of contribution of a
point to the fringe pattern on the segment. The spatial

frequencies (up Vi ) of the sinusoidal function for the

mn?  mn

point “p” and the segment (m,n)m=1.M,n=1.Nat a
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given wavelength are determined with respect to the
segment central point. The distance between the point

“p” and the central point is r.) . The initial phase of the
sinusoid, ®° , is a crucial parameter for matching the

wavefronts of the plane waves diffracted from all
segments. The phase ®P  contains the phase ¢, of the

wave coming from the point “p” and may include the
distance related phase. It is also determined with respect
to the central point. Taking in view all object points, the
fringe pattern across the segment is approximated as a
superposition of 2D complex sinusoids. The fringe
pattern in each segment was calculated by FFT of
the 2D distribution in the spatial frequency domain
of complex amplitudes associated with the points in
the point-cloud seen from this CGH. Locations of
the complex amplitudes corresponded to spatial
frequencies determined with respect to the center of
the segment. The segment size should be small to
ensure good reconstruction from the phase-added
approximation. That’s why we applied the FFT
with zero-padding for a number of pixels larger
than the number of pixels in the segment to
decrease the error due to discretization of the
spatial frequencies. We used CUDA platform for
parallel programming and computing to implement
the developed algorithm.

Point cloud Contribution atthe  Spectrum of Fringe

central point a segment pattern
°

L]
e% |
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Fig. 3. Schematic of the accelerated computation of
fringe patterns for elemental holograms.

RESULTS

The wavefront printer we built is depicted in
Fig. 4. Three continuous wave DPSS lasers
emitting at 640 nm, 532 nm and 473 nm were used.
Each laser exposed a single elemental hologram.
The first polarizing beam splitter (PBS;) after the
collimating system formed the object and reference
beams. The object beam illuminated the amplitude
type SLM by means of the PBS,. We used a liquid
crystal on silicon projector Sony VPL-HW10
SXRD with 1920x1080 pixels and a pixel interval 7
um. After diffraction from the SLM, optical
filtering and demagnification by the telecentric lens
system, the beam impinged the holographic silver-

halide plate. Due to demagnification, the pixel
interval at the plane of the hologram was 0.42 um.
We used the silver-halide emulsion Ultimate08
with an average grain size of 8 nm. The plate was
moved by a X-Y stage at precision of 1 um. For
uniform intensity distribution at the object beam
footprint on the hologram, we used only the central
part of the SLM, so the size of the elemental
hologram was 380 pum by 380 um. The shutters
controlled the exposure time. A personal computer
controlled the wavefront printer operation.

RGB lasers

.

— IEE .

NN
oy e

) s l
\—L.'—»I\I'—F"

Objective
lens
| -

SLM
PBS,

Lasers  Telecentriclens

7/

Holographic plate
with X-Y stage

Fig. 4. Optical scheme and photograph of the wavefront
printer with demagnification of the object beam.

Telecentric system ‘ |

Fig. 5. Photographs of reconstruction from printed
holograms.

We achieved bright 3D reconstruction with a
motion parallax at saturated colors from holograms
of test objects (Fig. 5). The size of the holograms in
the top row and the left hologram in the bottom row
is 5 cm by 5 cm. They are built from 131x131
elemental holograms. Thus we proved feasibility of
recording analogue color volume holograms from
digital contents by applying spatially separated
exposures at primary colors to the eclemental
holograms. The SLM partitioning was applied for
enhancement of reconstruction quality at mosaic
delivery of exposures for primary colors. We
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checked a 3 x 3 partitioning scheme which results
in an elemental hologram built as a mosaic of 9
non-overlapping color patches recorded at the RGB
wavelengths. Thus we achieved smooth color
reproduction without high-end optical components.
The reconstruction from a 9 cm by 9 cm hologram of
a bunch of flowers that has been printed by this
method shows very good quality (Fig. 5). The
reconstructions prove that the wavefront printer is a
desirable choice for realistic 3D imaging with
quality of reconstruction as in analogue holography.

CONCLUSION

In summary, we described a holographic printer
for analogue reflection holograms from digital
contents. The information about a color 3D object

generated holograms produced with accelerated
computation proved the algorithm efficiency.
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INPUHTHUPAHE HA LITU®POBU XOJIOI'PA®CKU JAHHU KATO IBETHA OTPAXATEJIHA
XOJIO'PAMA BBPXY CPEBBPHO-XAJIOTEHUHA EMVYIICHUA

X. Jlx. Kaur?, E. Croiikosa™?", 0. M. Kum®, C. X. Xour?, JIx. C. HapKl, Jix. C. Xour*

1 o
Kopeiicku uncmumym no enexmponuu mexuonoeuu, 11, Yopno-xan 6yk-po, 54-oocun, Mano-ey, Ceyn, Kopes
2
Hncmumym no opmuuecku mamepuanu u mexuoao2uu kom bvicapckama Axademus na naykume,yn.,, Axao. I'eopeu
bonues™, 61.109, 1113 Cogpus, bvreapus

IMoctrenuna Ha 10 okromBpu 2016 r.; Kopurupana Ha 10 HoemBpu, 2016 T.

(Pesrome)

Haii-nanpennanara TeXHOJOTHS 32 TPUM3MEPHO BH3yalM3upaHe ¢ LudpoBa xomorpadus € XoJorpadckusr
npunrep. Toit obenmusBa mudpoBara u aHamorora xojorpadusi Upes3 3amic Ha OTpakaTeJHa XoJorpama BBPXY
CpeOBPHO-XAIOTEHUIHA eMYJICHsl OT IU(POBM JaHHH, NOAAaBaHM KbM IPOCTPAHCTBEHO-CBETIMHEH MOIYJATOP.
XomorpamaTa € MacHB OT IIOCIIEIOBATEIHO 3alMCBAHM €JIEMEHTAPHH aHAJOTOBH Xoiorpamu. IIepBuAT pa3paboTeH
xosorpadcKi IpUHTEp ce Oa3mpa BBPXY HEKOXEPEHTEH 3alic Ha M300pa)XeHHs HAa TPUMEpHATa CIIEHA OT PaziIMYHU
BITU W NMIPUHTHPAHE Ha CTepeorpama, KOMTO C€ BB3IpHEMa TPUMEPHO MOCPEACTBOM OMHOKYISPHO 3peHHe. 3aluchT
caMo Ha TIOCOKAaTa M IIBETOBETE M3KPUBSABA BH3CTAHOBEHWY 00pa3. IMPEeKTHOTO NIpUHTHPAaHE Ha MHTEP(PEPEHUHHN HBHUIH
KaTo TBHKA MPOIyCKama xojorpama BBpXYy Xxosorpadcka emyncus ©0e3 ONOpeH CHON JaBa HEHU3KPUBEHO
BB3CTAaHOBSBaHE 0€3 CEJIEKTHMBHOCT KBbM IIBETOBETE. B craTmsTa ce mpeiacTaBd IBETEH XOJOrpad)CKH MPHHTEp Ha
BBJIHOBUSL (POHT, KOWTO IpPHHTHpAa BB3CTAHOBSBaHA C Osla CBETIMHA XOJOrpaMa KaTo JBYMEPEH MacHB OT
€JIEMEHTApHU XOJIOTPaMH BBPXY CpeOBPHO-XaJIOTEHU/IHA eMyJicHs. TpuMepHUTE TaHHU 3a TO3W NPUHTEP ce hopMupaT
KaTO CHBKYITHOCT OT KOMITIOTBPHO I'€HEPUPAHM XOJIOTpPAaMH M ChIbp)KaT MH(POPMAIM 3a ABIOOYMHATA, MOCOKaTa U
nBeta. JlaHHUTE 3a BCsKa €JIEMEHTapHAa XOJOrpaMa ce€ IOAaBaT Ha AaMIUIMTYAEH HPOCTPAHCTBEHO-CBETIMHEH
MOJyNaTop. BBIHOBHYT (POHT OT TpUMEpHUS OOEKT ce M3BIHMYA C MPOCTPAHCTBEH (QWITHP U CE€ HaMaJlsiBa HAIPEYHO
npean 3anuca. [IpuHTHpaHaTa X0I0rpamMa MpeloCTaBs PEATUCTUYHO BH3CTAHOBSIBAHE MMOJOOHO HA TOBA OT AHAJIOTOBA
OTpaXkaTesIHa X0JIOrpama.
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Improving activity visualization in dynamic speckle testing of paint drying by
evaluation of a temporal correlation radius
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We propose an approach for improving visualization of activity map obtained as an output of pointwise dynamic
laser speckle analysis. The map reflects the speed of change of the speckle pattern formed on the surface of the tested
object and thus provides information about the speed of processes leading to these change. The approach is based on

pointwise calculation of the normalized

temporal correlation function and further determination of the correlation

radius. In case of negative exponential dependence of the correlation function on the time lag between the recorded
speckle patterns, the obtained description of activity is quantitative. The proposed visualization enhancement of the
activity map has been verified by processing raw data from a paint drying experiment.

Keywords: dynamic speckle, paint drying, pointwise processing, correlation function

INTRODUCTION

Dynamic laser speckle metrology provides a
highly sensitive tool for non-destructive testing of
paint drying [1]. Evaporation process during the
drying leads to microscopic changes of the sample
surface that create “boiling” speckle pattern on the
sample under coherent illumination. This pattern
carries information about the dynamics of the
undergoing processes. Dynamic speckle testing
includes sequential acquisition of correlated speckle
patterns and their pointwise statistical processing
[2,3]. The output of the measurement is a two-
dimensional map which gives the distribution of a
certain statistical parameter chosen to differentiate
between the regions of lower or higher activity on
the sample surface. The expectations are to obtain a
detailed map with a good contrast to ensure high
sensitivity, but processing of raw data yields a
strongly fluctuating distribution of the parameter
estimate that renders difficult visualization of
activity. Furthermore, the chosen parameter usually
maps non-linearly activity time scales and this
makes possible only qualitative evaluation.

In this work we propose to enhance activity
visualization by using as a statistical parameter the
temporal correlation radius of intensity fluctuations.

As a first task we determined the form of the
temporal correlation function of the fluctuations,
R(r), where zwas the time lag, for the paint

drying experiment. We checked the applicability of
the widely wused exponential model [4],

R(z)= 0’ exp(~ 7/, ), Where & is the variance
and 7, is the correlation radius, to describe

intensity fluctuations in this case. As a second task,
we verified quality of the activity map built as a
distribution of the ratio between the correlation
radius and the time lag and proved the contrast
improvement.

PAINT DRYING EXPERIMENT

The experiment with paint drying was carried
out with a specially designed circular metal object
with two hollow regions of the same depth — a
central circular section and an annular region — and
two flat annular regions. A transparent polyester
paint was used to cover the object to form a flat
layer on its surface. Thus the circular and annular
hollow regions contained larger quantity of paint
than the other two annular regions. As a result, the
speed of paint drying was different on the object
surface. The object was illuminated with a He-Ne
laser, and dynamic speckle patterns were recorded
by a CMOS camera with a pixel interval A =7 um.

* To whom all correspondence should be sent:

E-mail: elena.stoykova@gmail.com The camera optical axis was normal to the object
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surface. The set-up was positioned on a vibration-
insulated table. The 8-bit encoded speckle patterns
were acquired at an interval At =250 ms. The size
of the processed images was N, x N, =780x582

pixels.
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Fig. 1. Speckle pattern formed on the surface of a
circular metal object covered with polyester paint; the
pattern is presented as a contour map of the recorded

intensity.

A typical speckle pattern is shown in Fig. 1 as a
contour map. It is seen that the speckle pattern is
characterized  with  non-uniform intensity
distribution across the object, most probably due to
non-uniform reflectance. The regions of different
activity are not recognizable without statistical
processing. We processed N = 128 images. The
acquired raw data allowed for pointwise processing
which means that the entries corresponding to a
given pixel (i,k)i=12.N k=12.N, form a
temporal  sequence  of  intensity  values,
lin.N=12..N of length N and enable evaluation

of the chosen statistical parameter at this pixel by
averaging over the whole sequence. The result of
the pointwise processing is a two-dimensional
distribution of size N, xN, of the obtained

parameter values.
RESULTS

Fig. 2 depicts the two-dimensional (2D)
distribution of the variance estimate of intensity
fluctuations. The variance estimate at a pixel (i,k)

is found from the formula

Mz

1N - - 1
WHZ:l(Iik,n - Iik)z;lik :Wn llik,n (1)

where I is the mean intensity at pixel (i,k). Due

to the fixed length of the formed temporal
sequences, the map of the variance estimate shows
different behaviour in the hollow regions and on the
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flat surfaces of the test object. Due to non-uniform
intensity distribution in the speckle patterns (Fig.
1), the variance distribution reflects incorrectly the
developing activity on the object surface as a result
of paint evaporation. The variance estimate must
have practically the same value in the hollow
regions; the same should be true for the flat regions.
However, we see substantial variance variation in
these regions. We built also the 2D map of the
speckle contrast as a ratio of the square root of the
variance estimate and the mean value; the map is
shown in Fig. 3. The contrast is not very high and
its variation across the object does not provide
correct description of activity.

150 300 450 600 750
X. pixels

Fig. 2. Contour map of the variance estimate that reveals
regions of different activity.
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Fig. 3. Contour map of the pointwise contrast estimate.

In case of non-uniform illumination and varying
reflectivity across the object surface one should
apply normalized processing. Recently we
introduced pointwise estimation of the normalized
temporal correlation function [5] according the
formula

1 1 X i I
N —mmé(lik,n - |ikxlik,n+m - Iik)(z)

where the index “m” corresponds to the time lag
r=mAt,m=12..M Dbetween the compared speckle
images. The maximum value of the normalized

function is 1. The 2D map of R at m =5 is depicted
in Fig. 4. The map shows much higher activity in

ﬁnorm (i' k’ m):
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the leftmost part of the object. Probably this is due

to less quantity of paint there. The map reveals the
regions of different activity but for this particular
time lag the contrast is not satisfactory.
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Fig. 4. Contour map of the normalized temporal
correlation function at a time lag 7 = 9At.

The temporal correlation function provides
information about the time scales of the undergoing
activity. The width of this function determined at
some level gives the correlation radius of the
observed process. The problem is that the
correlation  function maps non-linearly the
dependence on the time lag. This results in
decreased contrast of activity visualization based on
the normalized correlation function. The results of
processing the raw data obtained by us for different
objects [6,7] give a negative exponential
dependence on the time lag,
Room (7)= 02 exp(~17/7,,, ), as a close description to
the experimentally estimated curves. To illustrate
this statement, we calculated R(i,k,z) inside the

spatial window of 50x50 pixels in the region of
constant activity on the object surface starting from
the pixel (325,90). The average value of the
obtained estimates is shown as a function of the
time lag in Fig.5. The correlation radius is
determined at level 1/e. Figure 6 gives the

parameter Q(r):—ln{lim,m(r)} as a function of the
time lag. We see practically linear dependence on .
This result can be used for improving activity map
quality by transforming R,.(r) to Q(z). In the
case of negative exponential dependence on t of the
normalized correlation function it is possible to
build the 2D map of the estimate of the correlation
radius across the object:

o mAt
corr Q(mAt)

©)

In principle, it is enough to find Q(z) for a given time
lag. We used Eq.(3) at m = 5 and obtained the
correlation radius distribution presented in Fig. 7.

The map gives variation of the correlation radius
across the object in seconds. Besides the fact that
the map in Fig.7 provides better visualization of
activity than the map in Fig.4, it also allows for its
guantitative evaluation. The value of 6 s obtained
from Fig. 5 corresponds well to the mean value in
the spatial window of 50 by 50 pixels with its first
pixel located at (325,90).
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Fig. 5. Normalized temporal correlation function (the
abscissa gives the ratio between the time lag and the
acquisition interval At =250 ms).
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Fig. 6. Linear dependence of the logarithm of the
normalized correlation function on the time lag (the

abscissa gives the ratio between the time lag and the
acquisition interval At =250 ms).
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Fig. 7. Contour map of the normalized temporal
correlation function at a time lag 7 = 5At ; the time scale
is given in seconds.
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CONCLUSIONS

Based on processing of experimental data, we
proposed an approach for enhancing visualization
of regions of slower or faster changes on a surface
of a diffusely reflecting object that are relied to
undergoing processes of physical or biological
nature inside it. The approach included pointwise
calculation of the normalized temporal correlation
function from a recorded sequence of speckle
patterns formed on the object surface under laser
illumination and determination of the 2D contour
map of the correlation radius by accepting a
negative exponential model for the correlation
function of intensity fluctuations. The approach was
verified by processing a paint drying experiment at
which the correlation function at a given point
corresponded to the accepted model. Then it is
possible to describe activity quantitatively.
Nevertheless, even when the accepted model for the
logarithm of the correlation function is not strictly
linear, it is expected to achieve activity map
visualization enhancement.

Acknowledgment: This paper is supported by the
Ministry of Science, ICT, and Future Planning
(MSIP) (Cross-Ministry Giga KOREA Project).

REFERENCES

1. H. Rabal, R. Braga, Dynamic laser speckle and
applications, CRC Press, Boca Raton, 2009.

2. A. Saude, F. de Menezes, P. Freitas, G. Rabelo,
and R. Braga, J. Opt. Soc. Am. A, 29, 1648
(2012).

3. E. Stoykova, D. Nazarova, N. Berberova, and A.
Gotchev, Opt. Express, 23, 25128 (2015).

A. Federico, G. H. Kaufmann, G. E. Galizzi, H.
Rabal, M. Trivi, and R. Arizaga, Opt. Commun.,
260, 493 (2006).

4. E. Stoykova, B. Ivanov, and T. Nikova, Opt.
Lett., 39, 115 (2014).

5. T. Lyubenova, E. Stoykova, E. Nacheva, B.
Ivanov, I. Panchev, V. Sainov, SPIE Proc. 8770,
87700S (2013).).

6. T. Nikova, E. Stoykova, B. lvanov, Phys. Scripta,
T162, 014044 (2014).

INOAOBPABAHE HA BU3YAJIM3UPAHETO HA AKTUBHOCTTA YPE3 OIIEHABAHE HA
PAZINYCA HA KOPEJIALIMA ITPYM TECTBAHE HA CbXHEHE HA 5O C JUHAMMWYEH CIIEKBJI

E. CTOI‘/'IKOBal’z, b. I/IBaHOBl, T. HI/IKOBal, X. JIx. Kanr?

1Uucmumym no onmuuecku mamepuanu u mexronocuu "Axao. U. Marunoscxu", bvaeapcka Axademus na naykume,
yn. "Axao. I'. bonues", 6n. 109, 1113 Coghus, bvreapus
2Kopeiicku uncmumym no eiekmpounu mexuonoauu, 8 emaoic, 11, Yopno-xan o6yx-po, 54-oxcun, Mano-ey, Ceyn, Kopes

[MToctbnuna Ha 10 okromBpu 2016 r.; kopurupana Ha 11 HoemBpu, 2016 T.

(Pesrome)

B pabotara ce mpemiara moaxoj 3a MoA0OpsSBaHE HA BU3YAIU3UPAHETO Ha KapTaTa Ha aKTHBHOCTTA, KOATO Ce
MOJTy4YaBa KaTo M3XOJCH Pe3yJITaT MPHU MOTOYKOBHS JUHAMUYEH CIEKbI aHanm3. KapraTa moka3sa mpoMsiHaTa B CIICKBI
KapTHHATa, (OPMHpaHa BBPXY MOBBPXHOCTTA HA TECTBAHUS OOCKT M OCHUTYpsBalla MO TO3M HAYMH WHPOpPMALUS 3a
CKOpOCTTa Ha MPOLECHUTE, MPEIU3BUKATH Ta3u HpoMmsHa. [logxonbT ce 0a3upa BBPXY MOTOYKOBO IPECMSTaHE Ha
HOpMHpaHaTa BpeMeBa KOpeTalnoHHA (DYHKITHS, TIOCICABAHO OT OINpPEeITHe Ha pajnyca Ha Kopenanus. B ciydas Ha
OTPUIIATEITHA CKCTIOHCHIIMATHA 3aBUCHMOCT Ha KOpEJIAITHOHHATa (PYHKIIKS OT BPEMEBUS JIal MEXK/Ty 3alCAaHUTE CIICKbBI
KapTHHH MOJIy4CHOTO OMMCAHHWE HAa aKTHBHOCTTA € KOJMYECTBEHO. [IPeIoKEeHOTO MOI00psiBaHE Ha BU3YaTU3UPAHETO
Ha KapTaTra Ha aKTUBHOCTTA ¢ MMPOBEPEHO Ype3 00paboTKa Ha eKCIIEPHMEHTAIHH JaHHU OT €KCIICPUMEHT ChC ChXHEHE
Ha 0os.
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Observation of speed of processes by dynamic speckle analysis has been applied to different samples of industrial or
biological nature. The method allows for indicating regions of lower or higher activity on the sample surface through
statistical processing of the speckle patterns formed on this surface under laser illumination. The aim of the paper is to
check applicability of dynamic speckle technique for detection of the drying process in polymer water solutions. For the
purpose, we recorded several sets of 256 correlated in time speckle patterns of a transparent drop of PAZO water
solution on a glass plate illuminated by a He-Ne laser. The sets were separated by intervals of 5 minutes, and the last set
was recorded 75 minutes after the start of the experiment. For statistical description of activity on the observed sample
we chose evaluation of a temporal structure function. The obtained two-dimensional maps of the structure function at
different time lags demonstrated efficiency of dynamic speckle analysis for monitoring of drying processes in polymer

water solutions.

Keywords: polymer, drying, dynamic speckle analysis

INTRODUCTION

Non-destructive  detection of physical or
biological activity through statistical processing of
speckle patterns on the surface of diffusely
reflecting objects is gaining popularity in optical
metrology. Known as dynamic laser speckle
analysis, this method is sensitive to microscopic
changes of the surface over time and needs simple
optical means for implementation [1,2]. This
technique has been applied to study blood flow
perfusion in human tissues [3], bacterial response
[4], plant growing processes [5], seeds viability [6],
animal reproduction [7], drying of paints and
coatings [8], fruits quality [9] and bread cooling
[10]. Advances in two-dimensional (2D) optical
sensors and computers make possible development
of pointwise algorithms, which rely on acquisition
of a temporal sequence of correlated speckle
patterns and show activity as a 2D spatial contour
map of the estimate of a given statistical measure.
The most widely used pointwise estimates are the
intensity-based estimates. The map entry at each
point for such an estimate is composed from a time
sequence of intensity values taken at one and the
same pixel in the acquired speckle patterns. By

* To whom all correspondence should be sent:
E-mail: elena.stoykova@gmail.com

building such activity maps at different moments,
one may follow the undergoing processes in time.
The aim of the paper is to check applicability of
dynamic speckle technique for detection of the
drying process in polymer water solutions. For the
purpose, we recorded several sets of 256 correlated
in time speckle patterns of a transparent drop of
PAZO water solution on a glass plate. Processing
was performed by intensity based pointwise
algorithms [11]. For statistical description of
activity on the observed sample we chose
evaluation of a temporal structure function [12].

EXPERIMENTAL

In the present study, we use the azopolymer
Poly[1-[4-(3-carboxy-4-hydroxyphenylazo)
benzenesulfonamido]-1,2-ethanediyl, sodium salt]
or shortly PAZO. The azopolymer is commercially
available from Sigma Aldrich. Its chemical
structure is shown in Fig. 1. An important
advantage of this polymer is that it is water soluble.
For our experiments water solution of PAZO with
concentration C = 50 mg/ml was used. The average
molecular weight of the azopolymer is Mw = 50
000—65 000 g/mol and glass transition temperature
is Tg = 95 £ 5°C [13]. The parameters of the
photoinduced birefringence (An) in thin films of
PAZO and PAZO based nanocomposites have
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already been studied by our group [14, 15]. The
observed high values of An and its very high
thermal stability attracted our attention to the
process of thin film formation by drying of
azopolymer water solution casted on a glass
substrate. This was the reason to evaluate the
potential of the dynamic speckle technique to study
this drying process. To the best of our knowledge,
this is the first time to monitor a polymer water
solution by dynamic speckle technigue.

O
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NaO/Uj@/ °N
n
HO

Fig. 1. Chemical structure of the PAZO azopolymer.

For the experiment, a drop of PAZO water solution
was deposited on a glass plate. A specific feature of
this sample was its transparency at the used
wavelength. The plate was placed in a Petri dish. A
CMOS camera with a pixel interval A =7 um was
adjusted to focus the sample with its optical axis
normal to the glass surface. The set-up was
positioned on a vibration-insulated table. We used a
He-Ne laser. The camera recorded successively a
sequence of N = 256 correlated images of size

NN, =500X780" pivels for time T at a sampling

rate 1/At=N/T with the time interval At = 250 ms
between the frames. Exposure time was 10 ms. A
time sequence of 8-bit encoded intensities
L = 1(KA, 1A, NAL) N =1..N

(kA 1Ak =1..N ,1=1..N

was formed at each pixel

v of the acquired images.
This data were used to build a point wise estimate
of a given statistical measure over T. One of the
captured speckle patterns is shown as a bitmap
image in Fig.2. The borders of the drop and the
glass plate are clearly seen. We put also a marker
on the glass plate. We captured 6 sets of 256
correlated images with time offset from the start of
the experiment 0, 5, 10, 15, 20 and 75 minutes.

Fig. 2. Speckle pattern of a glass plate with PAZO water
solution.
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RESULTS AND DISCUSSIONS

In order to choose a proper processing, we
calculated the two-dimensional (2D) distributions
of the mean value and the variance of intensity
fluctuations at each point. The estimates of these
two parameters were obtained from the algorithms:

S ST e 5 Y ) RGN

ki N & kl,i > “kl (N —l)i:1 kL ki) »
where averaging was done for the time sequences
formed from the captured images. The 2D maps of
the average value at time offsets 0 and 75 minutes
are shown in Fig.3. The observed distributions are
not strictly uniform because of slightly non-uniform
intensity distribution within the illuminating laser
beam. The same is valid at all time offsets.
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Fig. 3. 2D distribution of the mean value at time offsets
0 minutes (left) and 75 minutes.

Nevertheless, we chose for this first experiment
a non-normalized estimate as providing better
contrast of the activity map. We applied a temporal
structure function. Its estimate at a time lag
7=mAt, where m>0 takes integer values, is
determined by

é(k’llm):ﬁ’\:ém“kl,i - Ikl,i+m)2 (2)

As it can be seen from Eq.(2), the structure function
is zero at zero activity and full correlation. It
increases with the time lag and theoretically should
reach the value of the variance multiplied by 2
when there is no correlation between images. The
higher the value of the structure function, the lower
is the correlation and the higher is the activity
within the sample. The results of applying Eq.(2) to
the acquired sets of correlated images are given in
Fig.4 which depicts 2D maps of the structure
function at time lags 7 =10At and 7 =50At. We
processed all sets, but Fig.4 presents only the data
corresponding to three time offsets. Several
conclusions can be made from the obtained
distributions. The most important result is that the
dynamic speckle techniques allows for detecting
the process of drying. To be sure that the observed
result was due to evaporation from the drop surface,
we recorded a set of 256 speckle images of a glass
plate without the drop.
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Fig. 4. 2D distribution of the temporal structure function
at time offsets 0 minutes (top), 20 minutes (middle) and
75 minutes (bottom); left - 7 =10At, right - 7 =50At.
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Processing of this set of images confirmed that the
activity on the plate surface was the same as for the
surrounding Petri dish and the values of the
variance of intensity fluctuations in time were much
lower. We see the change of the drop in time and
much higher activity at its borders. As it should be
expected, with increase in time elapsing from the
start of the drying process activity within the
sample is decreasing. Furthermore, the contrast of
the speckle, given by the ratio between the square
root of the variance and the average value of
intensity  fluctuations, is also  decreasing.
Evaporation of the drop caused also rise of activity
around the glass plate. Strong variation of activity
within the drop is detected at the beginning of the
drying process whereas at larger time offsets
activity equalizes within the drop and increases
only on the borders.

To evaluate the time scale of the drying process,
we found the dependence of the structure function
on the time lag for the spatial region around the
approximate center of the drop. For the purpose, we
averaged the estimate (2) within a spatial window
of 30x30 pixels. The size of the window was so
chosen as to ensure relatively large number of
points corresponding to uniform intensity. Speckle
nature of the raw data leads to a very low spatial
correlation of the estimate within the window and
makes possible to obtain practically smooth curves
by averaging over 900 points. The uniform
intensity within the window is necessary to
guarantee correct average value. The functions
evaluated at three different time offsets are depicted

in Fig.5. The fall of the variance is clearly seen at
large time lags. For the elapsed 75 minutes it
decreases more than two times. To find the time
scales we normalized the obtained functions to the
variance estimates (1). The result is shown in Fig.6.
Judging from the normalized curves activity
remains very high within the drop even after 75
minute, so the drying process is not completed yet.
Actually, the steepest normalized structure function
is observed at time offset 75 minutes due to
decrease of the water solution in the drop and faster
evaporation. We can determine the correlation radii

from the formula  Swm()=21=Run ()] relating the
normalized structure and correlation functions of
intensity fluctuations in time [12]. If we adopt a
widely used negative exponential  model
Room (f) = exp(— 7/, )to approximate Snom (7) , the
correlation radii determined at level 1/e from for
the offsets 0, 20 and 75 minutes are approximately
2 s, 3sand 1.25 s respectively.
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Fig. 5 Structure function of intensity fluctuations in the
center of the drop pf PAZO water solution at three time
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Fig. 6. Normalized structure function of intensity
fluctuations in the center of the drop pf PAZO water
solution at three time offsets.

CONCLUSIONS

In summary, we proved by experiment that the
dynamic speckle analysis could be applied for
monitoring of the drying process of polymers water
solutions. The method is capable to demonstrate
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changes in different size drops of such solutions in
time by building 2D maps of a given statistical
measure that includes the tested polymer water
solution sample. By following time variation of the
correlation radius of intensity fluctuations within
speckle patterns formed on the sample surface it is
possible to determine the time scales of the drying
process. Since the aim of this preliminary study was
to prove applicability of dynamic speckle analysis
for observing the drying process of transparent
polymers, we did not record sequences of speckle
images till the end of this process, when practically
full correlation should be observed.
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MOHUWTOPUHI" HA ITPOLHECA HA CbXHEHE HA BOJIHU PA3TBOPU OT ITOJINMMEPU YPE3
JETEKTUPAHE HA ITMHAMMWYEH CITEKBJI

J1. Hazspoga, E. Croiikosa, JI. Henenues, b. iranos, H. Bep6epora, H. ManuHoBcku

Hucmumym no onmuuecku mamepuanu u mexnonozuu ""Axad. U. Manunoscku", Bvieapcka Akademus na nayxume,
yn. "Axao. I'. bonues", 61. 109, 1113 Cogpus, bvacapus

[MToctbnuna Ha 10 okromBpu 2016 r.; kopurupana Ha 20 HoemBpH, 2016 T.

(Pesrome)

HaOmoaBaneTo Ha CKOpOCTTa Ha NMPOTHYAHE Ha IPOIECH C ITOMOIITA HA JUHAMHWYEH CIEKBJ aHAJIN3 € NPHJIaraHo
KBM pa3JInuHi 00pa3ly OT MHAYCTPHUATHO WIIM OMOJIOIMYHO €CTeCTBO. MeToNbT M03BOIsBA JIa C€ OCOYaT 00JIacTHTE C
M0-HHUCKA W TO-BUCOKAa aKTHBHOCT BBPXY IOBBPXHOCTTAa Ha oOpasema upe3 CTaTHCTHYEeCKa 00OpaboTKa Ha CIEKbBI
KapTUHNTE, QOpPMHUpaHN BHPXY Ta3d MOBBPXHOCT MpHU OcBeTsBaHe c Jyasep. Llenta Ha HacTosmara pabora e xa ce
MIPOBEpU MPUIOKHUMOCTTA HA TEXHHMKATa HA AMHAMHUYHHS CIIEKBI 3a AETEKTHpPaHE Ha MPOLEca HAa CbXHEHE Ha BOJHU
pa3TBOpPH Ha NOJIMMEpH. 3a OCBHILIECTBABAHE Ha MPOBEPKATa Ca 3alUCaHM HAKOJIKO CEpUH OT 256 KOpenupaHu BbB
BPEMETO CIEeKbJI KapTHHU Ha Mpo3payHa Kalka Ha BojAeH pa3tBop Ha PAZO monmMep BBPXY CTBKJIEHA MOJUIOXKKA,
ocsereHa ¢ He-Ne nmazep. Cepunre 0s1xa pa3ieneHu ¢ IeT MUHYTHH MHTEPBAJIH, KaTO TIOCJIEAHATAa CepHs € 3amucana 75
MUHYTH CJIell KalBaHeTO Ha Kamkata. CTaTHCTHYECKOTO ONMCAaHME Ha aKTHBHOCTTa B HabOmromaBaHUs oOpasern e
MIPOBEJCHO 4Ype3 NpEeCMATaHE Ha BpeMeBa CTPYKTypHa GyHKOus. [lomydeHuTe OByMEpHM pas3lpelelicHHs Ha Ta3H
(GyHKIMA 32 pa3IMYHN BPEMEBH JIATOBE MOTBBPANXA ¢(DEKTUBHOCTTAa HA JUHAMHUYHHUS CIEKBJI aHAIN3 3a HaOIOaBaHe

Ha TIPOIIECH BHB BOJHH Pa3TBOPH Ha IMOTUMEPH.
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Dynamic laser speckle method is a useful approach for monitoring the speed of processes by statistical processing of
speckle patterns formed on the surface of diffusely reflecting object at laser illumination. The most popular algorithms
are the intensity-based pointwise algorithms which rely on capture of correlated in time speckle patterns. These
algorithms fail at non-uniform illumination and require pointwise normalization to produce correct results. The
normalized processing encounters difficulties in detection of non-varying regions on the object surface. The paper
proposes usage of a specially designed estimator to eliminate these regions.

Keywords: dynamic speckle, intensity-based algorithms, pointwise processing,

INTRODUCTION

Dynamic laser speckle method enables
monitoring of processes by detection of speckle
patterns formed on the surface of diffusely
reflecting objects at coherent light illumination
[1,2]. The speckle patterns reflect the microscopic
changes on the object surface and thus provide a
very sensitive tool for indicating changes. The
method is effective for non-destructive testing of
industrial samples as drying of paints or coatings,
biomedical applications and food quality
assessment [3-5]. Dynamic speckle metrology has
been pushed forward by advances in modern optical
sensors and computers that make possible
pointwise processing and characterization of the
monitored process by a two-dimensional (2D)
distribution of a given statistical parameter related
to its speed. This map is called an activity map and
allows for differentiation of regions with slow or
fast changes of speckle patterns on the object
surface [6]. The main advantage of dynamic
speckle technique is the simple experimental means
of performing the measurement. The main
disadvantage is that the statistical processing is
vulnerable to non-uniform illumination or varying
reflectivity across the object due to the signal-
dependent nature of speckle fluctuations. To

* To whom all correspondence should be sent:
E-mail: elena.stoykova@gmail.com

overcome this drawback, pointwise normalization
is applied to the statistical estimates of activity [7].
Normalization, however, fails in the regions with
almost zero activity and gives an erroneous result
by indicating activity much greater than the existing
really. The goal of this paper is to develop reliable
procedure for detecting zero-activity regions by
combining normalized and non-normalized
processing. Experimental verification of the
developed approach is done by processing paint
coating drying.

POINTWISE CHARACTERIZATION

Generally speaking, capture of 2D dynamic
speckle patterns by a CCD camera allows to build a
2D spatial distribution of some measure which
characterizes activity related to different spatial
regions of the sample under study for a given time
interval. For the purpose, a series of N frames is
acquired for the observation time T. Thus, the 8-bit
encoded and sampled intensities,
L = 1(kaX,18y;nAt) n=12..N , which correspond to

a given pixel (ko,1d) in the recorded N frames,
form a time sequence (Fig. 1). Here (5x,8y) are the
sampling intervals along the N, rows and N,
columns of the captured image and At=T/N is the
time interval between two consecutive images. The

estimate of the chosen statistical measure is found
at all points(kox,18y), k=12..N,,1=12..N , after

y!
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averaging over the formed time sequences. The
obtained 2D distribution of the estimate
corresponds to T and hence it gives localized in
space and not localized in time estimate of sample
activity. The time interval T should cover several
radii of the temporal correlation function of
intensity fluctuations caused by the undergoing
activity within the sample to have enough data for a
reliable estimate.

intensity

time

Fig. 1. Capture of a time sequence of 2D speckled
patterns

A measure based on evaluation of the temporal
structure  function  (TSF) at (k& Io),

k=12..N,,1=12..N  vyields localized in time 2D
descriptions  of activity for time lags
r=mAt,m=12..M which  correspond to the
averaging interval T:

%(Ikl,n - Ikl,n+m)Z (1)

S(kl.m)= N

We can also describe the time fluctuations by
using a normalized temporal structure function
(NTSF). The estimate of the NTSF for each point

(kex,18) is built as follows:

A 1 1 N 5

Shom (k-l-m)= (N _m) D(k,l)ngo(lkl'n - Ikl,n+m) (2)
~ 1N -2 - 1N
U(k’l)zﬁnzz:l(lkl,n_lkl) v :Wz‘ll’("" (3)

where o(k,1) and 1, are the estimates of the
variance and the mean intensity that are calculated
at the spatial point (kéx,1%). For a time lag
T =mAt the estimates $,,.(k,l,m) and S(k,I,m)
are given by 2D spatial distributions where the
small values of S__or Scorrespond to large

correlation and hence indicate lower activity within
the sample and vice versa. Theoretically the NTSF
varies from 0 to 1.

54

EXPERIMENTAL

To check the efficiency of correlation-based
algorithms to locate different activity regions we
performed measurements with the test object in Fig.
2. The surface of the object was covered with
concentric grooves of varying depth and width. A
coin was placed in the circular hollow region at the
centre of the object. The object was covered with a
nail polish, whose drying produced a dynamic
speckle. The correlation of data in the regions
corresponding to the grooves is larger in
comparison to those of the flat surface due to the
larger quantity of the nail polish there. The same is
valid to some extent for the different parts of the
coin due to its varying relief. For the experiment,
only the lower half of the object was covered with
the nail polish. lllumination of the object was done
with a He-Ne laser. The acquisition of speckle
patterns was made at a rate of At = 500 ms between
the frames. The captured images size was 580x780
pixels.

Fig. 2. Test object.

Fig. 3. Image acquired by the CCD camera (the arrows
show unusable regions.

We processed 170 speckle patterns with the
NTSF and TSF algorithms. An exemplary captured
image is shown in Fig. 3. As it is seen, the object
surface has non-uniform reflectivity. The arrows
indicate the regions of specular reflection for which
the recorded intensity everywhere reaches 255 gray
levels, and moreover it keeps this value for the
whole series. Obviously, information is lost in these
regions, and the data in them should be discarded.
We excluded the rightmost part of the recorded
images due to the large non-informative area and
chose to process the data in the region with size
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500x500 pixels with a bias of 50 rows and O
columns.  The results obtained for the NTSF are
shown in Fig. 4. The light regions correspond to
lower correlation and hence to higher activity.
Registration of activity is expected for the lower
half of the object. The NTSF in the upper part
should remain constant. We see that the data in the
narrow grooves on center of the coin should be also
discarded. The obtained NTSF maps clearly show
regions of different activity. We see higher
correlation in the region of the concentric grooves
as well as on the surface of the coin up to the lag
20At; at greater lags there is no correlation between
the recorded images. However, the NTSF estimate
does not reflect properly the lack of activity in the
upper half of the object. Theoretically the NTSF in
this region should be close to zero everywhere. The
averaged NTSF distribution is uniform indeed, but
the mean value of the NTSF in this region is
constantly decreasing and is much higher than zero.
The inaccuracy of the estimate is due to the short
length (170 images) of the series used for
calculations. We may conclude that the algorithms
with the normalization when applied to short time-
series fail to indicate clearly the zero-activity
regions. The  processing should  pick-up
automatically and correctly these regions.

Fig. 4. NTSF at time lags 7 =5At and 7 =20At (the
grey scale varies from 0 to 2.5).

The SF without normalization also clearly
separates the upper and the lower object parts (Fig.
5). The mean square of the difference between the
intensities is much higher in the lower half of the
TSF map. One should take in mind, however, that
the value of the mean square rapidly increases with

the reflective property of the object. For example,
reflectivity in the grooves region and the coin is
higher than on the flat object sections. Dependence
of the TSF on the reflectivity across the object
renders difficult obtaining information about the
activity time scale in different regions of the object.
Nevertheless, we could use these function to cut out
the zero activity regions

Fig. 5. TSF at a time lag 2001t (the grey scale varies
from 0 to 140).

To locate the regions with almost zero activity, we
introduce the following estimator:

ﬁ(k'l’m):ﬁmé(lkl,n_Ikl,n+m)z 4)

~ N . .
where M, =%Z'fn,n is the estimate of the mean

square. To clarify P(k,1,m) let us suppose that the

intensity fluctuations have the same mean value and
variance across the image and that the variation in
time is a stationary process. Therefore, we may
write for any point 1(nAt+mat)=1(nAt)+dl (mAt),

where 8l (mat) is the rise of intensity. Then

<|5(m)> = %{2:@ —2[3+(1(nat)al (nat)) | (5)

where 3 =(17(nat)) = (1%(nAt+mat)) is the mean
square. It is clearly seen from the above expression
that the estimator P(k,l,m)is zero when
S(mAt)=0.. When the intensities 1(nAt) and
I(nAt+mAt) are not correlated, the estimator
becomes

(P(m)- 2{1_%} i 2[1_ Ui'z } ) 1+(0';2/ ) ©

where o, =+/u is the standard deviation of the

fluctuations and v is their variance. We see that the
higher the fluctuations, the higher is the value of

P(k,I,m). At o, =T, which is the case of the fully
developed speckle [1], the estimator value is one.
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We propose to use the introduced estimator in the () 0 if Pklm)<e 7
following way: 1 it P(kim)ze 0

1) to calculate P(k,I,m) for a comparativel - . . .
lar e)time la whicﬁl Ta)lrantees detsction 03; 3) to eliminate the spurious fluctuations in
g g g P(klm) that may lead to non-connected single

variations in the recorded speckle pattern;
points in the mask, the mask is filtered with a
sliding window of size 10x10; if the sum of the
values in the window exceeds 60, a unity value is
attached to all values inside the window;
4) the NTSF distributions are multiplied by
the mask to remove the regions of zero activity.

Fig. 6 depicts the distribution of P(k,I,m) atm =
30, and the mask derived from it. Fig. 7 shows the
distributions of the NTSF multiplied by the mask.
We obtain the highest correlation of fluctuations on

the surface of the coin. The correlation is higher in
the grooves than in the flat object sections. As it
should be expected, the correlation disappears first
for the thinner grooves. They are undistinguishable
from the flat sections at time lags 20 and 40
whereas the thicker grooves are still seen.
CONCLUSIONS

In summary, we developed a dynamic speckle
approach based on combined usage of normalized
and non-normalized processing for elimination of
zero-activity regions from activity maps obtained
for the normalized correlation-based algorithms.
The problem with erroneous detection of activity in
these regions arises from small value of the
variance and inaccurate determination of its
estimates at short lengths of the temporal sequences
formed from the acquired speckle images.
Efficiency of the proposed approach was confirmed
by processing a test object half coated with a
polyester paint. The developed algorithm formed
automatically a mask to preserve only regions with
non-zero activity.

Fig. 6. Distribution of the estimator k,I,m atm=30

(top) and the calculated mask (bottom).
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OTCTPAHSBAHE HA OBJIACTUTE C HYJIEBA AKTUBHOCT IIPU JUHAMUWYEH CIIEKBJI
AHAJIN3 HA CbXHEHE HA ITOKPUTUA

E. CToﬁKOBal‘z, T. Hukosa', B. Uanos’, .M. KI/IMZ, X JIx. Kanr?
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JIMHAMUYHUAT CHEKBJI METOJ] € TOJIC3CH MOAXOJ 32 MOHHUTOPUHI Ha CKOPOCTTa Ha MPOTHYAaHE HA IPOIIECH Ype3
CTaTUCTHYECKa 00pabOTKa Ha CIEKBJ KapTHHHUTE, OOpasHBaIlM Ce BHPXY MOBBPXHOCTTA HAa TU(PY3HO OTpa3siBaIld
00eKTH NP OCBETsBaHe ¢ Ja3zep. Half-momynspHu ca MHTEH3UTETHO-0a3upaHUTE alrONMUTMHU, KOUTO M3UCKBAT 3aMiC Ha
KOpEJIUpaHy BbB BPEMETO CIEKbI H300pakeHus. Te3u anropurMu He ca eeKTUBHU MPU HEPABHOMEPHO OCBETSBAHE U
ce Hajara MpoBEXAHETO Ha MIOTOYKOBO HOPMHpPAHE 3a MOCTUTaHEe Ha KOPEKTHH pe3ynratu. OOpaboTkara ¢ MOTOYKOBO
HOpPMHUpaHE cpellla TPYAHOCTH TPH JETEKTUPAHETO Ha obnacTh 0Oe3 MmpoMsHAa BBPXY MOBBPXHOCTTa Ha obOekta. B
CTaTHsITa Ce Mpejiara U3MOJI3BaHeTO Ha CIICIIMAHO U3TrPajicHa O[CHKA 32 OTCTPAHsBaHE Ha Te3H 00JIACTH.

57



Bulgarian Chemical Communications, Volume 48, Special Issue G(pp. 58-62) 2016

Surface plasmon and guided modes excitation of cholesteric liquid crystal layer

K. Zhelyazkova®, M. Petrov®, B. Katranchev®, G. Dyankov**

YFaculty of Physics, Plovdiv University “Paisii Hilendarski”, 24 Tzar Assen Str, 4000 Plovdiv, Bulgaria
%Institute of Optical Materials and Technologies, Bulgarian Academy of Sciences, 109 Acad. G. Bontchev Str., 1113
Sofia, Bulgaria
*Institute of Solid State Physics, Bulgarian Academy of Sciences, 72 Tzarigradsko shosse Blvd, 1784 Sofia, Bulgaria

Received October 10, 2016; Revised November 11, 2016

The features of optical excitation of surface plasmon and guided modes in nematic liquid crystal layer (NLCL) are
well studied. This problem has never been considered for cholesteric liquid crystal layer (CLCL). There are a lot of
open questions, in spite some considerations have been recently performed. The aim of this work is to answer some
questions by a theoretical study. A series of guided modes and surface plasmon are excited in CLCL at the condition of
attenuated total reflection. The structure we consider has two main differences, compared with the nematic liquid
crystal cell: 1) the twist angle is a function of layer’s thickness; ii) the pitch of the helical structure defines how the
wavelength “sees” the refractive index profile of the liquid crystal layer. These special features presume that the critical
angles for extraordinary modes are different than that of NLCL. We propose to use “effective critical angle” defined in
terms of pitch length. The effective critical angle explains very well the dependence of number of guided modes on tilt

angle and on pitch.

Keywords: Surface plasmon, guided mode, chiral anisotropic media

INTRODUCTION

Some early studies have treated the surface
plasmon polariton (SPP) behavior at the interface
metal layer/nematic liquid crystal (LC). In this
context a series of papers of J.R.Sambles has to be
acknowledged [1- 9], for example. These studies
have been focused not only on SPP features,
defined by the adjacent anisotropic medium but on
the interaction SPP/guided modes in LC layer.
These detailed studies have shown that the coupling
SPP/guided mode is very sensitive to the surface
director tilt profile near to the metal layer. In all
studies nematic LC layer has been used. This is
understandable - the nematic LC have been an
object of great interest because of their application
in LC display - the technology has required a
precise knowledge of all LC characteristics.

Recently, the problem has been formulated in
opposite direction — is it possible to obtain specific
plasmon response by introducing anisotropic
dielectric into the plasmon structure [10-14]. Two
dimensional rotation of LC on a metal surface was
studied in [15] as a first step toward the considering
a cholesteric LC. Such kind of analysis was
completed in [16] but comprehensive study has yet

not been achieved.

Our research [17-19] has focused on the influence
of the parameters of chiral anisotropic layer,
adjacent to the metal layer, on the plasmon
characteristics and on the possibility of controlling
plasmon propagation.

Unlike our previous study, this paper is focused on
the conditions for guided modes excitation in
cholesteric liquid crystal layer and on the
interaction plasmon/guided modes. This is the first
time to our knowledge that such problem is
considered for a chiral anisotropic structure.

THE STRUCTURE

The chosen structure consists in high-index glass
prism with a deposed on gold layer, chiral liquid
crystal layer, and a low index glass substrate
(Fig.1). The prism refractive index must be greater
that the highest index inherent to the LC, whereas
the lower-index glass substrate must have an index
lower than the lowest index inherent to the LC. The
LC is uniaxial and specified by permittivities
parallel and perpendicular to the director — g; and
€|, respectively. In such structure there exist a
range of incident angle defined by the critical angle
of high-index prism and the effective index of the
LC and the critical angle of high-index prism and

* To whom all correspondence should be sent:

E-mail: gdyankov@iomt.bas.bg low index substrate. In this range the guided modes
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in LC layer are excited because of evanescent
optical field.

We suppose g, > & | (Ae= g-¢ | ) and the director
is defined by tilt 6 and twist ¢ (Fig. 1). The twist in
CLCL is a function of thickness ¢=f(z). The prism
and the substrate are homogeneous with the
permittivity €; and €3, respectively.

B = sin~* (&3 /‘91)1/2

&€

The incidence angles range over which guided
modes are excited is [20]:

B<B<p; (1)

Where B, and B3 are critical angles defined as [20]:

(2)
1

pmsm LAg(cos(é’) cot(a) ~sin(B)sin(¢))” +& | (L+cot’ ()}

Glass

prism

LC layer

&

e

Fig. 1. Configuration of the structure and orientation of
the principle axes of the local dielectric tensor ellipsoid
defined by Euler angles in some chiral molecular layer.

The first critical angle is defined by the lowest
refractive index of the substrate. The second critical
angle is defined by the propagation constant of the
extraordinary mode. For this mode the refractive
index n, depends on o and ¢. While we are
interested on the maximum value of the incidence
angle, the denominator of (3) has to be minimized
for a specific value of a. Thus, the dependence of o
is cancel and the critical angle is a function only on
tilt and twist.

CRITICAL ANGLE OF CLCL

A point worthy of note is that (3) is in the case of

©)

min 6‘1

nematic LC. The question now is: how it is possible
to extend (3) for chiral structure? We propose an
idea to generalize (3) following the physics behind
the light propagation in chiral LC. The optical field
“seas” the twist structure when the pitch p is longer
and compatible to the wavelength of incident light
(A = 632 nm). That why it is important to model
numerically a CLCL with thickness d compatible to
the wavelength. For the case p = d (i.e. ¢ €[0,27]

) the optical field will follow the twist of LC
molecule. Then, the extraordinary mode has some
effective refractive index n, corresponding to the
continuously changed ¢ in the range 0 - 2m.
Consecutively, (3) has to be changed to reflect this
feature. Reasonably, the new form of the

denominator in (3) is:
2z

J'{Ag(cos(e) cot(ar) —sin(6)sin(¢))” +¢& | (1+cot?(ar))}dg
4)

then the minimization is provided for (4).

NUMERICAL SIMULATIONS

On the purpose to check our model we simulated
guided modes and SPP excitation in nematic and
cholesteric LC layer in the structure shown in Fig.1
for different tilt angle as a function of incident
angle.

The simulations are based on a theoretical model,
obtained by solving Maxwell equations in 4x4
matrix form, for an anisotropic medium [21]. The
reflectance of the layered structure for incident p-
polarized light, is presented in Fig. 2. For the prism
we used permittivity ¢; = 4.84 and for the substrate
e3= 2.25. The gold film is with a thickness da,
50nm. The permittivity of gold is according [22].
The thickness of LC layer is d=620 and the tilt
angle is 8=70°.

The spectra for nematic layer (Fig. 2a) at twist
angle ¢o=n and ¢=2n are the same because the
molecule orientations are identical to the lab
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coordinate system.
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Fig. 2. Reflection spectra of p- polarized light as a
function of incident angle for structures with a) nematic
and b) cholesteric layer. All other parameters of the
structures are identical.
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Fig. 3. a) Critical angle as a function of twist angle for
nematic layer and b) Effective critical angle as a function
of twist angle, corresponding to pitch length, for
cholesteric layer at different tilt angles.
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For cholesteric layer (Fig. 3b) calculation are
performed for half pitch (p/2 - ¢ €[0, 7] ) and for

one pitch (p - ¢€[0,27] ). The results are

compatible with Fig. 2a because the final
orientations of molecules are identical. For
cholesteric SPP is well observed. The spectra
related to the mode excitation are slightly different,
in spite the final orientations of molecule are
identical, what demonstrate the effect of molecule
continuous rotation “seen” by the optical field.

According to our previous results [19] SPP has to
be observed in the both structures. It is reasonable
to suggest that the guided modes excited in the
nematic LC layer mask SPP. Obviously, the
conditions for mode excitation in nematic and in
cholesteric structures are different. Following the
model for the nematic [20] and our model for
cholesteric layer expressed by (4), we analyzed the
range of incident angle (1). The low limit B, is the
same for both structures. However, 3, are different
what is shown in Fig.3. The critical angle for
nematic structure is close to 52° at ¢=r as shown in
Fig. 3a. This defines a wide window of incident
angles (from 33.8° according to (1)) which covers
the plasmon resonance angle (=49°). This explains
the spectra at Fig. 2a — guided modes are excited
and they completely destroy SPP.

b=
T
=

Critical angle /deg/

6=90°

0.2 0.4 0.6 0.8 1.0 12 14

Twist angle /rad/

Pitch number

Fig. 4. a) Critical angle as a function of twist angle for
different tilt angles for nematic layer; b) Effective
critical angles as a function of pitch number for different
tilt angles for cholesteric layer.
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For cholesteric layer (Fig. 3b) the effective critical
angle, calculated according (3) with modified
denominator (4) does not exists at half pitch p/2.
Hence, there is not a range of incident angles for
which the mode excitation is permitted. That why
the effective excitation of SPP is possible as shown
in Fig. 2b. Moreover, this result confirms the
correctness of our model for cholesteric structure.

Following our model one can expect that at short
pitch length the optical field could not be able to
follow the chiral stricture. The extraordinary modes
will have some average effective n. and the
dependence on twist angle will be blurred. Hence,
one can expect that p reduction increases the
number of critical angles — the chiral structure is
not a limiting factor. Indeed, this is the real
behavior as illustrated in Fig. 4. Reasonably, the
values of critical angles for nematic structure are
symmetric against ¢=270°, as shown in Fig 4a,
because the structure is symmetric. For cholesteric
LC layer (Fig. 4b) the behavior is absolutely
different — the number of effective critical angles
increases with pitch number, as expected. It is
worthy to note, that the values of effective critical
angle for extraordinary modes in chiral structure are
lower than the plasmon resonance angle. Hence, the
excitation of SPP in CLCL is more effective than in
nematic LC. Also, the range of incident angle for
which guided mode excitation is permitted, is
shorter than in for NLCL.

CONCLUSION

In this paper we study the conditions for guided
modes excitation in CLCL and the interaction
plasmon/guided modes. For the purpose we
introduce a simple but effective extension of the
model about guided modes excitation in NLCL.
Our model introduces the “effective critical angle”
following the physics behind the light propagation
in chiral anisotropic medium. The correctness of
the model is proved by numerical simulations
regarding the mode and SPP excitation in such
structures. We show that it is more effective to
excite SPP in CLCL. The reported results are for a
fixed tilt angle 6=70°, only. However, our study
showed that different guided mode structures and
interaction with SPP can be achieved for numerous
tilt angles what can be used for exploration of

cholesterc liquid-crystal layers parameters.
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BB3BYXXJIAHE HA TIOBbPXHUHEH TVIA3SMOH U HATIPABJIIEMU MOJIU B CJIOM OT
XOJIECTEPUYEH TEYEH KPUCTAJI

K. >KCJ'I$ISI(OBal, M. HCTpOBs, b. KanqueB3, T. I[HHKOBZ

1 v »
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HUnucmumym no gusuxa na mevpoomo msno, bAH, oyxn. ,, [{apuepadcko woce* 72, Cogpus

[Ipueta 10 oxromBpu, 2016, PeBusupana 11 nHoemspu 2016

(Pestome)

KpM MoMeHTa noOpe ca HM3y4eHH OCOOEHOCTHTE Ha ONTHYHOTO BB30YXKIaHE Ha MOBBPXHMHHM IIIa3MOHU M
HarpasJsieMd MOJIM B CJIOW OT HEMaTHUYeH TeueH KpucTal. Te3n ocoOeHOCTH, 00ade, He ca N3y4YeHH 3a ClIydasl Ha CIION
OT XOJeCTepHYeH TeueH Kpucrai. ChIiecTBYBaT MHOTO NpOOJeMH, CBBbP3aHU pa3lpPOCTPAHCHHETO Ha CBETJIHMHA B
AQHM30TPOIIHA XMpallHa cpella, KOMTO HE Ca pPElleHH, BBIPEKH, Y€ HAIOCIEIbK TaKHBa M3CICIBAHUS C€ MPOBEKAAT.
LenTa Ha Ta3u padoTa € 1a ce OTTOBOPU Ha HSKOU BBIIPOCH Ype3 TEOPETHYHO u3cieaBaHe. MoaenupaHo e Bb30yxnaHe
Ha TOBBPXHHUHEH IJIA3MOH M HAMPABJIIEMH MOJH B CJIOH OT XOJECTHPHUYCH KPUCTA MPU BIJIM HA MAJallaTa CBETIHHA,
[0-TOJIEMH OT BI'bJIA HA MTBIIHO BHTPEIIHO oTpakeHne. ChIECTBYBAT JIBE CHIICCTBCHHU PA3IMUMs HA CTPYKTypara, KOsSTO
pasriexaaMe, OT Ta3u C HeMAaTU4eH KpucTai: 1/ brbia Ha 3aBbpTaHe € GYHKIHS Ha aederHa Ha clios; 2/ CThIIKATa Ha
XeJHMKCa OMpeesst 0 KOJKO CBETJMHATA C ONpEJeSicHa Ib/DKHHA HA BBIHATA € YyBCTBUTEIHA KbM JIOKAJTHHS
MoKaszaTesa Ha MpeYylnBaHe Ha TeuHHWs Kpuctan. ToBa mpejmoyiara, 4e KPUTHYHUST BIBJI Ha BB30YXKIaHe Ha
,,HCOOUKHOBEHHUTE MOJM € Pa3iM4YeH OT ChIIMs 3a HeMaTWdeH cioid. Hue BB3BexkIaHE MOHITHETO ,,eeKTHBEH
KPUTHYEH BIbi", NTe(pUHUPAHO B TEPMHHUTE HA JIBJDKMHA Ha CTHIIKATa Ha Xenukca. To3W BI'bJl OMKMCBAa MHOTO 100pe
3aBUCHMOCTTa Ha Oposi Ha Bb30Y/IEHUTE MO/ OT bI'bjIa Ha HAKJIOHA Ha MOJIEKYJIUTE M OT CThIIKAaTa Ha XEJIMKCA.
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We study thermal expansion in a joint material (ceramic-copper-steel) by optical interferometry with spatial phase
shifting. The method for quantitative phase analysis is based on optical Hilbert transform (HT) method. It uses both
temporal and spatial interference signal, where HT is carried out optically by separation of orthogonal components of
polarized light via Wollaston prism. The phase is obtained from the cosine and sine interference patterns that are
recorded simultaneously in one frame. Volume data representing the temporal development of 2D deformation field
were obtained. The accuracy of the method was estimated to A/10.

Keywords: spatial phase shifting, phase analysis, thermal expansion, joint material

INTRODUCTION

In many structural components ceramic—metal
joint materials are used. Such joint materials are
subjected to different mechanical stresses due to the
difference in thermal expansion coefficients and
elastic modules, which can lead to fracture of the
material. Therefore the studies of the deformation
of the joint materials under thermal loading are of
great interest in experimental mechanics. Optical
interferometry as a method that provides high
spatial and temporal resolution is an ideal one for
in-situ measurement of dynamic events [1]. To
obtain the deformation field, in optical
interferometry it is necessary to analyze the phase
distribution. Currently there exist numerous
methods that mainly include Fourier transform for
fringe demodulation, phase shifting and Wavelet
transforms [2]. For dynamic event analysis of
special interest are the spatial phase shifting
methods, because the phase shift is carried out in
one frame. Recently, several methods for spatial
phase shifting have been proposed [1-11] that can
be used for studying both static and dynamic
events. Generally they use either diffractive
element or a polarizing element to perform the
spatial phase shifting, where in one frame two,
three or four phase shifted images are recorded. In

all these methods, however, some additional
technique is required to estimate the bias intensity.
Moreover, the unwrapping of the phase is
performed in space domain, which is not always a
trivial task, especially in speckle metrology and in
circularly distributed fringe patterns, for example.
In this study we propose a method that combines
both time and space domain to obtain the phase
distribution and does not require capturing of
additional reference images. To obtain the bias
intensity we use temporal averaging of the
interference signal. The unwrapping of the phase is
also performed in time domain, which makes the
method entirely automatic and straightforward. The
spatial phase shifting is carried out with Wollaston
prism where the orthogonal components of
polarized light are separated spatially and recorded
in one frame. Since in one frame we capture both
sine and cosine functions, we call this optical
Hilbert transform. We implemented the method for
studying temporal development of deformation
field in joint material (ceramic-cupper-stainless
steel) due to thermal expansion.

EXPERIMENTAL

In the experiment, a Michelson interferometer
was constructed with light source SHG-YAG laser
at wavelength of 532 nm. The schematic of the
setup is shown on Fig. 1. Linearly polarized light

* To whom all correspondence should be sent:

from the laser passes through a quarter-wave plate
E-mail: madjarova@iomt.bas.bg
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(QWP) and is converted into circularly polarized
light. The light beam is equally split into a
reference and a sample beams by a non-polarizing
beam splitter (NPBS). The circularly polarized light
is incident to the sample. A polarizer at +45° with
respect to the horizontal direction is introduced in
the reference arm that converts the circularly
polarized light into linearly polarized one.

|—| Peltier driver

feel © Object
Reference
Qwp Mirror

NPBS

Laser

L1 L2

PL at 45°

L3

Wollaston

v prism

CCD
camera

Fig. 1. Michelson type interferometer for spatial phase
shifting. L1-L3 lenses; PL — polarizer; NPBS — Non
polarizing beam splitter; QWP — quarter wave plate.

The reference and sample beams are recombined at
the NPBS where there is a m/2 phase difference
between the horizontal and the vertical component.
The two orthogonal components, which represent
the sine and cosine interference patterns, are
spatially separated by Wollaston prism. They are
captured in one single frame with CCD camera
(Sony XCL-U1000) with resolution of 1200x1600
pixels and acquisition rate of 15 frames/s. Fig. 2
illustrates one frame of spatially shifted sine and
cosine fringe patterns. The imaged part of the
specimen is 3 mm by 6 mm.

Fig. 2. Spatially shifted patterns, imaged on the CCD
camera plane.

The mathematical expressions for interference
patter have been previous presented in our work
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[12]. They were obtained using Jones matrices
formalism. Here we present only the expressions
for the sine (Eg. 1) and cosine (Eg. 2) functions,
and the estimated phase (Eq. 3):

L (%Y,6) = Iyias(%Y) + In (6, Y)sin (B Gey, ) = 5) (1)
Ico(X' Y t) = Ibias(xr Y) - Im(x' y)COS (A(p(x' Y, t) - %) (2)

where Ipios(x,y), [ (x,y) and Ap(x,y,t) are the
bias intensity, modulation intensity and the phase
difference between the reference and object fields,
respectively. The bias intensity and the modulation
intensities in general do not vary considerably in
time, especially in short time span, which allows us
to obtain them by applying some signal processing
method in time domain. In our experiment the sine
I;(x,y,t) and cosine I..(x,y,t) fringe patterns are
captured continuously and we can obtain I,;,(x,y)
by averaging the frames in time over the whole
acquisition interval. The obtained I,;,,(x,y) image
is binarized and then used to determine the identical
points on each sine and cosine patterns. This
procedure is critical to the correct calculation of the
phase value. The translation vector of sine image
towards cosine is determined by using the
autocorrelation function of the binarized image and
used to adjust positions of sine and cosine images.
After subtracting the bias intensity, translating the
sine image to overlap the cosine image, the phase
can be obtained as follow:

— T — -1 ISi(xfy!t)_IbiaS(xfy)
Ago(x’ y’ t) /4 a tan (Ibias(x‘Y)_Ico(x’ﬁV;t)) (3)

The phase is then unwrapped in time domain,
where each point is unwrapped independently,
converted into deformation field and filtered in
space domain with median filter to remove the
spiky noise. The two-dimensional distribution of
the deformation field yielded in this manner can be
followed in time, since it is obtained for each point
in time.

RESULTS AND DISCUSSIONS

In this experiment we use joint material
Ceramic-Copper-Stainless Steel illustrated in Fig.
3.

Ceramic Copﬁer Steel

¢4 mm

2 20 mm | 20 mm
K

0.35 mm
Fig. 3. Schematics of the joint material

The linear thermal expansion coefficients as
follows: ceramic (SizN,) - 3 x 107%/K; cupper -
17.7 x 107°/K and stainless steel - 15 x 107¢/K.
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The joint material was heated from 33 °C to 51 °C
and then cooled from 60 °C to 46 °C using a Peltier
device. During the heating frames were captured,
until temperature reaches predetermined value. The
same was performed when the sample was cooled.
The temperature of the Peltier device was
monitored with thermocouple. These data were
used to stop the acquisition of the frames when no
change in the temperature was monitored. Fig. 4
shows the temporal change in the temperature,
compared with the temporal change in the
deformation at one point. It demonstrates clearly
that the deformation growth follows nearly the
same slope as the temperature change slope.

3000 . . 80

£
£ 2000f 50 5

& 1000 40

-: i1 30

-1000 - L
0

Time, s

Fig. 4. Comparison between the temperature growth and
the deformation growth at given point of the deformation
field.

Fig. 5 shows two-dimensional distribution of the
deformation field due to temperature change from
33 °C to 51 °C. The step-like change that occurs
due to considerable difference in the linear thermal
expansion coefficients can clearly be seen. There
are several areas with remaining spikes, where the
phase was not correctly determined. The incorrect
determination of the phase is mainly due to
incorrect overlapping of the sine and cosine images
and the presence of high level of noise.

3000~

2000~

deformation, nm

00 position, pm

Fig. 5. Two dimensional distribution of the deformation
filed due to temperature change from 32 °C to 50 °C.

We examine the difference between the
deformation in the steel and in the ceramics.

Theoretically it has to be 864 nm and we estimated
it experimentally to be 811 nm. The deviation of
2A/10 from the theoretical value accounts for the
imperfection in the polarisation elements, the
presence of noise, the expansion of materials along
other directions, the uneven surface of Peltier
device, and the incorrect superposition of the sine
and cosine fringes. The method is especially
sensitive to incorrect superposition and can be
improved by the improving the autocorrelation
algorithm.

3000

%

2500

a ZOOOM—,—/’_—_’ B

1500} 8
[ ‘ |

1000 frmomimmmmrrmmmeer—""

nm

Deformation

5000 1000 2000 3000 4000 5000 6000

Position, pm

Fig. 6. Cross-sections of deformation at different
moments of thermal load at 40 °C — blue line, 48 °C —
green line and 51 °C — red line.

In Fig. 6 we demonstrate cross-sections along
ceramic-copper-steel at different moments of
thermal load (40 °C, 48 °C and 51 °C). The step-
like distribution of deformation can clearly be seen.
It can be noticed also a slight dent (indicated by
arrow in Fig. 6) in the curve corresponding to the
joint between the copper and steel and caused by
the slight difference in their thermal expansion
coefficients.

CONCLUSIONS

In this paper we presented spatial phase shifting
method based on the separation of orthogonal
components of polarized light via Wollaston prism.
The phase analysis method is performed in both
space and time domain. The method was applied
for studying thermal expansion of joint material.
We demonstrated two dimensional step-like
distribution of the deformation field that is due to
considerable difference in the thermal expansion
coefficients of ceramic and steel. The temporal
change of deformation for different thermal loads
was also demonstrated. The method achieved A/10
accuracy that can be improved further by applying
a more sophisticated algorithm for superposition of
sine and cosine patterns.
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N3CJIIEABAHE HA TEPMHWYHO PA3IIMPEHNE HA CbCTABEH MATEPUAJI YPE3 OIITUYHA

XWUJIBEPT TPAHCO®OPMAILIMA 3A AHAJIN3 HA ®A3ATA, OCHOBAHA HA ®A30BO
OTMECTBAHE HA OPTOI'OHAJIHO JIMHEMHO TIOJISPU3UPAHA CBETJIMHA

B. JI. Mamxkapoga', X. Kagouo®

YUnemumym no onmuuecku mamepuanu u mexnonoeuu " Axad. M. Manunoscxu", Bvieapexa Akademus na naykume,
ya. "Akao. I'. Bonues", 6. 109, 1113 Coghus, Bvacapus
Dakynmem no NPULONCHU U MeXHUYecKu Hayku, Ynueepcumem Caumama,
255 Hlumo-oxybo, Caumama-uu, Caumama-xen, 338-0825, Anonus

IMoctrernuna Ha 10 okromBpu 2016 r.; Kopurnupana Ha 10 HoemBpw, 2016 T.

(Pesrome)

I/IBCHCI[BaHO € TCPMUYHOTO pa3mIMpCHUC P CbCTABEH MaTCpHrall (KCpaMI/IKa'MCZ['CTOMaHa) C IMoMoI1ITa Ha OIITH4YHa

nHTEp(HEPOMETPHsI ¢ IPOCTPAHCTBEHO OTMECTBaHE Ha (a3ara. MeTObT 3a KOIMYECTBEH aHAIN3 Ha (a3aTa ce OCHOBaBa
Ha ontnuHa Xunoept Tpanchopmanys (XT). Toif n3nons3sa KakTo BpeMeBHs, Taka M MPOCTPAHCTBEHUS! HHTEpHEpeHIEH
curHan, kpaeto XT ce u3BbpIIBa ONTUYHO 4YPe3 pas3feisHe B MPOCTPAHCTBOTO HA OPTOTOHAIHO MOJSPU3HPAHUTE
KOMIIOHEHTH Ha TIOJSIPH3UPaHAaTa CBETIIMHA C IIOMOIIITA Ha mpu3Ma Ha YonacteH. (aszarta e momydeHa ot COSine u sine

uHTep()EepEeHUYHH HBHUIM, 3allUCaHH EIHOBPEMEHHO B EIUH Kalbp.

[Tonydyenn ca oOeMHM JaHHHM, KOUTO JaBaT

BpeMeBara IpoMsHa Ha 2D monero Ha nedopmanus. TodHOCTTa Ha ompezneisiHe Ha AedopManuaTa e oreHeHa Ha A/10.
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Digital in-line holographic microscopy (DIHM) was used for the first time for visualization and characterization of
periodic microstructures in photopolymers. The method provides virtual focusing throughout the depth of the sample
from a single hologram and quantitative information about the intensity and phase distribution can be obtained.

A digital in-line holographic microscope, developed at the Agricultural University Plovdiv, was used for
characterization of periodic microstructures photoinduced in Bayfol HX200 photopolymer. Intensity and phase images
of a photopolymer diffraction grating have been digitally reconstructed. DIHM proves to be an efficient new approach
for visualizing periodic microstructures in holographic photopolymers.

Keywords: digital in-line holographic microscopy, photoinduced periodic microstructures, diffraction gratings,

photopolymer

INTRODUCTION

Digital in-line holographic microscopy (DIHM)
is a relatively new microscopic technique showing
distinctive ~ advantages  over  conventional
microscopy. Unlike conventional light microscopy,
in-line holographic microscopy proposed by Gabor
[1] can give visual information about an object not
only in the focal plane. It has the ability to acquire
holograms fast and reliably and to extract the
amplitude and phase of the optical field
simultaneously. As the hologram is recorded
digitally one can afterwards apply different image
processing methods in order to extract information
at will.

In contrast to off-axis setups, the in-line setup is
less sensitive to vibrations because it does not
involve beam splitters, mirrors or lenses. This
imaging technique is also called “lensless imaging”
[2, 3, 4], as it involves no lens between the object
and the sensor.

Digital in-line microscopy is very suitable for
investigating transparent objects. Separate images
corresponding to different focal planes can be
calculated from the hologram without time
consuming  mechanical scanning used in
conventional microscopy. One can extract both
amplitude and phase information by holography. It
is possible to reconstruct a 3D image or a stack of

*To whom all correspondence should be sent:
E-mail: emmihaylova@gmail.com

2D images.

Photopolymers are extensively studied advanced
materials  for  holographic  recording. The
visualization of photoinduced periodic
microstructures in photopolymers is necessary for
their full characterization [5, 6]. Babeva et al. [5]
employed White Light Interferometry (WLI) to
visualize the formation of surface relief profile in
photopolymerisable systems, when illuminated with
a focused beam of light. Trainer et al. [6] used
Atomic Force Microscopy (AFM) to scan the
photopolymer layers immediately after holographic
exposure in order to visualize the surface relief
periodical profile.

Both of the methods described above are
suitable only for visualization and characterization
of the surface profile of periodic microstructures.
Another common feature of the WLI profilers and
AFM is the necessity of multiple scans, of the
surface under investigation, in order to visualize its
profile. We suggest an application of digital
holographic microscopy as a quick and
inexpensive, but very sensitive method to directly
observe  and  characterize  the  periodic
microstructures  inscribed in a holographic
photopolymer.

We used successfully digital in-line holographic
microscopy for the first time to visualize in depth
the intensity and phase modulation in volume
diffraction gratings (VHGS).

© 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 67
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EXPERIMENTAL SET-UP

The DIHM presented in this paper was
developed at the Agricultural University of Plovdiv.
The light source is a diode laser (Lasiris) with
wavelength of 673.2 nm and output of 6.98 mW.
The intensity of the illumination, focused onto
pinhole is controlled via a polarizer (Fig. 1). The
spherical wave emerging from the pinhole
illuminates the object. The perturbed by the object

Object
CCD sensor

Pinhole

and the unperturbed wave interfere and are
recorded as a hologram on a CCD sensor and stored
in a computer. The monochrome camera WAT-
902DM with resolution: 570TVL, effective pixels
768(H) x 494(V) and unit cell size 6.35 pm(H) x
7.4 um(V) is used in the DIHM set-up.

The intensity and the phase of the object are
reconstructed by numerical computer calculations

[7].

Polariser
Laser

- .

Fig. 1. Optical set-up of the digital in-line holographic microscope.

RESULTS AND DISCUSSIONS

A two-beam holographic optical set-up was used
to record un-slanted transmission gratings using a
532 nm diode laser. Diffraction gratings were
recorded in Bayfol HX200 photopolymer layers at a
spatial frequencies of 100 I/mm. Bayfol HX200 is a
light-sensitive, self-developing photopolymer film
which can be used to produce phase holograms in
the form of volume reflection and volume
transmission holograms. Bayfol HX200 can be
recorded with appropriate laser light within the
visible spectral wavelength range from 440 nm to
671 nm. For hologram formation no further post-
treatment is necessary, e.g. neither wet nor thermal
treatment. The photopolymer can be used for
recording of a variety of types of volume
holograms.

Digital in-line holographic microscopy was
employed to visualize the microstructure of the
diffraction gratings. The diffraction gratings were
positioned at a distance of 23.8 cm to the CCD
sensor and 3.2 cm to the pinhole of the spatial filter.

Figures 2 — 4 show the experimental results for
the visualisation of a diffraction grating by DIHM.
Both the reconstructed intensity and the
reconstructed phase give reliable information about
the spatial frequency of the grating. The structure of
the grating was investigated in depth. The
reconstruction of the hologram was performed
numerically at steps of 2 um inside the
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photopolymer layer. It is clearly shown that the
digital in-line holographic microscopy can be easily
applied for in depth characterization of periodic
photoinduced in

microstructures
photopolymers.

holographic

(@)

(b)

1),
(C) l!IIH
Fig. 2. Images of diffraction grating with spatial
frequency of 100 lines/mm recorded in Bayfol HX200
photopolymer: a) a digital hologram; b) reconstructed
intensity on the surface of the photopolymer layer; c)
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reconstructed phase on the surface of the photopolymer
layer.

(@)

(b)

(c)
Fig. 3. Images of diffraction grating with spatial
frequency of 100 lines/mm recorded in Bayfol HX200
photopolymer: a) a digital hologram; b) reconstructed
intensity at 2 pm depth inside the photopolymer layer; c)
reconstructed phase at 2 pum depth inside the
photopolymer layer.

m
‘”!l’.t

Q \

{ "l

t14)

(@)

(C) 'uulr

Fig. 4. Images of a diffraction grating with spatial
frequency of 100 lines/mm recorded in Bayfol HX
Photopolymer: a) a digital hologram; b) reconstructed

intensity at 4 um depth inside photopolymer layer; c)
reconstructed phase at 4 um depth inside the
photopolymer layer.

CONCLUSIONS

Digital in-line holographic microscopy was
successfully used for in depth characterization of
periodic microstructures photoinduced in Bayfol
HX200 photopolymer. It was demonstrated that
digital in-line holographic microscopy can be used
to visualize photoinduced periodic microstructures,
recorded in holographic photopolymers.

Unlike conventional light microscopy, the
method of in-line holographic microscopy proposed
here provides virtual focusing throughout the depth
of the diffraction grating by the use of a single
hologram.

Both the reconstructed intensity and the
reconstructed phase give reliable information about
the spatial frequency of the grating.

It is clearly shown that the digital in-line
holographic microscopy can be easily applied for in
depth characterization of periodic microstructures
photoinduced in holographic photopolymers.

DIHM proved to be an attractive novel tool for
in-depth investigation of volume holographic
gratings (VHGs), which have been intensively
developed for applications such as data storage,
optical correlators, optical information encryption,
fiber optic communication and spectroscopy.
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Microscope for Biological Applications” from the
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XAPAKTEPU3UPAHE HA ®OTOUHAYHHUPAHU ITEPUOJNYHIA MUKPOCTPYKTYPU YPE3
HHUPPOBA JIMHEMHA XOJIOI'PA®CKA MUKPOCKOIIUA

N. T. IlepyxoB u E. M. Muxaiinosa
Kameopa ,, Mamemamuxka, ungpopmamura u ¢pusuxa “, Aepapen Yuusepcumem Ilnogous, bvreapus

IMoctermna Ha 10 okToMBpu 2016 T.; Kopurnpana Ha 20 HOeMBpH, 2016 T.

(Pesrome)

3a mepBM THT m3NOM3BaMme ImdpoBa nmHeiHA Xonorpadcka mukpockommsa (LJIXM) 3a BusyammsupaHe u
XapaKTepu3UpaHe Ha MEPUOANYHN MUKPOCTPYKTYPH BBB (poTomomumepu. [IpeyioxkeHusIT MeTox H03B0oJIsIBa BUPTYaTHO
¢okycupaHe B abn0OuYMHAa Ha oOpasena OT eJHA EIUHCTBEHA XOJIOTpaMa M II0Jy4YaBaHETO Ha KOJIMYECTBEHA
nHpopManus 3a pasnpeaeneHNeTo Ha HHTEH3UTeTa 1 (as3ara.

udpos suHeeH xosorpadcku MHKPOCKOI, pa3paboreH B ArpapeH YHuBepcuteT [lnoBnuB, € W3MOJI3BaH 3a
XapaKTepu3upaHe Ha MEPUOIUMYHA MUKPOCTPYKTYpH, (GOTOMHIYIMpaHu BB (orononumep Bayfol HX200. O6pa3u Ha
uHTeH3UTeTa U (hazaTa Ha AM(PPAKIHOHHN PELIETKU ca PEKOHCTpyHpaHu unciioBo. [lokaszano e, ye L[JIXM e edukacen
HOB METO/] 32 BU3yaJIN3alys Ha GOTOMHIAYLMPAHHU NIEPUOANIHN MUKPOCTPYKTYPH BBB (DOTOTIONIMMEDPH.
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The domain structure is an important characteristic of ferroelectrics. One of the most intensively studied
ferroelectrics is triglycine sulfate (TGS). Although many methods have been developed for the observation of the

domain structure in TGS, it still cannot be visualized routinely.

We suggest a new method for observation of the domains in TGS, in particular digital in-line holographic
microscopy. A big advantage of the new method is its ability to extract information about the change of the domain

structure in depth from one digital hologram only.

The domain structure of TGS monocrystals doped with Yb was visualized by digital holographic microscopy for the

first time.

Keywords: digital in-line holographic microscopy, DIHM, Triglycine sulfate, TGS, domain structure, Yb

INTRODUCTION

Triglycine  sulfate  (NH.CH.COOH)H>SOs
(TGS) is one of the most intensively investigated
ferroelectrics because of its excellent ferroelectric
and pyroelectric properties. Single crystals of TGS
are considered to be the most suitable material for
developing pyroelectric infrared sensors [1-3].
Hoshino et al. [4] described in detail the crystal
structure of pure TGS. An extensive list of related
references is given by Nakatani [5].

The basic principle of holography was
introduced by Gabor [6], who invented the in-line
holography. The new principle was used soon
afterwards with visible light [7]. Its power has been
revealed after discovery of the laser, which
delivered much higher contrast in the holograms,
and later with the implementation of the CCD
camera as a recording device. This type of
holography, which uses CCD (or CMOS) camera to
record a hologram, is called digital in-line
holography.

Digital in-line holographic microscopy (DIHM)
is a relatively new microscopic technique showing
many advantages over conventional microscopy.
Digital holography is a non — destructive, marker —
free imaging method offering a full field of view.
Unlike conventional light microscopy, in-line
holographic  microscopy can give visual

information about an object not only in the focal
plane. From the captured hologram the real image
is reconstructed by means of numerical
deconvolution. The method provides virtual
focusing throughout the depth of the sample from a
single hologram as quantitative information about
the intensity and the phase distribution.

The advantages of digital holographic
microscopy listed above encouraged the authors to
investigate its suitability for observation of
ferroelectrics domains in TGS.

The present methods to observe the domain
structure of ferroelectrics are not easily applied. As
a common feature they need preliminary
preparations of the object and the observing system
and are generally expensive. We suggest an
application of digital holographic microscopy as a
quick and inexpensive, but very sensitive method to
directly observe the ferroelectrics domains and
determine their dimensions.

Digital in-line holographic microscopy (DIHM)
was used for characterization of domain structure of
TGS doped with Yb.

EXPERIMENTAL

A digital in-line holographic microscope
(DIHM) was developed at the Agricultural
University of Plovdiv. The light source is a diode
laser (Lasiris) with wavelength of 673.2nm and

*To whom all correspondence should be sent:
E-mail: emmihaylova@gmail.com
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Object Pinhole

CCD sensor

Polariser

Laser

Fig. 1. Optical set-up of the digital in-line holographic microscope

output of 6.98 mW. The intensity of the
illumination, focused onto pinhole is controlled via
a polarizer (Fig. 1).

The spherical wave emerging from the pinhole
illuminates the object. The perturbed by the object
and the unperturbed wave interfere and are
recorded as a hologram on a CCD sensor and stored
in a computer. The intensity and the phase of the
object are reconstructed by numerical computer
calculations using the back light propagation
method of HoloRec3D: A free Matlab toolbox for
digital holography [8].

TGS single crystals, doped with Yb, were grown
by the dynamical method in the ferroelectric phase
[9]. All samples used in these experiments were
grown from aqueous solution. The dopant salt was
in the form of sulfate. The concentration of
Yb2(SO4)3 in the solution was 1 % and 4 % for the
different monocrystals. The crystals of TGS show a
clear cleavage plane perpendicular to its
ferroelectric axis.

The samples for the present investigations were
plates, cleaved perpendicular to the polar axis [010]
from clear regions far from the seeding area. The
principal optical axis X coincides with the polar
crystal axis. According to the notation of Damen et
al. [10] our experiments were performed in the

x(yy) geometry.
RESULTS AND DISCUSSIONS

We report four examples of application of the
DIHM for TGS’s domain structure investigation.
The four holograms and their amplitude
reconstructions are given in Figs. 2 - 5. Figs. 2 — 3
show results for two different samples of TGS
monocrystal, doped with 1% Yb in the solution of
growth, while Figs. 4 — 5 show results for two
samples of TGS monocrystal, doped with 4% Yb in
the solution of growth.
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Fig. 2. A — a digital hologram of TGS monocrystal,
doped with 1% Yb in the solution of growth; B —
reconstruction of the intensity of hologram 2A on the
surface of the sample, C - reconstruction of the intensity
of the hologram 2A at 1 pum depth inside the TGS
sample and D - reconstruction of the intensity of the
hologram 2A at 2 pm depth inside the TGS sample.

Y o e N
Fig. 3. A — a digital hologram of TGS monocrystal,
doped with 1% Yb in the solution of growth; B —
reconstruction of the intensity of hologram 3A on the
surface of the sample, C - reconstruction of the intensity
of the hologram 3A at 1 um depth inside the TGS
sample and D - reconstruction of the intensity of the
hologram 3A at 2 um depth inside the TGS sample.
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It is important to note that using samples in the
form of plates with thickness of 1 mm, cleaved
perpendicular to the polar axis [010] of the
monocrystal, we should observe the cross-sections
of the domains in the TGS material. It is known that
the domains in TGS are parallel to its ferroelectric axis
[11].

Fig. 4. A — a digital hologram of TGS monocrystal,
doped with 4% Yb in the solution of growth; B —
reconstruction of the intensity of hologram 4A on the
surface of the sample, C - reconstruction of the intensity
of the hologram 4A at 1 um depth inside the TGS
sample and D - reconstruction of the intensity of the
hologram 4A at 2 pm depth inside the TGS sample.

Fig. 5. A — a digital hologram of TGS monocrystal,
doped with 4% Yb in the solution of growth; B —
reconstruction of the intensity of hologram 5A on the
surface of the sample, C - reconstruction of the intensity
of the hologram 5A at 1 pum depth inside the TGS
sample and D - reconstruction of the intensity of the
hologram 5A at 2 pm depth inside the TGS sample.

Figs. 2 — 5 show that the diameters of the single
domains (cross sections) in TGS monocrystals
doped with Yb vary between 2 pm and 4 pum for the
thickness of the cross section and between 3 um

and 7 um for the length of the cross section. It was
established that the domains became thinner and
longer with increasing the concentration of the
dopant.

CONCLUSIONS

The domain structure of TGS doped with Yb
was visualised by digital in-line holographic
microscopy for the first time. The DIHM was
employed without any preliminary preparation of
the triglycine sulfate samples. It was established
that the diameters of the single domains (cross
sections) in TGS monocrystals doped with Yb vary
between 2 pm and 4 pm for the thickness of the
cross section and between 3 pm and 7 pm for the
length of the cross section. It was established that
the size of the domains changes with increasing the
concentration of the dopant — they became thinner
and longer.

The DIHM was successfully wused for
observation of the TGS domains in depth. The
digital virtual focusing inside the TGS crystals
doped with Yb show the same dimensions for the
ferroelectric domains as observed on the top surface
of the samples.

We conclude that DIHM is a promising novel
technique for domain visualisation and can be
easily used for structural studies in all transparent
ferroelectrics.
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BU3YAJIN3ALIMA HA IOMEHHATA CTPYKTYPA HA TPUT'JIMITMHCYJI®AT B IBJIBOYMHA

. Ilepyxos u E. Muxaiinosa
Kameopa ,, Mamemamuxka, ungpopmamura u ¢usuxa “, Aepapen Ynueepcumem Ilnosous, bvrcapus

IMocrermna Ha 10 okToMmBpu 2016 T.; Kopurupana Ha 20 HOemBpH, 2016 T.

(Pesrome)

JloMeHHaTa CTPYKTypa € Ba)KHA XapaKTepPHUCTHKA Ha CerHeTOeNeKTpuunTe. ENUH 0T Hall-MHTCH3UBHO M3yYaBaHHUTE
ceraetoenektpunn e tpurinnuHcyndarta (TI'C). Benpekn, ve MHOTO MeToau ca pa3paboTeHH 3a HaOMIOgaBaHe Ha
noMmeHHarta ctpykrypa B TI'C, Ts Bce ome He Moke JlecHO na Oble Bu3yanusupana. Hue mperuiarame HOB MeTon 3a
HabOmoeHne Ha JoMeHHaTa cTpykrypa B TI'C, mo-touno mmdpoBa mmHEHHa Xoiorpadcka MHKpocKomus. [ oismo
NPEeIMCTBO Ha HOBHS METOJ] € BE3MOXKHOCTTA [1a ce M3BJIMYa MH(OpMAIHs 3a IPOMsIHATa Ha JOMEHHATa CTPYKTypa B
IBI00YMHA caMO OT eqHa nugpoBa xoiorpama. 3a IBPBHM IIBT JOMEHHAaTa CTPYKTypa Ha MoHokpucramu ot TI'C
nerupanu ¢ Yb e Busyanusupana ¢ nugposa xogorpadcka MUKPOCKOIIHSI.
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In this work we investigate the dependence of characteristics of polarization recording and erasure in thin
azopolymer films on the starting temperatures of the sample. Polarized light from DPSS laser with wavelength 444 nm
is used for recording of photoinduced birefringence. For erasing the records, thermal method is applied. Birefringence is
successfully recorded at different starting temperatures from 25 to 100°C. 3D graphics for visualization of the
experimental data are presented. Photoinduced birefringence is calculated from real time monitored Stocks parameters
during the entire experiment. This investigation allows us to determine the optimal conditions of recording at elevated
temperatures in order to achieve shortest response time or maximal birefringence.

Keywords: Azopolymers; Temperature dependence of photoinduced birefringence; Polarization recording.

INTRODUCTION

In the last few decades material science has a
huge development, and increasingly expanding
borders. Extensive applications and increased
demands for different materials are some of the
reasons for this development. Some of the most
investigated materials for polarization holographic
recording are azobenzene containing polymers
[1-3]. The main feature that defines the widespread
use of these materials is photo-induced optical
anisotropy in them. Investigation of the anisotropy
in azopolymers is of interest to applications in
photonics and optical data storage [4-6], as well as
for fundamental research [7, 8]. Many researchers
[9-15] observed that the physical properties of
azopolymers depend significantly on temperature,
especially near the glass-transition temperature (T),
where the mobility of polymer chains increases. In
some cases birefringence is relatively stable below
the azopolymer T4 [9] and is erasable by heating the
polymer to this temperature. However some studies
report that maximum birefringence can be obtained
at temperatures above the T, [11, 13].

This paper presents experimental data obtained
from real time monitoring of recording and thermal
erasure of birefringence with different starting

* To whom all correspondence should be sent:
E-mail: dimana@iomt.bas.bg

temperatures of the thin film samples. Dependence
of the maximal photoinduced birefringence,
response time and relaxation decrease on the
recording temperature are presented.

EXPERIMENTAL

Materials

The polymer used is side-chain amorphous
azocopolymer, denoted as P;.,, synthesized in the
Institute of Optical Materials and Technologies, as
described by Martinez-Ponce et al [16].

P2

N (0]
Il
N
N
I
N

L

CN

Fig. 1. Chemical structure of azocopolymer Py.,.
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Its chemical structure is presented in Fig.1. The
molecular weight of P, is M,, = 3600 g/mol and its
glass transition temperature T4 is 102°C.

Methods of characterization

In this work we use thin films of the
azocopolymer Pi,. It was dissolved in
1,2-dichloroethane and the solution was spin coated
at 1500 rpm on glass substrates making thin
homogeneous film. As the thickness of the film is
important for the determination of photoinduced
birefringence [see Eqg. (1)], we used a Talystep
profilometer (Taylor Hobson) in order to measure
it. The thickness for our samples was 700 nm. The
birefringence is determined by recording the Stokes
parameters of probe laser beam (Ayope = 635 nNm,
power <2 mW) passing through the samples. The
measurement is performed by PAX5710
Polarization Analyzing System (Thorlabs) and the
birefringence is calculated from the following
expression [3,17]:

A
An = Zprove oo So 1
27d S, 1)

where d is the film thickness, and S, and S; are two
of the four Stokes parameters. Vertically polarized
light from DPSS laser with A = 444 nm and power
43 mW was used for recording.

The temperatures of recording are 25, 40, 50,
60, 70, 80, 90 and 100 °C. At first, we evaluate the
background for 60 seconds. Then we turn on the
recording laser for 300 s, than there are another 300
seconds for relaxation. In these three stages the
temperature is constant. Then starts the heating.
The control of temperature and subsequent thermal
erasure was achieved by mounting the samples on
stage THMS600 (Linkam Scientific), which is
capable of maintaining a given speed of heating
with high precision. We heated the sample with
speed of 10 °C/min until reaching 100 °C. From our
previous investigations, we know that the
temperature for which the birefringence is reduced
by 50% (Tsos) IS approximately 75 °C, and the
temperature of complete erasure is 85 °C. For this
reason in the last two experiments (at 90 and 100
°C) the films weren’t heated because their starting
temperature was high enough to erase the
birefringence immediately after the end of
recording. Also their recording and relaxation time
were reduced to 180 and 120 seconds respectively.

RESULTS AND DISCUSSIONS

The experimental curves for starting

76

temperatures 40, 50, 60 and 70 °C are shown on
Fig. 2. In these cases the temperature of recording
is below Tsge.

0,05 T T T T

0,04

: \,, 40°C
:ﬁ o Ssnh
50 C
0,03+

- 60 °C
<
0,02} ,
70 °C tpean
0,01}
0,00 !

0 200 400 600 800 1000
Time [s]

Fig. 2. Birefringence values during recording and
thermal erasure. Recording temperatures are: 40°C,
50°C, 60°C, 70°C . The vertical line at 660 seconds

indicates the start of temperature increase.

As seen from Fig. 2, the maximal induced
birefringence is An = 0.045 at starting temperature
40°C and decreases with increasing the starting
temperatures. However, the response time 7, as
defined in Ref. 5, decreases as well, which is a
desirable effect for many applications. Also we
introduce a parameter R [%] as the ratio between
the birefringence after 300 s of relaxation and the
maximal value of the birefringence for the given
recording temperature. It gives us information
about the memory of the material and according to
our results R decreases too. It is interesting that we
observe the same value of Tsy, — around 75 °C,
though the recording temperature increases. As Tsgy,
is higher than 70 °C, there is still residual
anisotropy even for the sample with relaxation at 70
°C.

Fig. 3. 3D graph for all starting temperatures.
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Fig. 4. Recording temperature dependences of
(a) the maximal induced birefringence, (b) response
time, and (c) parameter R.

In comparison, for higher starting temperatures
(80, 90 and 100 °C) no residual birefringence after
relaxation is observed. For these experiments we
obtain very fast response, less than 1 second. All
the results are visualized in a 3D Graph on Fig. 3
and summarized in Fig. 4.

As seen from the graphs, even at higher
temperatures we are still able to induce
birefringence while we illuminate the film with the
recording laser.

The birefringence  decrease at  higher
temperatures, as shown in Fig. 4(a), indicates the
possibility to achieve an increase of birefringence at
lower temperatures (below 20°C), which will be

subject to our further studies. Fig. 4(b) shows a
rapid decrease of the response time. At 60 °C the
response is more than 4 times faster, than at room
temperature, namely it drops from 13.5 s at 25°C to
3 s at 60 °C. We should also note on Fig. 4(c) the
significant decrease at 70 °C of the parameter R,
which reflects the memory properties of the
material. It is reduced nearly ten times between 70
°C (R = 57%) and 80 °C (R = 6.5%). This
temperatures are very close to the temperature of
half-erasure Tsoy, = 75 °C.

CONCLUSIONS

In conclusion we can summarize that the
parameters of the induced birefringence strongly
depend on the temperature. The maximal
birefringence and the parameter R decrease when
increasing the temperature. On the other hand, the
response time 7 is reduced at higher temperatures
and this gives us the opportunity to choose the
optimal combination of parameters for a given
application. We should also note, that the
temperatures of half- and full erasure (Tso and
Terase) Ffemain the same for all starting temperatures.

Acknowledgements: Authors are grateful for the
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OOTOMHAYLIMPAHO ABYJIBYEIIPEUYIIBAHE B TBHKHN A30IIOJIMMEPHU CJIIOEBE
3AIIMCAHU ITPU PA3JIMYHU TEMIIEPATYPU

1 1 1 1 1 . 1 1,2
. Hazwposa', I'. Matees™, 1. Banos", b. binaroesa’, /I. Koctagunosa', E. CroiikoBa™ u JI. Hegemuen™

1 .
Hnemumym no onmuuecku mamepuanu u mexnonozuu "Axad. U. Manunoscku", bvreapcka Akademus Ha nayxume,
ya. "Akao. I'. bonues", 6. 109, 1113 Coghus, bvacapus

2
Bucwe yuunuwe no menexomynuxayuu u nowu, yi. «Axkao. Cm. Mnadenosy 1, 1700, Cogus, bvreapus

Toctenmna Ha 10 okromBpu 2016 r.; Kopurupana Ha 20 HoemBpu 2016 .

(Pesrome)

B ta3m pabota ca u3cieqBaHN XapaKTEPUCTUKUTE Ha MOJSPH3ALMOHEH 3allUC M U3TPHBAHE B THHBK a30I0JIMMEPEH
CIIOW B 3aBHCHUMOCTT OT pa3JIMUYHHTE CTapTOBM TeMIlepaTypu Ha obOpasenma. 3a 3ammca Ha (QOTOMHIYLMPAHOTO
JBYJIbUCTIpEUyIBAaHE € M3IIOJ3BaH Jla3ep ¢ IABDKMHA Ha BbiaHaTa 444 nm. M3TpuBaHeTo Ha 3alCHUTE cTaBa 4pes3
3arpsiBaHe Ha oOpasena. YCHENIHO € pealIM3hpaH 3alic Ha JIBYIbUYENpedylBaHe IIPH Pa3InYHU TeMIlepaTypH oT 25 1o
100°C. IpeacraBena e TpumepHa (3D) rpaduka 3a Bu3yanu3anus Ha eKCIIEpUMEHTAIHUTE AJaHHU. DOTOMHAYIIUPAHOTO
JBYJIbUCTIpEUyIBAHE € M34KCIIeHO Ha Oa3ara Ha mapamerpute Ha CTOKC, PErHCTPHpaHU B PEaHO BpEME IPe3 HeIHs
eKCrepuMeHT. ToBa W3cieBaHEe HU IO3BOJSBA Ja OMPEAETNM ONTHMAJHUTE YCIOBHS 3a 3allUC IPU MO-BHCOKHU
TeMIepaTypH C 11eJ Jja TOCTUTHEM Hail-KpaTKO BpeMe Ha OTKJIMK WM MaKCHMAJHO JIBYIbUeHpedyIIBaHe.
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We have developed, as a tool for differential-absorption spectroscopy and two-photon study of materials and
chemical products composition, effective lasers with two or more independently tunable wavelengths. Our solution is
based on the idea to combine a standard laser Gaussian beam longitudinal pumping of lasers, especially of dye lasers,
with patented by us multi-coaxial-channels laser geometry. The Gaussian beam, due to its unique intensity distribution
in the cross section, creates in the pumped laser active medium high pumping in the axial part and low pumping in the
periphery. These two parts are optically separated and each generates in its own spectrally selective resonator. Beside
the competition-less generation at two independently controlled wavelengths, other specific and essential advantages of
the proposal are: i) both emissions — at the weeker line, generated in the amplified curve wings, and at the stronger line -
arround the maximum of amplification, are produced with equalized energy without loss of pump energy for the
equalisation and simultaneously ii) the two emissions are produced and emitted naturally in coaxial beams using entire
laser medium volume. We report general modelling and detailed theoretical analysis of such a laser action on the basis
of Rhodamine Dye in ethanol, pumped by Gaussian beam of Nd:YAG laser (0.53 um). We succesifully tested the new
solution with its advantages. We applied the two-wavelength laser light as a tool in differential absorption spectroscopy
(DAS) to detect the presence and to measure concentration of Nd**-ions in a material under investigation.

Keywords: tool for DAS, two-wavelength lasers, dye lasers, Gaussian beam pumping, two-coaxial channel laser

geometry, DAS chemical composition study.

INTRODUCTION

Today various specialized laser instrumentation
has become a perspective tool for studying
composition of materials and chemical products.
Widespread application is the Differential-
Absorption Spectroscopy (DAS) for local and
remote use, the last especially for study of gas
components in the atmosphere [1, 2]. The DAS
method is based on comparison of the passed or
diffused light power at two laser wavelengths - one
of them coinciding with a specific line of
absorption and the other — with non-absorption
parts of the spectrum. The development of this
technique is closely related to development of
specific lasers that produce emission at two (or
more) independently tunable lines, i.e. the so called
two-wavelength lasers. Such lasers find wide
application also in general spectroscopy, in non-
linear optics, in bio-medical investigations and
treatments [3-5]. More detailed review of the two-
wavelength lasers and their applications is given in

* To whom all correspondence should be sent:
E-mail: mar.deneva@abv.bg

the recent papers [6-8].

The aim of this work is to report a new and
highly efficient two-wavelength laser. This includes
the proposed principle, detailed theoretical
description, test implementation and experiment to
prove the potential of such a laser to find the
presence and concentration of given atomic
particles in a mixed substance. We employ a new
idea to combine the standard longitudinal pumping
of wideband amplification laser medium (in the
work - laser dye) with a Gaussian laser beam and
our coaxial multi-channel laser geometry [9, 6].
The Gaussian beam, due to its peculiar intensity
distribution in the cross section, creates in the
pumped cylindrical laser active medium high
pumping (and high amplification) in the axial part
and low pumping (low amplification) in the
periphery. We can separate optically these two
parts to generate in two different spectrally
selective resonators. If in the high amplification
axial part we generate at wavelength with low
emission cross-section and at the periphery part — at
wavelength with high cross-section and choose
convenient diameters of the two volumes, we can
generate the two lines with equal energy without

© 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 79
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introduction of any corrected additional losses in
the channels. The two generations are without
competition and are produced and emitted naturally
in coaxial beams using entire laser medium volume.
These advantages are unique for the proposal. Still
more, the longitudinal pumping has as general
advantages, in comparison with the transversal
pumping, use of low concentration and a big
diameter pumped region of the active medium,
which lead to better homogeneity and lower
divergence. In the work, firstly we described the
proposed laser scheme, secondly we modeled and
provided detailed theoretical and numerical analysis
of the action of such new laser solution. We made
succesiful tests of the new solution to show its
advantages. As an application, we used the
produced two-wavelength laser light as a tool in
DAS and found the presence of the searched Nd*'-
ions and measured their concentration in a sample
under investigation.

PRINCIPLE AND THEORETICAL ANALYSIS

Schematic of the proposed longitudinally
pumped with a Gaussian beam two-wavelength
coaxial-architecture laser is shown in Fig.1. The
principle is described on the example of Rhodamine
Dye in ethanol (concentration 2x10-4 mol/l),
longitudinally pumped by Gaussian beam
distribution, second harmonic (0.53 pm) of
Nd:YAG laser (pump energy of ~25 mlJ; pulse
length of ~ 30 ns). The dye solution filled a
cylindrical cell (noted as Dye AM - Active
Medium) with length 1 and diameter d (5 mm and 6
mm, respectively). The input pump beam passes
through lens with suitable focal length (0.6 cm) to
form a spot at the input of the AM with a diameter
of the pumped part of ~ 6 mm that contains ~ 99 %
of the incident beam power P (i.e. 1.6 times
higher than the Gaussian radius of 3.75 mm on the
AM input). The Rayleigh length is essentially
larger than the length 1 of the cell, which permits to
accept parallel propagation of the Gaussian beam in
the AM. After the lens, a multichroic mirror M,
tilted at ~30° is placed (reflectivity R ~0.9 for 0.54-
0.6 um, and ~ 0.1 for 0.53 pm). The laser output
mirror Mg, is also multichroic (R ~ 0.7 for 0.54 -
0.6 um and ~ 0.1 for 0.53 um). At the opposite end
of the AM, a near-plane multichroic mirror My,
with radius of curvature few meters (R ~ 0.1 for
0.54-0.6 pm and ~ 0.8 for 0.53 um) is suitably
adjusted The generation at the two wavelengths
(scheme in Fig.1) is produced in two coaxially
disposed and optically separated parts of the AM. A
spectrally-selective ~ resonator ~ with  length
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L(~5cm) was formed for each part. The
separation (hatched differently in Fig.1) is obtained
using a dividing rectangular prism (DP), declined at
a small angle (~5°) with respect to the cell axis to
avoid the back Fresnel’s reflection. The prism has a
0.3 cm diameter bored hole with length of 0.4 cm.
In the hole a very thin (~0.1 mm wall) metal tube
with 2 cm length is introduced, that assures very
good separation of both channels as we have shown
in our previous work [6]. The resonator for
generation in the internal part (internal channel,
generation at ;), built of M, and M; and the active
volume, is separated by the tube through the prism.
The spectral selection is done by the Interference
Wedge IW; [10] with thickness of 6 um, reflectivity
of the layers ~0.9 and apex angle of 5.10” rad that
assures tunable selection in the amplification range
of the generated dye and with linewidth ~ 0.3 nm.
The external part (external channel, A,) generates in
the resonator formed by M,,,, internal reflection by
the prism DP and selector combination of 1200
l/mm Diffraction Grating DG, and the plane mirror
M, providing tunable selection with linewidth of
~ 1 nm in the gain region of the AM. We will use
below the given already parameters of the laser
construction.

external laser
gen?ratlon output

internal A
generation AAYoR)
(%) dividing
, prism (DP)
\

i 1
M, M, extemal internal
Iasgrpump ref out channel  channel

eam ) )

Fig. 1. Optical scheme of the laser with channels
dividing prism DP with a hole.

THEORETICAL MODELLING

Theoretical analysis aims to obtain the
conditions — especially AM separation in
combination with the wavelength shift, for which
simultaneous generation is possible with near equal
output energies. We will consider the important,
however difficult case, when one line is near the
maximum of the amplification gain, and the second
- shifted far from the maximum. In the common
volume for lasers with homogeneously broadened
amplification (our case), due to the so-called
“wavelength competition” effect [11, 12], the
generation of the weaker line is completely
suppressed by the stronger one.
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Firstly, in the theoretical analysis, we have
calculated the pumped power distribution in the
AM. For the used Rh6G dye concentration from the
measurement, we have evaluated the non-saturated
absorption coefficient for the pump 0.53 pum light
to be ~12cm’. The approach applied by us is
schematically clarified in Fig.2. AM is divided
radially into rings and longitudinally - in slices. The
cross section of the cell is divided at 7 rings with
equal increasing radii for each sequent by Ar (see
Fig.2b). Along the axis Z of the crystal the division
is at 5 slices each with equal length A/=//5. We
have A/ =0.1 cm and Ar = 0.042 cm.

2y 2y I3 4 Zg 2=1

=0
ring1 z
ring2
ring5
:g__ >
slice1- - - - slice5

Fig. 2. Schematic dye cell division: (a) longitudinally in
slices and (b) radially in rings

The Gaussian pumping (radius 3.75 mm) is with
25 mJ in ~30 ns pump pulse. The input beam is
centered on the AM axis. Let's first consider the
distribution of the pumping for each cylinder
formed by border lines parallel to the axis of the
dye cell and closed by the pair of rings at the front
and rear sections of the dye cell (partial cylinders).
The maximal intensity I, in the center of the beam
at the entry plane of the dye cell was calculated on
the base of well-known relation:

opMmax

0" T 0)2
where P™ is the maximal pump power in the pulse
and o is the Gaussian radius of the pump beam.
The intensity for each partial cylinder is calculated
at the middle of the ring radius (r, =(2-i-1)-(ar/2),
r=1,2 ... 6) and is assumed to be homogeneous
for the ring. The points on the graphics in Fig.3
present the values for the corresponding rings.

The distribution of the pump power for each
ring and starting pump intensity are presented in
Fig.3(b). In the calculations for propagation along
the Z axis, we have used the Bouger’s law, taken
into account the effect of absorption saturation. We
have evaluated the change of the pump intensity
correspondingly for each ring, slice by slice —
forward and backward after reflecting by the mirror
M,,. For each slice we sum forward and backward
values, accepting that for any ring of the slice the

(1

intensity is constant, equal to this one at the half
length of the slice. We assume a total input in the
crystal pump power P, =25 mJ / 30 ns at Gaussian
beam intensity distribution.
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Fig.3. (a) Calculated distribution of the pump intensity
(1) in the cross section; (b) The pumping power P(r)
corresponding to each ring; (c) The result pump intensity
for the first five rings (the axis X shows the number of
the slice sl;, i=1,2..5).

In Fig. 2(a) z; (1=1, 2, ...5) corresponds to the
middle of the slice length, where the result intensity
is calculated. The values of the obtained intensity
I, for the first five rings, after summing the
forward and backward values, calculated slice by
slice are presented in Fig.3(c). The calculated plots
in this figure show for each partial cylinder, with
acceptable accuracy, the sum pump power (and
energy) to be uniform both in slices and in the cross
section — i.e. in the corresponding ring. This
uniformity determines the fact that we can accept
homogeneity of the pumping with different energy
density for the partial cylinders. The change in the
intensities from the first to the last slice for the
corresponding cylinder is of the order of a few
percents and practically could be taken as constant
for each ring. On this base, we can calculate the
generation for each partial cylinder applying the set
of rate differential equations [11] adapted for the
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case, presented in the next point. The considerable
difference in the pump power for the cell parts
around the axis and in the peripheral areas makes
possible generation at weaker lines (with smaller
values of the emission cross-section) comparable to
that at the stronger lines, when they are generated
in peripheral part of the dye cell. We show this
possibility for the wavelength 594 nm, generated in
near axial part and the wavelength 558 nm
generated in the peripheral part of the cell.

ANALYSIS OF THE LASER GENERATION

Taking the approximately constant value of the
pump energy into slices along the axis of the crystal
— l.e. possibility to assume homogeneity of
excitation (with different energy density for the
corresponding ring), we apply the adapted set of
differential rate equations [11] for the analysis. The
adapted system that describes our case at assumed
parameters is:

dN, (e,i) (ei) ~(ed) N,
E—— R ! t —_ B v " N -
dt P © q 2 7 @)
dq(E,i) (ei) (ei) (ei) q(e’i)
=Va®™".B*.q"-N ——r=
dt | :
with péeu,ti)(t) _ (},(()edi) . C/ZL') . hv(e, i) q(e, i)(t) 3)

Here B(e’ i) = ageii) y| 'C/Ve(1e’ i s

agﬁ)= 2x10™° cm’; a£'1= 1.14x10™"° cm® —
emission cross-section of the Dye laser medium for
Ae = 558 nm and A; = 594 nm [11], / — dye cell
length; ¢ = 3x10' cm/s is the light velocity; L' =
6.7 cm is the optical length of the resonator. The
lifetime of the upper laser level is 7 = 3 ns. The

term in (3) hv®)~3.3x107° J is the energy of the
generated  photons for the corresponding
wavelength. The dumping time of the photon in the
resonator is 7*") = L'/c-»®"), where ) describes
the losses in the respective resonator following Ref.
[11] accounting the corresponding considered ring
(partial cylinder). The calculations are for the laser
and pumping parameters, given already. The total
number of active Rh6G molecules cm’ used in the
calculations is 1.2x10"7 ¢cm™ (2x10™ mol/l Rh6G).

The pump rate R (1)= B (1) (/) V()

is defined on the base of the part of the optical
pumping power that corresponds to the considered
ring and wavelength. According our data, the
obtained pump power for each ring can be
determined from Fig.3. The pump power is a
function of the area and the intensity in the ring.
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Rée")is related to the temporal shape of pump

energy in combination with the laser pump pulse
shape. The Q-switched laser pump pulse can be
well approximated by a trapezoid shape with a rise
time of 10 ns, near-plateau part of 10 ns and fall
time of 30 ns. Va(e“) is the active volume of the

considered ring for the generation of the
corresponding wavelength. In the calculations we
have taken the geometrical data for each ring
derived from the description of the laser cell
separation given above.

The system (2-3) is solved using the Runge-
Kutta method independently for the generation in
each considered coaxial part — for each cylinder,
with initial conditions N =0 and q®’= 1. Solution

of the system gives the temporal shapes of the laser
outputs and their integration [11] is the output
energy. For the used parameters, generation in six
rings in total is obtained — in the first three rings the
594 nm wavelength is generated, and for the next
three rings generation for the 558 nm wavelength is
produced. Typical plots for generation at 594 nm
(rings 1+2+3) and at 558 nm (rings 4+5+6) are
presented in (Fig.4a). The plot modulation at
558 nm we relate to the small number of the rings,
however this fact does not change essentially the
real temporal shape of the laser emission at this
wavelength, as shows the experimental results. The
output energy for the wavelengths for the
corresponding partial cylinder is plotted in Fig.4(b).
The calculations show also that both generations
are temporally superimposed with some difference
of the starting of each generation of order of 5 ns.
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Fig. 4. (a) Temporal generation at e = 558 nm (1+2+3

rings) and at Ai = 594 nm (4+5+6 ring), respectively; (b)

Calculated output energy in rings 1, 2, 3 (at A; = 594 nm)
and inrings 4, 5, 6 (at A, =558 nm).
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The total output energy produced at 594 nm is
~2.5mJ and at 558 nm ~ 2.8 mJ. Thus it is really
possible to obtain practically equal energetic
characteristics of both generations. For generation
in a single common volume, the lasing at 558 nm
suppresses the lasing at 594 nm.

THE EXPERIMENTAL TEST

The analysis in the previous section, besides
showing the feasibility of our proposal with its
advantages, confirms that the chosen parameters are
well suitable for such laser realization. We have
realized the laboratory prototype of the laser with
elements and pumping parameters close to those in
the previous section. To realize the DAS testing
experiment, the two wavelengths are tuned to be at
561 nm (A.) and 579.6 nm (A;), with energy ratio
~ 1:0.6. The sum output at these two wavelengths
(for our non-completely optimized test laser), was ~
1.6 mJ that easily can be decreased using filters.
The tuning in the range of ~ 6 nm conserves the
two generations with acceptable equality of ~ 1:0.6
at the optimum (our case) to 1:0.3 at the ends. Both
generations are emitted in coaxial beams, each with
similar cross-section distribution to the spot of two-
coaxial beam emission of a solid-state laser, shown
in our work [6]. The internal beam has a circular
~3 mm diameter spot and the external - a ring one.
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Fig. 5. The curve of spatial distribution of the two-
wavelength laser output and the actual photograph —in

the inset.
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Fig. 6. The parts of the absorption spectrum of Nd**-ions
in the YAG crystal and the wavelengths of the
illuminating laser beams [13].

Each beam can be presented as superposition of
few transversal modes [6], for internal — TEMg, +

TEMy;+ and for the external — of two cylindrical
modes of type TEMy,, turned radially with respect
to each other at n/8 (each mode has maximums in
the minimum-holes of the other). The external
boundary of the internal spot and the internal
boundary of ring-spot of the external beam, at some
distance (of ~ 1.5 m) from the laser output, merge
due to diffraction. The spots of the two-wavelength
generation are shown in Fig.5.

We demonstrate the two-wavelength DAS
spectroscopy method, using the two-wavelength
laser for evaluation of Nd’“ions concentration in
Nd*:YAG crystal. The part of the absorption
spectrum of Nd**-ions is shown in Fig.6 [13]. The
wavelength at A. coincides with the absorption
minimum (practically zero) at 561 nm and the other
- A; - with the absorption line (with 0,=0.54x10
%em™ [11]). When the light at these two
wavelengths passes through the crystal sample with
length &, decreasing of intensity at each wavelength
is different. We can write for our case for the
decreased power of the incident intensities Ip*’
(W/ecm?), that is adjusted to be less than 25 kW/cm®
(saturation intensity for Nd3+) for non-saturated

‘N-¢+a-¢&

transmission |! -l .¢ ab at A,
pas” 0

I?)as IS (0"5) at A.. Here a, in cm'l, is the

coefficient of light decreasing due to different
reasons, common for both wavelengths — reflection
at the sample input and output surfaces, scattering,
non-spectral selective absorption of impurities.
After some simple calculation, we have:

N et ) @

In our case, from the easily measured ratios

(pas/ F ) —0.042 and (l s/ lg):0.64, at ol =

0.52x10" cm?® [13] and & =8 cm, the concentration

of Nd**-ions is 6.4x10" cm'3.

CONCLUSION

In the work we have shown — theory and the
experimental test - the possibility to use the specific
light intensity pump beam distribution in the
Gaussian beam in combination with special coaxial
geometry to obtain a new two-wavelength laser.
This laser, beside the absence of non-desired
wavelength-competition effect [12, 14], assures
laser emission simulataneously at tunable weak and
strong lines with practically equal energies without
loss of pump energy for the equalisation. The two
emissions are produced and emitted naturally in
coaxial beams using the entire rod volume. Such
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ABYBBJIHOBU JIA3BEPU, BASUPAHUN HA JIABEPHO BB3bYXJIAHE C TAYCOB CHOII KATO
NHCTPYMEHTAPUYM 3A AHAJIM3 HA MATEPUAJIN 1 XUMHWYECKU ITPOAYKTU

M. [leneBa

Jlabopamopus ,, Keanmosa u onmoenrexkmponuxa’, HUC, Texnuuecku ynusepcumem Coghus u Kameopa
,, Onmoenexmponna u nazepua mexuuxa’ — TY-D-n [11080us;

Hocrermna va 10 okromBpu 2016 r.; kKopurupasa Ha 10 HoemBpH, 2016 T.

(Pesrome)

B paGorata Hue mpeqiaramMe HOB aTPaKTHBEH JBYBBJIHOB Jia3ep, OTHACSN C€ KbM BKHHUTE WHCTPYMEHTH 3a
CIIEKTpaJIeH aHAJIN3 Ha ChCTaBa HA MAaTEPUAIM U XUMHUYECKU MPOJIYKTH ¢ TEXHUKATa Ha JU(epeHIInaTHO-a0CcopOIMOHHA
cnekrpockonus (JJAC) u nBy-hoToHHO TpeTupane. HamieTo perieHre ce OCHOBaBa Ha HOBA uies Ja ce KOMOMHHpa
HAJUTHKHO BB30Y)KAaHEe Ha Jiazep, 0COOEHO OarpuiieH Jjasep, 4pe3 CTaHgapTeH [aycoB Ja3epeH CHOIl C HaIlaTa
MATEeHTOBaHA MYJITH-KOAKCHAJIHA TeOMETpHsi Ha KaHajJuTe B Ja3epa. [ayCOBHSIT CHOI, HOPaAHd CHEHUPUIHOTO
pasnpe/esicHie Ha UHTEH3WTETa B HANPEYHO CEUeHHE, Ch3/1aBa BHB JIa3epPHATA aKTHBHA Cpella BUCOKO BH30YXKIaHE B
aKcWaJiHaTa ¥ YacT M HUCKO BB30yXkJIaHe B HeliHaTa mepudepus. B HameTo pernieHue, Te3u JBE YacTH ONTHYECKU ca
pa3IencHu KOAKCHATHO M BCSIKA TeHEPHpa B CBOH COOCTBEH CIIEKTPAITHO — CEJICKTHBEH pe3oHaTtop. OCBEeH reHeparus Ha
ABE€ HE3aBUCHUMO YIPaABIACMHU OBb/DKUHU Ha BbJIHATA 663 KOHKYPECHIIUA, ApYyru CHCHI/Iq)I/I‘{HI/I npeauMcTBa Ha
npeAsioKeHHeTo ca: 1). JBeTe reHepanuy — Ha ciabara JMHUs, TeHepUpaHa B Kpaullata Ha CIEeKTpalHaTa KpHBa Ha
yCcWJBaHe, U Ha CWJIHATA JIMHUS — OKOJIO MaKCMMyMa Ha CIIEKTPalHO YCWJIBAaHE Ha cpejiaTa, ce MPOU3BEXKAAT C
MpUOTU3NUTETHO elHaKkBa (M3XOJHA) eHeprus Oe3 3aryba Ha BB30YXKJala CSHEpPrusi 3a H3PaBHIBAHETO UM, H
€IHOBPEMCHHO; 2). JIBETE ICHEPALMH C€ MPOU3BEKAAT M TEHEPUPAT €CTECTBEHO B KOAKCHAIHH CHOIOBE, H3IOJI3BANKH
menus Jla3epeH obeM Ha cpemara. Hue mpencraBsme 000OIICHO MOJENMpPaHE W JICTAMICH TCOPETHYCH aHAIN3 Ha
JICHCTBUE HA TO3U HOB JIa3ep, C H3MOJI3BAHETO HA YHCIICHO 00CHXKIaHEe Ha POIAMUHOBO 0ArpwIIO B €TAHOI, BH30YKIaHO
ot ['aycoB cHom ot Nd:YAG nazep (0.53 um) u yCHemHo cMe TECTBAJIM HOBOTO PEIICHHE C HETOBUTE NPEIUMCTBA.
Karo mpunoxeHre, HW3MON3BafiKK JBYBBIHOBaTa Ja3epHa cBeTIMHA KaTo WHCTpyMeHT B JIAC, Hue moka3Bame
npucbeTBreTo Ha Nd* -HoHN 1 M3MepHXMe KOHIIGHTPALMATA UM B H3y4aBaH MaTepHalL.
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Xerox treated tracing paper as suitable and accessible material for development of
new laser beam—profiler technique
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On the base of systematic investigation, we have introduced as suitable and accessible material for the laser beam
profile study appropriately treated tracing paper by standard Xerox type copy machine. As we show, the whitening of
this material by laser illumination in combination with appropriate computer analysis can be a base for development of
very competitive non-electronic technique for complex laser spot energetic profile study. Such whitening of the
accidentally taken, non-defined, blacked materials and without any quantitative treatment, is used previously in the
literature and in the laboratory practice only for visual illustrative marking (including also successfully - for the
interesting cases) of laser spot. We have taken into account that the discussed registration presents, as a potential, some
essential advantages in competition with the modern electronic beam-profilers - the registration is in very wide spectral
range (from UV to IR - e.g. 0.3 - 3 um and longer), cannot be disturbed by the electromagnetic noise and such spot
visualization is extremely cheap and accessible. Via a complex investigation, we have developed a suitable technique
of noted above type for real laboratory and practical laser spot study applications. As first important point in this
development, we have found suitable, reproducible and widely accessible materials for spot registration that, in defined
range of illumination (sufficiently large), offer possibility by using a standard computer treatment to obtain a good
quantitative spot energetic parameters determination. The noted advantages of such type technique are shown in the
work.

Keywords: material for laser beam profile study; new non-electronic technique for energetically laser spot study;

registration in very large spectral range; non-disturbance by the electromagnetic noise.

INTRODUCTION

The work presents a systematic study of a
treated by standard Xerox type copy machine
tracing paper as a suitable and accessible material
for laser beam profile evaluation. We show that
this material combined with computer processing
can be a base for development of very competitive
apparatus  of  non-electronic ~ Thermo-Paper
Registration Approach (TePRA) for laser spot
profile study. The principle of the TePRA is the
whitening within the laser beam illuminated area of
the black thermo-sensitive material.  This
registration is used in the literature and in the
laboratory practice only for visual illustration of the
laser spot marking [1] on the randomly chosen
sensitive materials and without any quantitative
processing. However, looking in details, the TePRA
registration presents as a potential some essential
advantages in competition with the electronic
beam-profilers [2]. Firstly, as we have shown also
in our experiments including two-wavelength lasers

* To whom all correspondence should be sent:
E-mail: mar.deneva@abv.bg

[3], a correct registration is not spectrally sensitive
in a very wide range, for example - from UV to IR
(e.g. 0.3 - 3 um and longer). Secondly, this
registration cannot be disturbed by electromagnetic
noises and in addition such spot registration is
extremely cheap and accessible. The adaptation of
such laser spot marking as suitable technique for
real laboratory and practical applications needs
essential development. Important issues must be
solved as i) to find suitable, reproducible and
widely accessible materials for spot marking, ii) to
determine the range of variation of the illuminating
light intensity for correct and usable response of the
materials and iii) to develop convenient procedure
combined with standard computer processing of the
marked spot. This is the aim of the present work.

EXPERIMENTAL

There are many blackened paper-materials, on
which a laser beam makes a spot within the
illuminated area. As laser beam sources we used
pulsed Nd:YAG and Nd:Glass lasers. The laser
output energy in most of the experiments was equal
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to the energy of the beam, illuminating the studied
material, except the case where a fine plate filtes
was used. The energy was measured with
FIELDMAX energy meter, Coherent, USA and the
pulse duration - with a 250 MHz storage
oscilloscope. The study was performed at different
laser parameters, generally for the energy between
0.3 J to 10 J and pulse length from 100 ps to
3000 ps. This was obtained by the Nd:YAG free
mode of operation with spectrally and energetically
controlled output, variable from 0.3 J to 1.8 J,
repetition rate — single pulse to 1 Hz, and pulse
length of 150 ps to 350 ps; with tuned lines — at
1.06 pm and at 1.32 - 1.36 pm. The second
Nd:Glass laser in free lasing mode of operation
produced output energy up to 10 J at 1.06 pm with
pulse length from 2500 pus to 3000 ps. Also, we
have investigated the laser beam in a short pulse,
produced by passively Q-switched operation of the
Nd:YAG laser with pulse length of 1 ps and
energy of 0.4J to 0.9] at the line 1.06 um. The
lasers operated in a multimode regime.

Following the aim of the work, we performed a
sequence of related experiments.

We started with testing of different blackened
papers - conventional paper and blackened Xerox
copy paper, and observed a common effect. If such
paper is illuminated on the blackened side, the
produced white spot has “mustaches” and black
traces within the spot (Fig. 1a,b). We explain this
unfavorable fact with action of the light pressure on
the formed cloud of vaporized (generally — ablated)
micro-particles. The pressure returns back part of
the particles to the spots areca. Adhering of the
heated ablated micro-particle also contribute to the
noted undesired effect.

o b) 5

Fig. 1. Whitened by laser illumination materials: (a)
Usual black paper; (b) Xerox blackened tracing paper,
illuminated on the blackened side and (c) - illuminated
on the non-blackened side

Typical example of the described spot type is
shown in Fig. 1: (a) is in usual black paper; (b) is
made on the blackened side of Xerox- blackened
tracing-paper (one passing, copy of the black paper)
and (c) — at its opposite side.
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Thus, the suitable material must be transparent,
or partially transparent with a black layer on the
one side and the illumination must be done at the
non- blackened side. We have tested different paper
and plastic materials of this type. Our attention was
focused on paper-materials, which can be well
defined and easily accessible for a large number of
users. In summary, we found that most suitable for
application is the tracing paper, blackened at one
side by Xerox type copy machine. We have used
the widespread tracing paper A4 92 gr/m* from Sihl
Digital Imaging Company (the light transmission
measured with a bulb lamp of pure tracing sheet
gives = 55 %). Note that we have compared the
blackening, in a manner described below, for
several different type Xerox-machines: Konica
Minolta Dialfa Di 5510 — used basically in the
work, also as testing - Sharp-MX-3500; Toshiba
2500c with standard toner powder (such as Toner
Cartridge 360 for use in Konica digital copier,
India). We did not observe noticeable difference of
the blackened tracing-paper behavior. The same,
not critical difference was observed using spot
tracing with different scanners - BENQ S2W
3300u, CANON LIDE 25, Canon Pixma MX320.
Our test of scanning spots from the tracing paper
gives correct results when at the back side is placed
white sheet (non-black or coloured one). The
illumination of the blackened tracing paper by free-
lasing beams with the described above parameters,
made good white spot on the impact area, as a
typical one, shown in Fig. 1(c). Under other
conditions — Q-switching operation, noted above,
the formed spot has white-brown color. Firstly, we
tested the simplest procedure — to use transmission
through the white spots under illumination with a
low-power (~mW) homogeneous laser light (spot
by spot) to determine the incident spot energy
distribution. However, we found non-acceptable
difference of typically ~40% and more. The
tracing, point by point, along the diameter of the
white spots, of transmission with a system
composed from diaphragm-receiver-oscilloscope -
also gave non-acceptable results. We explain this
fact with appearance of white products due to the
burning of the black layer and remaining products
of the black layer, which combination leads to non-
proportionality to the transmitted incident light
intensity. The actual photograph of the part of
whitened by the laser illumination spot (on the
border with non-treated part black side) of the sheet
is shown in Fig. 2. The formation of the layer of
white burning products can be seen. Important for
the purpose of the work is that at large energy
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density range from =~ 0.5 J/cm® to ~ 4 J/cm® the
whitening is proportional to the illuminating energy
density.

Fig. 2. Actual photograph of the part of whitened
paper within the laser illuminated spot.

From series of measurements, we obtained that
the whitening is proportional to the light energy
density in a wide range. To describe the whitening
we introduced the function W(x,y) whose value in
a given small area (dxdy) around the point (x,y) is
proportional to the illuminating energy density
Wk(x,y) in the considered area. The coefficient of
proportionality is denoted as k;. This schematically
is shown in Fig. 3.

Z=Whn(x,y)

L3

AV1
AV2

v2 L/

Y1 ay

X1 X2 X

Fig. 3. To the analysis of the relation beam
illumination energy - volume of the spatial figure within
the whitening boundaries.

After the integration, we obtain:

V:J.J.kl'WE(Xaythy:kl'Ejb (1)
Xy

Here V is the volume below the given surface by

the function ki Wg(x,y), Ejp is the illuminating
beam energy and k; is accepted to be constant.
Thus, if the whitening is proportional to the energy
density, the energy in the incident spot is
proportional to the volume under the laser spot
whitening envelope surface. This gives us good and
easy approach to determine the energy density
distribution in the marked laser spot (Fig. 4a) by
taking the 2D trace (the radial distribution-Fig. 4b)
and 3D volume envelope surface (the distribution in

the spot plane — Fig. 4c), built by computer
scanning of the whitening. The description can be
done in relative units or knowing one of the values
of Wy(x1,y1) preliminary obtained at a given point
X1,y1, to know the absolute value of energy density
distribution in the different point (x,y). The
correctness of the description can be verified taking
as measure the ratio R of computed volume V
versus illuminating pulse energy E or V/E =R. If R
is equal for the group of spots on the blackened
tracing paper with different energies, R can be
considered as a proof for correctness of using the
envelope surface (3D) and diametric lines (2D) for
description of energy density distribution by the
computer graphs. The correctness of whitening —
computer processed energy density-description is in
good agreement with the electronic technique of the
type point by point (ITBRO) by moving a
diaphragm within the spot on the paper and
receiver-oscilloscope registration [3]. The cross-
section lines of the volume envelope—2D image
give the energy distribution in the spot cross-
section, where the line is traced. If the 3D image
has radial symmetry (at good laser adjustment) the
tracing in the cross section across the peak gives the
energy intensity distribution along the spot
diameter (Fig. 3c).

n ' | / \\
e —— s LA
a) b) c)

Fig. 4. (a) The spot on the tracing black paper and
the computer image from the computer processed spot:
(b) - the volume envelope (3D) and (c)-along the
diameter.

Important issue is how the blackness of the
tracing-paper impacts the whitening and the limits
of linear whitening versus illuminating energy
density. For this purpose, we prepared series of
Xerox- blackened tracing paper by most common
and widely accessible procedure.

The first three type sheets — the series A were
produced by: one time blackening, noted as 1x, two
times - 2x and three times - 3x, at “maximum”
blackening regime of the machine and completely
open shutter (day light illumination). For the
considered corresponding series we added the
notation of the series — A1x, A2x, A3x respectively.
Second series (B sheets) was blackened in the same
manner, but for operation regime ‘“normal”. Also,
we prepared the tracing-paper sheets, blackened by
one time copy (C1x) and two times copy (C2x) of
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black paper at ‘“normal” operation (with closed
shutter). The corresponding measurements of the
transparency, as characterization of the paper, gave
for the transmissions: Alx — (10+1)%; for A2x-
(1£0.1)% and A3x =~ 0.1%; for B1x - (7£2)%, and
for the sheet Clx - (7+1.5)% and C2x - (4.4+1)%.
The observed fluctuations are related to
transmission variation from place to place at the
sheet, being practically negligible for A3x. In Fig. 5
are given the microscope photographs of pure parts
of the sheets A (1x, 2x and 3x), illuminated
underneath with the microscope bulb-lamp; the
shown spots are with ~ 1 mm diameter. In the same
figure, 2D and 3D images, corresponding to
marking spots computer processing for the sheets
Alx and A3x, are also shown. The pulsation of A3x
is negligible in comparison with the case when Alx
is used, where incompletely uniform blackening
and many transparent points are presented.

This was one of the reasons to prefer application
of A3x (or A2x - low pulsation as for A1x).

A3x

Alx

Alx A3x
Fig. 5. The microscope photographs of the non laser
light marked parts of the sheets with microscope bulb-
lamp illumination in transmission —top; he bottom
images correspond to marked spots 2D and 3D
processing for the sheets Alx and A3x.

Important for the purpose of the work is that at
large energy density range from ~ 0.5 J/cm® to ~ 4
Jlcm? the whitening is proportional to the
illuminating energy density. Given limits are for the
sheet A3x, however they are not essentially
different for the other samples, noted above. We
have found these limits by studying the whitening
in the spots, formed by the laser beam at different
distances from the laser output, exploiting the beam
spot divergence, or the spots enlarging by the lens,
an example of the experiment that is given in Fig.
6. We studied correctness of registration thoroughly
for the noted series of papers — prepared in very
reproducible and widespread accessible manner.
Thus we prepared the samples of stacked with each
other pieces of the sheets Alx, A2x and A3x (Fig.
7a) and we formed the white spots with diameters
varying between 6 and 7 mm and for energy density
that is in range of 0.5 J/em® and 4 J/cm® (Nd:YAG
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laser, multimode, near bell-like shape of energy
density distribution by combina-
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Fig. 6. Example - the enlargement of the spot of
whitening with a distance for energy density dependence
study.

tion of TEMy, +TEM ;" modes at 1.06 um and
1.36 um, and pulse length ~ 200 us). As a
quantitative measure of the suitability of the
corresponding sheet to give correct energy density,
we took, as stated above, the range of illuminating
density that conserved the value of K; constant,
given by the ratio V/E = R, where V is the
computed volume and E is the illuminating energy.
The plot of the parts of investigated sheets Alx—
A3x with registered spots is shown in Fig. 7(a). In
Fig. 7(b) are given the line of blackness for
corresponding sheets. The spots on the sheet A3x in
increased scale and their 2D and 3D computer
processing images are given in Fig. 7(c)-7(e).
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Fig. 7. (a) The plot of the parts of sheets under
investigation A1x—A3x with registered spots; (b) the line
of blackness for the different sheets; (¢) the spots on the
sheet A3x in increased scale and their (d) 2D and (e) 3D
computer processing obtained images.
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Processing of each sheet will be detailed on
example of A3x, for which best results are
obtained. After computer processing of the shown
five (1,2,3,4,5) spots and with known energy that
formed each of them, we obtained the average R,, =
(XVi/ E;)/ N where sum is for i=1-5, V; and R; are
the volume and the energy of the spots numbered i
and N=5: R,,=(0.63/0.53 + 1.038/0.86 + 0.977/0.75
+ 0.888/0.78 + 0.595/0.51) / 5 = 1.2. We defined
the deviation (or error) AR; for each spot as AR; =
(R; - R,y) and the relative average deviation for the
considered group spots of A3x sheets was AR,, = (|-
0.01] + 0.01 + 0.1 + |-0.06| + |-0.04])/ (5.Rav) =
0.036 = 4%. We calculated also the relative
maximal deviation AR ,x = (Ruax = Ruin)/ {(Rimax
Ruin) / 2}, where R« and Ry, are maximal and
minimal deviation from R, respectively for the
group, in practice a single case. For A3x we
obtained AR.x = (0.1 + [-0.06]) / {(1.3 + 1.14) / 2}
= 0.13 = 13%. Note that if we exclude the
exceptional case of deviation for the spots, in our
consideration, AR,, is ® 2 % with AR .« = 6 %. In
the same manner we have treated the noted other
cases. The results are given in Table 1. The case B
is very close to the case A2x - A3x and case C2x is
better for the C type blackening. The investigations
show that more suitable for the aim of spot
registration is the tracing paper A3x (some
illustration — Table 1).

Table 1. The experimental results confirming the
correctness of the spots treatment (details in the text)

ARqy

. AR, % | AR™®
0, max ma
Sheet ga.u.)J AR, % (single case) | , %
Alx 1,1 6 % 24% 18%
A2X 1.3 5,8 % 18% 16%
A3X 1.2 3,6 % 13% 5,8%
C2x 4,3% 13,7% -

Important experiment was to study the dependence
on the illuminating wavelength. Using our laser, we
obtained for the two wavelengths — 1.06 um and
1.36 um [3] no change of K;. This is the case for all
considered in the work blackened tracing papers.
The example for the paper type A3x is shown in
Fig.8; (spots at 1.06 um and 1.36 um for 1.1 J and
0.5 J illuminating energy and pulses duration
250 us respectively). This can be expected for
general reasons (thermal and ablation effect). The
present results concern the investigation of the
illumination with pulse length in the range 100 —
3000 ps. This is very common case of laser use —
e.g. solid-state lasers in regime of free generation.

The effect of bleaching arises from combination of
material burning and ablation processes. The two
effects are evident — the burning from the
microscope photographs with shown typical case in
Fig. 2. The ablation is evident in the experiments by
formation
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Fig. 8. The 2D computer processing graphs of two

spots -at 1.06 and 1.36 um. The spots (in the inset) are
marked on the blackened tracing paper A3x type

of cloud after the shots of the laser pulse. It can be
noted that, for cw light illumination, the effects on
the studied material are quite different and not
suitable for the discussed treatment.

SUMARISING THE EXPERIMENTAL
RESULTS AND DISCUSSION

Summarizing the experimental results gives:

In summary, Xerox treated tracing paper in
combination with standard computer treatment can
be a base of development of advantageous
techniques for laser beam profile registration:

- this material has been selected experimentally
among a number of potential materials as most
suitable; this study gives optimal conditions how to
prepare and use the samples;

— applicability is shown for correct registration in a
large energy density and pulse lengths range of the
illuminated beam (0.3- 4 J/cm®; 100-3000 us), that
is typical for the widely used laser -Nd:YAG,
ND:Glass; Ruby, Ho:YAG, Er:YAG; the typical
error is within the limits of 4-5 %, with maximal
value for a single case of ~ 13 % (for the shown in
the work optimal treatment tracing paper, as it is
shown in Table 1);

- the experiments confirm the expected no
dependence on the wavelength of the laser beam
under investigation;

- no noticeable dependence on the prepared samples
when using different standard and widely
accessible Xerox-type machine and tracing papers;
In addition, the prepared simples are very cheap
and accessible.
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CONCLUSION important possibility for energy distribution, the
shown dependence additionally gives also the
approach to determine the laser beam energy using
comparison of the calculated spot volume with this
of a given etalon spot on the same paper.

We presented in the work original technique for
laser beam-profiling and found a very suitable
material for its application. The technique is
competitive with the electronic beam-profiler with

the proposed and positively characterized by us REFERENCES

material for registration — the simplest suitably

Xerox-blackened tracing paper. As additional 1. R. Ifflander, Solid-State Lasers for Materials
advantage the technique is non-wavelength Processing, Springer-Verlag, Berlin, Heidelberg,

New York, series in Optical Sciences, 2001.

2. Carlos B. Roundy, Spiricon, Inc.,
http://aries.ucsd.edu/LMI/TUTORIALS/profile-
tutorial.pdf, Beam Profile Measurements and the

sensible, also cannot be disturbed by
electromagnetic noise.

We have shown its real and correct applicability
as a beam profiler for the laser pulses that is typical literature therein.
for the widely used lasers, such as Nd:YAG, 3. M. Deneva, M. Nenchev, E. Wintner, S. Topcu,
generating at different wavelengths, including the Opt. Quant. Electron., 47, 3253 (2015), and the
case of two-wavelength operation [3], Nd:Glass, literature therein.
the Yb:YAG, Ho:YAG, Er:YAG, flash lamp
pumped Dye, semiconductors etc. Except more

KCEPOKC TPETHUPAH ITAYC KATO ITIOAXO AN 1 AOCTBIIEH MATEPHAIJI 3A PASBUTUE HA
HOBA TEXHUKA 3A PETUCTPALIA HA TIPOOUIIA HA CEYEHUE HA JIASEPEH CHOII

B. Kazakos, M. JleneBa, M. Henues, H. KaiimakanoBa

Jlabopamopus ,, Keanmosa u onmoenrexkmponuxa”’, HUC, Texnuuecku ynusepcumem Coghus u Kameopa
,, Onmoenexmponna u nazepua mexuuxa’ — TY-D-n [1nogous

Hocremmna va 10 okTromBpu 2016 r.; kKopurupasa Ha 10 HoemBpH, 2016 T.

(Pesrome)

Ha Ga3ara Ha cucTeMaTHYHO U3CIeBaHEe, HUE BbBEXKIaMe KaTo MOJIXOIAI U JIOCThIICH MaTepHall 3a U3clie/IBaHe Ha
npoduia Ha Ja3epHUS CHOIl MOAXOJAANIO 0OpadOTeHa XapTHs OT CTaHJApTHAa KCEpOKC KomupHa MainuHa. Kakto
MOKa3Bame, MOOEeISIBaHETO HA TO3M MaTepHall NPU OCBETSABAHE C Jia3ep B KOMOWHAIMS C MOAXOMSIIA KOMITIOThPHA
00paboTka Moxe J1a Ob/e 6a3a 3a pa3BUTHE HA MHOTO KOHKYPEHTHA HEeJICKTPOHHA TEXHUKA 32 KOMIUIEKCHO M3CIIEBaHE
Ha eHepreTH4YHUs Npodui Ha JIa3epHOTO MeTHO. TakoBa mobensBaHe Ha ciaydailHo u30paH, HelAehUHHUPaH, TOYEPHEH
MaTepuan u 0Oe3 HIKaKkBa KOJHMYECTBEHA 0OpabOTKa, € W3IOJI3BAHO W MPEeIu B JHMTEparypara M B JlabopaTopHara
MPAKTHKA, HO CAMO 3a BU3YaJHO HJIFOCTPATHBHO MapKUpPaHe Ha Ja3ePHOTO METHO (CHIUIO M YCIEIIHO 32 UITFOCTPAIUSI Ha
UHTECPECCHU cnyqan). Hue B3exme 101 BHUMAHHEC, 4C O6C’b)l(llaHOT0 perucTtpupane npeacTaBs, KaTro NOTCHIHUAJ, HAKOU
CBIIECTBEHH IMPEIUMCTBA B KOHKYPEHIIS C MOJIEPHHUS EJIEeKTPOHEH perucTpaTtop Ha mnpoduia Ha CHOTA.
PaspaboTBaHaTa OT HAC TEXHHKA € M3I0J3BaeMa B MHOTO IUPOK CIeKTpajeH auamna3oH (ot YB mo MY — mamp. 0.3 - 3
LM ¥ TIoBeYE), HE Ce BIMSAC OT €ICKTPOMATHUTHHUTE IIYMOBE U € H3KIFOUYUTEITHO €BTHHA U JOCTHITHA. Upe3 KOMIUIEKCHO
u3cjeaBaHe, HUE pa3pabOTHXME KOHKYPEHTHAa TEXHHKA OT OTOC/IsA3aHWs I0-TOPE BHJ 3a PEAJHH NPUIIOKEHHUS B
1a00paTOPHM W TMPAKTHYSCKH WM3CJCABAHUS Ha J1a3epHOTO MeTHO. Karo mbpBa BakHAa TOYKAa B TOBAa pPa3BHTHE, €
HaMEPEHUA NOAXOMAI, BB3IMPOU3ZBOAUM W IMHUPOKO JOCTBIICH MaT€pHal 3a PErucTpanusd Ha IETHOTO, KOWTO B
OIpeJieieH, AOCTAaThYHO IIMPOK JMANa30H Ha MapaMeTpy Ha JIa3epHOTO JIbYEHHE Ipe/iara Bb3MOXHOCT 4pe3
U3IONI3BaHE Ha CTaHJApTHA KOMIIIOTBPHa 00paboTKa Ja ce NOody4H J00pO KOJHYSCTBEHO OIpENeisiHe Ha
E€HepreTHYHUTE TapaMeTpH Ha 1eTHOTO. OTOCINsI3aHUTE IPETUMCTBA Ha TaKhB THIT TEXHHUKA ca MIOKa3aHH B paboraTa.
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A model for numerical calculation of laser radiation penetration in enamel-dental tissue has been developed. For
these numerical computations a phase function suitable for the specific case is used and statistical methods for modeling
the behavior of photons in the turbid media are implemented. By means of this model, we can get an idea of the
proportion of radiation that passes and that is dissipated inside the tissue. Similar calculations are convenient to guide us
in the use of certain techniques for laser impact on the dental tissues.

Keywords: Penetration laser radiation, enamel-dental tissue, Monte-Carlo simulation

INTRODUCTION

The penetration of laser radiation in dental
tissues is a very important process related with the
interaction of this radiation with tissues and
respectively its impact on their structure and
properties. Understanding the light propagation in
teeth is important for therapeutic laser applications
[1, 2] or diagnostics. For the treatment of hard tooth
tissue, the parameters of laser radiation should be
precisely controlled. The exposure of the pulp to
laser radiation depends on the penetration of this
radiation through the enamel and dentin. Upon
irradiation with laser radiation a fraction of the
energy is absorbed in the enamel and dentin, which
in turn leads to increase in their temperature. The
evaluation of this thermal effect is an important
procedure.

In this article we consider a model of passing
series of photons with the same parameters in
enamel-dentin structure. The estimates based on
this model are made of the portion of photons
absorbed into the enamel and dentin respectively
(in percentage).By varying the parameters such as
wavelength, anisotropic factor and thickness of the
layers enamel and dentin we can estimate the
absorption in the respective layers in these set
parameters.

MODELING

The enamel is the hardest substance of the
human body [3]. It is made ofapproximately 95%

(by weight) hydroxyapatite, 4% water, and 1%
organic matter. Hydroxyapatite is a mineralized
compound  with  the  chemical formula
Cayg(PO,4)6(0OH),. Its substructure consists of tiny
crystallites which form so called enamel prisms
with diameters ranging from 4 pm to 6um. This
forms the inorganic apatite-like tooth surface [4].
The crystallattice itself is intruded by several
impurities, especially CI", F, Na', K'and Mg*.
The crystals are approximately 15 to 40 nm in the
diameter and can be as long as 20 um. Prisms are
surrounded by a protein/lipid/water matrix.

The dentin, on the other hand, is much softer.
Dentin can be described as a conglomerate of
several compartments. Only 70% of its
volumeconsists of hydroxyapatite, whereas 20% is
organic matter — mainly collagen fibers — and 10%
is water. The internal structure of dentin is
characterizedby small tubuli which measure up to a
few millimeters in length, and between100nm and 3
pm in diameter. These tubuli are essential for the
growth of the tooth. It contains long tubules
surrounded by the peritubular dentin. Between the
tubules with their peritubular dentin lays
intertubular dentin.

Intertubular dentin, in its turn, is divided into
collagen fibrils and interfibrillar compartments.
Except for the tubules all compartments contain
mineral crystals of hydroxyapatite, which are
needle shaped with an ~ 5 nm thickness and an ~ 20
nm length. The tubules have the diameter of 1 to 5
um, and its density is 15 00075 000 tubules per
mm? [4]. They are uniformly oriented from the

*To whom all correspondence should be sent:
E-mail: hristokisov@iomt.bas.bg
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enamel-dentin junction to the pulp, and so in a
small sample they lay more or less parallel (Fig. 1).

<1 Enamel

Fig. 1. Optical microscope picture of tooth structure -
enamel, dentin and DEJ (dentin-enamel junction).

In stochastic models of photon transport through
tissue, individual photon paths are simulated by
considering the probability of absorption and
scattering interactions. One of the most commonly
used stochastic models is the Monte Carlo method.

The term Monte Carlo (MC) method (stochastic)
refers to numerical simulations based on random
sampling from appropriate probability distributions.
Light is considered as a stream of particles
(photons) that are injected into the medium, and
move in straight lines through tissue between
successive interactions. The advantages of the
Monte Carlo method include simple
implementation, the ability to handle any complex
geometry and inhomogeneity, as well as the
possibility to incorporate time-dependency. It is
even possible to model wave phenomena such as
polarization and interference. The  main
disadvantage is the inherently high computational
cost.

Fig. 2 presents a simple model of enamel-dentin
structure. There are denoted three layers of enamel,
DEJ (dentin-enamel junction) [5, 6] and dentin
through which passes the laser radiation.

ARese | d
"// - N !'\>
S A >
DEJ < -
LN YH—>7\ e

Fig. 2. Model of enamel-dentin structure representing
the three successive layers — enamel, DEJ and dentin.

This radiation is represented as series of photons
which sequentially enter perpendicularly to the
surface of the enamel (the first layer) after which
each of these photons undergoes reflection or
multiple scattering in the structure with the result
that the photon is reflected, absorbed or passes. We
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model these processes with Monte Carlo [7, 8, 9]
simulation and Henyey-Greenstein (HG) phase
function [10], since this phase function is a good
approximation of the light scattering in the turbid
tissue.In our model, we consider the penetration of
the laser radiation with a wavelength of 1,064um in
dental tissue. This laser radiation is directed along
the normal to the surface of the tooth sample, and
has the shape of a Gaussian pulse. For the intensity
of this impulse we can write:
2

21"

I =1L, 0?2 1)
where r = \/x? + y?, and o is the width of the
laser beam. In our case we have chosen r=0.1 mm
and ®=1 mm.

The first assumption in our model is that for
each particular step the number of photons in the
pulse is proportional to the intensity. Thus at some
initial value for the number of photons, the intensity
value is close to the maximum and we can get
values for the number of photons at other levels of
intensity, using approximation for a given
distribution. So with every step we take certain
volume of the spatial distribution of energy in the
pulse, which corresponds to the number of photons,
entering through the surface of the tissue. It is clear
that in this case, at each step the area through which
the photons enter increases. In the model, this is
done using Monte-Carlo simulation for each step.

Next assumption in our model is that the
anisotropy factor g of DEJ is not a constant, but is a
function of the coordinate z, i.e. it is a function of
the depth of penetration of laser radiation. In this
way we consider it appropriate to introduce a
function in the form:

9(2) = (Ags + B9z 75=) @

where g; and g, are anisotropic factors for enamel
and dentin respectively and g(z) is the anisotropy
factor in junction. Coefficients A and B show
which anisotropy dominates from the respective
border. Here z denotes the current coordinate and z,
corresponds to the coordinate at DEJ depth.
Coefficient B indicates how deep the change of
anisotropy in DEJ is.

If we assume also that the A=B=1/2 and
coefficient =1 (in order to ensure almost complete
anisotropy of DEJ in close proximity to the dentin),
we can write:

9(2) =2(g: + =25) 3
Also the coefficients of the scattering are a function
of the wavelength [11]. These functions are

introduced by their polynomial approximations.
The parameters which are required to trace a
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photon path through some arbitrary random
medium are the local absorption coefficient u,,
scattering coefficient ps, and scattering phase
function. Scattering in tissue is characterized by the
Henyey-Greenstein phase function:
1 1—9%,2

p(®) 4m (1+9% ,-2g cos 9)3/2 @)
whereg is the mean cosine of the scattering
anisotropy angle @. This coefficient g is called
factor of anisotropy and is expressed as follows:
g= fo”p(e) cos @ 2m sin 8d6 (5)

The assumption of random distribution of
scatters in a medium, leads to normalization
Jo p(6) 2 sin6do = 1 (6)

Photons are emitted by a source and travel in
straight lines until theyare scattered. The
probability for a photon to be scattered after a
distance dr is defined by
p()dt = e #sdt @)
Hence the cumulative probability of being scattered
after travelling a distance t is
fore_”sfldr’ =1—-eH'=p, (8)

where p;€ [0...1] is a random number. Thus the
distance between scattering events is given by
T= —iln(pl) 9

The azimuthally and polar scattering angles, 0
and v, relative to the previous direction of motion

are given by
Y = 2mp, (10)
Iy p(©" de’ = p, (11)

where p, and ps€ [0...1] are uniformly distributed
random numbers.

Absorption can be taken into account either by
terminating an absorbed photon’s path or by
introducing a weighting scheme. Thereby the
photon’s weight We [0..1] is reducedbetween
successive scattering events according to

W =W'e HaT, (12)
where W is the weight before the interaction, and ¢
is the distance travelled since the lastscattering
event. Photon paths are terminated when either the
weight becomes negligible (by a predetermined
value) the photon leaves the boundary or region of
interest, or hits the detector. In the latter event the
detection count rate is increased by the remaining
photon weight W.

The possibility of internal reflection occurs
when the photon is propagated across the boundary
into the region with a different index of refraction.
The probability that the photon will be internally

reflected is determined by the Fresnel reflection
coefficient R(6,)
sin?(8;—-6¢) tan?(6;—6¢)

1
R(®) = E[sin2(6i+6t) tan?(0,+6;)
Where @; =cos™ u, is the angle of incidence on the
boundary and the angle of transmission & is given
by Snell’s law
n,sing =n,sing, (14)

(13)

where n; and n; are the indices of refraction of the
medium from which the photon incident and
transmits, respectively. The random number p,
uniformly distributed between zero and unit is used
to decide whether the photon is reflected or
transmitted. If p,< R(6;) the photon is internally
reflected, otherwise the photon exits the tissue and
the event is recorded as backscattered light or
transmitted light (when it exits the bottom). If the
photon is internally reflected, then the position and
direction of the photon is adjusted accordingly. For
a slab geometry, infinite in the x and y directions
with a thickness z in the z-direction, the internally
reflected photon position (x",y", z") is obtained by
changing only the z-component of the photon
coordinates

(x", vy, z")z (x,y,~2)ifz<0

(x",y",z")z(x, y,2r —2)ifz<t (15)
The new photon direction (uyuy', 4,') is
(W 1) = (Wit —piz) (16)

and both u, and u, remain unchanged.

A normalized phase function describes the
probability for density function for the azimuth and
longitudinal angles for a photon when it is
scattered. If the phase function has no azimuth
dependence, then the azimuth angle wis uniformly
distributed between 0 and 2x, and may be generated
by multiplying a pseudo-random number p,
uniformly distributed over the interval zero to one
by 2n (v = 2mp,). The deflection angle 0 for an
isotropic distribution is given by

cosd =2p,-1 a7

If a photon is scattered at an angle (6, y) from
the direction (ux, uy, u;) in which it is travelling,
then the new direction (uy’u,', 4,') is specified by

sin @

e = T (b cost = pysing) +pucosd - (19)

Wy, = SiLez (uy n, cos P + quinllJ) + pycos6 (19)
1-pz
p, = —sin@cosy+/1— p2 + p,coso. (20)
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RESULTS AND DISCUSSIONS

We performed numerical method Monte Carlo
using a computer program designed for the specific
case. Into the computer program we used the
following coefficients, as shown in Table 1 [4,5].
The results of numerical calculation are presented
in Table 2.

Table 1. Specific coefficients of enamel and dentin
tissues

Coefficients Enamel Dentin
™ <l,cm? 4, cm?
(L) 18, cm™ 205, cm™*
912 0,93 0,96
Thickness 1, mm 3, mm
Ned 1,63 1,54
Weight 10
A 1064nm

In Table 2 are presented coefficients for
absorption in enamel (Absl) and dentin (Abs2)
respectively as well as reflectance (Ref) and
transition (Tr) coefficients for this biological
structure. These results were obtained by computer
simulation program created by us in Matlab
software package by implementation thirty numbers
of calculations with a total number of 10° photons.

Table 2.Results of numerical calculation

Abs1 Abs 2 Ref Tr

23% 66% 24% 0,34%

Computer calculations are shown graphically in
Figs 3 - 4 for one case of photons penetrating in
tooth tissue.

Y fem] S

Z[em]

Fig. 3. (a) 3D view and (b) 2D (Y, Z axis) view of path
of the penetrating photons.
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Our calculations show that the assumptions
made in the model are selected appropriately and
the obtained results come close to the experimental
results [12, 13]. For the transition of radiation
through the dentine at [12] we have obtained
experimentally 4% with a wavelength of 1064 nm,
laser beam diameter 1 mm and incident energy of
10mJ. The thickness of the test slice is 1 mm. For
this case we have a thickness of 3 mm, i.e. if is
valid the Beer-Bouguer-Lambert law then we must
have approximately 20 times greater attenuation of
radiation. This means that in this case the photons
will have a transition to the amount of 0.2 %.
Computer calculations show value of 0.34 %.

Z[cm]

Fig. 4. Enlarged view of the photons path (Y, Zaxis).

CONCLUSIONS

Use and development of numerical methods, in
particular methods based on Monte Carlo
simulations are an essential part of the whole
scientific study of penetration of laser radiation in
turbid tissues. Monte Carlo modeling has been used
for applying the technique to light dosimetry in
tissue by receiving quantitative estimates of
absorbed and transited radiation through various
components of the tissue, which is very complex
and difficult experimental process.

Acknowledgment: Special thanks to dental
technician M. Stefanov for valuable discussions and
support for preparing this article.
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B HacrosimaTa paboTa € pa3BUT MOAEN 3a YUCICHO MPecMsTaHe Ha NMPOHWKBAHETO Ha JIa3€PHO JhYCHHE B eMaili-
JICHTHH OWOJIOTMYHA THKaH. 3a YUCICHOTO NpecMsTaHe € M3MoJi3BaHa (a3oBa (QyHKUMS, MOAXOAAIIA 32 JaJCHUS
cilyyail, KaKTO M CTaTUCTHYECKH METOJM 3a MOJAEIMpaHe Ha IOBEIeHHETO Ha (QOTOHMTE B MbTHa ThKaH. OT
MOJTyYCHHUTE Ype3 TO3M MOJIEN PE3yJITaTH MOXEM Ja Jo0HeM MpeacTaBa 3a MPEMHHAIOTO JBUCHHE M 3a JIBUYCHHETO,
MOTBJIHATO OT ThKaHTa. lloJ00HM mpecMATaHMS HU IOMaraT 3a IMOAOOpa Ha OINpelesIeHH TeXHUKH 3a Ja3epHO
BB3/ICHCTBUE BHPXY 3b0HA THKaH.
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Terbium doped and europium doped homogeneous glasses from the system Na,O-Al,05-SiO,-NaBO, are prepared.
Glass-ceramics are obtained after thermal treatment of the parent glass at different temperatures and time. The
crystallizing phases, the degree of crystallinity and the particle size are determined. The main crystallizing phase after
thermal treatment is NaAISiO4. X-ray analyses show the presence of Na,SiO; as the second phase. The crystallinity
degree after 24h thermal treatment at 650°C of the glass-ceramic samples is about 90%. The particle size for NaAISiO4
is between 50 and 60 nm, and for Na,SiO; - between 30 and 70 nm. Emission and excitation spectra of the glass-
ceramics show the characteristic peaks of Th* and Eu®*. The main emission peak of Tb*" is °D, —'Fs transition at 549
nm, corresponding to green color. The Th*" excitation spectrum shows the strongest peak located at 379 nm. The main
emission peak of Eu®" is °D, —'F, transition at 612 nm, corresponding to orange-red color. The Eu*" excitation

spectrum shows the strongest peak located at 393 nm.

Keywords: Silicate phosphor, Nano glass-ceramic, Rare-earth ions, X-ray, Photoluminescence

INTRODUCTION

Light emitting diodes (LED) are of special
interest as they are environmental friendly and
efficient energy saving devices [1, 2]. The
commercial white LEDs (WLEDs) can be realized
by combining a blue chip with yellow phosphor or
by combining of blue, green and red (RGB)
emitting tricolor multiphased phosphors [1, 3].
Therefore, it is important to investigate novel
blue, red and green phosphors which show high
emission intensities.

The luminescence behavior of the rare earth
activated phosphors depends strongly on the
composition of the host, concentration of the
activator and methods of preparation [3]. Silicates
are one of the most suitable materials because of
their high chemical and mechanical stability and
various crystal structures [2]. In addition, silicate
glasses and glass-ceramics doped by rare earth
ions are among the most commonly used
materials for optical fibers, wave guides for opto-
electronic communication and color display
devices. Many investigations are published on
Eu®* and Mn?* doped (Ba,Sr)3MgSi,Og [4], Ce**
and Tb** doped Balu,Si;Oy [5], Eu** doped
Ba,Zn,Si;0y; [6], Ce** and Eu** doped CasSi,O-

*To whom all correspondence should be sent:
E-mail: ikosseva@svr.igic.bas.bg
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[7], Ce* and Mn* doped Cas;Sc,SisOr, [8],
Li,SiO; doped by Er**, Eu*, Dy**, sm*, Tb*,
Ce* [9, 10], Eu* doped NaAlISiO, [11], Ce** and
Mn?* doped NaAlISiO, [12], Fe** doped NaAISiO,
[13], Eu** doped NaAlSiO, [14], Tb** doped
NaAISiO, [15], Dy** doped NaAlSiO, [16]. These
compounds are synthesized by conventional solid
state method or by sol-gel method. Compared
with these phosphors and glasses, rare earth doped
glass-ceramics are a good alternative because of
the low cost preparation process, simple
manufacturing procedure, free from halo effect.
Mechanical, thermal, electrical and optical
properties of the material could be improved by
controlled heat treatment of the parent glass [17-
19].

NaAlSiO4 compound is with nepheline like
structure.

The crystal structure of this compound is
hexagonal with space group P63. It consists of
AlOs and SiOs tetrahedra, connected with oxygen
bridges. Charge compensation is achieved by
incorporation of sodium cations in the cavities of
the structure [20, 21]. At room temperature the
nepheline compound also exists in different
polymorphic modifications, depending on the
method of preparation [22, 23]. These
modifications transform themselves to hexagonal
at 160 —200°C [24].
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NaAlISiO4 glass-ceramics are investigated for
optical and  telecommunication  systems
applications, [19, 25], for medical applications
[26, 27], for ceramic hot plates and microwave
ovens [28]. The structure of NaAlSiOs allows
doping by Rare Earth ions.

Tb*" and Eu*" doped phosphor materials have a
strong excitation band in the near UV region. Tb**
ion shows green emission due to ‘Ds—'Fs
transition. The increase of Tb*" concentration
leads to decrease of emission intensity from °Ds,
which is due to cross relaxation between *Ds—'Fi
and 'F)—’Ds Eu’* ion shows orange-red emission
corresponding to *Do—"F1 or *Do—’F2 transitions
[3, 10, 15].

In this paper we report our efforts to obtain
Tb’* and Eu’" doped NaAlSiOs nano glass-
ceramics for LED applications. To our knowledge
this kind of investigations are not published to this
moment.

EXPERIMENTAL

Na:COs (p.a.), Al20s (p.a.), SiO2 (p.a.), H:BOs
(p.a.), TbsO7 (p.a.) and Eu20s (p.a.) were used as
row materials. Glass synthesis were carried out in
a resistive furnace with Kantal heating wire
permitted maximum working temperature of 1200
°C and in a chamber furnace with MoSi2 heating
elements permitted maximum working
temperature of 1550 °C. The temperature was
controlled with Pt/Pt—10%Rh thermocouple and
Eurotherm controller. Glasses were melted in
platinum crucibles. First the mixture was heated at
700 °C for decomposition of the sodium carbonate
and boric acid. Then the melt was heated at 1400
°C during 4h for homogenization and obtained
glass were cooled to the room temperature by
quick removing from the furnace. Finally the
glasses were thermally treated for establishing of
the crystallizing phases. The structural
characterization was carried out by powder X-ray
diffraction using a Bruker D8 Advance powder
diffractometer with Cu Ka radiation and SolX
detector. X-ray diffractograms were recorded at
room temperature. Data were collected in the 26
range from 10 to 80° with a step 0.04° and 1 s
step—1 counting time. X-ray diffractograms were
identified using the Diffractplus EVA program.
The mean crystallite size were calculated from the
integral breadth of all peaks using Scherrer
equation and the TOPAS 3 program 3 — General
profile and structure analysis software for powder
diffraction data, 2005, Bruker AXS, Karlsruhe,
Germany. The area of the amorphous phase was

determined by using a straight line for description
of the background and single line for fitting the
amorphous component. The emission and
excitation spectra where measured on Horiba
Fluorolog 3-22 TCS spectrophotometer equipped
with a 450 W Xenon Lamp as the excitation
source. All spectra were measured at room
temperature.

RESULTS AND DISCUSSION

Our previous investigations show, that the
glasses from the system Na,0O-Al,03-Si0,-B,04
are suitable for preparation of the glass-ceramics
containing  NaAlISiO, phase. For these
investigations  NaAlSiO,-NaBO, = 66:34
component ratio was chosen and the concentration
of the dopants was 0.25, 0.33 and 0.5 at% for Th**
or 0.1 at% for Eu®* related to NaAlSiO,. The
experiments show that the maximal terbium
concentration is 0.5 at.% and the maximal
europium concentration is 0.1 at.%, at which the
homogeneous glasses can be prepared in the
described conditions.

The glasses were thermally treated at 650°C
during 2, 5 and 24 h for determination of the
crystallizing phases, crystal part and mean particle
size of the nano-crystals. These regimes were
chosen on the base of our previous investigations.
The result after thermal treatment at lower
temperatures is a large glass part and small peaks
of NaAlSiO,. Thermal treatment of the glasses at
650°C more than 5h leads to crystallization of
NaAlSiO, and Na,SiO; in both terbium and
europium doped glasses. XRD patterns of the
terbium doped glass treated at 650°C during 24h is
shown in Fig. 1.

* NaAISiO4 PDF 88 1231
* NaAISiO, PDF 52 1342

# Na,SiO, PDF 16 0818

Intensity [a.u.]

2 © [deg]

Fig. 1. XRD patterns of the terbium doped glass
ceramic treated at 650°C during 24h.
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Crystal part of the samples doped by 0.5 at.%
Tb® or 0.1 at% Eu* treated at 650°C with
different duration and the ratio between two
crystallizing phases NaAlISiO, and Na,SiO; are
presented in Table 1. As can be seen from the
table, terbium makes the crystallization process
more difficult in thermal treatment during 5h. So
the crystallinity degree of terbium-doped glass-
ceramic is 54%, while the degree of crystallinity
of europium-doped glass-ceramic is 78%. The
crystallinity degree after 24h thermal treatment is
about 90%. XRD patterns of the samples treated
at 650°C for 5 and 24h, presented in Fig. 2, show
the same tendency. The intensity of the peaks is in
a good collation with the crystallinity degree.

Table 1. Crystal part of the samples doped by 0.5 at.%
Tb** and 0.1 at.% Eu®* treated at 650°C with different
duration [%] and ratio between two crystallizing phases
NaAISiO, and Na,SiO;,

Sample
Th:NaAISiO, Eu:NaAlSiO,
Time[h]

2 glass

5 54% 78%
68:32 69:31

24 88% 90%
71:29 70:30

Tbs'doped glass-ceramic Eu3+doped glass-ceramic

24h 24h
3 MAWLL | 5
S Wi U i S MW Gt
2 2
@ 5h 2 5h
[} 8]
= IS
\’"'w' [, /|
"-‘Vw""""\,w_._‘_,w, e W ot i ks
10 30 40 50 60 10 20 %0 4% 50 60
20 [deg.] 0 [deg.

Fig. 2. XRD patterns of the samples doped by 0.5 at.%
Tb and 0.1 at.% Eu treated at 650°C during 5 and 24h.

The ratio between the two crystallizing phases
NaAlSiO, and Na,SiO; is 70:30 and does not
depends on the dopants and thermal treatment
time. The mean particle size for NaAlSiO,
nanocrystals is between 50 and 60 nm and weak
depend on the dopants and thermal treatment time.
The particle size of Na,SiO; nanocrystals is
between 30 and 70 nm.

Emission and excitation spectra of 0.5 at.%
Tb* doped sample and 0.1 at.% Eu doped sample
treated at 650°C during 24h are presented in Fig.
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3. The Tb*:NaAlSiO, glass-ceramic excitation
spectrum covers the range from 300 to 500 nm.
The sample shows characteristic transitions of
Tb*: "Fe—°H; transition for 317 nm, 'Fs —°D,
transition for 350 nm, 'Fs —°L,, transition for 357
nm, ‘Fs —°D; transition for 379 nm, and the "Fq
—°D, transition for 482 nm. These lines are
attributed to the f—f transitions of Tb**. The
strongest peak is located at 379 nm corresponding
to the 'Fg —°Dj transition.

Tb* doped glass-ceramic £u>* doped glass-ceramic

A=379 nm ‘D,-F, b =393 nm °D,-F, b

1

Intensity [a.u
Intensity [a.u.]

T r T T T T T T
400 450 500 550 600 500 550 600 650 700
Wavelenght [nm] Wavelenght [nm]

m_“"

Intensity [a
Intensity [a.u.]

ot
o 8%
-3 ol
R

g
»“a

e ©

r T 7 ¥ T T T T T
300 350 400 450 500 250 300 350 400 450 500
Wavelenght [nm] Wavelenght [nm]

Fig. 3. Excitation (a) and emission (b) spectra of the
0.5 at.% Tb doped glass-ceramic sample and 0.1 at.%
Eu doped glass-ceramic sample treated at 650°C during
24h. CIE 1931 coordinates for Th** doped sample
x=0.23, y=0.27. CIE 1931 coordinates for Eu** doped
sample x=0.45, y=0.29.

The main emission peak of Th*:NaAISiO,
glass-ceramic is °D, —'Fs transitions at 549 nm,
corresponding to green color. Other transitions
from 5D3 —>7F5, 5D3 —>7F4, 5D4 —>7F5, 5D4 —>7F4
and °D, —'F; are located at 415, 436, 458, 485,
583 and 620 nm [3, 29].

The Eu*:NaAlSiO, glass-ceramic excitation
spectrum covers the range from 300 to 500 nm.
The sample shows characteristic transitions of
Eu®": "Fo—°Hj; transition for 320 nm, 'F, —°D,
transition for 361 nm, 'F, —°L; transition for 380
nm, 'Fy, —°Lg transition for 393 nm, 'F, —°Ds
transition for 413 nm, and 'F, —°D, transition for
463 nm. These lines are attributed to the f-f
transitions of Eu®". The strongest peak is located
at 393 nm corresponding to the 'Fy —°Lg
transition. The band around 250 nm is due to the
charge transfer Eu**-0*,

The main emission peak of Eu*":NaAlSiO,
glass-ceramic is °Dy —'F, transitions at 612 nm,
corresponding to orange-red color. Other
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transitions from °D, —'F;, D, —'F; and °D,
—'F, are located at 592, 653 and 704 nm. The red
emission at 612 nm is an electric dipole transition
and displays the highest intensity. The orange
emission at 592 nm is allowed magnetic dipole
transition. The second emission intensity is lower,
which indicates that Eu®* ions occupy sites
without an inversion center [3, 30, 31].

Comparison of the samples with different
concentrations of terbium ion is shown in Fig. 4.
It is seen that the Tb** emission is the most intense
at a concentration of 0.5 at% in the investigated
concentration range.

0.5at.% Tb
— — 0.33at.% Tb
—- 0.25at.% Tb

A=379 nm

Intensity [a.u.]

T T
500 550 600
Wavelenght [nm]

Fig. 4. The emission spectra of samples with different
terbium ion concentration.

Comparison of the spectrum of Th*:NaAISiO,
glass-ceramic with those of the sol-gel prepared
Tb*:NaAlISiO, powder [15] show difference in
the range 400-530 nm. The peaks in the first
spectrum are more intensive and clearer. This may
be due to the additional emission from some part
of the glass and Na,SiO; as the second phase. The
spectrum of Eu**:NaAlSiO, glass-ceramic is very
similar to the spectrum published for Eu®** doped
NaAlSiO,-NaYSigO,s glass-ceramic [31].

CONCLUSION

Terbium doped and europium doped
homogeneous glasses from the system Na2O-
AL0;3-Si102-NaBO: are prepared with the highest
concentration of the dopants 0.5 at% for Tb*" and
0.1 mol% for Eu’". Glass-ceramics are obtained
after thermal treatment of the parent glass at
different treatment time. The main crystallizing
phase after thermal treatment at 650 °C with
different duration is NaAlSiO4 and some presence
of Na:SiOs as a second phase is detected. The
ratio between these two phases is 70:30. The

crystallinity degree of the glass-ceramic samples
could reach up to 90%. The particle size for the
two crystallizing phases is between 30 and 70 nm.
Emission and excitation spectra of the glass-
ceramics show the characteristic peaks of Tb*" and
Eu’".

The obtained results show that as prepared
terbium doped NaAlSiOs glass-ceramics could be
used as a green phosphor. Europium doped
NaAlSiO4 glass-ceramics could be used as an
orange-red phosphor. It would be interesting to
find a suitable terbium and europium
concentration into the glass-ceramics, giving the
mix between these two colors.
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JIOTUPAHA C TEPBMIA 1 EBPOITNMII HAHOPA3BMEPHA CTHKJIOKEPAMUKA ChIBPXKAILIA
NaAlSiO, 3A MMTPUJIOXKEHUE KATO JIVMUHECHEHTEH MATEPUAJI
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(Pesrome)

CuHTe3upaHu ca JOTHpPaHdW ¢ TepOHMii M eBpPOIHii XOMOreHHHM CThKia oT cuctemara Na,O-Al,05-Si0,-NaBO,.
CThKIOKEpaMHKaTa € MOJydeHa Clie/l TePMUYHO TPETHPAHE Ha Te3H CTHKJIA IPHU PA3IUYHH TEMIIEPATypH C Pa3iHyHa
NpOIBIDKUTENHOCT. OnpeieNieHn ca Kpuctanuupaiure a3y, CTeNeHTa Ha KPUCTATHOCT M pa3Mepa Ha 4YacTHIUTE B
cThkIoKepamukata. OCHOBHAaTa KpucTanu3upaiia ¢asa cien repmudao tperupane ¢ NaAlSiO,4. PentrenoBute aHamusu
nokaspat HannureTo Ha Na,SiO3 kato Bropa kpucranusupaiia ¢asza. CTenenra Ha KPUCTATHOCT HA CTHKIOKEpaMHUKATa

cren TepMudHO Tpethpane npu 650°C B npoabiokenne Ha 24 yaca e 0kojio 90%. PasmepsT Ha yactuimte Ha NaAlSiO,

e mexxay 50 u 60 nm, a Ha Na,SiO3 — mexay 30 u 70 nm. CriekTpuTe Ha eMUCHS U Bb30Y)KIaHe Ha CThKIOKEpaMHKaTa
I0Ka3BaT XapakTepHuTe 3a Houute Th®* u EU®* muxose. OcHoBHUAT emucHoHeH muk 3a Th** ce xbmku Ha npexona °Dy
—'Fs u e noxkammsupan npu 549 nm, oTroBapsny Ha 3ejeH uBsT. CIeKThPHT HA BH3GYIKIAHE NI0KA3BA HAN-UHTEH3HBEH
vk ipu 379 nm. OcHOBHUSIT eMucHoHeH ik 3a EU®* ce gpimku Ha npexoma “Dy —'Fou e nokammsupas npu 612 nm,
OTroBapslll Ha OpaH)XeBO-4epBeH UBsIT. CIEKThPBT Ha Bb30YKAaHe MT0Ka3Ba Hal-HHTEH3UBEH MUK mpu 393 nm.
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Preparation of chromium doped glass-ceramics containing NaAISiO,
and NasB;0Og phases
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Pure and chromium doped homogeneous glasses from the systems Na,O-Al,03-SiO, and Na,O-Al,05-Si0,-B,04
are prepared. Transparent glass-ceramics are obtained after thermal treatment of the parent glass at different
temperatures and time. The crystallizing phases, the degree of crystallinity and the particle size are determined.
Absorption and emission spectra are presented for the glass-ceramic sample with crystallizing phases NaAlSiO, and
Na;B30s. The spectra show co-existing emission of the Cr** and Cr** ions and are discussed in the terms of Cr®" and

Cr** ions.

Keywords: NaAlSiO,4, chromium doped glass-ceramics, X-ray diffraction, absorption and emission spectra

INTRODUCTION

Tunable lasers are widely used in medicine and
engineering. They allow customizing the laser
radiation wavelength depending on the specific
application. Especially attractive are lasers
operating in the near infrared range (1.1 - 1.6 um),
important for optical communications, remote
sensing and biomedical applications (as called eye-
safe wavelength range). Suitable active ion emitting
in this range is Cr** being in tetrahedral position.
Therefore, a proper for Cr*" doped laser matrix is
particularly important. Obtaining of single crystals
from many silicates, germinates and garnets is
connected with different technological problems [1-
10]. In recent years more researchers are interested
in obtaining of glass-ceramics substituting the
relevant single crystals. Chromium doped glass-
ceramics obtaining is published for different
compounds - Cr*:Mg,SiO, [11], Cr**:Ca,GeO,
[12], Cr*":LiGaSiO, [13, 14], Cr*:Li,ZnSiO, [15],
Cr*:Li,SiO, [16], Cr*:YAG [17]. Most of these
glass-ceramics are connected with too high glass
melt and homogenization temperatures.

In this paper the investigation of Cr** doped
glass-ceramics from the systems Na,O-Al,05-SiO,
and Na,O-Al,05-Si0,-B,0; glasses is reported.
Crystallizing from these glasses compound
NaAlSiO, is with nepheline like structure. The

crystal structure is hexagonal with space group P6;.
It consists of AlO, and SiO, tetrahedra, connected
with oxygen bridges [18, 19]. Nepheline compound
exists at room temperature also in different
polymorphic modifications, depending on the
method of preparation [20-22]. Non-doped
nepheline glass-ceramics were investigated for
optical and telecommunication systems applications
[23], for medical applications [24, 25], for ceramic
hot plates and microwave ovens [26].

The presence only of AlO4 and SiO, tetraherda
in the nepheline structure is favorable for doping of
the matrix with chromium ion in 4+ state of
oxidation. To our knowledge this kind of
investigations are not published to this moment.

EXPERIMENTAL

Na2C03 (p.a), A|203 (p.a), S|02 (p.a.), H3803
(p.a.) and Cr,03 (p.a.) was used as row materials.
Glass synthesis were carried out in a resistive
furnace with Kantal heating wire permitted
maximum working temperature of 1200°C and in a
chamber furnace with MoSi, heating elements
permitted maximum working temperature of
1550°C. The temperature was controlled using a
Pt/Pt-10%Rh thermocouple connected to a
Eurotherm controller. Glasses of the desired
compositions were melted in platinum crucibles.
First the mixture was heated at 700°C for
decomposition of the carbonates and boric acid and

* To whom all correspondence should be sent:

Wh( on then the powder was heated at the proper
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temperature for homogenization. As obtained glass
were cooled to the room temperature by quick
removing from the furnace. Some of the glasses
were quenched by pouring onto a steel plate and
pressing with another steel plate. The prepared
glasses were thermally treated for phase nucleation
into the glass. Structural characterization was
carried out by powder X-ray diffraction (XRD)
using a Bruker D8 Advance powder diffractometer
with Cu Ko radiation and SolX detector. X-ray
diffractograms were recorded at room temperature.
X-ray diffractograms were identified using the
Diffractplus EVA program. The mean crystallite
size was calculated from the integral breadth of all
peaks (Pawley fit) using Scherrer equation and the
TOPAS 3 program.3 — General profile and structure
analysis software for powder diffraction data, 2005,
Bruker AXS, Karlsruhe, Germany. The area of the
amorphous phase was determined by using a
straight line for description of the background and
single line for fitting the amorphous component.
The particle morphology were determined using a
Transmission electron microscopy JEOL model
JEM 200 CX accomplished with EM-ASID3D
scanning attachment, working in secondary
electrons regime. Specimens were covered with
carbon-gold film. The particle size distribution was
determined by the micrographs using Lince v2.4 —
Linear Intercept program. The UV-Vis spectra
were taken with a Thermo Evolution 300 UV-Vis
Spectrophotometer equipped with a Praying Mantis
device. The emission spectra where measured with
813.4 nm excitation by laser diode ATC-C1000-
100-TMF-808-10. InGaAs 1D-441-C was as
detector in near infrared. The emissions from a
black body specimen at determined temperature
were utilized for standardization of the data. All
spectra were established at room temperature.

RESULTS AND DISCUSSION

Two series of glasses were synthesized:

1. Glasses from the system Na,O.Al,03.2Si0,-
Na,0.SiO, with different ratio between the two
phases. The ratio is conforming to the phase
diagram Na,O-Al,05-SiO, [27, 28]. The glasses are
with eutectic composition between
Nazo.A|203.28i02'Nazo.Si02 at 915°C or on the
isotherms at 768 and 900°C in the field of nepheline
crystallization;

2. Glasses from the system NaAISiO4,-NaBO,. It
was expected that NaBO, decrease the melting and
homogenization temperature of the glass and by
increasing of the viscosity to suppress the glass
crystallization during its cooling.
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The obtained glasses were thermally treated at
different temperatures and with different duration.
The content of the glasses, the homogenization
temperatures, the homogenization time, the thermal
treatment temperatures, the thermal treatment time
and the crystallizing phases obtained after thermal
treatment are listed in Table 1.

As can be seen from the table, for the glasses
numbered from 1 to 4 higher temperature for
homogenization is required, but the process time is
shorter. In the opposite, the glasses containing B,Os
numbered from 5 to 7, homogenized at significant
lower temperature (200°C lower). At this lower
temperature the evaporation of B,O; is absent. Of
course, the homogenization time in this case is
longer. In all investigated glasses under the
described conditions of thermal treatment except
the desire phase another phases are observed. In the
glasses 1, 2 and 4 this phase is Na,SiO; (Fig. 1). In
the borate glasses the second phase depends on the
content of the chromium oxide. In non-doped glass
crystallizes NaBO, (Fig. 2a). In the glasses doped
by 5 at.% Cr, a part of Cr,0O; crystallizes as a
second phase (Fig. 2b). The quantity of the Cr,0O;
decreases with increasing of the treatment time. IN
the glasses doped by 2 at% Cr, NazB3Og
crystallizes as a second phase (Fig. 2c). We choose
to investigate more detailed glasses with
composition 7. This glass could be obtained at
lower temperature. In addition, the desired phase
NaAISiO, mainly crystallize after thermal treatment
and non-desired Cr,0; do not crystallize. X-ray
patterns of the received glass-ceramic samples
treated at different temperatures and time using the
glass composition 7 are presented on Fig 3. The
results for crystal part of some samples, calculated
from the X-ray patterns, the glass transparency
evaluated microscopically and the particle size,
calculated according to Sheerer equation are given
in Table 2.

As can be seen, the crystallinity part and the
transparency are in good agreement. Glass treated
at 540°C for 4 h is 58% crystallized and transparent.
Glasses treated at 560°C for 2 and 4 h are 28 and
73% crystallized respectively and transparent.
Glasses treated at 560°C for 8 h and at 580°C for 4
h are 100% crystallized and opaque. So, the time
treatment has a greater influence in the beginning
of the crystallization. After treatment more than 4
hours the crystallization rate decreases. The
opposite effect is observed in the temperature
dependence — as the temperature is higher, the
greater part of the glass crystallizes, but the process
speed is lower up to 560°C.
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Fig. 1. XRD patterns of the glass-ceramics obtained from the glass compositions numbered 1, 2 and 4 treated at 700°C
24h (a), 600°C 24h (b) and 600°C 16h (c) respectively.

Table 1. Glass composition, thermal treatment temperatures, thermal treatment time and crystallizing phases obtained

after thermal treatment.

Glass composition Homogenization Duration Thermal Duration Crystalized
[wit%] temperature [h] treatment [h] phases after
[°C] temperature thermal
[°C] treatment
1. Na,0.Al,03.2Si0,- 1300°C 3 700°C 1 glass
Nazo.SiOZ =47:53
2 at% Cr 700°C 24 NaAISiO,
Eutectic at 915°C Na,SiO;
2. Na,0.Al,03.2Si0,- 1300°C 3 600°C 16 NaAlSiO,
Nazo.SiOZ =47:53 Na28i03
5at% Cr
Eutectic at 915°C 600°C 24 NaAlSiO,
Na,SiO;
3. Na,0:Al,03:2Si0, = No homogenization 6
30:11.5:58.5
Isotherm at 768°C
4, Na,0:Al,05:2Si0, = 1300°C 3 600°C 16 NaAlSiO,
37:13:50 Na,SiO;
5at% Cr
Isotherm 900°C
5. NaAlSiO,-NaBO, = 63:37 1100°C 24 550°C 16 NaAlSiO,
N3802
6. NaAlSiO,-NaBO, = 1100°C 24 500°C 24 glass
66:34
5at% Cr 520°C 16 glass
4 NaAlSiO,
550°C 12 Cr,03
16
7. NaAlSiO,-NaBO, = 66:34 1100°C 24 540°C 4 NaAISiO,
2 at% 8 NazB;0s
12
16
560°C 2 NaAlSiO,
4 NazB3O¢
8
12
580°C 1 NaAlSiO,
2 NazB;0s
4
8
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Fig. 2. XRD patterns of the glass-ceramic obtained from glass composition numbered from 5 to 7. (a) — composition 5
treated at 550°C 16h; (b) - composition 6 treated at 550°C 12h; (¢) composition 7 treated at 580°C 8h.
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Fig. 3. XRD patterns of the glass-ceramic obtained from the glass with composition numbered 7 treated at (a) 540,
560 and 580°C during 4h; (b) 540, 560 and 580°C during 8h; (c) 560°C during 2, 4, 8 and 12h.

Table 2. Crystallinity part into the parent glass [%], transparency and particle size [nm] of the thermal treated samples:

Time 1 2 4 8 12 16
°C
540 58%
Transparent Translucent Opaque Opaque
45 nm 28 nm 34 nm 36 nm
560 28% 73% 100%
Transparent Transparent Opaque Opaque
30 nm 35nm 35nm 40 nm
580 100%
Transparent Translucent Opaque Opaque
41 nm 35nm 36 nm 50 nm

The particle size is in the range 30-50 nm and
weak depends on the temperature and the time
treatment. This results show that after the beginning
of the crystallization, the increasing of the time
treatment or increasing the temperature leads not to
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expanding of the seeds, but to arising of the new
particles.

SEM micrographs of the different part of the
glass-ceramic treated at 560°C during 4 hours are
presented on Fig. 4 a, b, c. The particles are located
predominantly on the surface of the sample. They
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are relatively regular distributed between 5 and 45
nm and with an average size of 25 nm. The particle
distribution is presented on Fig. 4d.

2 25 % 35 40 45 50

Particle size [nm]

Fig. 4. SEM micrographs of the glass and different part
of the glass-ceramic treated at 560°C during 4 hours: (a)
— glass, (b) — center of the glass-ceramic, (c) — edge of
the glass-ceramic and (d) - particle distribution and
average particle size of the same glass-ceramic.

Absorption spectra of the glass and glass-
ceramic samples (Fig. 5a) show similar chromium
ions absorption bands belonging. The absorption
spectra consist of strong absorption bands between
520 and 760 nm and the weak band near infrared
absorption between 800 and 1100 nm. According to
the literature [12, 29], in the region 520-800 nm the
strong band is “A,—"T, transition of the Cr** ion.
Maximum in our glass and glass-ceramic is
observed at 625 nm. Multiplet bands at 650 nm
may be caused to the of *A,—>T; transition of Cr*.
The *A,—°T, absorption band of the tetrahedral
Cr** centers overlap with the *A,—"T, absorption
band of octahedral Cr** centers. Another band from
800 to 1100 nm is due to *A,—°T, transition of
Cr**. There is more intense absorbance in the glass-
ceramic sample compared with the initial glass. So,
absorption spectra show the different oxidation
state of chromium ions (Cr** and Cr*").

The emission spectra (Fig. 5b) overlap from
1000 to 1500 nm. There is a strong peak at 1067
nm and a weak and wide one at 1340 nm. The
emission spectra shows different oxidation states of
the chromium ions in the glass-ceramic samples. In
accordance to the absorption spectra the first

emission peak could be attributed to ‘T,—'A, of
Cr* ions and second peak is attributed to *T,—°A,
of Cr** in tetrahedral occupation. Such summarized
emission spectra is expected [12, 30], taking into
account the existence of three matrix (residual
glass, NaAISiO, and NazB;Os), where the
chromium ion could be incorporated.

: ---=- glass
H —— glass-ceramic

Absorption
Emission [a.u.]

T T T T T T T T
400 600 800 1000 1000 1100 1200 1300 1400 1500 1600

Wavelenght [nm] Wavelenght [nm]

Fig. 5. Absorption and emission spectra of the glass-
ceramic samples obtained from the glass with
composition humbered 7 treated at 580°C for 1 hour.

CONCLUSION

Pure and chromium doped homogeneous glasses
from the systems Na,O-Al,03-SiO, and Na,O-
Al,03-Si0,-NaBO, are prepared. Transparent glass-
ceramics are obtained after thermal treatment of the
parent glass at different temperatures and time. The
crystallizing phases, the degree of crystallinity and
the particle size are determined. In all thermal
regimes NaAlSiO, appears. Except NaAlSiOy,,
different phases crystallize depending on the glass-
composition and treatment conditions. The glass-
ceramics are transparent to the crystallization
degree of about 75%. The mean particle size is
about 25 nm and weak depends on the thermal
treatment time and the thermal treatment
temperature. Absorption and emission spectra of
the sample with crystallizing phases NaAlSiO, and
NazB30¢ doped by 2 at% Cr show co-existing of the
Cr® and Cr* ions and are discussed in the terms of
Cr¥ and Cr** ions.
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1
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[TocTenuna Ha 10 oxromBpu 2016 r.; kopurupana Ha 10 HoemBpH, 2016 1.

(Pesrome)

CuHTe3upaHu ca YUCTU U JOTHPAaHH C XpPOM XOMOreHHH cThkia oT cuctemutre Na,0-Al,05-SiO; u Na,O-Al,0s-
Si0,-B,0; . IIpo3pauHu CTHKIOKEPaMHKH Ca IMOJYYeHH CJEJ TePMHUYHO TPETHpaHe Ha CThKIAaTa MPU pasiudHA
TEMIIEpaTypH | ¢ pa3jiniHa NPOABIDKUTENHOCT. OIpeseseHu ca KpucTanuzupamuTe $asu, CTeleHTa Ha KpUCcTann3amms
n pa3MepbT Ha dactuiure. IlpeacTaBeHH ca CIIEKTpW Ha abcopOLUst M €MHCHS 32 CTBHKJIOKEPAMHUYHHM O00pasiy C
kpucrammupanty pazu NaAlSiO, u NagB;0s. CriekrpuTe mOKa3BaT ¢IHOBPEMEHHOTO MPHCHCTBHE Ha Horu Cro u Cr'
¥ ca 06CH/ICHH OT [JIe[HA TOUKA HA CHEPreTHUHHTE HuBa Ha orute Cr* u Cr',
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3D profilometry of the fracture line in endodontically treated premolars, restored with
metal posts
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Endodontically treated teeth tend to be more fragile and susceptible to fracture than vital ones. There are numerous
techniques used for their restoration, but the assessment of the survival rates is limited because of the difficulties in
diagnostics. The aim of our study was to investigate the application of 3D profilometry for the visualization of cracks
and vertical root fractures in endodontically treated teeth. Eighteen extracted premolars, restored with prefabricated
metal posts and composite resin, were used. They were divided into 3 groups according to the extent of lost coronary
hard dental tissues. After thermocycling, they were tested in a standard mechanical test machine until fracture. The
fracture lines were visualized using 3D Profilometry. The results showed deeper, wider cracks with a vertical direction
towards the apex of the roots in the groups with extensive tissue loss. In conclusion, 3D profilometry proved to be a
quick, easy and highly informative method for assessing vertical root fractures.

Keywords: profilometry, fracture resistance, premolars, vertical root fractures, cracks.

INTRODUCTION

Endodontic treatment is usually associated with
a reduction in the fracture resistance and the
resilience of the treated teeth [1]. This leads to an
increased number of vertical root fractures (VRF),
extraction of the tooth and subsequent
prosthodontic  treatment [2]. The reduced
mechanical properties of endodontically treated
teeth (ETT) could arise from a variety of factors:
changes in the moisture content of dentin with
aging and loss of pulp tissue [3], disintegration of
the organic matrix [4], the extent of tooth structure
reduction, as well as the restorative procedures
used. The different treatment options include: size,
diameter, length and material of the cemented post,
the presence of a ferrule and the cementation of an
appropriate crown [5].

The influences of these factors have been
extensively studied. Nevertheless, the options for
the assessment and visualization of the cracks and
fractures of ETT, remain limited. In many cases,
the VRF are not diagnosed until after the extraction
of the tooth in question. The prevalence of fractures
reported in clinical practice varies between 8.8 —

10.9 % [6, 7]. Still, the real percentage is believed
to be much higher, the reason being the difficulties
in diagnosing and assessing them.

3D profilometry is a fast, accessible and highly
informative  contemporary method for the
measurement of a surface’s profile. It provides both
gualitative and quantitative information of the
examined object’s roughness and topography. One
of the main advantages of profilometry is that there
is no need for any preliminary sample preparation
and there is no contact with the sample’s surface.
Therefore, the objects involved in the study cannot
be damaged in any way.

The highly detailed information, provided by the
method, is ideal for registering the subtle changes
that can occur in hard dental tissues. In dentistry, it
has been mainly used for the evaluation of enamel
surfaces after treatment with different abrasive
techniques [8]. Another possible application is for
the assessment of the qualities of new dental
materials, such as orthodontic wires that can lessen
biofilm adaptation, reduce friction and improve
corrosion resistance [9].

There is no available information in the
literature about the use of 3D profilometry in the
studying of vertical root fractures. Therefore, the
aim of our experiment was to explore the potential
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of this technique in assessing the depth, width and
topography of cracks that occur in ETT.

MATERIALS AND METHODS

Eighteen human, single root premolars, free of
cracks and defects were extracted for orthodontic or
periodontal reasons. They were stored in 0.2%
thymol solution for no longer than three months.
The bucco-lingual and mesio-distal widths of the
crowns were measured and only teeth of similar
sizes were selected for the experiment. They were
divided in 3 groups (n=6): teeth with a prepared
endodontic cavity only (E), teeth prepared with a
mesio-occlusal cavity (MO) and teeth prepared
with a messio-occlusal-distal cavity (MOD). All of
the samples were restored with rigid, passive
stainless steel prefabricated posts and composite
resin.

The teeth were then thermocycled for 5000
cycles between 5+5°C and 55+5°C (LTC 100,
LAM Technologies, Italy). Subsequently, their
roots were embedded in self-curing resin to a
level 2 mm apical to the cementoenamel junction
(CEJ) using a modified technique, proposed by
Soares et al. [10]. The periodontal ligament was
simulated using a polyether-based impression
material (Impregum Garant L Duo Soft, 3M
ESPE).
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Fig. 1. Typical load-strain diagram of premolars,
restored with metal posts.

The specimens were loaded in compression
along the axis of the tooth until failure in an
universal testing machine Ful000e at a cross-
head speed 4mm/min. For each groups, a
diagram of the load at initial fracture was
recorded (Fig. 1). Afterward, the mean failure
loads were calculated. One-way analysis of
variance (ANOVA) was applied to determine
statistically ~ significant ~ differences.  The
significance level was established at a P value <
0.05. They were then examined under
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magnification for fracture lines determination.
One representative tooth of each group was
selected for examination with 3D profilometry.
The profilometer used was Zeta-20 (Zeta
Instruments) with vertical resolution <1 mm,
field of view between 0.006 mm? and 15 mm?
and magnification of 5x, 20x, 50x and 100x. The
examined region of the tooth was the coronal 1/3
of the root for all the specimens. At each Z
position, the profiler records the XY location and
the precise Z height of the pixels and this
information is used to create a true color 3D
image and a 2D composite image.

RESULTS AND DISCUSSION

The summarized results of the width and
depth of the examined cracks are presented in
Table 1.

Table 1. Width and depth of the cracks for each of the
representative teeth (E — endodontic cavity, MO —
mesio-oclusal cavity, MOD — mesio-occlusal-distal
cavity).

Group Width (um) Depth (um)
E 3.2-65 4-78
MO 25-28 14-31.7
MOD 96.7 — 107.6 68.4 — 148.6

A 3D image of the surface topography for
each representative tooth is presented in Fig. 2 —
Fig. 4.

/Ya 0 R
///,)
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Fig. 2. Topography of the representative sample from
group E (50x magnification).

In endodontics, 3D profilometry has been
mainly used for the assessment of dentin’s
roughness, after treatment with different



Karteva et al.: 3D profilometry of the fracture line in endodontically treated premolars...

medicaments. Yassen et al. investigated the
effect of various endodontic regeneration
protocols (NaOCIl, CaOH, EDTA and antibiotic
paste) on dentin [11]. The surface roughness was
characterized using optical profilometry and the
results showed a significant increase in the
groups treated with a combination of NaOCI and
EDTA. A different approach was successfully
attempted by Larimer et al. [12]. Instead of using
profilometry on hard dental surfaces, they
attempted to measure the biofilm thickness from
initial colonization to maturity.
O

0 pm 74 pm

Fig. 3. Topography of the representative sample from
group MO (50x magnification).

0 pm 170 pm

Fig. 4. Topography of the representative sample from
group MOD (20x magnification).

The evidence, presented in the literature,
shows that profilometry can successfully be used
not only in the general field of dentistry, but also
in endodontics. This is confirmed by our results.

The traditional method for assessment of vertical
root fractures is the use of a stereomicroscope
[13, 14]. Another way for achieving a better
visualization is through the use of different dying
techniques [15]. These  methods, like
profilometry, provide a quick and easy way of
investigating cracks, without the need of any
sample preparation. They, however, rely only on
the subjective visual assessment of the operator,
in order to determine the severity of the
cracks/vertical root fractures. In contrast, the
method of profilometry can provide quantitative
information about their depth and width.

In our study, there is a clear tendency in the
formation of wider and deeper cracks on the
surface of the teeth with the increase in dental
tissue loss (Table 1). This is in agreement with
the information that is available in the literature.
Teeth with extensive cavity preparations and loss
of dentin (because of caries, fracture and
endodontic treatment) tend to be more fragile and
show higher rates of catastrophic vertical root
fractures. According to Reeh et al., endodontic
treatment alone decreases the fracture resistance
of premolars with 5%, but when combined with a
mesio-occlusal or mesio-occluso-distal
preparation, the percentage rises to 20% and
63%, respectively [16].

The obtained 3D images of the surface
topography are also highly informative. The
image of tooth in the group with endodontic
cavity only (Fig. 2) shows a network of narrow
cracks that span vertically towards the apex, as
well as horizontally. In contrast, the images of
the teeth in the groups with MO and MOD
cavities (Fig. 3 and Fig. 4) show one wide, deep
crack that extends towards the apical region.
Therefore, in teeth without extensive loss of
dentin, the formation of the cracks tends to be in
a more horizontal direction, which in turn can
result in a more favourable outcome. Teeth with
cracks that do not extend beyond the coronal 1/3
of the root can be restored with a combination of
surgical or orthodontic methods. On the other
side, the deep, vertical fracture lines observed in
the teeth with extensive loss of dentin (groups
MO and MOD), are less likely to be restorable.
In most cases, the only choice of treatment
remains the extraction of the tooth, in
combination with prosthodontic or implant dental
treatment.

CONCLUSIONS
In conclusion, the method of 3D profilometry
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3D ITPOOPUIJIOMETPUA HA EHIOAOHTCKU JIEKYBAHU ITPEMOJIAPU, BE3CTAHOBEHU C
METAJIHU IIUO®TOBE
E. K’preBal, H. MquopOBal, 11B. BaGesa®, [I. HameneBaS, C. BJIaJZ[I/IMI/IpOBl
! Kameopa no Onepamugno 3v6oneuenue u endodonmus, Paxynmem no denmanna meouyuna,
Meouyuncku ynugepcumem — Ilnosous, bvieapus
2 Hnucmuym no Onmuunu mamepuanu u mexuonoeuu, Bvreapcka Axademus na Hayxume, Coqus, Bvreapus
¥ Uncmumym no mexanuxa, Bvieapera Axademus na Hayxume, Cogpusi, Bvnzapus

IMoctrenuna Ha 10 okromBpu 2016 r.; Kopurupana Ha 20 HoemBpH, 2016 T.

(Pesrome)

Ennononrcku nexyBanure 3p6u (EJI3) ca mo-kpexku W momaTnuBu Ha (PakTypd OT BHUTAIHUTE.
ChpimecTByBa pazHooOpa3re OT TEXHUKH M MaTepHalld 32 TSIXHOTO BH3CTAHOBSIBAHE, HO BH3MOXKHOCTUTE 34
OllCHKa Ha TIPEXKUBSEMOCTTa Ha JIeKyBaHWTE 3h0M ca orpanndeHd. OCHOBHM IPHYMHH 33 TOBa ca
TPYJHOCTUTE B JAMArHOCTUKATa, MPE] KOUTO CE M3MpaBs BCEKH JIEKap MO JEHTalHa MeauuuHa. llenra Ha
HaIIeTO HW3CJe/BaHE € Ja C€ OIEHAT Bb3MOxHOcTHTe Ha 3D mpodmmomerpusita 3a Builyain3anus Ha
MyKHATHHUTE ¥ BEPTHKATHUTE KOpeHOBU (pakTypu, kouto HactenBar npu EJI3. B wuscnenBanero ca
BKIIIOYEeHH 18 eKxcTpaxupaHH NpeMoJiapa, Bb3CTaHOBEHH C (aOpHyHH METalHH IIU(PTOBE U KOMIIO3UTEH
Matepuai. OOpasuure ca pasnpeaeieHd B 3 TPYIH, CIOpel CTENeHTa Ha 3ary0a Ha KOPOHApHU TBBPIU
300N ThKaHu (T3T). Cnex TepMommknnpane, Te ca MOUIOKEHN HA TeCT 3a (hpakTypHa M3APHKIMBOCT B
CTaHJapTHA U3MUTATEIIHA MAIIMHA, IO HACTHIIBAaHETO Ha (hpakTypa. OpakTypHHUTE JIMHUM ca BU3YyaTU3UPAHU
¢ nomomra Ha 3D mpodunomerpus. Pesynrarure 3a rpymnute ¢ excreHsuBHa 3aryba Ha T3T mokasBat
HaJIMYUETO Ha MyKHATHHU C ToJisiMa IIMPHHA M TBHJIOOYMHA, KOUTO CE€ Pa3mpoCTpaHSBAT BbB BEPTHKAIIHA
MocoKa KbM arekca Ha 3b0a. B 3akmouenwe, 3D mpoduiomerpusita € Obp3, JOCTBICH W BHCOKO
WHPOPMATUBEH METOM, KOMTO YCIIEIIHO MOXKE /1a Ce MpHJjiara 3a OLeHKa Ha BEPTUKATHI KOPEHOBH (HPaKTypH
npu EJI3.
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In the present paper the photocatalytic ability of commercial alumina, 5 wt% Ag supported Al,O5 synthesized by
impregnation and the respective mechanochemically activated (MCA) materials was investigated for degradation of
aqueous solutions of Malachite Green (MG) and Reactive Black 5 (RB5) dyes as model contaminants under UV light.
The Powder X-ray diffraction analysis and FT-IR spectroscopy were used to establish the phase composition and
structure of the prepared samples. The photocatalytic tests determined that the presence of Ag dopant and especially the
mechanochemical treatment lead to lower degree of crystallinity, decreasing the mean crystallite size and enhancement
of the photocatalytic activity of the investigated materials. The degrees of degradation of the two tested dyes decrease as
follows: Ag-Al,0;, MCA, RB5 (99%) > Ag-Al,03, MCA, MG (98%) > Al,0;, MCA, MG (92%) > Al,0;, MCA, RB5

(91%) > Ag-Al,O3, RB5 (72%) > Ag-Al,O3, MG (67%) > Al,O3, MG (47%) > Al,O3, RB5 (41%).

Keywords: mechanochemical activation, dopant, photocatalytic efficiency, Malachite Green, Reactive Black 5.

INTRODUCTION

Mechanical treatment leading to enhancement of
the reactivity of solids has been known in the
ceramics industry, as a method for generating
various defects and new surfaces [1]. Aluminium
oxide (Al,O5), also known as alumina, has several
thermodynamically stable transitional phases as
gamma alumina (y-Al,03), delta alumina (5-Al,03),
kappa alumina (k-Al;O3), theta alumina (8-Al,O5)
and alpha alumina (a-Al,O3). The vy-Al,Os
(activated alumina) has been widely used as a
catalyst supports, catalysts, dehydrators and
adsorbents due to its good porosity, large specific
surface area, acid-base and adsorbability
characteristics [2]. Heterogeneous and
homogeneous photocatalyses have played an
important role in many photochemical conversion
processes, and have been extensively investigated
over the last two decades [3]. Li Hua et al. treated

Methyl Orange, Direct Brown and Direct Green azo
dyes by catalytic wet air oxidation using CuO/y-
Al,O; composite catalysts synthesized by
consecutive impregnation [4]. Lung-Chuan Chen et
al. established that incorporating of Ag in TiOy/y-
Al,O; significantly increased the rate of photo
decolorization of Methyl Orange [5]. Yan Liu et al.
revealed that Acid Orange 52, Acid Orange 7 and
Reactive Black 5 azo dyes can be efficiently
degraded with Fe,Os/y-Al,O3 and Fe,05-CeOy/y-
Al,O; catalysts in a catalytic wet peroxide
oxidation under standard atmospheric conditions
[6]. Sung-Chul Kim et al. proved the high activities
of Pd-Pt/Al,O; bimetallic catalysts toward the wet
oxidation of the reactive dyes in the presence of 1%
H, together with excess oxygen [7].

The goal of the present study is a comparative
investigation of the photocatalytic efficiency of
commercial alumina and Ag supported Al,O;
photocatalytic materials prepared by impregnation
for degradation of aqueous solutions of Malachite

*To whom all correspondence should be sent: Green and Reactive Black 5 dyes as model
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pollutants. The influence of mechanochemical
treatment on the photocatalytic properties of Al,O;
and Ag supported Al,O3; samples was also studied.

EXPERIMENTAL

For the preparation of Ag-Al,Os; photocatalyst,
commercial y-Al,O3 (Valerus Co.) was used. The
alumina powder was impregnated with aqueous
solutions of AgNO; under heating and stirring in
accordance to achieve 5 wt% silver.

One part of the commercial alumina and Ag
supported Al,O; samples were mechanochemically
activated using a high-energy planetary ball mill
model PM 100 (Retsch, Germany). The
mechanochemical activation (MCA) was performed
in an agate milling container of 80 ml volume at
milling speed 390 rpm for milling time interval of
20 minutes using air atmosphere. The weight ratio
between the balls to sample was 13:1.

The Powder X-ray diffraction analysis (PXRD)
and FT-IR spectroscopy were used for
physicochemical characterization of the samples.
The PXRD spectra of the samples were collected
using Philips PW 1050 with CuK,-radiation. The
phases were determined using the JCPDS database.
FT-IR spectroscopy was carried out on a Fourier
infrared spectrometer Bruker-Vector 22. The
obtained materials using KBr tablets were studied
in the 400-4000 cm™ range.

The photocatalytic activity of the samples (0.15g
catalyst in 150 ml water solution of the dye) was
investigated in a semi-batch photocatalytic reactor
under constant stirring, at room temperature, for the
oxidative degradation of Malachite Green (5 ppm)
or Reactive Black 5 (20 ppm) dyes. The first half an
hour of the tests was carried out in the dark, without
illumination in order to obtain adsorption-
desorption equilibrium. After that UV illumination
(power 18 W, Amax = 365 nm) was switching on
for period of 2 hours. The photocatalytic
degradation was evaluated by taking aliquote of the
solution after centrifugation and measuring the
adsorbance by means of  UV-1600PC
Spectrophotometer (wavelength range from 200 to
800 nm). The degree of the model dye degradation
was calculated using the dependence (Co-C/Co)
x100, where Co and C were initial concentration
before turning on the illumination and residual
concentration of the dye solution after illumination
for selected time interval.

RESULTS AND DISCUSSION
The Powder X-ray diffraction patterns of the
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Fig. 1. PXRD patterns of the investigated materials.
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Fig. 2. FT-IR spectra of the studied samples.

commercial alumina, Ag supported Al,O; and
respective mechanochemically treated materials are
presented in Fig 1. The presence of only one y-
Al,O; phase (PDF-49-0134; 29-1486) was
registered in the spectra of the commercial Al,O;
and mechanochemically activated alumina samples.
The vy-Al,O; (PDF-49-0134) and the additional
silver crystallographic phase (PDF-04-0783) were
established for Ag supported Al,O; and the
mechanochemically treated Ag supported alumina
materials. The lower degree of crystallinity was
determined for mechanochemically treated samples.
The calculated mean crystallite size of Al,O3 using
PowderCell 2.4 program [8] are 16, 14, 15 and 14
nm for commercial Al,O;, Al,0;, MCA, Ag
supported Al,O; and Ag supported Al,O; MCA.
The results established that the presence of silver
dopant or mechanochemical activation lead to
decreasing of the average crystallite size of Al,Ox.
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Fig. 3. Degree of degradation of MG dye as a function of
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Fig. 4. Degree of degradation of RB5 dye as a function
of the time of UV illumination.

FT-IR spectra of mechanochemically treated
commercial alumina and Ag supported Al,Os
samples are displayed in Fig. 2. The absorption
bands at around 3450 and 3472 cm™ could be due
to the presence of -OH species, showing the
presence of Al-OH bond in the samples. The band
at around 1636 cm™ corresponds to the H-O-H
angle bending vibration of weakly bound molecular
water [9]. The peaks at around 609 and 611 cm™
were attributed to Al-O stretching mode [9-11].
The absorption band at around 1400 cm™ could be
attributed to the presence of carbon-hydrogen
(CHz), - carbon (C-C) and -oxygen (C=0)
deformations. The peaks at around 1518; 1187-
1189 and 1050-1065 cm™ may be due to the
presence of others impurities in the investigated
samples [9]. The results obtained by FT-IR
spectroscopy are in agreement with the PXRD
analysis.

Figs. 3 and 4 present the degree of degradation
of MG and RB5 dyes as a function of the time of
illumination under UV light. After the

mechanochemical  activation  of  Ag/Al,Os
photocatalyst, the degradation degree of RB5 dye
reached 99% and of MG dye 98%, while Al,Os,
MCA photocatalyst showed 92% and 91% for RB5
and MG dyes accordingly. The photocatalytic
activity for the degradation of MG and RB5 dyes
on Ag supported Al,O3; samples was 72 and 67%.
The commercial alumina samples exhibited lower
photocatalytic efficiency for degradation of the MG
and RB5 dyes: 47% and 41% respectively. The
comparison data of apparent rate constants of all
investigated catalysts for both dyes was exhibited in
Fig. 5. The presented apparent rate constants were
calculated using linear dependence —In(C/Cy) = k.t.
The photocatalytic efficiency of the investigated
samples for degradation of MG dye (based on rate

Kk(x10-3.min!)

1 2 3 4 5 6 7 8
Photocatalysts

Fig. 5. Comparison data of apparent rate constants of: 1-
Al,O3, RB5; 2-Al,03, MG; 3-Ag-Al,0;, RB5; 4-Ag-
Al,Os3, MG; 5-Al,03, MCA, RB5; 6-Al,0;5, MCA, MG;
7- Ag-Al,0;, MCA, MG; 8- Ag-Al,O3;, MCA, RB5
photocatalysts in degradation of RB5 and MG dyes.

constants) is: Ag-Al,O;, MCA (22.8x10° min™)>
AlLO;, MCA (14.9x10° min") > Ag-AlLO; (
7.4x10° min™)> ALO; (4.8x10° min™). The RB5
photodegradation decreases in the following order:
Ag-Al,O;, MCA (25.6x10° min™)> Al,O;, MCA
(9.3x10° min?) > Ag-AlLO; (7.1x10% min?)>
AlLO; (1.9x10° min™).The highest rate constant
belongs to Ag-Al,0;, MCA. We can conclude that
the silver doping influenced catalytic activity to
some extent, whereas mechanochemical activation
increased it significantly. It is well-known that the
mechanical energy obtained during milling can
have effects such as generating new interfaces and
crystal defects, changes in particle size and
amorphization  [12]. In  our study the
mechanochemically treated samples possess lower
degree of crystallinity and decreased average
crystallite size which leads to higher photocatalytic
activity. Similar effects have been established for
mechanochemically activated Ag/ZnO particles
[13].
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(Pesrome)

B HacTosd1ara craTusa € U3CJICaABaHa q)OTOKaTaJ'H/ITI/ILIHaTa CIIOCOOHOCT Ha THPrOBCKU aJTYMHUHHEB OKCHJ, JOTHUPAH C

5 ternoBHH % cpedpo Al,O3 cuHTe3MpaH 4pe3 UMIPErHUpaHe M ChOTBETHUTE MEXaHOXHMMHYHO akTHBupanute (MXA)
MarepHuanu 0sixa W3CleBaHU 3a Pa3rpakIaHETO Ha BOAHU pa3TBOpU Ha ManaxuToBo 3eneno (M3) u PeaktuBHo YepHo
5 (PY5) Oarpunma KaTo MOJENTHH 3aMbpCHUTENH IO JeiicTBueTo Ha YB cBernmHa. PentreHodasoB anamus u
nHppayepBeHa crekTpockonus ¢ Gpypue TpaHchopmanus 0sxa M3MOI3BAHM 332 YCTAHOBSBaHE Ha (ha30BUS CHCTaB U
CTPYKTypara Ha IoJlydeHuTe 1poOu. PoToKaTaATMTHIHUTE TECTOBE ONpe/eliXa, Ye IPUChCTBUETO Ha AJ KaTo JONAaHT
1 0cOOEHO MeXaHOXMMHUYHATa 00pabOoTKa BOJAT /10 TO-HUCKA CTETIEH Ha KPUCTAJIHOCT, HaMaJIiBaHe Ha CPEIHUS pa3Mep
Ha KPUCTAJWTHUTE W TOBHIIABaHE Ha (OTOKATATMTHYHATA AaKTUBHOCT Ha HW3CIeABaHWTE MaTepuanu. CTemeHTa Ha
pasrpaxkJiaHe Ha JBETE TeCTBaHW Oarpuia Hamaisea Kakto ciensa: Ag-Al,0s;, MXA, PU5 (99%) > Ag-Al,O3, MXA,
M3 (98%) > Al,03, MXA, M3 (92%) > Al,03, MXA, PU5 (91%) > Ag-Al,O3, PUS5 (72%) > Ag-Al,03, M3 (67%) >

Al,O3, M3 (47%) > Al,O3, PUS5 (41%).
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Effect of preparation procedure on the formation of nanosized mesoporous TiO,-
CeO, catalysts for ethyl acetate total oxidation and methanol decomposition
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Two series TiO,—CeO, samples were synthesized using homogeneous precipitation with urea and template-assisted
hydrothermal procedures. The samples were characterized by nitrogen physisorption, XRD, UV-Vis, Raman and TPR
techniques. The catalytic properties of the obtained materials were studied in oxidation of ethyl acetate and methanol
decomposition. The effect of preparation procedure on the phase composition, texture, structure and redox properties
was discussed in close relation with the possibilities for fine tuning of their catalytic activity.

Keywords: Ti-Ce oxides, ethyl acetate total oxidation, methanol decomposition.

INTRODUCTION

Recently, the design and synthesis of
nanostructured titanium oxide with high surface
area, high thermal stability, and crystalline
framework have attracted considerable interest
because of their superior electrical, mechanical,
optical and catalytic properties combined with non-
toxicity and cost effectiveness [1]. Nowadays,
titania is widely used in preparation of optical
devices, pigment, bio-materials, gas sensors,
electrodes, solar cells, catalysts for degradation of
various pollutants [1, 2]. Different preparation
techniques have been developed for effective
control of titania properties for various applications
[1, 2] and among them, doping with ceria have
attracted particular attention due to its excellent
redox chemistry and oxygen storage capacity [3].
The aim of present study is the preparation of series
of nanostructured TiO,—CeO, oxide materials two
using homogeneous precipitation with urea and
template-assisted hydrothermal synthesis. The
obtained materials were characterized by nitrogen
physisorption, XRD, Raman, UV-Vis and TPR.
The catalytic properties were studied in methanol
decomposition (MD) and total oxidation of ethyl
acetate (EA) with an environmental potential as
alternative clean and efficient fuel [4] and
elimination of organic pollutants in air [5],
respectively.

* To whom all correspondence should be sent:
E-mail: aleksandra_bunalova@abv.bg

EXPERIMENTAL

Mono and bi-component titania and ceria
materials were synthesized by hydrothermal
procedure using CTAB as a structure directed
template (HT) and homogeneous precipitation with
urea technique (U) as was described in [4] and [6],
respectively. The samples were denoted as xTiyCe
M, where x/y was the metal mol ratio and M was
the preparation method wused. The textural
characteristics were collected from nitrogen
adsorption-desorption isotherms measured at 77 K
using a Coulter SA3100 instrument. Powder X-ray
diffraction patterns were collected on a Bruker D8
Advance diffractometer with Cu Ka radiation using
a LynxEye detector. Mean crystallite size were
determined with the Topas-4.2 software package
using the fundamental parameters peak shape
description including appropriate corrections for the
instrumental  broadening and  diffractometer
geometry. The UV-Vis spectra were recorded on a
Jasco V-650 UV-Vis spectrophotometer. Raman
spectra were collected on a DXR Raman
microscope using a 780 nm laser. The TPR/TG
analyses were performed on a Setaram TG92
instrument in a flow of 50 vol% H, in Ar. Catalytic
oxidation of EA was performed in a flow type
reactor with a mixture of EA in air. Gas
chromatographic analyses were done on a HP 5890
apparatus using carbon-based calibration. MD was
carried out in a fixed bed flow reactor and Ar as a
carrier gas. On-line gas chromatographic analyses
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were performed on HP apparatus equipped with
flame ionization and thermo-conductivity detectors,
on a PLOT Q column, using an absolute calibration
method and a carbon based material balance.

RESULTS AND DISCUSSION

In Fig. la are presented nitrogen physisorption
isotherms for the samples obtained by various
techniques and the corresponding data are listed in
Table 1. According to IUPAC classification the
isotherms are of IV type, typical of materials with
mesoporous structure. The observed differences in
the shape of hysteresis loop indicate predominantly
presence of cylindrical pores for TiO, HT and TiCe
HT, cage-like pores for TiO, U and TiCe U and slit-
like pores for CeO, HT and CeO, U.
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Fig. 1. Nitrogen physisorption isotherms (a) and XRD
patterns (b) of TiCe materials.

As compared to the hydrothermally obtained
materials, the urea samples possess lower porous
volume (Table 1.) and higher specific surface area.
Besides, an increase in the surface area and pore
volume is also observed for both bi-component

volume is also observed for both bi-component
samples. Thus, the development of the mesoporous
structure strongly depends on the preparation
procedure and the initial phase composition. It is
predominantly directed by the organic template
used during the hydrothermal procedure and by the
interparticles interaction for the urea assisted one
and the effects are better pronounced for the binary
oxides.

Fig. 1b shows the XRD patterns of titania and
ceria materials. The diffraction peaks in the pattern
of TiO, HT and TiO, U are indexed to anatase
phase of TiO, [2] with average crystallite size of
about 17 nm and 13 nm, respectively. The
diffraction features for both CeO, materials are
typical of cubic fluorite-like structure of cerianite
[3] with average crystallite size of 10-13 nm. Ceria
with average crystallite size of 12 nm is only
registered phase for TiCe H, while a mixture of
anatase and ceria with average crystallite size of 5
and 7 nm, respectively, is found for TiCe U. The
observed decrease of unit cell parameters for the
ceria components in binary materials (5.403A for
TiCe-HT and 5.401A for TiCe-U) as compared to
pure CeO, samples (5416 A for CeO,-HT and
5414 A for CeO,-U) does not exclude partial
substitution of Ce** ions by smaller Ti** ions.

In Fig. 2 are presented Raman spectra of TiCe
materials, obtained by various procedures. The
Raman shifts at 143 cm™( Eyg), 195 cm™(E,,), 396
cm™( Byg), 514 cm™ (Ayy) and 637 cm™ (Esy) in the
spectra of both TiO, samples demonstrate presence
of pure anatase phase [7]. Only one Raman-active
E,; mode, centered at about 463 cm ', which is
typical of cubic structure, is detected for both ceria
materials [3].

Table 1. Nitrogen physisorption data of TiCe materials.

Sample BET V2 Torn K Taow K SA, EA SA, MD
m?g? cmg? mol.m mol.m
TiO, HT 85 0.29 660 662 0.29 0.37
TiO, U 97 0.19 651 630 0.23 0.54
TiCe HT 99 0.45 586 685 0.60 0.37
TiCe U 117 0.30 574 661 0.65 0.53
CeO, HT 46 0.26 560 730 1.74 0.43
CeO, U 76 0.07 535 604 1.09 0.60

*BET-surface areas; V, -pore volume; *Tsoy- temperatures for 50% conversion of ethyl acetate (EA); Taoe- temperatures for 30%

conversion of methanol decomposition (MD); *SA-specific catalytic activity
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Fig 3. UV-Vis spectra (a), TPR-TG profiles (b) of TiCe
materials.

The Raman spectra of binary oxides reveal that
they represent a mixture of ceria and anatase
phases, the latter being in higher amount for the
urea obtained sample, in consistent with the XRD
data. The observed slight blue shift of the Raman
E;, mode to 150 cm™ could be an indication for the
changes in the environment of titanium ions in
anatase lattice. The significant decrease in the
intensity of the Raman peaks for the binary
materials as well as the slight blue shift of the main
Eiy mode of anatase could be due to the improved
metal oxide dispersion, which is in accordance with
the XRD data (Fig. 1b). In Fig. 3a are compared
UV-Vis spectra of the samples obtained by
hydrothermal and urea procedures. The strong
absorption feature in the spectra of both TiO,
samples at 350 nm, which is typical of anatase [2],
which is also in consistent with the Raman and
XRD data. The spectra of pure CeO, samples
display absorption in the 300-500 nm range
corresponding to Ce**«—0O% charge transfer, which

is typical of pure ceria phase. The shift in the main
absorption edges for both individual oxides
indicates higher dispersion for the hydrothermally
obtained materials. The red shift of the curves for
the bi-component TiCe materials could be due to
the formation of new energy level within the band
gap of TiO, and/or presence of highly dispersed
ceria. Substitution of Ti ions in ceria lattice is not
excluded as well.

TPR-TG profiles of hydrothermally and urea
obtained TiCe samples are compared in the 450-
770 K region (Fig. 3b). The observed weight loss
for CeO, HT (0.18 mg) and CeO, U (0.08 mg)
corresponds to the reduction of Ce** to Ce** and it
is about 10 and 4 %, respectively. The reduction
effects for the TiCe-HT (0.55 mg) and TiCe-U
(0.38 mg) are larger in comparison with the pure
CeO, samples and they are also detected at lower
temperature. In accordance with the other
physicochemical measurements, this indicates
increased mobility of lattice oxygen which could be
due to the improved dispersion and distortion of
ceria lattice during the titanium incorporation. The
reduction behaviour for all materials is not in a
simple relation to their specific surface area. Thus,
the facile reduction for the hydrothermal samples is
probably related to their higher dispersion, well
developed mesoporous structure and homogeneous
phase composition.

In Fig. 4 are presented temperature
dependencies of total oxidation of EA on various
materials. Beside CO,, which is the most important
product of EA oxidation, (Fig. 4b), ethanol (EtOH),
acetaldehyde (AA), acetic acid (AcAc) and ethene
are also registered as by-products. For both series
of samples the ethylacetate oxidation is initiated
above 500 K and 80-100% conversion is achieved
at 650 K. Among all materials, both pure mono-

117



Mileva et al.: Effect of preparation procedure on the formation of nanosized mesoporous TiO,-CeO, catalysts...

component ceria compounds exhibit lowest Ts
(Table 1) which indicates their high catalytic
activity. Besides, on these materials high selectivity
to EtOH is observed. The lowest catalytic activity
combined with high selectivity to AA, EtOH and
ethene is registered for both TiO, samples. The
binary materials possess intermediate catalytic
activity as compared to the individual oxides and
here high selectivity to ethanol is also observed. A
common feature is the higher activity for all urea
obtained materials as compared to their
hydrothermally prepared analogues. In order to
ignore the impact of the differences in the specific
surface area of the samples, the specific catalytic
activity as conversion per unit BET was calculated
(Table 1.). Surprisingly, here urea samples exhibit
lower or similar SA to the HT analogues indicating
that the observed catalytic behaviour is strongly
related to the improved surface area during the urea
synthesis.
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Fig. 4. Ethyl acetate conversion (a) and selectivity to
CO, (b) of TiCe materials.

It was well established that for many oxide
systems, the total oxidation of EA is a step-wise
process including hydrolysis to EtOH and AcAc
and their further oxidation via Mars van Krevelen
mechanism [5]. The improvement of the selectivity
to CO, for the binary materials and for all urea
obtained ones clearly indicates the dominant effect
of the surface redox over the acid-base properties
for these materials, which is obviously regulated
both by the preparation method and the substitution
of ceria with Ti.

The temperature dependencies of methanol
conversion and CO selectivity for titania and ceria
samples are presented in Fig. 5. Besides CO, which
is the most important product from the
decomposition, CO,, CH,4, dimethyl ether (DME)
and C,-C; hydrocarbons are registered as by-
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products. All materials exhibit activity above 500-
550 K. The temperatures at which 30% conversion
is achieved (Table 1.) demonstrate high catalytic
activity combined with 90% selectivity to CO due
to the formation of CO, for CeO, U. Just the
opposite, the HT obtained analogue possesses
extremely low catalytic activity and about 50%

selectivity to CO due to the formation of CH,.
100 -
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Fig. 5. Methanol conversion (a) and selectivity to CO (b)
of TiCe materials.

The main by-products during the methanol
decomposition on both TiO, materials are DME
(about 50%) and hydrocarbons (about 17% for TiO,
HT) which clearly indicates existence of high acidic
function. Here, well pronounced trend to
deactivation with the temperature increase for both
materials is detected, which could be due to the
deposition of non-desorbable products. Both binary
materials demonstrate improved catalytic activity
and stability at higher temperatures as compared to
the individual oxides. Their relatively low
selectivity to CO is due to the contribution of
methane (about 30%) and DME (30-40%) as by-
products. All urea materials exhibit higher catalytic
activity as compared to their HT analogues. The
higher values of the specific activity for the urea
samples (Table 1.) strongly evidences that their
higher catalytic activity is not in simple relation
with the improved specific surface area.

Thus the variations in the SA values (Table 1.)
as well as the differences in the selectivity for both
catalytic processes urge the authors to assume more
complex effect than the expected one from the
differences in the specific surface area. The XRD,
Raman, UV-Vis and TPR analyses demonstrate
higher dispersion for the hydrothermally obtained
materials, which can also influence the degree of
substitution of Ti in ceria lattice for binary
materials. This can affect the generation of oxygen
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vacancies and cerium and titanium ions in lower
oxidative state [1]. As a result changes in the
surface acidic-base and redox properties and the
related with them catalytic behaviour of the solids
is expected (Figs. 4, 5). The complexity of this
process needs more detail analysis with appropriate
techniques and further investigation is in progress.

CONCLUSION

By using homogeneous precipitation with urea
and template-assisted hydrothermal procedures,
nanosized titania-ceria materials with high specific
surface area and pore volume were successfully
prepared. The strong interaction between CeO, and
TiO, as well as the crystallization of particles in the
nanoscale improve the redox properties of the
TiO,—CeO, mixed oxides. The control of the
catalytic activity and selectivity requires fine tuning
of the phase composition, texture, structure,
morphology and surface properties which could be
tuned by the preparation method used. The
hydrothermal method provides the formation of
more homogeneous, better dispersed materials with
higher mesopore volume, but their lower specific
surface area provides lower catalytic activity in
ethyl acetate oxidation and methanol decomposition
as compared to the urea synthesized materials.
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BJIMAHUE HA METO/IA HA TTOJIYHABAHE BBPXY ®OPMMUPAHETO HA HAHOPA3MEPHU
ME3OITOPECTH T10,-CEO, KATAJIM3ATOPU 3A ITBJIHO OKHUCIIEHUE HA ETUJIALETAT 1
PA3ITAJAHE HA METAHOJI
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3
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[ocremmna va 10 okromBpu 2016 r.; kopurupana Ha 11 HoemBpH, 2016 T.

(Pesrome)

TiO,—CeO, Mmarepuanv ca CHHTE3WpAHM 4Ype3 XOMOTEHHO yTasBaHE C ypea W XUAPOTEPMaleH CHHTE3 B
MIPUCHCTBHETO Ha OpraHuueH TeMIureiT. OOpasiuTe 0sxa XapakTepu3upaHu upe3 ¢msmuHa agcobums Ha a3ot, XRD,
UV-Vis u Paman cnekrpockonuu, kakto ¥ TPR. KaramuTnuyHuTe CBONCTBA Ha MOJYYEHHTE MaTepHand Osxa
M3CJIEeBAHN B OKWCIIEHHE Ha eTHWjaleTaT M pas3lagaHe Ha MeTaHoj. bemre u3cieaBaHO BIMSHMETO HAa MeETO/Aa Ha
NoJydaBaHe BbpXY (ha30BHUs ChCTaB, TEKCTypaTa, CTPYKTypaTa ¥ OKHCINTEIHO-PEYKIIMOHHUTE CBOWCTBA HAa 00pa3IuTe
B TSICHA BPB3Ka C BH3MOXXHOCTHTE 32 (pMHA HACTPOIKA Ha TSIXHATA KATAIUTHYHA AKTUBHOCT.
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Mesostructured silica-carbon composites were synthesized by soft template approach and were characterized by TG,
XRD, low temperature N,- adsorption, TEM, XPS. The CO, adsorption capacities were investigated and the heats of
adsorption were determined. The CO, capture from flue gas was tested. The carbon-containing materials exhibit better
performance as sorbents for carbon dioxide than the single silica. For the silica—carbon composites improved CO,
capture with increasing the carbon content is observed. The capacity of the silica-carbon materials for CO, capture from
flue has is related to the value of the average pore diameter of the composites and their micropore volume.

Keywords: silica-carbon composites; mesoporous adsorbents; CO, capture;

INTRODUCTION

Fossil fuels as non-renewable resources are the
major source of energy. Their burning produces
billions tons of CO, and thus leads to severely
adverse impacts on the environment, like air
pollution and global warming. Therefore, the
development of efficient low-cost way for
reduction of CO, emission becomes important to
control it. Currently, a variety of methods, such as
membrane  separation, cryogenic distillation,
chemical absorption and adsorption, have been
proposed for CO, purification from the flue gases
[1]. Adsorption is considered as one of the most
promising technologies for commercial and
industrial application because of the low energy
requirement, cost advantage, and ease of
applicability over a relatively wide range of
temperatures and pressures [2]. However, the
success of this approach is dependent on the
development of effective adsorbent with high CO,
selectivity and adsorption capacity. During the past
few years, extensive experimental and theoretical
investigations were carried out with the purpose of
developing novel porous materials for adsorption of
CO; including zeolites, MOFs, mesoporous silicas
and carbons [3-6]. Mesoporous materials are
attractive for adsorption of gases due to the high
specific surface area and relatively controllable
porosity, moreover the rate of diffusion of CO,
inside the pores of such adsorbents is ~ three orders

higher than with the liquid phase absorption.
Carbon adsorbents are widely used for CO, capture
due to their accessibility, low cost and low
sensitivity to moisture. For the stabilization of
mesoporous carbons siliceous materials could be
used, as silica could serve as template material for
the synthesis. Studies on mesoporous sorbents have
shown that not only the pore volumes determine the
sorption activity, but the pore sizes also [7]. These
parameters can be adjusted during the synthesis of
silica-carbon composites varying the ratio between
silica and carbon.

Because of its relevance to practical
applications, we found it compelling to synthesize
mesostructured silica-carbon nanocomposites with
various silica:carbon ratio in order to tune the
texture parameters of the materials, to characterize
them and to investigate the adsorption of CO, and
the CO, capture from flue gas at higher than
ambient temperature.

EXPERIMENTAL

Mesostructured silica-carbon composites with a
various Si:C ratio were prepared by co-assembly
[8] of resol, silica oligomers from TEOQOS, and
triblock copolymer Pluronic F127 via the EISA
method. The thermal treatment was performed in
two steps- at 350°C for 2h and at 900°C for 3 h.
Single mesostructured silica and carbon samples
were prepared by the same approach for
comparison. Silica was treated at 550°C in air in
order to remove the remaining carbon. Samples are

*To whom all correspondence should be sent:
E-mail: n.stoeva@svr.igic.bas.bg

denoted as MS (mesoporous silica), MSC1, MSC3,
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MSC5, MSC7 (with 10 % to 70% carbon) and MC
(mesoporous carbon).

Physicochemical parameters of the composites
were determined by TGA, XRD, N,-physisorption,
TEM and XPS analyses. The TG analyses were
carried out on LABSYSEvo, SETARAM (France)
at atmospheric pressure in air in 25-1000°C and
dynamic mode. Powder XRD patterns were
collected on Bruker D8 Advance diffractometer
with Cu Ka radiation and LynxEye detector. Low-
angle part of the patterns was collected from 0.3 to
8° 20 using the knife-edge anti-scatter screen
attachment of the primary beam. The texture
characteristics were determined in a Quantachrome
Instruments NOVA 1200e (USA). Pore size
distributions were calculated by DFT method [9].
The TEM investigations were performed on a JEOL
JEM-2100. The XPS measurements were made on
ESCALAB-Mk Il (VG Scientific) electron
spectrometer with a Al Ko, , radiation (hv = 1486.6
eV).

The adsorption isotherms and kinetics of CO,
were measured using a static volumetric
Quantachrome NOVA 1200e instrument. Isotherms
were obtained at two temperatures (0°C and 30°C)
for the purpose of determining heats of adsorption.
The CO, capture experiments were performed using
an integrated quartz micro-reactor and mass-
spectrometer system (CATLAB, Hiden Analytical,
UK). The CO, capture tests were performed at
45°C, with a concentration of 3000 ppm CO, in Ar,
volume rate of 10 ml/min. The CO, uptake was
calculated after integration of the curves and
according to the exact weight of the sample.

RESULTS AND DISCUSSION

The framework compositions were established
by TGA. TG curves (not presented) show a
significant weight loss for all samples in the
temperature range from 500 to 1000°C, the range
depending on the carbon content. The template is
removed at about 350°C and the weight loss in 500-

900°C can be attributed to carbon. The obtained
silica and carbon content is presented in Table 1 as
SiO, and C.

XRD patterns of the samples are presented in
Fig. 1. Wide angle pattern comprise of weak
diffraction shoulder at 22.5° 26 due to the presence
of amorphous silica (and or carbon) and a broad
peak at 43.5°C 20, the intensity of the second one
increases with the increase of carbon content (Fig.
1A), revealing formation of amorphous carbon in
the composites. Low-angle diffraction patterns
show two or three resolved diffraction peaks,
indicating the well regularity of their structures in
the long-range (Fig. 1B). The first intense
diffraction peak can be indexed as (100). Because
of the low intensity of the other two weak peaks in
the diffractograms, (110) and (200) reflections are
presented as inset with higher magnification. These
peaks reveal a 2D-hexagonal symmetry (space
group p6émm). The corresponding unit cell
parameters a, calculated by the formula
2=2du00y/\3 are listed in Table 1. The unit cell
parameter varies for the different compositions,
single materials having the lowest values (Table 1).

intensity, a.u.

3 20 2.8
2 theta

Fig. 1. Wide-angle (A) and low-angle (B) XRD patterns
of the investigated samples.

Table 1. Physicochemical and texture parameters of the synthesized samples.

53mp|e ap Sioz C S Smi Sext Vt * Vmi** Vmes DDFT
nm (Wt.%) (Wt.%) mi¥g mig mig cmdg cmdyg cmlg nm
+0.1 +] +]

MS 114 100 0 152 9 143 0.22 0.00 0.22 5.7
MSC1 12.1 84 16 206 19 187 0.29 0.01 0.28 4.8
MSC3 12.2 70 30 339 69 270 0.43 0.03 0.40 5.0
MSC5 11.2 53 47 387 49 338 0.53 0.02 0.51 51
MSC7 12.2 30 70 500 197 303 0.45 0.09 0.37 5.9

MC 10.3 0 100 588 223 365 0.36 0.10 0.27 4.5

*Total pore volume at p/po ~ 0.99. **Evaluated by the t-plot method.

The errors of the determination of the texture parameters vary from 0.

2 to 2% depending on the pressure and C-constant of the sample
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The texture parameters of the materials are
summarized in Table 1. With the increase of the
carbon content specific surface areas and micropore
volumes enlarge gradually, the total pore volume
passes through maximum. Nitrogen adsorption-
desorption isotherms (not presented) of all samples
are of IV type with a distinct capillary condensation
step occurring at p/p, of 0.5-0.7. The pore
distributions are narrow that is characteristic for the
mesostructured materials. MS has the narrowest
distribution and the addition of carbon leads to
gradual broadening of the distributions due to the
mesostructure framework shrinkage. Additional
structural characterization is revealed by TEM
images, as shown in Fig. 2. The images show large
domains of highly ordered stripe-like well-ordered
materials with arrays of mesopores with 1D
channels. The pore width could be estimated from
the images as varying from 5 nm to 7 nm,
confirming the results from N, physisorption.
However, more detailed explanation could be done
after HRTEM investigations.

Fig. 2. Bright field TEM micrographs for the synthesized
mesostructured materials.

Table 2. Surface composition

Sample c o Si
[at.%] [at.%)] [at.%]
MS 6.7 56.3 37.0
MSC1 277 46.4 259
MSC3 42.0 35.4 22.6
MSC5 56.4 29.5 14.1
MSC7 80.8 134 5.8
MC 94.9 5.1 -
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The corresponding surface composition of C, O
and Si in all samples derived from the respective
photoelectron peak area is presented in Table 2.
Irrespective of the C and Si content (Table 1) in all
cases the C content on the surface is higher than in
the bulk. Hence, carbon in the composites is
situated mostly on the external surface along the
pores.

The adsorption isotherms of CO, at 0°C and
30°C and pressure up to 100 kPa are given in Fig. 3.
All isotherms have reversibility without hysteresis,
indicating that the adsorbed gas molecules can be
completely removed during the desorption. The
isotherms have modest curvatures that suggest good
regenerability of the adsorbent. Adsorption capacity
is one of the major properties of the adsorbent. The
CO; uptake capacities at 100 kPa and at 0°C and
30°C are 4.0 and 2.9 mmol/g, respectively for MC.
These values decrease gradually with increasing the
silica content. The results are in a good agreement
with the values obtained in [13].
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Fig. 3. CO; adsorption isotherms at: A—0°C and B —
30 °C for various mesoporous silica-carbon composites.
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The heat of adsorption is always taken into
account to estimate the temperature change of the
adsorption process. On other hand, it is an indicator
for the regenerability of the adsorbent and for the
surface energetic heterogeneity of the material. The
heats of adsorption (Fig. 4) decrease as the surface
coverage increases within the experimental range,
which can be attributed to decrease in the
interaction between the adsorbate molecules and
the surface with increasing loading. This indicates
the heterogeneity of the surface for the adsorption
of CO,. The limiting heats of adsorption at zero
loading are calculated. Single MC and MS have
lower values than mixed silica-carbon composites,
however small change is observed with MC with
increasing the surface coverage. At loadings greater
than a monolayer the composites MSC5, MSC7,
MC have larger adsorption heats than others.

The prepared silica-carbon composites as well
as silica and carbon analogues were tested for CO,
capture from flue gas in order to find whether these
materials are suitable for purification.

Fig. 5 shows the CO, capture curves. Here, C, is
the initial concentration of carbon dioxide and C is
the concentration of CO, after time t.

Time, min

Fig. 5. CO, capture curves (0.3 vol% CO,, 10 ml/min,
45°C).

The CO, captures are found to be: MS- 3.2
umol/g, MSC1- 3.5 pmol/g, MSC3- 4.3 umol/g,
MSC5- 5.9 pumol/g, MSC7- 9.7 pmol/g, MC-8.6
pmol/g. One could notice that the captured CO,
guantity increases with increasing the carbon
content in the composites. However, the pure
carbon mesostructured MC presents less capacity
than MSC7, showing the difference of the energetic
state of the surface of the silica-carbon samples and
the pure carbon. Apparently, the mixed samples
ensure beneficial surface for the interaction with

CO,. This is in a good agreement with the heats of
adsorption, presented in Fig. 4.

In generally, it is considered that large pore
volume [14], large pore size [15], and good pore
interconnection [16] is beneficial for the CO,
capture capacity of sorbents. However, it was found
that the values of the surface area and pore volume
have little influence on the CO, capture
performance of carbons [7]. Sevilla and Fuertes
[17] have found that the CO, capture capacity
seems to depend on the presence of narrow
micropores rather than on the surface area or pore
volumes. This is in a good agreement with our
results, as the materials we found as the best
samples have larger micropore  volumes.
Additionally, these materials are with large pore
sizes, facilitating the mass transfer that is beneficial
for CO, adsorption.

CONCLUSIONS

The synthesized ordered mesoporous silica-
carbon composites have high specific surface areas,
uniform mesopore-size distribution, and large
mesoporous volume. The CO, adsorption capture
results indicate that the mixed materials exhibit
better performance as sorbents for CO, than the
single silica. The capacity of the best materials is
related to the large average pore sizes and to the
micropore volumes. Silica-carbon composites could
be a good base for further chemical modification in
order to improve the sorption capacity.

Acknowledgements:  The authors gratefully
appreciate the "Program for career development of
young scientists, BAS” for the financial support
(Project DFNP 197/14.05.2016).
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VIJIABAHE HA BBIJIEPOJJEH IMOKCUA BBPXY ME3OIIOPECTU CUJIIMKATHO-BBI'JIEPO/IHU
KOMIIO3UTHU

H. Croesa, lB. Cnacona, /I. KoBauesa, I'. Atanacosa, M. Xpucrosa

Hncmumym no obwa u neopeanuuna xumusa, bvreapcka akademus na naykume,
1113 Coghusa, bvreapus.

IMoctrernuna Ha 10 okToMBpu 2016 r.; Kopurupana Ha 11 HoemBpu, 2016 .

(Pesrome)

Me30CTpYKTYpUpPaHH CHIMKATHO-BBIJIIEPOJAHN KOMIO3UTH Ca CHHTE3HMPAHM Ype3 MEK TEeMIUICHTeH MOIXOJ U ca
oxapakrepmupaan nocpencteoM 1G, XRD, azorna ¢usucopoums. TEM, XPS. Uscnensanm ca ancopOIHOHHHTE
kananutetu crpsiMo CO, u ca omnpezeneHu TOIIMHUTE Ha ajcopbims. TectBano e ynaBsHero Ha CO, OT ra3oB MOTOK.
Komrmo3urture, ChAbpXKAIIK BBIJIEPOJA MOKa3BaT MO-100pu pesyiaratu karto copbertu 3a CO, ot uucr SiO,. 3a
CUITUKATHO-BBIIICPOJIHA KOMIIO3UTH ce HabmromaBa mogobpeno ynassiHe Ha CO, ¢ yBenuuaBaHe ChABPKAHUETO HA
BhIJIepo . KananureTsT HA CHIIMKATHO-BBIVICPOJAHA KOMIO3UTH 3a yiaBsHe Ha CO, OT ra3oB MOTOK CE CBBHP3Ba ChC

CpeIHUs JUaMEeThp Ha MOPUTE U C 00eMa Ha MUKPOIIOPHTE .
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Influence of the presence/absence of bulky surfactant during the preparation of
nanostructured ceria-zirconia materials on their catalytic performance in ethyl acetate
total oxidation
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Novel nanostructured ceria-zirconia materials were synthesized in the presence or absence of bulky
cetyltrimethylammonium bromide (CTAB) surfactant using an original approach combining the utilization of urea as a
precipitator followed by hydrothermal treatment. The obtained materials were characterized by X-ray diffraction,
nitrogen physisorption, UV-Vis spectroscopy, temperature-programmed reduction (TPR) with hydrogen and their
potential application in catalysis was studied in ethyl acetate total oxidation as a model reaction for elimination of
volatile organic compounds. The results show that the presence of the bulky CTAB molecules not only does not
improve notably the textural characteristics of the obtained nanomaterials but limits Ce-Zr interactions in case of mixed
oxide samples and thus provides a negative effect on their catalytic performance in the studied reaction. With increasing
the amount of Zr in the mixed oxide samples both Ce-Zr interactions and textural mesoporosity are enhanced and this

has beneficial effect on the catalytic activity in the total oxidation of ethyl acetate.

Keywords: CeO,-ZrO, nanocomposites, precipitation with urea, CTAB, ethyl acetate total oxidation

INTRODUCTION

Ceria based systems are extensively investigated
and have wide applications in materials science as
they are able to easily form oxygen vacancies
releasing surface and lattice oxygen [1 and
references therein]. To enhance the redox properties
and thermal stability of pure ceria, zirconia is often
mixed as an additive to form solid solutions [2].
Actually, Ce0,-ZrO, system is one of the most
studied mixed metal oxides in the literature due to
its important role in the operation of automotive
catalysts [3]. Ce«Zr; O, mixed oxides are
recognised to exhibit high resistance to thermal
sintering and high oxygen mobility, which
improves their catalytic behaviour in some
reactions, such as volatile organic compounds
(VOCs) combustion [4]. In our previous study
highest catalytic activity in ethyl acetate
combustion was demonstrated for the binary
materials, where a complete integration of both
metal oxides into one mixed oxide phase is realized
[5]. Here, for the first time, a series of nanosized
ceria-zirconia mixed oxides were prepared by co-
precipitation of the corresponding metal chlorides

with urea in the presence/absence of CTAB,
followed by a hydrothermal treatment step at
373 K. We chose urea as precipitator instead of
ammonia for better control of the processes of
metal salt hydrolysis and metal oxide condensation.
The obtained materials were characterized by X-ray
diffraction, nitrogen  physisorption, UV-Vis
spectroscopy, temperature-programmed reduction
(TPR) with hydrogen and their potential application
in catalysis was tested in ethyl acetate combustion
as a model reaction for total oxidation of volatile
organic compounds. Particular attention was paid to
the influence of both precipitator and template on
the textural and structural properties of the obtained
nanocomposites and their role in the studied
reaction.

EXPERIMENTAL
Materials

Mono- and bi-component oxide samples were
synthesized using precipitation technique in the
presence/absence of template followed by
hydrothermal treatment step according to a
procedure reported by Tsoncheva et al. [6]. Here,
the difference is the use of urea as a precipitator

* To whom all correspondence should be sent: instead of ammonia and the further overnight

E-mail: radostinaiv@abv.bg

© 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 125
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stirring of the solution under reflux conditions at
85 °C before the following hydrothermal treatment.
The obtained mixed oxide samples are designated
as follows: xCeyZr(a,T) where x/y represents the
mol ratio between Ce and Zr, a indicates the
organic template if used and T is the temperature of
hydrothermal treatment.

Methods of characterization

Powder X-ray diffraction patterns were collected
on Bruker D8 Advance diffractometer equipped
with Cu Ka radiation and LynxEye detector. The
size of the crystalline domains in the samples was
determined using Topas 4.2 software with Rietveld
quantification  refinement.  Nitrogen  sorption
measurements were recorded on a Quantachrome
NOVA 1200e instrument at 77 K. The UV-Vis
spectra were recorded on a Jasco V-650 UV-Vis

programmed reduction/ thermogravimetric)
analyses were performed in a Setaram TG92
instrument. The catalytic experiments were
performed in a flow type reactor (0.030g of
catalyst) with a mixture of ethyl acetate (1.21 mol
%) in air with WHSV — 335h™. Gas chromate-
graphic (GC) analyses were carried out on HP5850
apparatus using carbon-based calibration. The
samples were pretreated in Ar at 423 K for 1 h and
then the temperature was raised with a rate of
2 K/min in the range of 423-773 K.

RESULTS AND DISCUSSION

Some physicochemical characteristics of the
obtained samples are presented in Table 1.

X-ray diffraction technique (XRD) has been
used for determination of samples crystallinity and
phase composition (Fig. 1).

spectrophotometer equipped with a diffuse
reflectance unit. The TPR/TG (temperature-
Table 1. Texture and structure characteristics of the obtained materials.
SgeTH Viotals Shicros V micros Unit cell, Crystallite size,
Sample melg cclg m?g cclg Space Group A nm
CeO,(CTAB, 373) 707 010 640 0.026 Fm-3m 5.4150(7) 12
CeOy(no, 373) 71.9 0.06 59.0 0.024 Fm-3m 5.4146(6) 13
7Ce3Zr(CTAB, 373) 67.4 0.09 26.5 0.01 Fm-3m 5.4128(8) 14
P4,/nmc a=3.616(1) 12
¢=5.204(4)
7Ce3Zr(no, 373) 90.1 0.10 46.2 0.02 Fm-3m 5.4139(9) 13
P4,/nm a=3.616(1) 14
¢=5.191(3)
5Ce5Zr(CTAB, 373) 67.3 0.10 17.6 0.008 Fm-3m 5.4118(8) 13
P4,/nm a=3.618(1)
¢=5.208(3) 13
5Ce5Zr(no, 373) 55.2 0.10 20.1 0.009 Fm-3m 5.4139(9) 11
P4,/nm a=3.616(1) 17
c=5.194(2)
3Ce7Zr(CTAB, 373) 66.8 0.12 1.3 0.0004 Fm-3m 5.4138(9) 13
P4,/nm a=3.617(1) 13
¢=5.206(2)
3Ce7Zr(no, 373) 80.4 0.11 5.2 0.003 Fm-3m 5.414(1) 11
P4,/nm a=3.620(1) 13
¢=5.210(2)
ZrO,(CTAB, 373) 59.3 0.11 P2./c a=5.150(5) 13
b=5.202(5)
¢=5.303(4)
$=98.85(2)
P4,/nmc a=3.592(5) 10
¢=5.19(1)
ZrO,(no, 373) 44.3 0.09 P2./c a=5.16(1) 11
b=5.20(2)
¢=5.31(1)
$=98.68(5)
P4,/nmc a=3.608(5)
¢=5.173(9) 13

Pure ceria as well as all cerium-containing
samples show well defined reflections of cubic
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fluorite-like structure with crystallite sizes of about
11-14 nm (Fig. 1, Table 1). Both monoclinic (P2./c)
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and tetragonal (P4./nmc) phases are registered in
case of pure zirconia samples (Fig. 1, Table 1.).

* % -CeOZ;
CeO,(CTAB, 373) * * .
* * * k|
CeO,(no, 373)
7Ce3Zr(CTAB, 373\ + N .
7Ce3Zr(no, 373)

+ - tetragonal ZrOz; O - monoclinic ZrO2

5Ce5Zr(CTAB, 373)
5Ce5Zr(no, 373)

3Ce7Zr(CTAB, 373)

Intensity, a.u.

3Ce7Zr(no, 373)

\NMNW
Zr0,(CTAB, 373) f| +f ot
2 Py 9 o 00 t o
Zr0,(no, 373)

10 20 30 40 50 60 70 80
2 Theta, degrees
Fig. 1. XRD patterns of the studied samples.

Here, the absence of CTAB template molecules
during the synthesis of ZrO,(no, 373) sample seems
to provoke the formation of tetragonal phase in a
higher extent at the expense of monoclinic one (Fig.
1, Table 1). In case of mixed oxide samples, the
intensity of ceria reflections decreases with
zirconium content increase, but the ceria phase
seems to remain unchanged as its unit cell
parameter is almost not influenced by zirconium
addition (Fig.1, Table 1). For these materials
zirconia phase with tetragonal symmetry was also
detected (Table 1). Its unit cell parameters are
slightly expanded in comparison with the
corresponding ZrO, individual oxides. This
indicates partial introduction of cerium within the
zirconia phase, the effect being more pronounced
with the zirconium content increase.
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Fig. 2. Nitrogen physisorption isotherms with pore size distributions as insets for the studied pure and mixed metal
oxide samples.
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Nitrogen physisorption measurements were
conducted in order to elucidate the textural
properties of the studied samples (Fig. 2, Table 1).
All isotherms are of type IV that is characteristic of
mesoporous materials with the exception of pure
ceria samples, which isotherms are combination of
types | and IV with predominant presence of
micropores (Fig. 2, Table 1). At the same time, both
pure zirconia samples are exclusively mesoporous,
characterized with steep adsorption step within 0.6-
0.8 relative pressure and H1 type hysteresis due to
narrow pore size distribution (Fig. 2, Table 1). In
case of mixed oxide samples the shape of their
isotherms is in-between those of the pure metal
oxides with mesoporosity increasing with Zr
content and with comparable textural characteristics
for the analogous samples, however, smaller pore
sizes and narrower pore size distributions are found
for the samples obtained without CTAB (Table 1).

Uv-Vis analysis has been used to obtain
information for the coordination and oxidative state
of metal ions. The spectra of both ZrO, samples
show two absorption bands at around 215 and 230
nm, as expected for monoclinic ZrO, [7]. The
second broad feature in their spectra positioned at
around 320 nm reveals the co-existence of
tetragonal ZrO, [7] and it is larger for ZrO,(no,
373). For pure ceria (Fig. 3), the strong absorption

with maximum at about 350-360 nm is ascribed to
0%—Ce* charge transfer (CT) transitions, while
that one at about 250 nm — to O*—Ce*" CT
transitions [8]. In case of all mixed oxides samples
these bands are preserved, however, the latter one is
slightly red-shifted and the former — blue-shifted,
which together with the slightly increased overall
absorption above 500 nm could be ascribed to the
appearance of additional defects due to
incorporation of Ce within zirconia lattice.
Additional information for the redox properties
of the studied materials was obtained by
temperature-programmed reduction (TPR) with
hydrogen (Fig. 4). No significant TG effect is
observed for both ZrO, samples, indicating
negligible reduction transformations under studied
conditions. The reduction degree of both pure ceria
samples is about 14 %. The reduction of all mixed
oxide samples obtained without CTAB template is
facilitated as the start of the reduction is shifted to
lower temperatures compared to pure ceria samples
and/or the reduction degree is significantly
increased, especially with Zr content above 30 mol
% (Fig. 4). We could ascribe the observed effects to
the partial introduction of cerium within the
zirconia phase and the presence of smaller ceria
crystallites within these samples (Table 1).

a
210, (CTAB,373)

3Ce7zr (CTAB,373)

5Ce5Zr (CTAB,373)
7Ce3Z(CTAB,373)

Absorbance, a.u.

CeO, (CTAB,373)

b
Zr0, (no,373)

3Ce7Zr(no,373)

5Ce5Zr(no,373)
7Ce3Zr(no,373)

Absorbance, a.u.

CeO, (no,373)

200 300 400 500 600 700 800
Wavelenght, nm

200 300 400 500 600 700 800
Wavelenght, nm

Fig. 3. UV-Vis spectra for the samples prepared with CTAB template (a) and without (b)

Zro, a

ﬁ'_:‘a)nsl
f
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4:}.0 SéO 770
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410 590 770
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Fig 4. TG (a) and DTG (b) data for the samples prepared with CTAB template
(solid line) and without (dash line).
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Fig. 5. Temperature dependency of ethyl acetate total oxidation for the studied samples.

The catalytic properties of the samples were
studied in temperature-programmed regime within
the range of 423-773 K (Fig. 5). Pure zirconia
samples show catalytic activity just above 625-
650 K with relatively low selectivity to CO, due to
their significant acidic function and relatively low
redox ability. At the same time, both pure ceria
materials display steeply increasing conversion
activity above 550 K combined with enhanced
selectivity to total oxidation that could be assigned
to their superior redox properties. All mixed oxide
samples show improved catalytic activity, taking
into consideration their cerium content, as well as
very high selectivity to CO,, and we assign this to
their overall enhanced redox properties in
comparison with pure ceria samples due to cerium
substitution within zirconia lattice. The latter seems
to be favoured by the absence of template during
the synthesis (especially for the samples with Zr
content above 30 mol %) and this is probably
provoked by the improved intimate contact between
the metal oxide particles.

CONCLUSION

By using an original synthetic approach we have
prepared highly active and selective in total
oxidation of ethyl acetate nanostructured ceria-
zirconia materials comprised of nanosized particles
arranged in a micro-mesoporous structure. The use
of urea only as both precipitator and template gives
optimal textural and structural characteristics of the
obtained mixed oxides, especially for the samples

with Zr content above 30 mol %, while the
additional presence of bulky CTAB molecules
during synthesis seems to limit Ce-Zr interactions
and thus has a negative effect on their catalytic
performance. Further investigations with time-on-
stream catalytic experiments are in progress.
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BJIMAHUE HA ITPUCBCTBUETO/OTCBHCTBUETO HA OBEMHO ITOBBPXHOCTHO AKTUBHO
BEILIECTBO ITPU ITOJIYHABAHETO HA HAHOCTPYKTYPUPAHU CeO,-ZrO, MATEPUAJIN
BBPXY TEXHUTE KATAJIMTUYHU OTHACAHUA B PEAKIIUATA HA IThJIHO OKUCJIEHUE HA
ETUJIALIETAT

P. I/IBaHOBal, M. )Z[HMI/ITpOBl, . KOBaquaZ, T. I_IOquBa1

1H)Ltcmumym no opeanuuna xumusi ¢ Llenmwvp no pumoxumus, bAH, 1113 Coghus, bvreapus
2Hncmumym no o6wa u neopeanuuna xumus, BAH, 1113 Cogus, Bvreapus

IMoctemmna Ha 10 okToMBpH 2016 T.; KOpurnpana Ha 16 HoemBpw, 2016 T.

(Pesrome)

bsixa CHHTE3MpaHH HOBM  HAHOCTPYKTYpHpPAaHH  MaTepHald B  NPUCHCTBHE WM  OTChCTBUE  HA
nermnTpumermwiamonneB Opomun (CTAB), kaTo OGemre M3MOI3BaH OPUTHHAJICH ITOJXOM, BKIIOYBAII W3IIOJI3BAHETO HA
ypea Karo yramTell C MOCIejABalla Xuaporepmaina obpaborka. [lonmyueHute matepuanu Osxa XapakTepU3UPAHU C
MOMOIITA HA TIPaxoBa PeHTreHoBa maudpakims, pusndna agcopouus Ha a3ot, UV-VIiS crieKTpocKonusi, TeMIepaTypHo-
porpamMupana peayKIiHs ¢ BOJOPO/, & TAXHOTO MOTEHIMAIHO MPUIOKEHNE B KaTajiu3a Oellle U3CIIeBaHO B H3rapsHe
Ha CTHJIAICTAT, KaTO MOJEIHA PEaKiusd 32 CIMMHHUPAHE Ha JICTIIMBH OPraHUYHH ChCIUHEHUs. Pe3ynTatuTe mokasear,
ye mpuckcTBHero Ha CTAB He camo He mogoOpsBa 3HAYMTEIHO TEKCTYPHHUTE XapaKTCPUCTHKH Ha IMOJYYCHHUTE
MaTepualld, HO UMa HeraTuBeH e()eKT BbPXY TEXHUTE KaTAIUTUYHU CBOWCTBA KaTO orpaHH4aBa B3aumojeiicterero Ce-
Zr. C yBenuyaBaHe Ha ChIbPXKAHUETO HAa ZI B CMECECHHTE O00pa3slu ce IMOoA00psABaT ME30MOPUCTOCTTa U
B3aumozeiicteuero Ce-Zr, koeto uma OiaronpusaTeH eeKT BbpXy KaTalUTHYHATA aKTHBHOCT Ha 00Opa3lUTE B IBJIHO
OKMCJICHHE Ha €THUJIAIETAaT.

130



Bulgarian Chemical Communications, Volume 48, Special Issue G (pp. 131-135) 2016

Physicochemical characterization of chia (Salvia hispanica) seed oil from Argentina

G. Uzunova?, Kr. Nikolova®*, M.Perifanova®, G. Gentscheva®, M. Marudova®, G. Antova*

YUniversity of Food Technologies, blv. Meritza 26, Bulgaria, Plovdiv, 4002
“Medical University, blv. Marin Drinov 54, Bulgaria, Varna, 9002
%Institute of General and Inorganic Chemistry, BAS, Acad. G. Bonchev Str., Bulgaria, Sofia, 1113
*Plovdiv University, 24 Tzar Assen Str., Bulgaria, Plovdiv,4000

Received October 10, 2016; Revised November 21, 2016

The physicochemical characteristics of chia oil from Argentina, which is one of the most efficient omega-3 (n-3)
sources for enriching foods, have been studied. The results from analysis show that the chia oil has a relative density of
0.9288, refractive index 1.4810 and yellow color component that dominates over the red one. Its acidity index is 1.68
mg KOH/g, its saponification index is 197.9 mg KOH/g, iodine index is 208.3 g I,/ 100g and the peroxide index is 1.95
meq O,/kg. The fluorescence spectra for excitation wavelength 350 nm contain 3 peaks at about 472 nm, 503 nm and
670 nm, which are attributed to pigments, vitamins and oxidation products. Besides, the spectra in visible and UV range
are used for determination of chlorophyll content, content of 3-carotene, oxidation products and oxidant stability. Phase
transition is observed at -36.9 °C. The content of some essential, non essential and toxic elements in the solution
obtained after microwave-assisted (MW) digestion of the examined oil were determined by Inductively
Coupled Plasma Mass Spectrometry (ICP-MS). This method could be useful for quality control of the oil when used

in food industry, medicine and cosmetics

Keywords: UV and visible spectroscopy, fluorescence, mineral contents, color characteristic

INTRODUCTION

Chia (Salvia hispanica L.) seed oil is an
interesting source of polyunsaturated fatty acids
(PUFA). It contains the highest proportion of a-
linolenic acid (*60%) of any known vegetable
sources [1]. This fatty acid (FA) belongs to the n-3
family which is essential for the normal growth and
development of the human body and plays an
important role in the prevention and treatment of
coronary artery disease, hypertension, diabetes,
arthritis, other inflammatory and autoimmune
disorders, and cancer [2]. Further, chia oil is used
as a base for face and body paintings. The
activation energy of chia seed oil, calculated from
the extrapolated temperature of the start of
oxidation (T,), was similar to that reported for pure
a-linolenic acid (62-70 kJ/mol) [3], the main fatty
acid presented in chia seed oil, and lower than the
activation energy for corn oil (104.3 kJ/mol) [4].
The physicochemical characteristics and fatty acid
composition of chia oils were investigated by
Velasco Vargas, Alvarez-Chavez, Bushway [5-7].

However, no information was found about the
mineral content and optical properties as
fluorescence spectra and absorption spectra in UV
region, which are connected with the presence of
pigments and oxidative products. Obviously,
further knowledge on chia seed oil properties is
needed, which may lead to different uses in the
food industry or medical, pharmaceutical and other
non-food industrial applications. Based on that, the
main objectives of this work are to study mineral
content, some important physicochemical and
quality characteristics of Salvia hispanica seed oil
from Argentinahe .

EXPERIMENTAL

Chia (Salvia hispanica, L.) seeds were obtained
in Argentina and the oil was extracted in a
Bulgarian factory. The samples were poured into a
10-mm thick dish. The color parameters in two
colorimetric systems XYZ and SIE Lab have been
measured by Lovibond PFX 880 (UK). The
refractive index of the oil was measured using an
Abbe refractometer (Carl Zeiss, Germany) at 20°C.

The thermal characteristics of the chia oil
samples were investigated in the temperature range

o A . . .
* To whom all correspondence should be sent: of - 60°C to 20°C by differential scanning
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calorimeter DSC 204 F1 Phoenix (NETZSCH,
Germany), equipped with intracooler. The DSC
apparatus was calibrated with indium standart. In
order to avoid condensation of water, argon gas was
used to purge the furnace chamber at 20 ml min™.
The samples (5-10 mg) were weighed into 40 pl
aluminum standard crucible and hermetically sealed
with aluminum standard lead. An empty aluminum
crucible was used as a reference.

lodine and saponified values and free fatty acid
content were determined according to AOCS
recommended practices Cd 1c¢-85, Ca 6a-40 and Ca
5a-40, respectively [8]. Oil oxidative stability was
evaluated by the Rancimat (Mod 679, Metrohm)
method, using 3 g of oil sample warmed at 100°C
with air flow of 20 L h,

Determination of dynamic and kinematic
viscosity was obtained by using degrees Engler.
They are presented as ratio of the time of flow of
200 ml of the investigated oil to the time of flow of
200 ml of distilled water at the same temperature
(usually 20°C, but sometimes 50°C or 100°C).

Samples of about 0.3 g were weighed in Teflon
vessels of microwave digestion system, then 8 ml
67% HNO; (supra pure) and 2 ml 30% H,O, (supra
pure) were added and samples were left to stay
overnight. Microwave digestion was performed as
follows: 15 min to reach 220°C and 20 min left to
stay at this temperature. After cooling the samples
were transferred in 100 ml volumetric flask and
diluted up to the mark with deionized water. A
blank sample was passed through the whole
analytical procedure. Inductively coupled plasma-
mass spectrometer “X SERIES 2”- Thermo
Scientific was used for the determination of
elements.

The sources used to measure the fluorescence
spectra are 250 nm, 300 nm, 350 nm, 400 nm and
450 nm light emitting diodes (LEDSs). A fiber optic
spectrometer  (AvaSpec-2038, Avantes) with
sensitivity in the 200-1100 nm range and a
resolution of about 8 nm was used to measure the
fluorescence spectra. The oil samples were placed
in a 10 mm x 10 mm cuvette and irradiated by
LEDs.

RESULTS

In the present study various techniques have
been used for the characterization of chia (Salvia
hispanica) seed oil from Argentina. The obtained
main values for some physical and chemical
characteristics are given in Table 1.

As seen, the relative density of Argentinian chia
oil is greater than sunflower and soybean oils, but
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its value is very close to the relative density of
Mexican chia oil 0.9241 [9]. According to Alvarado
and Aguilera [10], the relative density is high to
higher unsaturation’s content in the fatty acids. The
refractive index is greater than the values measured
by the other author for Mexican chia oil 1.4761 and
for Argentinian chia oil 1.4768 [12]. The lodine
value registered here (208.3 gl,/100 g oil) showed
the unsaturation grade of chia’s oil, and that this
parameter is proportional to the number of double
bonds in the fatty acid chains.The lodine index in
chia oil could be compared only with the lodine
value in linseed oil (187 gl,/100 g oil) [13]. The
acidity value is similar to chia oil obtained by
pressing seed from Guatemalan seeds with 1.64 mg
KOH/g oil [12]. The oxidative stability of foods is
dependent on the composition, concentrations and
activity of reaction substrates and antioxidants. In
order to minimize the use of food additives, the
oxidative stability can be potentially improved by
preserving or enhancing the endogenous oxidation
control systems of foods [14]. The accelerated
stability test showed that chia oils have a low
oxidative stability of 2.4 h. In spite of the presence
of antioxidant compounds, the high content of poly
unsaturated fatty acids makes chia seed oil very
instable. In this respect, some innovative
technologies to protect from oxidation of this oil
are needed.

Table 1 Physical and chemical properties of chia oils.

Physical and Chemical Argentinian chia oil

Properties
Peroxide value (meqO,/kg oil) 1.95
Acidity value (mg KOH/qg oil) 1.68

Saponification value
(mg KOH/g oil) 197.9
lodine value (g 1,/100 g oil) 208.3
Relative density 0.9288
Refractive index 1.4810
Oxidative stability (h) 2.4
Dynamic viscosity (Pa.s) 4.25.107

The color characteristics in two color systems
XYZ and SIELab are shown in Table 2. On the
base of transmission spectra in the visible region
the pigments chlorophyll and p-carotene are
determined. It is evident that color coordinates x
and y are almost equals. Parameter a* assumed a
negative but low value, similar to data reported for
B-carotene [15]. Besides, the chia seed oil samples
showed positive values of parameter b*, which is
characteristic of yellow colors. Obviously, this oil
is very rich of pigments.

There are data for fatty acid composition of chia
oil in the literature, but the optical and especially
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fluorescence properties are not investigated. That’s
why in the present study the fluorescence spectra in
the UV and visible region are recorded. The
excitation — emission matrices are presented on the
Fig 1.

Table 2 Color parameters of chia oils.

Color parameters Argentlonillan chia
X 73.20
Y 79.81
z 26.20
X 0.4085
y 0.4454
L 91,55
a -10.03
b 64.31
Chlorophyll 22.08 ppm
B - carotene 0.156 ppm

)
o
e
o
»

Fig. 1. Excitation-emission matrix for chia oil.

The fluorescence peaks give the connection
between the optical and chemical properties of the
sample and afford on the opportunity for its quality
investigation. The good ratio between the
intensities of emission and excitation is observed
for excitation wavelength 350 nm. The distinct
fluorescence peak is observed at about 440 nm,
which is connected with phenol antioxidants.
Among the primary oxidation products are
hydroperoxides which further degrade to secondary
products: aldehydes, alcohols, hydrocarbons and
ketones [16]. It’s important to notice that the known
products formed during oxidation of vitamin E
group are all non-fluorescent [17]. Changing in the
content of tocopherols and phenols is also detected
at about 503 nm. The fluorescence properties of the
pigments are very similar and that’s way signals in
the wide wavelength range 600 - 720 nm are
detected [17]. There is presence of the chlorophyll

group in the studied sample and the band at 670 nm
is attributed to it. The fluorescence maxima at 472
nm can be explained with the presence of [-
carotene.

The extent of oxidation of chia oil has been
estimated by the obtaining of absorption peaks in
the UV region. The UV spectrum is presented on
the Fig. 2.
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Fig. 2. UV spectrum for chia oil

The degree of oxidation of the studied sample is
estimated through indirect determination of primary
oxidation products (peroxides) of absorption of
conjugated diene structures which are formed from
linoleate units using UV spectroscopy at 232 nm
and from the absorption of conjugate triene
structures at 268 nm. The chia oil has a high
content of polyunsaturated fatty acids (80%) and
according to the obtained values of absorbance at
232 nm is oxidized. The absence of an absorption
peak around 270 nm, however, proves the absence
of by-products of the oxidation of carbonyl
character. These results show that the oil of chia
can be wused for food purposes, but not
recommended to be subjected to the heat treatment.

Further, the transmittance of the oil in the visible
region has been investigated. It is seen that the oil
strongly absorbs in the short wavelength of the
spectrum from 400 nm to 500 nm. The
transmittance is over to 90% of light flux from 550
nm to the end of the visible region.

Trace elements Fe, Cu, Ni and Mn [18]
increased the rate of oxidation of the oil by the
formation of free radicals of fatty acids and
hydroperoxides. As mineral composition, chia oil is
low in elements like all other oils (Ca=37.6 pg g™;
K=6.78 ng g% Mg=3.67 pg g*; Zn=2.35 nug g
Cr=0.19 pg g'l; Mn= 0.23 ug g'l; Fe=2.32 png g'l;
Co, Cu and Se<0.01 pg g?). There are no toxic
elements (Ni=0.03 pg g™; Pb=0.06 pg g™; As, Cd,
Tl and Hg<0.01 pg g™) and it can be used in food,
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medical and cosmetics industry. It is possible that
concentrations of some elements are influenced by
the manufacturing process and equipment.

Fig. 3 shows the DSC thermogram of chia oils
stydied. The maximum of the largest peak takes
place at around -32 °C, the maximum of the second
largest peak is at around -10 °C.

DSC /mwimg)

| X0
06

60.0 400

MO DI Usar NestesT

-200 00 200
Temperature °C

Fig. 3. DSC thermogram for chia oil

The relatively low melting temperatures could
be related to the chia oil fatty acid composition -
high amount of poly unsaturated triacylglycerols,
like a-linolenic acid and linoleic acid [19]. As a
consequence, the chia oil may be stored in a
refrigerator, as it is not expected to partially
crystallize (like other oils, such as olive oil). This
ensures better storage conditions since the oxidative
stability is low due to its high unsaturation.

CONCLUSION

Because of the increasing popularity of chia oil
as a very important source of n-3 and n-6 fatty
acids, this study presents a view of the
characteristics of chia oil and the obtained
parameters that could be used as a starting point to
define quality standards since there are little
specifications available for this nontraditional
vegetable oil.

The chia oil has a high content of
polyunsaturated fatty acids (80%) and according to
the obtained values of absorbance at 232 nm it can
serve as an evaluation of the degree of oxidation.
The absence of an absorption peak at around 270
nm suggests that this oil can be used for food
purposes, but it is not recommended to be used
after heat treatment. The experimental results from
fluorescence spectra show that the oil is reach of
tocopherols and phenols (emission fluorescence
peak at about 503 nm), chlorophyll group (Aem= 670
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nm), B-carotene (fluorescence maxima at 472 nm).
The absence of toxic elements shows that the
product can be used in food, medical and cosmetics
industry. An important problem is to improve the
oxidative stability of the chia oil from Argentina,
which could be resolved by the addition of natural
antioxidants such as phenolic components.
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OU3NKOXUMHNYHU XAPAKTEPUCTUKU HA YHA (SALVIA HISPANICA) MACJIO OT
APXEHTUHA

I'. ¥Y3ynoga, Kp. Huxonosa?, M. Tlepudarnosa’, I'. ['enuea’®, M. Mapynosa®, I'. Auropa*

'VHHBEpCUTET O XPaHUTENHN TexHOToruH, 6y1. Mapua 26, bearapus, ITnosaus, 4002
*MemuuHCKY yHHBepeuTet, 6yi1. Mapus [pusos 54, Buirapus, Bapra, 9002
*UrctutyT 10 0611 1 HeopranuuHa xumus, BAH, yi. Axan. I'. bonues, Buirapus, Codus, 1113
*[LoBauBCKH yHHUBepcuTeT, yi. Llap Acen 24, benrapus, [Tnosaus, 4000

IMoctenuna Ha 10 okromBpu 2016 r.; kopurupana Ha 21 HoemBpu, 2016 .

(Pesrome)

Uscnensann ca (hU3MKOXMMUYHUTE XApAKTEPUCTHKH Ha MAclio OT uyua /ApKEHTHHA/, KOCTO € CeIWH OT Haii-
epexruBaute omera-3 (N-3) m3roununuTe 3a g00aBKa KbM XpaHU. Pe3ynratuTe mokasBatr, 4e MAacliOTO OT YMa UMa
oTHOcHTENIHA IBTHOCT - 0.9288, mokasarten Ha mpeuynBaHe - 1.4810 U *XbJITa IBETOBA KOMIIOHEHTA, KOSTO TOMHUHHUPA
Haj uepBeHara. Kakto u kuceauuuo uucio: 1.68 mg KOH/g; nnnekc Ha ocanynssane: 197.9 mg KOH/g; itoaHo uucio:
208.3 g 1,/100g, mepokcuano umcio: 1.95 meq O,/kg. diayopeciieHTHUTE CIEKTPH, MOJYYEHH MPH BB3OYKIAHE C
IbIDKMHA Ha BbiaHaTa 350 nM mmar 3 mmka: okojo 472 nm, 503 nm u 670 nm, KOUTO Ce OBJDKAT Ha MUTMEHTH,
BUTAMUHHU M POJYKTH Ha okucieHue. OcBeH TOBa, CrieKTpu BbB BuanMmara u UV 00acT ca U3nos3BaHu 3a onpeessiHe
HAa CBHABPKAHMETO HAa XJIOpO(uI, B-KapOTHH, MPOAYKTH HA OKUCICHHE M OKCHIAaHTHa cTabwiHocT. HabOiromaBaH e
¢azoB mpexox mnpu -36.9°C. KoHleHTpanusaTa Ha HAKOW OCHOBHHU, CCEHIIMAIHN ¥ TOKCHYHHUTE SIEMEHTH B TIPOOHTE ca
onpenenenn upe3 ICP-MS, cien MUKpOBBIIHOBO pasjaraHe Ha MacioTo. T03M MeToJ MOke na Obae MoJe3eH 3a
KOHTPOJI Ha KAa4eCTBOTO HA MACJIOTO, KOTAaTO CE W3I0JI3Ba B XPAaHHUTEIHO-BKYCOBAaTa MPOMHIILUICHOCT, MEIUIIMHATA U
KO3METHKATa
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This work aims at exploring the co-aggregation of Bacillus subtilis 170 and Bacillus subtilis 168 with Escherichia
coli K-12 strains. The influence of different physical and chemical factors involved in this features was investigated.
Co-aggregation was found to be dependent on various factors: pH, temperature. Treatment with trypsin, proteinase K
and chelating agents such as EDTA (ethylene diamine tetra acetic acid), heat treatment was found to inhibit co-
aggregation. Among the different kind of sugars, the co-inoculation of Bacillus subtilis 170 and Bacillus subtilis 168
with Escherichia coli K-12 strains inhibited in a higher degree in the presence of N-acetyl glucosamine as compared to
the other monosaccharides. Therefore, co-aggregation between tested strains was mediated by the lectin —

polysaccharide interactions.

Keywords: Bacillus subtilis 170, Bacillus subtilis 168, Escherichia coli K-12, co-aggregation, biofilms

INTRODUCTION

Microorganisms are found in a wide range of
diverse  ecosystems as  highly structured,
multispecies communities termed biofilms [1, 2, 3,
4, 5]. Actually, biofilms can develop on a wide
range of surfaces of food industry plants: stainless
steel surfaces of open or closed pieces of
equipment, floor, belts, rubber seal and so on [ 6].

Co-aggregation is an integral process in the
formation of mixed biofilms and is therefore
ecologically important [7, 8, 9] is characterized as
an intra- or inter-species interaction of bacteria [1,
2, 10]. It differs from autoaggregation, which is
defined as the adherence of bacteria belonging to
the same strain [11, 12].

Physical interactions between co-aggregating
bacteria facilitate metabolic interactions, such as
oxygen protection, cell-cell communication and
genetic exchange between cells [13, 14, 15]. The
co-aggregation interaction is a highly specific
process mediated by the recognition of
complementary lectin — carbohydrate molecules
between the aggregating partners [13, 14, 15, 12,
9], specific host-like patterns within the hexa- and
heptasaccharide repeating units of different receptor
polysaccharides [16].

Many studies have described the mechanisms of

*To whom all correspondence should be sent:
E-mail: ivotg@abv.bg

oral biofilm formation [16]. Co-aggregation also
occurs between members of the urogenital flora
and between strains of Lactobacillus from chicken
crops [17, 18], as well as on human
enteropathogens [19], uropathogens and chronic
periodontitis [20]. In addition, co-aggregation has
also been shown to occur between bacteria derived
from aquatic ecosystems [19, 21] and rhizosphere
[22].

This article is a thorough study of impact of
environmental factors on the degree of co-
aggregation between of B. subtilis 168 and B.
subtilis 170 strains at their interaction with of E.
coli K-12 strains.

MATERIALS AND METHODS

Bacterial strains. This study used of Bacillus
subtilis168, Bacillus subtilis 170  strains,
Escherichia coli W1655, Escherichia coli 406,
Escherichia coli 420, Escherichia coli 446 K-12
strains, deposited in the collection of National Bank
of Industrial Microorganisms and Cell Cultures,
Sofia, Bulgaria, and E. coli 1655 K-12 strain from
the collection of Institute of Molecular
Biotechnology, Jena, Germany. All strains were
inoculated into 9.00 ml of a liquid culture medium
(LB broth) and incubated at 37 ° C for a period of
18 hours before the beginning of each
determination.
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Co-aggregation assay. 1.00 ml aliquots of B.
subtilis and E.coli K-12 overnight cultures were
mixed together in 10,00 ml co-aggregate buffer
(0,01 mM CaCl,, 0,01 mM MgCl, , 0,15 M NaCl)
and vortexed for 10 s. The mixture was incubated
in a rotary shaker for three min and left undisturbed
for 4 h. Then co-aggregation assay was investigated
according to methods described from Rathi et co-
workers [21].

Effect of proteinase, trypsin and heat treatment,
pH and temperature, chelating agent EDTA and
sugars on the co-aggregation. All experiments
were investigated according to methods described
by Rathi et co-workers [21].

Scanning electron microscope assays. Bacterial
co-aggregates were prepared according to method
described by Phuong et co-workers [19].
Observations were performed on a scanning
electron microscope.

Confocal laser scanning microscope assays.
Bacterial co-aggregates were staining with Live
Bacterial Gram Stain Kit according to instructions
of the manufacturing company Biotum.

Statistical analysis. To investigate differences in
co-aggregation between various B. subtilis strains
and E.coli K-12, a one-way ANOVA and a
Student's t -test was performed for the comparison
between strains. The level of significance for all
statistical tests was set at P < 0.05.

RESULTS AND DUSCUSSION

Bacteria in multispecies biofilms are able to
make physical contact each other [23]. Specific
direct interactions are known as co-aggregation
[24]. This process underlies formation of biofilms
of different microbial species [1, 2] and is
influenced by features of the cell surface,
environmental factors and the presence of specific
compounds, inhibitors of co-aggregation.

In the present investigation of Bacillus subtilis
170, and Bacillus subtilis 168, and Escherichia coli
K-12 have been tested for co-aggregation capability
as reported in Table 1. The combination of Bacillus
subtilis 170 with Escherichia coli K-12 1655 and
Bacillus subtilis 168 with Escherichia coli K-12
1655 resulted in the highest co-aggregation
percentage (77,01 = 0,63% and 79,21 + 0,72%).

Reports regarding the co-aggregation between
B.subtilis 170, B.subtilis 168, and E.coli K-12
strains were scarce. The scanning electron
micrograph of co-aggregates (Fig. 1 and Fig. 2)
shows intermingled cells of B.subtilis 170, and
B.subtilis 168 (long rods with surface protrusion),
and E.coli K-12 (smaller smooth-surfaced rods).

Table 1. Co-aggregation of B.subtilis 170 with E.coli K-
12 strains.

Ne Strains Autoaggregation | Co-aggregation index,
index, % % with
B.subtilis | B.subtilis
170 168
1. | Bacillus 54,32+0,58 - -
subtilis 170
2. | Bacillus 52,85+0,26 - -
subtilis 168
3. | Escherichia 53,94+0,95 77,01 £ 79,21 £
coli 1655 0,63 0,72
4. | Escherichia 44,524+0,06 76,10 £ 79,08 £
coli 406 0,00 0,23
5. | Escherichia 44,95+0,73 77,02 + 78,50 £
coli 446 0,08 0,42
6. | Escherichia 43,97+0,21 73,57 £ 78,06 £
coli 420 0,11 0,61
7. | Escherichia 41,53+0,51 71,04 £ 78,86 £
coli W3110 0,60 0,21

Fig. 1. SEM micrographs of the co-aggregates formed
between Bacillus subtilis 170 strain and their co-
aggregating partners: (A) Escherichia coli K-12 406 ; (B)
Escherichia coli K-12 420; (C) Escherichia coli K-12
446; (D) Escherichia coli K-12 1655; (E) Escherichia
coli K-12 W 3110.

— )

Fig. 2. SEM micrographs of the co-aggregates formed
between Bacillus subtilis 168 strain and their co-
aggregating partners: (A) Escherichia coli K-12 406 ; (B)
Escherichia coli K-12 420; (C) Escherichia coli K-12
446; (D) Escherichia coli K-12 1655; (E) Escherichia
coli K-12 W 3110.

The co-aggregation of B. subtilis 170 and B.
subtilis 168 with E. coli K-12 strains at different
pH levels is presented in graphical form inFig. 3
and Fig. 4. Co-aggregation percentage is higher at
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lower and higher pH levels namely 5,0 and 8,0
irrespective of strains. However at a neutral pH of
7,0 the results show a slight decrease in the co-
aggregation percentage for all tested pair strains.

80 1
70 A
60 -
50

WpH50
40 1 EpH 6,0
30 @pH70
20 - OpH8,0

Co-aggregarion index, %

10

0 -
10 4 Bacillus Bacillus Bacillus Bacillus Bacillus
subtilis 170 subtilis 170 subtilis170 subtilis 170 subtilis 170
+ + + + +
Escherichia Escherichia Escherichia Escherichia Escherichia
coli 420 coli 1655 coli 406 coli446  coli W3110

Fig. 3. Effect of different levels of pH on co-aggregation
of Bacillus subtilis 170 with Escherichia coli K-12

strains
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Bacillus Bacillus Bacillus Bacillus Bacillus
subtilis 168 subtilis 168 subtilis 168 subtilis 168 subtilis 168
+ + + + +
Escherichia Escherichia Escherichia Escherichia Escherichia

coli 420 coli 1655 coli 406 coli446  coli W3110

Fig. 4. Effect of different levels of pH on co-
aggregation of Bacillus subtilis 168 with Escherichia
coli K-12 strains

Rathi et co-workers [21], Burdman et co-
workers [25, 26] reported that Azospirillum strain
FAJ0204, P. fluorescens and B. subtilis strains
displayed an increase in aggregation at a lower pH
level. At acidic pH, negative ionized groups can be
neutralized by protonation thus diminishing the
strength of the repulsive forces between bacteria
and leading to increased aggregation. After a
decline in co-aggregation at pH 7.0, the increase
observed in pH 8,0.

The effect of different temperature on the co-
aggregation was studied. The increasing level of
growth temperature showed an increase in co-
aggregation percentage up to 3540 °C, and beyond
40 °C was observed a reduction in co-aggregation
index (Fig. 5 and Fig. 6). Burdman co-workers [26]
reported the positive effect of growth temperature
on co-aggregation of A. brasilense cells. A similar
trend was also observed in Azospirillum, when co-
aggregated with other PGPR strains.
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In order to determine the nature of surface
components, involved in cell-cell interaction
leading to aggregation, the bacterial strains were
treated with a variety of potential disaggregating
reagents such as Tween, EDTA, Triton, protease,
trypsin, and heat treatment.
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Fig. 5. Effect of different levels of temperature on co-
aggregation of Bacillus subtilis 170 with Escherichia
coli K-12 strains.
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Fig. 6. Effect of different levels of temperature on co-
aggregation of Bacillus subtilis 168 with Escherichia
coli K-12 strains.

Table 2. Effect of EDTA, Tween u Triton on the co-
aggregation of B.subtilis 170 with E.coli K-12 strains

No Strains Co-aggregation index, %
Control | EDTA | Tween | Triton
1. Bacillus 77,01+ | 69,55 57,05 | 58,88
subtilis 170 + 0,63 +0,75 | £0,42 | £0,21
Escherichia
coli 1655
2. Bacillus 76,10+ | 62,37 59,06 | 58,94
subtilis 170 + 0,00 +0,42 | £0,21 | £0,42
Escherichia
coli 420
3. Bacillus 7782+ | 65,76 55,76 | 56,30
subtilis 170 + 0,08 +0,13 | £0,17 | £0,39
Escherichia
coli 446
4, Bacillus 7357+ | 64,98+ | 59,49 | 61,89
subtilis 170+ 0,11 0,27 +0,91 | £0,33
Escherichia
coli 406
5. Bacillus 71,04+ | 58,92 56,19 | 57,20
subtilis 170 + 0,60 +0,71 | £0,23 | £0,21
Escherichia
coli W3110
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Table 3. Effect of EDTA, Tween u Triton on the co-
aggregation of B.subtilis 168 with E.coli K-12 strains

Ne Strains Co-aggregation index, %
Control | EDTA | Tween | Triton
1 Bacillus 79,21+ | 70,68 55,84 | 62,06
subtilis 168 + 0,72 +0,28 | £0,87 | £0,49
Escherichia
coli 1655
2. Bacillus 79,48 + | 70,18 55,76 | 63,46
subtilis 168 + 0,23 +0,32 | £0,49 | £0,48
Escherichia
coli 420
3. Bacillus 7850+ | 69,62 61,03 | 64,35
subtilis 168 + 0,42 +043 | £0,79 | £0,50
Escherichia
coli 446
4, Bacillus 78,06 + | 70,53+ | 60,11 | 64,87
subtilis 168+ 0,61 0,30 +0,41 | £0,36
Escherichia
coli 406
5. Bacillus 78,86+ | 71,33 58,81 | 66,42
subtilis 168 + 0,21 +0,41 | £0,40 | £0,95
Escherichia
coli W3110

Results of Table 2 and 3 shows that with the
greatest inhibitory activity against co-aggregation
process differs Tween, the index of inhibition of co-
aggregation process ranges from 19,12% to 28,35%
at B. subtilis 170 and E. coli K-12 strains, while at
the pair of B. subtilis 168 and E. coli K-12 strain its
value varies in the range of 22,26% to 29,84%. The
lower degree of reduction of co-aggregation
between investigated strains is under effect of
Triton, followed by EDTA.

The highest resistance to thermal impact at 80 °
C for 15 min. were featured pairs of B.subtilis 170
and E.coli K-12 1655, and B.subtilis 168 and E.coli
K-12 1655 strains, followed by pairs of B.subtilis
170 and E.coli K-12 406, B.subtilis 168 and E.coli
K-12 406 (Tables 4 and 5). In the base of thermal
tolerance of flocs, formed by strains of  B. subtilis
and E. coli species is most likely standing increase
of intracellular content of poly-B-butyrate [24, 11].
The reduction of value of the index of co-
aggregation between tasted pair strains of the B.
subtilis and E. coli species in the present study was
more pronounced under the influence of the cells
with proteinase K compared to trypsin (Table 4 and
Table 5). Addition of proteinase K enzyme reduced
the co-aggregation percentage from 72,45 to 62,69
% of B. subtilis 170 and E. coli K-12 strains, from
72,45 to 62,69 % at B. subtilis 168 and E. coli K-12
strains, as seen in Table 5. There results are in
conformity with the earlier findings of Burdmanet
and co-workers [26] which indicated significant
reduction in the aggregation inducing Azospirillum
cells on protease treatment. These results suggest

that adhesive proteins are at least partially
responsible for the aggregation-inducing activity.

Table 4. Co-aggregation index between B. subtilis 170
and E. coli K-12 strains after heat treatment at 80 °C,
treatment with Trypsin and Proteinase K

Strains Co-aggregation index, %
Control Heat Trypsin | Proteinase
treatment K
B.subtilis | 70,55+0,1 | 68,2120,2 | 72,37+0,6 | 64,26+0,4
170+E.co 3 3 8 8
li K-12
420
B.subtilis | 74,30+0,9 | 73,90+0,5 | 68,49+0,7 | 69,17+0,2
170+E.co 3 5 1 5
li K-12
1655
B.subtilis | 70,55+0,1 | 70,38+0,4 | 70,33+0,1 | 68,47+0,3
170+E.co 2 1 5 3
li K-12
446
B.subtilis | 73,99+0,1 | 70,36+0,0 | 65,16=0,3 | 62,69+0,2
170+E.co 8 2 4 4
li K-12
406
B.subtilis | 70,92+0,1 | 69,38+0,4 | 67,98+0,6 | 63,17+0,4
170+E.co 8 6 4 4
li K-12
W3110

Table 5. Co-aggregation index between B. subtilis 168
and E. coli K-12 strains after heat treatment at 80 °C,
treatment with  Trypsin and Proteinase K

Strains Co-aggregation index, %
Control Heat Trypsin | Proteinase
treatment K
B.subtilis | 73,99+0,1 | 71,19+0,6 | 71,32+0,1 | 62,69+0,3
168+E.co 8 5 5 9
li K-12
420
B.subtilis | 74,30+0,9 | 72,85+0,8 | 70,92+0,0 | 58,78+0,8
168+E.co 0 0 9 1
li K-12
1655
B.subtilis | 70,55+0,1 | 68,66+0,4 | 71,57+0,4 | 69,36+0,5
168+E.co 3 5 5 2
li K-12
446
B.subtilis | 72,534+0,5 | 71,24+0,3 | 63,40+0,6 | 59,11+0,9
168+E.co 0 7 6 7
li K-12
406
B.subtilis | 70,92+0,8 | 70,55+0,3 | 68,56+0,4 | 63,55+0,5
168+E.co 8 2 7 5
li K-12
W3110

The presence of methyl mannoside did not affect
significantly on the co-aggregation capability of B.
subtilis 170 and E. coli K-12 and B. subtilis 168
and E. coli K-12. However, the presence of N-
acetyl galactosamine and N-acetyl glucosamine
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significantly (p<0,05) inhibited the co-aggregation
of B. subtilis 170 and E. coli K-12, B. subtilis 168
and E. coli K-12 (Table 6 and Table 7). Therefore

Table 6. Co-aggregation index between B. subtilis 170
and E. coli K-12 strains in the presence of N-
acetylgalactosamine, N- acetylglucosamine and
methylmanoside.

Strains Co-aggregation index, %
Con N- N- Methyl
trol | acetylgala | acetylgluc | mannos
ctosamine | osamine ide
B.subtilis 70,55 | 67,28+0,2 | 68,03+0,2 | 65,49+
170+E.coli | +0,1 1 1 0,77
K-12 420 3
B.subtilis 74,30 | 64,63£0,9 | 65,39+0,5 | 66,01+
170+E.coli | +0,9 0 1 0,84
K-12 1655 3
B.subtilis | 70,55 | 67,28+0,2 | 68,03£0,2 | 65,49+
170+E.coli | +0,1 1 1 0,77
K-12 446 2
B.subtilis 73,99 | 66,89+0,3 | 72,28+0,3 | 67,85+
170+E.coli | +0,1 6 8 0,46
K-12 406 8
B.subtilis | 70,92 | 65,79+0,6 | 68,48+0,9 | 59,79+
170+E.coli +0,1 0 2 0,86
K-12 8
W3110

Table 7. Co-aggregation index between B. subtilis 168
and E. coli K-12 strains in the presence of N-
acetylgalactosamine,N- acetylglucosamine and
methylmannoside

Strains Co-aggregation index, %
Con N- N- Methyl
trol acetylgala | acetylgluc | mannos
ctosamine | osamine ide
B.subtilis 73,99 | 66,89+£0,3 | 65,40+0,6 | 71,88+0
168+E.coli | +0,18 6 6 71
K-12 420
B.subtilis 74,30 | 64,63+£0,9 | 66,42+0,1 | 72,310
168+E.coli | +0,90 0 6 37
K-12 1655
B.subtilis 70,55 | 68,59+0,6 | 65,93+£0,9 | 69,010
168+E.coli +0,13 3 6 14
K-12 446
B.subtilis 72,53 | 66,52+0,9 | 68,86+0,4 | 70,95+0
168+E.coli +0,50 1 5 ,86
K-12 406
B.subtilis 70,92 | 57,9240,2 | 62,84+0,2 | 68,63+0
168+E.coli +0,88 3 2 13
K-12 W3110

co-aggregation between tested strains was mediated
by the lectin — polysaccharide interactions. This
conclusion correlates with Ebisu and co-workers
[27] on the formation of co-aggregates of Eikenella
corrodens 1073 strain at his association with
Actinomyces viscosus ATCC 19246, A.
viscosus T14AV, Streptococcus sanguis 34 andS.
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sanguis ST160R strains. The protein adhesin was
associated with E. coli K-12 strains, the
complementary galactosamine- like sugar receptor
was associated with B. subtilis 170 strain and B.
subtilis 168 strain.

A B

Fig. 7. Confocal laser scanning micrographs of the
coaggregates formed between (A) Bacillus subtilis 170
(red) and Escherichia coli K-12 1655 (blue) , (B)
Bacillus subtilis 168 (red) and Escherichia coli K-12
1655 (blue)

By using confocal laser scanning microscopy
are illustrated intercellular contacts in formed co-
aggregates. The obtained results indicate that
during a process of co-aggregation bacterial cells of
B. subtilis 170 and E. coli K-12 strains, B. subtilis
168 and E. coli K-12 strains are viable (Fig. 7). In
the study of Bradshaw et co-workers [24] it is
concluded that the formation of flocs of bacterial
cells ensure their protection against reactive oxygen
species among the obligate and facultative anaerobe
species.

CONCLUSIONS

The values of temperature and pH have an
impact on the degree of co-aggregation between the
B. subtilis 170 and E. coli K-12, B. subtilis 168 and
E. coli K-12 strains, the maximum value of the
index of co-aggregation is achieved in the alkaline
(pH 8.0) and acidic (pH 5.0) medium and at a
temperature of 37 ° C.

The high degree of inhibition of co-aggregation
between strains of B. subtilis 170 and E. coli K-12
species at treatment of cells with Tween, Triton,
and N-acetylglucosamine give grounds to assume
that in the base of the process stands lectin-
polysaccharide interactions.
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MEXAHW3BM HA KOATPETALIMA MEXIY IAMOBE BACILLUS SUBTILIS AND ESCHERICHIA
COLIK-12

Us. 'anueB, CH. MuxaiinoBa

Hucemumym no muxpobuonozus ,, Cmepan Aneenos”, BAH
1113 Cogus, yn. ,,Axao. Bonues”, 61. 26

[ocremmna va 10 okromBpu 2016 r.; kKopurupasa Ha 21 HoemBpH, 2016 T.

(Pesrome)

Ilenta Ha MPOYYBAHETO € da Ce M3CeaBa KoarpearusTa Mexkay mamose Bacillus subtilis u Escherichia coli K-12.
IIpoy4eHO € BIMSAHHETO HAa OTACIHUTEe (QU3MYHH W xuMudHHM (aktopu. Koarperamusita ce mosiausBa or pH u
TeMIepaTyparta Ha cpefara. Be3aeicTBUETO ¢ TPHUIICHH, TpOoTenHa3a K, eTHIeHInaMIHOTETPAOIeTHA KHCEINHA, KAKTO
U TEPMHUYHOTO BB3JICHCTBHE BOJIU IO HHXHOUpaHe Ha Mpolleca Ha Koarperanus. N-alleTHINTIOKO3aMUHBT B Hal-rojsiMa
CTEINleH MHXMOMpa Ipoleca Ha Koarperauust Mexnay mamoBe Bacillus subtilis 170 n Escherichia coli K-12, Bacillus
subtilis 168 wu Escherichia coli K-12. CnemoBarenHo, B OCHOBaTa Ha IpoLEeca CTOSAT JIEKTHH-TOIU3aXapHIHH
B3aMMOECTBHSL.
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This article studies two methods for synthesis of gold nanoparticles over organoclay — wet impregnation with UV
treatment and wet chemical method (using sodium citrate as reducing agent). The study is focused on the determination
of the size of gold nanoparticles synthesized with the two methods using TEM and XRD analysis with the
corresponding computer software. The methods show a good match in the determined size of gold nanoparticles. The
TEM analysis of the sample prepared with the wet chemical method showed better control over the size of the gold

nanoparticles.

Keywords: Synthesis, gold nanoparticles, organoclay, TEM, XRD, software application

INTRODUCTION

The interest in the synthesis of metal
nanoparticles has been growing because of their
unique electronic, optical, thermal and catalytic
properties and  promising applications in
interdisciplinary fields [1]. Various wet chemical
methods have been used for synthesis of gold
nanoparticles, the most common involve reduction
of chloroauric acid (H[AuCl,]) solution using a
reducing agent. Two widely used reducing agents:
sodium citrate and sodium borohydride are
postulated by Turkevich method and Brust method,
respectively. Another method for synthesis of gold
nanoparticles is wet impregnation, well known in
the development of heterogeneous catalysts. It
comprises of adding the gold nanoparticles
precursor (H[AUCI;]) onto support component
(organoclay).

The decoration of gold nanoparticles on layered
silicates has been also reported in the scientific
literature by Zhang et al. [2]. They suggest a simple
wet chemical method to synthesize clay-APTES-Au
nanocomposites. APTES (3-aminopropyltriethoxy-
silane) acts as the linkage. The silane terminal of
APTES formed bonds with the clay surface, while
the other —NH, terminal bonds to gold
nanoparticles.

Boev et al. [3] describe the preparation of hybrid
organic-inorganic  nanocomposites  containing
uniform distributions of metal nanoparticles
prepared by mixing a preformed nanoparticle

colloid with the precursors of ureasil, prior to the
sol-gel transition.

Tamoto et al. [4] describe new methods to
prepare gold nanoparticle/silica nanohelix hybrid
nanostructures which form a 3D network in the
aqueous phase. Nanometric silica helices and
tubules obtained by sol-gel polycondensation on
organic templates of self-assembled amphiphilic
molecules were further funcionalized with (3-
aminopropyl)-triethoxysilane  (APTES) or (3-
mercaptopropyl)-triethoxysilane (MPTES).

EXPERIMENTAL
Materials

Clay Cloisite 30B (Southern Clay Products,
Inc.), organically modified with methyltallow bis-2-
hydroxyethyl quaternary ammonium chloride
(MT2EtOH), was used as a substrate for gold
nanoparticle synthesis. Tetrachloroaurate trihydrate
(HAuCl14:3H20) from Sigma-Aldrich was the
precursor for the synthesis of gold nanoparticles.
Trisoduim citrate dihydrate (Na3C6H507.2H20)
from Merck was used as a reducing agent for the
synthesis of gold nanoparticles.

Synthesis methods
Impregnation Method in Water (IM wt)

A variation of the wet impregnation method for
“decoration” of clay with gold nanoparticles is
proposed using water solutions of HAuUCI, as a
precursor. Quaternary alkylammonium MT2EtOH,
as the organoclay intercalate was used to attach the

* To whom all correspondence should be sent:
E-mail: v.angelov@imbm.bas.bg

gold nanoparticles onto organoclay and as a
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reducing agent. Solution of HAUCI, in distilled
water was prepared with concentration: 1.73 wt %
(3.35 g, 0.00017 mol HAuUCI,). After that HAuCI4
water solution was mixed with 1.71 g clay for 30
min. The resulting mixture was further dried in an
oven at 80 °C for 8 h then irradiated for several
hours using UV light until the color of the treated
clay turned to dark gray. Thus, both the organoclay
modifier and the UV treatment produced a
subsequent reduction of the gold cations to neutral
gold atoms forming the gold nanoparticles on the
clay platelets. The result of this synthesis was clay
decorated with 1.92 wt% of gold nanoparticles with
average size ranged from 5 to 150 nm, as described
in details in our previous work [14].

Citrate Method (Cit)

The Turkevich method [5] was applied for the
synthesis of gold nanoparticles using trisodium
citrate as a chemical reducing agent. 10 mL of 2.05
wt % HAuCI4 solution were added to 60 mL of
boiling distilled water, and the mixture was heated
at 100 °C, and then 5 mL of 18.06 wt % sodium
citrate were added. The citrate was selected with
the appropriate concentration in order to get the
following mole ratio: [Au®*]/[citrate] = 0.0006
mol/0.0035 mol = 0.17. After the citrate was added
to the gold salt solution, the mixture was stirred for
5—-10 min. The color of the mixture started to
change first to blue and then to dark red. After the
last color change, the heating was stopped and the
mixture was left to cool to room temperature. The
size of the gold nanoparticles synthesized using the
above [Au*']/[citrate] mole ratio was between 10
nm and 30 nm. Further on, a suspension of 1 g of
clay in 30 mL of isopropanol was prepared by
ultrasonic treatment for 15 min at 250 W and then
poured into the water solution containing the gold
nanoparticles. The clay/gold suspension was again
submitted to an ultrasonic treatment for 15 min and
then left for 1 day to let the gold nanoparticles
further grow on the surface of the clay platelets.
The mixture was then filtrated and the gold
nanoparticles decorated clay (AuNPs/clay) was
dried in oven for 16 h at 80 °C. Synthesis protocol
is described in details in Ref. [6].

Characterization methods

Transmission electron microscope JEOL JEM
2100 was wused for characterization of the
morphology of the samples. Powder samples were
deposited on the standard TEM grids. High
magnification TEM has been provided with

magnification 40 000 times, 50 000 times and 200
000 times.

The X-ray diffractograms were obtained by
using Bruker D8 Advance diffractometer with Cu
Ko radiation (A= 0,15418 nm) and LynxEye
detector.

RESULTS AND DISCUSSIONS

TEM characterization of gold nanoparticles

Fig. 1 shows the TEM images of synthesized
gold nanoparticles using wet impregnation method
on the surface of organoclay before and after the
UV treatment of the powder.

Fig. 1. TEM images with 200 000 times magnification of
a sample obtained using wet impregnation method: a)
before; b) after UV treatment

The size and the shape of the gold nanoparticles
shown in the TEM images can be further analyzed
using PEBBLES software - a user-friendly software
which  implements an accurate, unbiased,
reproducible, and fast method to measure the
morphological parameters of a population of
nanoparticles (NPs) from TEM micrographs. In this
software, the morphological parameters of the
projected NP shape are obtained by fitting intensity
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models to the TEM micrograph [7]. The success of
each fitting procedure is characterized by a fitting
score (GoF). GoF summarize the discrepancy
between the observed values and the values
expected under the intensity model in question.
Lower GoF values means that the intensity model
better fits to the observed nanoparticle’s
morphological parameters.

Using Pebbles software, the gold nanoparticles
shown in Fig. 1a) are analyzed and most of them
can’t be fitted by the standard intensity models with
an acceptable fitting score (GoF < 1000) suggesting
that the process of formation is still in progress. In
Fig. 1b) all of the shown gold nanoparticles are
clearly shaped and can be fitted into the standard
intensity model of spheres with acceptable fitting
score suggesting that the process of formation is
significantly advanced compared to the fresh
synthesized sample due to the process of
photoreduction caused by the UV treatment [8].

Au NPs count

A

mag Bl RS i

0 — — —
0 0 20 30 40 50 &0 70 EO 80 100 110 120 130 140 150
Au NPs diameter (nm)

b

Fig. 2. a) TEM image with 50 000 times magnification
of the sample after UV treatment; b) Histogram showing
size distribution of 32 gold nanoparticles observed in
Fig. 2a.
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Fig. 2a shows TEM image of the sample shown
in Fig. 1b), but with a smaller magnification of
50 000 times. Fig. 2b shows a high variation of the
size of the nanoparticles, especially in the interval
40 nm to 150 nm. The observed nanoparticles have
various shapes, mostly spherical, but also with
ellipsoid, cylindrical, triangular or pentagonal basis.
The agglomeration effect can be contributed to the
UV treatment that induces further aggregation of
gold nanoparticles [9].

The size variation can be improved by using a
wet chemical method (citrate method) shown in
Fig. 3.

200 nm
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Fig. 3. a)FTEM image with 40 000 times magnification
of the sample synthesized using citrate method; b)
Histogram showing size distribution of 60 gold
nanoparticles observed in Fig. 3a.

Almost all of the particles are with similar size,
but the wvariance in the shape of the gold
nanoparticles is still high. The particles sizes are
normally distributed with mean value around 28
nm, fitting into the size range defined by the
preparation protocol.

Table 1 illustrates a comparison between the
results of the statistical analysis of the TEM images
of the two studied methods illustrating that the
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citrate method provides better control over the size
the synthesized gold nanoparticles compared to the

wet impregnation method with UV treatment.

Table 1. Statistical analysis of gold nanoparticle sizes showing a comparison between

the two methods.

Statistical analysis of gold nanoparticle sizes (nm)

Method L. . .
Mean Star_1da_1rd Minimum Median Maximum
Deviation
Wet impregnation with | 5¢ oo 3431 10.30 16.86 146.69
UV treatment
Wet chemical (using
sodium citrate as 26.78 6.50 10.00 28.69 35.38

reducing agent)

Table 2. Results from FIT software analysis of XRD diffractogram shown in Fig. 4.

k A (nm) B (rad)

20 (deg) 0 (deg) L (nm)

0.94 0.15418

XRD characterization of gold nanoparticles

—— Organoclay / 1.92 wt% Au

(111)

Intensity

o
\»J \MWW\«WL

10 80
2()(deg)

(200)

(311)

s (220)

Fig. 4. XRD diffractogram of the sample synthesized
using wet impregnation after UV treatment.

Fig. 4 shows the XRD diffractogram of gold
nanoparticles synthesized over organoclay using the
wet impregnation method after UV treatment. This
XRD diffractogram is further analyzed to determine
the mean size of the gold nanoparticles in the
sample. The crystalline phases are identified using
the Joint Committee on Powder Diffraction
Standards (JCPDS) files. The mean particle size (L)
of gold nanoparticles is calculated based on the line

0.292 +0.0049

38.218 19.109 30.01

broadening reflections, using the Scherer equation
[10]:

kA

- P cosb
where: B is full width at half maximum of the
highest phase in radians; X is the X-ray wavelength;
0 is the Bragg angle; k is a dimensionless shape
factor.

The calculations are done using FIT software —
an interactive software for decomposition and
profile analysis of X-ray diffractograms [11]. FIT
software uses full width at half maximum method
for determination of the peak width and the shape
of the observed gold nanoparticles is mostly
spherical, therefore k = 0.94 is appropriate value for
this case [10].

Table 2 shows the results of the analysis of XRD
diffractogram. The mean size of the nanoparticles is
calculated to be around 30 nm. This value is
relatively close to the mean values calculated from
the TEM image analysis.

CONCLUSION

In the present study gold nanoparticles over
organoclay were prepared with two different
methods — wet impregnation with UV treatment and
wet chemical method (using sodium citrate as
reducing agent). The gold nanoparticles were
characterized using TEM at different stages of the
preparation process — before and after the UV
treatment. The results of this comparison
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demonstrate that the UV treatment influence the
formation process of gold nanoparticles. Citrate
method showed better control over the size of the
Au nanoparticles. XRD analysis was also
performed and it provides similar results as TEM
analysis.

Acknowledgement: This work was inspired by the
COST Action MP1202.
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XAPAKTEPU3NUPAHE HA 3JIATHN HAHOYACTULI CUHTE3MPAHU BHEPXY [TOBBPXHOCTTA
HA OPT'AHOI'JIMHA

B. A. Anrenos, E. X. HBanos, P. K. Konuikosa

Hucmumym no Mexanuxa, bvreapcka Axademus na Haykume

ya. ,,akao. I'. Bonues*, on. 4, 1113 Cogus, bvreapus

IMoctrenuna Ha 10 okromBpu 2016 r.; Kopurnpana Ha 16 HoemBpu, 2016 .

(Pesrome)

CraTtusiTa OnKCcBa B2 METOJIA 32 CUHTE3 Ha 3JaTHU HaHOYACTULHU BBPXY MOBBPXHOCTTA HA OPraHOIIIMHA — MOKpPO
HMIpErHApaHe ¢ Tmocieasamo YB oOmpuBaHe W MOKBP XHMHUYEH MeTona (T. Hap. IHUTPATeH METON, NpU KOHTO ce
M3II0NI3Ba HATPHEB IUTPAT, KaTo peAymupainl areHt). GokycupaHa €, BbpXY ONPEISIITHETO Ha pa3Mepa Ha 3JIaTHHUTE
HaHOYACTHUIIM TIOJYYEHH TI0 TE€3U JBa MeToja upe3 u3nonsBaHe Ha TEM u POA ananu3 cbC ChOTBETHUTE KOMITIOTHPHH
mporpamMu. MeToauTe MOKa3BaT J0OpO CHBIAJCHHE Ha TMOJyYCHHTE PE3yJTaTH B pa3Mepa Ha HAHOYACTHIUTE, Ype3
paznudHATE KOMIIOThpHU NiporpamMu. TEM aHanm3bT Ha oOpaszeria, moaydeH upe3 [MUTpaTeH MEeTO I ITOKa3Ba, 4e 1o TO3H
METOJI UMaMe T0-100bp KOHTPOJI BEPXY pa3Mepa Ha MOJyUYeHUTE 3TaTHH HAHOYACTHIIH.
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Y-type hexaferrite BagsSrysZn,AlgesFe1r 9,0, powder was synthesized by ultrasonic co-precipitation. The XRD
spectrum showed the presence of small amount of a second spinel phase of ZnFe,O,4. The powder exhibited a triple
hysteresis loop at room temperature corresponding to the presence of an intermediate magnetic phase between
ferromagnetic and proper-screw spin. Magnetic phase transitions in the temperature range of 4.2 K - 300 K were also

observed connected to the different spin structure.

Keywords: Y-type hexaferrites, ultrasonic co-precipitation, magnetic phase

INTRODUCTION

Multiferroics are a class of multifunctional
materials in which at least two of the ferroic order
parameters, including ferroelectricity,
ferromagnetism, and  ferroelasticity,  exist
simultaneously. In some multiferroics, where
ferroelectricity and ferromagnetism co-exist, one
can control the magnetic phase by applying an
external electric field, as well as to influence the
electric phase by applying an external magnetic
field (magneto-electric effect). From the viewpoint
of applying multiferroics to multifunctional
devices, it is important to be able to control the
electric polarization, or the dielectric constant, by
means of weak magnetic fields at temperatures
close to room temperature. In recent years, there
has been increasing interest in M-, Y- and Z-type
hexaferrites, because some of them are multiferroic
materials at room temperature and have large
magneto-electric effect, which is associated with
the presence of spinoidal and spiral magnetic
structures [1, 2]. The magneto-electric effect in the
Y-type hexagonal ferrite Ba,sSrysZn,Fe;;0,, at
room temperature in a low magnetic field of 0.1 T
was reported for the first time by Kimura et al. [3].
Chun et al. [4] reported a large magnetoelectric
effect n Bao_SSrl ,5Zn2A10_OgFel |'92022, which
occurred at a much lower magnetic field.

* To whom all correspondence should be sent:
E-mail: b.georgiewa@abv.bg

The prospects of applications as a multiferroic
material prompted extensive studies of the
structural, magnetic and ferroelectric properties of
single crystals of Y-type hexaferrites [5-8].
However, the properties of powder Y-type
hexaferrites have not been sufficiently explored.
One of the reasons is that preparing a single-phase
sample is very difficult, as is the case with most
complex hexaferrites. The process of synthesizing
Y-type hexaferrites always involves the presence of
various accompanying magnetic oxides, the main
cause of this is being the fact that the temperature
interval for Y-phase synthesis is very narrow.
Typically, the Y-type hexaferrite phase synthesis
begins at 900 °C and ends at 1200 °C. R. Pullar [9]
provided a detailed study on the processes of
hexaferrites synthesis. In brief, at the beginning, the
preparation of BaO‘SSrl.SanAlvogFel 1.92022 is
accompanied by the presence of another type of
hexaferrite, namely, M-type barium hexaferrite and
of small amounts of second phases of barium
ferrite, strontium ferrite and zinc ferrite. A Z-type
hexaferrite appears at temperatures above 1200 °C.
The type of the second phases present depends to a
large extent on the type of the Me** cations and the
preparation technique. On the other hand, the most
common method for fabrication of these materials
is the ceramic method, which requires multiple
annealing and sintering steps.

Here we present a single-step annealing process
for the synthesis of BagsSr;sZnyAlggsFer 9002

© 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 147
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powders by ultrasonic co-precipitation. A study on
the powders’ structural and magnetic properties is
also presented.

EXPERIMENTAL

The BagsSr;sZn,AlgosFe 1900, powder was
prepared by ultrasonic co-precipitation.
Stoichiometric amounts of the corresponding metal
nitrates were dissolved in deionized water and, after
homogenization, the co-precipitation process was
initiated by adding NaOH at pH = 12. High-power
ultrasound stirring was applied to assist this
process, which, as it is known, enhances the
reaction rate, the mass transport and the thermal
effects. Ultrasound with amplitude 40% was
applied for 15 min, pulse on: 2 s, pulse off: 2 s, by
an ultrasonic processor (Sonics, 750 W). The
precipitate was separated in a centrifuge, dried and
milled. The precursor was calcined at 1170°C for
7h to obtain the Bao'5sr1.5zn2A10'ogFel 1.92022
powder.

The Bao_SSI'l_SZI’lelo'ogFel1‘92022 powder was
characterized using X-ray diffraction analysis with
Cu-K, radiation and scanning electron microscopy
(Philips ESEM XL30 FEG). The magnetic
measurements were carried out at room temperature
using a PPMS (Quantum Design) at a maximum
magnetic field of 50 kOe. The ac magnetization
was performed on an Oxford Design susceptometer
in an ac magnetic field with amplitude 10 Oe and
frequency 1 kHz. The sample was first cooled down
to 4K without magnetic field and the ac
magnetization was measured at increasing
temperature up to 300 K.

RESULTS AND DISCUSSIONS

The XRD spectra of the powder showed the
characteristic peaks corresponding to the Y-type
hexaferrite structure (BagsSr;sZn,AlyosFe;1.9,02)
as a main phase and to some ZnFe,O, as a second
phase (Fig. 1). Unlike preparation of BaFe;,0,9, the
Bao,5Sr1 _SanAlo'ogFe| 1_92022 cannot be directly
obtained due to the complexity of its structure,
which imposes progressive transformation through
intermediate ferrites before achieving the final
structure required. This is the main reason why the
second phase of ZnFe,O, with a spinel structure is
present.

A SEM image of the Bao,5Sr|,5Zn2A10_08Fel |'92022
sample is presented in Fig. 2. The powder consists
almost entirely of large hexaferrite-phase particles
with a size of about 1 nm and an almost perfect
hexagonal shape. We assume that the small
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particles with a size of less than 200 nm and an
irregular shape are of ZnFe,O,.
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Fig. 1 XRD spectrum of BagysSr; 5Zn,Alg ggFe11.9:02,
powder.
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Fig. 2. SEM image of Bag 5Sr; 5Zn,Alg 0sF€11.9:025
powder.

The hysteresis loops of the powder at room
temperature and at 4.2 K are shown in Fig. 3. The
Bay sSry sZn,Alg sFe 19002, sample shows a triple
loop at room temperature, which is different from
typical ferromagnetic materials. This observation of
a triple hysteresis loop in low magnetic fields
ranging from 1 to —1 kOe indicates that there are
two kinds of ferrimagnetic phases (states) with
different magnetization values with H between 50
and —50 kOe. The magnetization loop exhibits a
small hysteresis at 4.2 K typical for a conical spin
phase. The absence of a triple loop at 4.2 K means
that the hysteresis observed at 300 K is due to the
presence of two kinds of ferrimagnetic states in the
BaOV5Sr1,5Zn2AlovogFel1,92022 phase. Khanduri et al.
[10] had also observed a similar hysteresis loop in
Ba, Sr,Mg,Fe|,0,, when x was greater than 1. In
our case, the triple hysteresis loop is due to an
intermediate phase between the proper screw spin
phase and the collinear ferrimagnetic one at room
temperature.

All Y-type hexaferrites have planar anisotropy
at room temperature, i.e. they have an easy axis of
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magnetization lying in a plane normal to the c-axis
direction. This is the main reason for the low
coercivity field of BaysSr| sZny,AlgpsFe;;.9202;.
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Fig. 3. Magnetization measurements of
Bag 5Sr15ZNn,Alg gsF€11. 9202, powder at 4.2 K (a) and
300 K (c); (b) and (d) - expanded view of the hysteresis
loops in the low magnetic field range at 4.2 K and 300 K,
respectively.
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Fig. 4. Temperature dependence of the ac differential
magnetization of BagsSr, sZn,Alg osFe11.920,, in an ac
magnetic field with amplitude 10 Oe and frequency
1 kHz: a) M'(T) — the real part of the differential
magnetization; b) M"(T) — the imaginary part of the
differential magnetization.

The magnetic phase transitions were investigated
in an ac magnetic field. The phase transition
temperatures were determined by following the
variation of the powder’s ac differential
magnetization as the temperature was raised in an ac
magnetic field with frequency 1 kHz and amplitude
10 Oe (Fig. 4). The minimum in M' at 285 K and
maximum in M" at the same temperature
corresponds to the collinear ferromagnetic to a
proper-screw spin phase transition. This phase
transition being near 300 K confirms our suggestion
that the triple hysteresis loop in Fig. 3 (c, d) is due to
the presence of an intermediate magnetic phase
between the ferromagnetic and the proper-screw
spin. This transition determines the multiferroic
properties of Bao_5sr1_5zn2AlologFel1.92022. The small
maximum in M" at 255K is associated with the
magnetic order changes from a screw spin to a
longitudinal conical spin phase, while the large
maximum between 85K and 140 K is associated
with the alternating longitudinal conical phase.
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CONCLUSIONS

Ba sSr; sZn,Alj osFei1.9.02, powder was
synthesized by ultrasonic co-precipitation followed
by a single-step sintering at 1170°C. We observed
several magnetic phase transitions in the
temperature range from 4.2 K to 300 K. The
magnetic  phase transition from  collinear
ferromagnetic ordering to proper-screw spin one
allows us to assume that Bay St sZn,Alj osFeq;.9,02;
is a multiferroic below 285 K. Future studies of the
electrical polarization is necessary to confirm the
magneto-electric effect in
Bay 5sSr; sZn,Alg osFe 10,05, near room temperature.
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MN3CIIEJABAHE HA TTPAXOBU ITPOBU OT KBA3-MOHO®A3EH Y-TUII XEKCAD®EPUT
Bao 5Sr1.5Zn2Alg 0sFe11.92022

B. Teopruesa’, T. Kynaposa', C. Kones', U. Tenes’, b. Beprproiien?,
P. Kioce?, P. Knyrc® u A. 3anecku®

Ynemumym no enexmponuxa, Bvieapcka akademus na naykume,
oyn. ,, Lapuepaocko woce* 72, 1784 Sofia, Bulgaria
2Heopeaﬂutn-ta xumus, Xumuyecku denapmamenm, Yuugsepcumem 2p. Jlueoic,
Capm Tunman, 5-4000 Jlueowc, beneus
3HHcmumym 3a HUCKU meMnepamypu u Cmpykmypuu uzciedsanus, Iloicka akademus na Haykume,
ya. Oxonna 2, 50422 Bpoynas, [onwa

[Moctbnuna Ha 10 okromBpu 2016 r.; kopurupana Ha 20 HoemBpH, 2016 T.

(Pesrome)

Cunresupan e Y-tun xexcadeput BagsSrysZn,Alg ggFer1.9202, upes yiarpa3BykoBo chyrasiBane. PenrreHoha3oBusT
aHaM3 Ha MOJyYEHHs Marepuall IMOoKa3Ba MPUCHCTBHETO HAa OCHOBHA (haza oT BagsSrysZn,AlgggFer; 602 U Manko
kommvectBo ZnFe,O, karo Bropa ¢asza. [IpobGarta mposiBiBa T. Hap. TPOWHA XHUCTEPE3WCHA KpHWBA IPH CTaifHA
TeMIepaTypa, OTroBapsiia Ha ChIICCTBYBAaHETO HAa MEKIWHHA MarHuTHa (aza Mexay (EepoMarHuTHOTO |
CIIUPAIIOBUIHO IMOAPEXKJAaHE Ha MArHUTHUTE MOMEHTH. HabOmomaBaHu ca W MarHWTHU (asoBH Mpexomd B
temnepatypuus uaTepBan 4.2 K - 300 K, KouTo ca CBbp3aHU ¢ MPEXO OT €IHA B IPyra MarHUTHA CTPYKTYpa.
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Effect of annealing temperature on the structural and magnetic properties of barium
hexaferrite powders prepared by a modified co-precipitation technique
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We report studies on the influence of the temperature of a high-temperature treatment on the microstructural and
magnetic properties of nanosized single-domain BaFe;,0O,9 powders synthesized by the modified co-precipitation
method. The average particle size decreased from 90 nm to 25 nm as the synthesis temperature was decreased from
900 °C to 800 °C; also, they did not exhibit the well-defined hexagonal shape that is characteristic for the hexaferrites.
The value of the saturation magnetization M; measured was very high, namely, 61.24 emu/g. The coercivity H, of the
powders ranged from 44 Oe to 103 Oe, which indicated that the particles were in a near-superparamagnetic state.

Keywords: hexaferrites, co-precipitation, magnetic properties, superparamagnetic.

INTRODUCTION

Barium hexaferrite (BaFe;,0yg) particles are
widely used as permanent magnets, in microwave
components and devices, such as circulators and
absorbers, as well as a magnetic recording material,
due to their unique characteristics, such as a high
coercivity, a modest magnetic moment, a low or
positive temperature coefficient of coercivity and
an  excellent  chemical stability  against
environmental corrosion [1, 2]. The magnetic
properties of powders of magnetic oxides are
fundamentally related not only to their chemical
composition, but also to the powders’ particle size,
crystal structure and morphology, which can vary
depending on the preparation route. Conventional
techniques for preparation of magnetic nano-
particles  include co-precipitation [3 4],
microemulsion [5, 6], sol-gel auto-combustion
processing [7, 8], mechano-chemical treatment [9],
hydrothermal decomposition [10, 11], spark-plasma
processing [12], aerosol pyrolysis [13], glass-
ceramic route [14]. However, the particles prepared
by these methods have a size of more than 100 nm.
One of the reasons is that the hexaferrites are
produced at high temperatures (above 1000°C),
which leads to an uncontrolled growth of the
particles and worsening of their size and shape

homogeneity. It is, therefore, very important to find
methods to reduce the synthesis temperature for
preparation of single-domain nanosized hexaferrite
particles with a size below 100 nm and with a high
degree of homogeneity which concerns their size
and shape. The most widely used method for
synthesis of BaFe;;0,9 is co-precipitation; we
present here a modified co-precipitation method —
ultrasonically assisted co-precipitation, to produce
single-domain nanosized powders of barium
hexaferrite. When the solution is subjected to high-
power ultrasound, bubbles are formed, grow, and
implosively collapse. The collapse of bubbles
caused by cavitation produces intense local heating
and high pressures, with very short lifetimes. It also
produces hot spots with effective temperatures of
about 5000 K, pressures of 1000 atm, and heating
and cooling rates above 1010 Ks™* [15, 16]. This
acoustic cavitation generates chemical reactions, in
our case co-precipitation. We studied the influence
of the high temperature treatment on the structural
and magnetic properties.

EXPERIMENTAL

The BaFe;;0;9 powders were synthesized by
modified co-precipitation induced by applying a
high-power ultrasound wave (ultrasonically assisted
co-precipitation). Ba(NOs3), and Fe(NOs3); were
dissolved in deionized water in a molar ratio of Ba

*To whom all correspondence should be sent:

. > to Fe 1:10 due to the weak solubility of barium
E-mail: petya_venelinova_peneva@abv.bg
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hydroxide in water (10°° at 25 °C) [17, 18, 19].
The co-precipitation was caused by adding NaOH
at pH=11.5. High-power ultrasound (Sonics
ultrasonic processor 750 W) was applied to assist
this process, which, as it is known, enhances the
reaction rate, the mass transport and the thermal
effects. The ultrasound wave with amplitude 40%
was applied for 15 min, pulse on: 2 s, pulse off: 2 s.
The precipitate was separated in a centrifuge, dried
and milled. The precursor obtained was synthesized
at 800 °C (YLTIC), 850°C (YLTIB) and 900 °C
(YLT1A) for 4 h.

The BaFe;;0;9 powders were characterized
using X-ray diffraction analysis with Cu-K,
radiation and scanning electron microscopy (Philips
ESEM XL30 FEG). The magnetic measurements
were carried out at room temperature using a PPMS
(Quantum Design) at a maximum magnetic field of
50 kOe. The magnetic measurements were
conducted on a disoriented random assembly of
particles.

RESULTS AND DISCUSSION

The XRD spectra of the samples exhibited the
characteristic peaks corresponding to the BaFe ;04
structure only (Fig. 1).
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Fig. 1. XRD spectra of BaFe;,04 powders: (a) -
YLT1A, (b) - YLT1B, (c) - YLT1C.
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Scanning electron microscopy (SEM) was used
to examine the grain size and morphology (Fig. 2).
The average particle sizes of samples YLT1A,
YLT1B and YLT1C were 90 nm, 66 nm and
25 nm, respectively (Table 1). The critical diameter
for single-domain barium hexaferrite particles is
about 460 nm [20], so that the particles were single
domain in all powder samples. The particles were
agglomerated due to the strong attractive magnetic
force and high surface energy of the nanoparticles.
The aggregation was strongest for sample YLT1C
annealed at 800 °C with the smallest particle size.
They did not exhibit the well-formed hexagonal
shape that is characteristic for the hexaferrites, but
rather an irregular shape between a sphere and a
hexagonal platelet, similar to that obtained by
single microemulsion technique [5] for particles
with a size of less than 150 nm. The particles of
sample YLT1C had a shape closer to the spherical.
The process of forming the platelet shape typical
for the BaFe ;0,9 hexagonal structure has not been
completed due to the small particle size.

Fig. 2. SEM images of BaFe;,09 powders: (a) -
YLT1A, (b) - YLT1B, (c,d) - YLTIC.

The hysteresis loops of the powders YLT1A,
YLT1B and YLT1C at room temperature at a
maximum applied field of 50 kOe are shown in Fig.
3 (a, ¢, e), respectively. Figs. 3 (b, d, f) show the
hysteresis loops at low magnetic field. The
magnetic parameters, namely, magnetization at
magnetic field of 50 kOe (Mpax), the remanent
magnetization (M,) and coercivity field (H)
obtained from the hysteretic curves are given in
Table 1. All samples did not reach the saturation
magnetization despite the high magnetic field of
50 kOe. The maximum value for My, oOf
61.24 emu/g at room temperature was measured for
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Table 1. Properties of barium hexaferrite powders. T - high temperature synthesis, D - average particle size,
M; - saturation magnetization at 50 kOe (300 K), M, - remanent magnetization (300K), H, - coercivity field

(300K).
Sample T, °C D, nm Mnax, €Mu/g M,, emu/g H, Oe
YLT1A 900 90 61.24 7.54 44.06
YLT1B 850 66 50.85 8.68 59.06
YLT1C 800 25 48.97 11.17 103.17
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Fig.3. Hysteresis loops of (a, b) YLT1A, (c, d) YLT1B and (e, f) YLT1C samples.

sample YLT1A, which had the largest average
particle size compared to the other samples. This
value is very high, so that it can be expected that
the saturation magnetization will be close to the
theoretical values calculated for single crystal
particles of barium hexaferrite, i.e. 72 emu/g, as
reported by Shirk and Buessem [21].

The hysteresis loops for all samples were very
narrow, which is not typical for hard magnetic
materials like BaFe;,055. The coercivity H. of
powders was in the range 44 Oe — 103 Oe, which
indicated that the particles were in a near-
superparamagnetic  state. For example, the
coercivity of single crystal BaFe;;,0y9 is 6.7 kOe

[22, 23]. In the case of single-domain particles, the
coercivity depends strongly on the particle size and
shape, the degree of crystallinity, the
magnetocrystalline anisotropy, the shape anisotropy
etc. This lower value of coercivity is mainly due to
the small particle size. It is interesting to note that
H. for the sample with the smallest particle size had
the highest value — 103 Oe. This is probably due to
the fact that despite the small size of the particles
they are highly agglomerated as shown in Fig. 2c.
This leads to pinning of the magnetic field at the
boundaries of the particles in the agglomerates in a
way similar to the domain-wall pinning in
polydomain particles and, therefore, to increasing
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the value of the coercive field of the sample
compared to the field necessary in the case of a
separate small particle.

CONCLUSION

An ultrasonically assisted co-precipitation
technique for the synthesis of uniform barium
hexaferrite particles was presented allowing one to
obtain single-domain BaFe ;0,9 With particle size
below 100 nm. The powders consist of particles
with an irregular shape between spherical and plate-
hexagonal. The particles with the average size of
25nm have a quasi-spherical shape. The
magnetization values of the powders at a magnetic
field of 5T may be attributed to the small particle
sizes. The hysteresis loops for all samples are very
narrow, which indicates that the particles are in a
near-superparamagnetic state.
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and the Institute of Low Temperature and Structure
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BJIIMSIHUE HA TEMIEPATYPATA HA CUHTE3 BbPXY CTPYKTYPHUTE 1 MAI'HUTHUTE
CBONCTBA HA BAPUEB XEKCA®EPUT ITOJIYYEH YPE3 MOJIUDUILIMPAH ITPOLIEC HA
CbYTASIBAHE

I1. B. HeHeBal, T. . KyuapOBal, C. M. KoneBl, Y. T.Tenes, B. BepryeHz, P. KJ‘IO3CT2, C. HerHCTZ,
P. Kioorc? and A. 3anecku®

YWnemumym no enexmponuxa, Bvieapeka akademus na naykume, 6ya. "Llapuepadcko woce” Ne72, Cogus-1784,
bwacapus
“Structural Inorganic Chemistry, Chemistry Department B6, University of Liege, Sart Tilman, B-4000 Liege, Belgium
*Institute of Low Temperature and Structure Research, Polish Academy of Sciences, 50422 Wroclaw, Poland

IMocremmna Ha 10 okToMmBpu 2016 r.; Kopurnpana Ha 11 HoemBpw, 2016 T.

(Pesrome)

B nHacrosmiara ctatus ce pasmiexja BIMSHUETO Ha TEMIIEpaTypara Ha CHHTE3 BBPXY CTPYKTYPHUTE W
MarHMTHUTE CBOWCTBA Ha HaHOpa3MepeH MoHojoMeHeH BaFe;;0i9 momyueH upe3 Moauduiupan METO Ha
ChbyTasiBaHE - yATPa3ByKOBO cbyTasBaHe. CpeqHHAT pa3Mep Ha MOJy4YeHUTE YacTUIM HamaisiBa oT 90 1o
25 HM C HOHMWXKaBaHE Ha TemIeparypata Ha cuHTe3 oT 900 °C no 800 °C. Ilopaam Mankus cu pasmep,
YacTUIIMUTE HEe ca ¢ JMo0pe W3rpajiecHa XekcaroHaiaHa (opma, KOATO € XapakTepHa 3a XekcadepuTHTe.
ITonydyenuTe CTPOMHOCTM Ha HAMArHMTEHOCTTAa Ha HacHWIaHe ca MHOro Bucoku (61.24 emu/g). B
3aBHCHMOCT OT TeMIlepaTypaTa Ha CHHTE3, IMoJieTo Ha kKoepuutuBHOCT H; e B mHTepBana 44 Oe - 103 Oe,
KOETO € UHIIUKATOP, Y€ YACTUIUTE CC HAMHUPAT B ChCTOSHHE OJIM3KO JI0 CyIeprnapaMarHuTHO MOBEICHHE.
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The possibility of applying the electrospray method for recycling the polyethylene terephthalate (PET) waste has
been studied. Besides, the successful deposition of PET films on paper and textile materials with purpose to obtain
waterproof coatings has been demonstrated. The surface morphology of uncoated and coated materials has been
observed by Scanning electron microscopy (SEM).The results from a comparative study of water permeability of non-
impregnated and impregnated with PET both kinds of materials show that theimpregnatedones do not absorb water
droplets. Thus, the potential of electrospraying as an effective method for PET wasterecycling and possible production

of protective clothing and impervious paper has been revealed.

Keywords: recycled PET, electrospraying, paper and textile impregnation

INTRODUCTION

Environmental pollution can be defined as an
introduction of contaminants in the Nature, which
is one of the global problems of contemporary
society[1]. Anthropogenic activity of producing
resistant organic materials is a major factor in the
contamination. For example, 15 million tons of
plastics have been produced in 2013 only in EU,
which is 19% of the European waste stream [2].
Not surprisingly, Earth protectionand the “Idea of
green life and technology” are the main topicsof
many international events and high-level meetings,
where it has been resolved that the plasticsare
among the substantial environmental pollutants.
That is why the reducing the plastic waste is
announced as a major aim of the Member States
during the Conference of the Parties(COP21) to the
United Nations Framework Convention on
Climate Change (UFNCCC), held in Paris.

Polyethylene terephthalate (PET) is one of the
most used plastics for food and liquid packaging
and other applications. PET is no degradable
material, chemically resistant to the environmental
conditions. Only around 22.5% of used PET bottles
have been recycled in 2013 [2], thus defined PET
as a significant waste of the human activity. Hence,
the development of effective methods for PET
recycling along with finding its new applications is

of great importance for the ecology.

Potential methods for PET recycling are
electrospinning and electrospraying, which are
often considered as ‘sister’ technologies [3]. At
present, the electrospinning is a popular technigue
for production of fibers [4-6] while the obtaining of
PET waterproof coatings by electrospraying is
unconventional and low studied recycling process
yet. Generally, the electrospraying is a
electrohydrodynamic process where a polymer
solution is sprayed by the application of high
potential electric field in order to obtain liquid
droplet [3]. The construction and working principle
of the apparatus are described in our previous paper
[7]. Design of experimental set-up is shown in
Fig.1. The apparatus could work in two regimes -
electrospinning and electrospraying. The realization
of one or another process is determined by solvents
and solutions properties as well as the experimental
conditions [3, 8-11] (Fig.2). The electrostatic
potential, working distance, orifice diameter, speed
of solution pumping, etc.,, influence PET
morphology and define the production of fibers or
films.

It has been shown [4, 9, 10] that for the
electrospinning process PET could be dissolved in
solvents like trifluoroacetic acid (TFA) [12] or
tetrahydrofuran (THF) [13]. The concentration of
PET in the solution has to be below5 g/cm?’, as
reported in [12, 13]. Two-component chemical

E-mail: dkarashanova@yahoo.com
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(DCM) in different ratios, as follows: 7:3 [4] and
1:1 [9, 14] have also been used. Mixture of
trichloroacetic acid (TCA) and DCM in 1:1 volume
ratio could also dissolve PET [15]. The
concentration of PET in the solution should be
between 10 and 20 g/cm® [4, 8, 9, 15].

STAND
e
/
PUMPING MACHINE

| N
= NEEDLE
L.L -
: [
[ , |

——>» SPRAYED SOLUTION

.« —r

PR
¥ v N
PAPER TEXTILE COLLECTOR

HIGH VOLTAGE
} APPARATUS

ol an

Fig. 1. Design of electrospinning/electrospraying
apparatus.
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Fig. 2. The electrospraying or electrospinning
conditions.

In our experiments we have chosen two-
component chemical system consisting of TCA and
DCM in 1:1 volume ratio. Up to now, TCA has not
been used for electrospraying process to recycle
PET waste; regardless it possesses similar to TFA
solvent volatility. Moreover, it is environmentally
less aggressive, with lower viscosity than TFA,
which is favorable for electrospraying process. The
lower price of TCA has also been a factor for our
purpose.

The aim of the present work is to study the
potentiality of electrospraying process for PET
waste recycling, using TCA and DCM as solvents,

and deposition of thin films on textile and paper
surfaces with a view of possible production of
waterproof clothing and impervious paper.

EXPERIMENTAL
Reagents and Materials

The PET waste material was collected from used
mineral water bottles (Gorna Bania, Devin,
Bankia). Trichloroacetic acid (TCA - ACS, 99%
Sigma-Aldrich Chemie GmbH Germany) and
dichloromethane (DCM, - ACS, 100% Valerus Ltd
Bulgaria) were used as solvents. All chemical
materials were utilized as received. Syringes and
medical needles (with diameter 0.6mm) were used
in the electrospraying process. The sharp end of the
needles was  preliminarily cut off for
homogenization of the electric field. Small paper
(blue copy-paper) and textile (black jeans) pieces
(2x2 cm®) have been prepared from relevant
materials.

Preparation of polymer solution for electrospraying

All waste bottles were cleaned with pure
ethanol, prior to be dried. After that the bottles were
cut to small pieces, each of them about 1x1cm?. 20
wt. % PET solution has been prepared by
dissolution of the waste in a mixture of TCA/DCM
in 1:1 ratio (vol. %). Then the solutionwas
homogenized by magnetic stirrer for 10 min at
room temperature.

Electrospraying process

A successful synthesis of PET electrosprayed
films was done under electric field strength: E=1
kV/cm (20 kV applied voltage at 20 cm distance
between collector and needle). The pumping speed
of the solution was fixed at 0.013 cm® min. Paper
and textile pieces were positioned on the Al
collector of apparatus before starting the process,
which was held at environmental conditions.

Characterization of impregnated PET films

The surface morphology of textile and paper
pieces, non- impregnated and impregnated with
electrosprayed PET films, was observed by
digitalized scanning electron microscope (SEM
Philips 515)at accelerating voltage 25 kV. The
samples were metallized with gold coating films
before SEM analysis.

Water permeability was studied by observation
of the shape and size of the droplets, pipetted on the
non- impregnated and impregnated materials and
whether they passed or not through the samples.
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For qualitative evaluation a universal wetting
indicator, which gives a visible change of the color,
was put under the paper and textile (non- and
impregnated). The behavior of water droplets on
the PET films was recorded by optical digital
camera (Olympus TG-610).

RESULTS AND DISCUSSION

Surface morphology of non-impregnated and
impregnated textile and paper

SEM micrographs of untreated textile and paper
samples are presented in Fig. 3a and Fig. 4a,
respectively, while the surface morphology of PET
films, deposited on textile and paper is shown in
Fig. 3b and Fig. 4b. The typical fibrous morphology
of textile and paper is well seen. Usually, when the
materials are  hydrophilic, this type of
microstructure defines high water permeability, due
to the presence of voids between the fibers. The
surfaces of impregnated textile (Fig.3b) and paper
(Fig.4b) look smoother, because the deposited
polymer films have evenly encased the fibers of the
both types of materials, despite their complicated
texture. This is an important prerequisite for
reducing of water permeability of textile and paper.
A comparison of the morphology between
uncovered and impregnated materials allows
concluding that the electrospraying process has
been successfully applied at the experimental
conditions chosen and the surface of textile and
paper samples have been evenly coated by the
recycled PET films.

Fig.3. SEM micrographs of the surface morphology of
non-impregnated (a) and PET impregnated textile (b).
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Fig. 4. SEM micrographs of the surface morphology of
non-impregnated (a) and PET impregnated paper (b).

Water resistance of non-impregnated and
impregnated materials

The results of water resistance study of non-
impregnated (a, b, ¢) and impregnated (d, e, f)
textile (Figs. 5, 6) and paper (Figs.7, 8) are
presented on Figs. 5 - 8. Two types of pictures — in
front (Fig.5, 7) and top view (Fig.6, 8) of the
samples, have been taken for better illustration of
the droplet behavior on the surface of the materials.
Selected images: at the beginning (0 s —a, d), in the
middle (5 s — b, e) and at the end (10 s — c, f) of the
study are included in the figures. It is clearly
demonstrated that the water drop spread (Fig.5, 6 a,
b, ¢) on the textile surface, its shape and size
changed and the drop completely disappeared in 10
s. In the same time a change in the color intensity

=l b
R

Fig. 5. Digital images of the front view of non-
impregnated textile (a-c); PET impregnated textile (d-f);
at the beginning of testing (a, d); in the middle (b, €); at

the end(c, f).
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d e‘f

Fig. 6. Digital images of the top view of: non-
impregnated textile (a-c); PET impregnated textile (d-f);
at the beginning of testing (a, d); at the end(b, e); yellow

indicator (c, f).

Fig. 7. Digital images of the front view of: non-
impregnated paper (a-c); PET impregnated paper (d-f);
at the beginning of testing (a, d); in the middle(b, e);
at the end (c, ).

- a bh == ¢
d elf

Fig. 8. Digital images of the top view of: non-
impregnated textile (a-c), PET impregnated textile (d-f);
at the beginning of testing (a, d);at the end (b, e); yellow

indicator (c, f).

of the indicator was detected (Fig. 6c¢), which is a
proof that the textile absorbs and leaks the water.
Similarly, the drop on the surface of impregnated
textile (Fig.5, 6d, e, f) changed its shape and size,

but the color of indicator, disposed under the
impregnated textile remained unchanged (Fig. 6f).
All of this proves that the PET films have evenly
covered the textile surface, thus assuring its
waterproof property.

The water permeability survey of the non-
impregnated (Fig.7, 8a, b, ¢) and the impregnated
paper is illustrated in the corresponding figures
(Fig. 7, 8d, e, f). The water drop spreads on the
surface of untreated paper analogically to its
behavior on the surface of non-impregnated textile.
The indicator under the paper changes its color
(Fig.8c), because of the water absorption as it was
established in the case of non-impregnated textile.
On the surface of impregnated paper the water drop
retains its shape and size till the end of the
observation (Fig.7, 8d, e, ). Besides, no change of
the color intensity of the indicator was registered
(Fig.8f). Obviously, this is due to the lack of water
absorption in the impregnated waterproof paper.

CONCLUSION

The results of the present study demonstrate the
potential of the electrospray process as a promising
method for recycling of polyethylene terephthalate
(PET), which is one of the most significant wastes
of the human activity. For the first time, a two-
component chemical system, consisting of TCA
and DCM in 1:1 volume ratio, was successfully
applied as a solvent in the electrospray deposition
of films from PET waste. The selected solvents and
PET concentration in the solution provide the
required viscosity and electrical conductivity for
realizing the electrospraying process. By
optimizing the spray process parameters (electric
field strength 1 kV/cm and pumping speed —0.013
cm®/min) thin PET films were successfully
deposited on textile and paper samples. The
estimation of the water permeability performed
show that the impregnated with PET both kinds of
materials do not absorb water droplets. Thus, the
results obtained demonstrate the prospects for
application of recycled PET films in the production
of waterproof materials.
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OUJIMU OT PELUUKIIMPAHIIOJIMETUJIEHTEPA®TAJIAT, OTJIOXKEHU BHPXY XAPTUA 1

TEKCTHWJI YPE3 EJIEKTPOPA3IIPBCKBAHE

P. P. Aurenos, b. U. I'eopruesa, J1. b. Kapamanosa

Hncmumym no onmuuecku mamepuanu u mexronoauu ,,akao. Hopoan Manunoscku *,
bwneapcka akaoemus na naykume, yi.,,axao. I'. bonueg™ 61.109, 1113 Coghua, Bvaeapus

IMoctbnmina Ha 100kTomMBpH 2016 r.; Kopurnpana Ha 21 Hoemspu, 2016 T.

(Pesrome)

W3scnenBann ca BB3MOXXHOCTHTE 3a TNPHIOKEHHE HAa METOJa Ha eJEeKTPOPasNpBhCKBAHE 3a PELUKINpPAHE Ha
ormagpuyeH nonueTmieH Tepedranar ([IET) (OyTwnkw, omakoBKHM 3a XpaHH W 1p.). JJeMOHCTpHpaHO € ChIOIO Taka
yenemrHoTO oTiarane Ha [IET ¢uaMu BbpXy XapTust M TEKCTHJ C IEJ MOJydaBaHe HAa BOAOYCTOMYMBH MaTEpHAIH.
[ToBbpXHOCTTa HAa TOKPUTUTE M HEMOKPUTH XapTHS M TEKCTHJI € OXapaKTepH3MpaHa Upe3 CKaHMpalla eIeKTPOHHA
mukpockornuss (CEM). CpaBHMTENHOTO W3CIE[BaHE Ha BOJHATAa MPOIYCKIMBOCT Ha TOKPUTH M HETMOKPUTH
NOBBPXHOCTH NOKa3a, ye nokpurure ¢ IIET marepuanu He nponyckar BoAHUTE Kankd. Ha Ta3u ocHOBa € 3aK/IOYEHO,
Ye TPOIEChT Ha €NEKTPOPa3NphCKBaHE WMa MOTEHIMAN KaTo obemaBaml MeTo 3a peuukiupane Ha ortnaabueH [1ET,
YHHTO MPOAYKT MOKE J1a Ce M3T0JI3BA 3a TIPOU3BOJICTBOTO HA 3AITUTHHU 0OJIEKIa M HEMPOITYCKINBA XapTHS.
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ZnSITiO, composites have been prepared by simple solid-state mechanochemical route. One sample was prepared
in a planetary ball mill by dry milling of TiO, P 25 Degussa with mechanochemically synthesized ZnS (cubic sphalerite
phase, JCPDS 00-05-0566) in advance. Another sample has been obtained by the wet mechanochemical synthesis from
zinc acetate and sodium sulfide in the presence of TiO, P 25 Degussa. The phase and structural transformation were
studied by XRD analysis. It was established that the dry milling of mixture of TiO, P 25 and ZnS induced phase
transformation of anatase in TiO, P 25 to rutile. Anatase phase was identified in diffraction pattern of the
mechanochemically synthesized sample by wet route. Diffuse reflectance spectroscopy was applied in order to evaluate
the band gap energy of the synthesized samples. The properties of the prepared ZnS/TiO, samples in photocatalytic
decoloration of Methyl Orange (MO) dye as model decontaminant in aqueous solution were examined. For
determination of the emission behavior of the mechanochemically synthesized ZnS/TiO, composites, the room
temperature photoluminescence (PL) spectra were recorded by exciting the samples with excitation wavelength of 325
nm. The multiple emission peaks were observed. The lower PL intensity of the mechanochemically synthesized

ZnS/TiO, sample by dry route indicates a lower recombination rate of photo-excited electrons and holes.

Keywords: mechanochemistry, photocatalysis, titania, ZnS, Methyl Orange

INTRODUCTION

Various semiconductor materials such as TiO,,
ZnO, CdS or ZnS have been employed to study
photocatalytic reduction of pollutant in water [1].
TiO, has been proved to be efficient photocatalyst
due to its optical and electronic properties,
chemical stability, non-toxicity and low cost [2].
However, in many cases, the photocatalytic activity
of TiO, is not enough to make it applicable for
industrial purposes [3]. ZnS is the direct-transition
semiconductor with the widest energy band gap
among the groups of 11-VI semiconductor materials.
ZnS based composite materials have been
developed in order to extend the utilization of ZnS
[4]. In last two decades a variety of methods have
been used for ZnS synthesis such as hydrothermal
method [5], sol-gel method [6], solvothermal
method [7] and mechanochemical synthesis [8].
High-energy milling has been widely applied for
the synthesis of nanocrystalline materials [9, 10].
Takacs et al. [11] have investigated
mechanochemical formation of Zn, Cd and Sn
chalcogenides from a mixture of metals and sulfur
powders.  Mechanochemical  reactions  are

*To whom all correspondence should be sent:
E-mail: nkostova@ic.bas.bg

characterized by repeated welding and fracture of
reacting particles during ball-powder collisions,
which continually regenerate reacting interfaces.
The mechanochemical synthesis for preparation of
composites has significant potential for large scale
production due to high efficiency and low cost
process [9].

In recent years ZnS nanocrystals have been
studied due to their interesting properties having
potential as photocatalysts in environmental
contaminant elimination [12]. Nanoscale ZnS
coupled TiO, photocatalysts have been investigated
due to potential applications such as purification of
wastewater [13].

In the present work, the mechanochemically
synthesized ZnS/TiO, composites were tested and
their photocatalytic activities were compared with
data, previously obtained with the traditionally used
reference photocatalyst TiO, Degussa P25. Methyl
Orange dye was selected as a model reactant for
photodegradation. The aim of the present paper was
to investigate the influence of the synthesis
conditions for the preparation of ZnS/TiO,
composites by monitoring their optical and
photocatalytic properties.

© 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 161
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EXPERIMENTAL

The ZnS/TiO, composites were synthesized
from zinc acetate (CH3;C0OO),Zn.2H,O (98 %,
ITES, Slovakia), sodium sulfide Na,S.9H,0 (98%,
Aldrich, Germany) and TiO, Degussa P25.

The mechanochemical synthesis of the samples
was realized in a Pulverisette 6 planetary ball mill
(Fritsch, Germany) under the following conditions:
the ball mill was charged with 50 balls of diameter
10 mm having weight of 360 grams, made of
tungsten carbide. The rate of rotation of the
planetary carrier was 500 rpm. The milling was
performed conducted in inert atmosphere of argon
at the room temperature.

Pure zinc sulfide was mechanochemically
prepared and was described in our study [14].

The first composite sample was denoted as
ZnS/TiO,-1 and it was synthesized by milling in a
planetary ball mill using the pure zinc sulfide,
prepared beforehand and the commercially
available TiO, P25 Degussa at a ratio 1:4. The
milling time was 30 minutes.

The second mechanochemically synthesized
composite sample labeled ZnS/TiO,-2 was prepared
by milling a mixture of zinc acetate, sodium sulfide
and TiO, P25 Degussa. The synthesis was carried
out in the planetary ball mill in inert atmosphere
under the same conditions as are described above.

The X-ray diffraction (XRD) patterns were
recorded on a D8 Advance diffractometer (Brucker,
Germany) using CuKa radiation.

The values of specific surface areas (S,) were
obtained by the low-temperature nitrogen
adsorption method using a Gemini 2360 sorption
apparatus (Micromeritics, USA).

The diffuse reflectance UV-vis spectra for
evaluation of photophysical properties were
recorded in the diffuse reflectance mode (R) and
transformed to absorption spectra through the
Kubelka-Munk function [15]. A Thermo Evolution
300 UV-vis Spectrophotometer, equipped with a
Praying Mantis device with Spectralon as the
reference was used.

The photoluminescence (PL) spectra at room
temperature were acquired at right angle on a
photon counting spectrofluorometer PC1 (I1SS) with
a photoexcitation wavelength of 325 nm. A 300 W
xenon lamp was used as the excitation source. For
measuring the PL intensity, the powders were
suspended in absolute ethanol.

The photocatalytic activity of the samples in the
reaction of Methyl Orange decoloration was
measured under UV-C monochromatic illumination
(TUV lamp A=254 nm) and under visible light

162

illumination.

The photocatalytic experiments were carried out
in a semi-batch photoreactor equipped with a
magnetic stirrer, similarly as in the case of our
previous work [16]. The suspension was prepared
by adding ZnS/TiO, sample (100 mg) to 100 mL of
Methyl Orange (MO) solution with a concentration
1.10° M. The suspension was magnetically stirred
in the dark for 30 min to ensure an adsorption-
desorption equilibrium. Then the suspension was
irradiated by Philips TUV lamp (4 W). UV-C
monochromatic radiation is A=254 nm. All
experiments were performed at constant stirring
rate. 400 rpm at room temperature. The
concentration of MO during the photocatalytic
reaction was determined by monitoring the changes
of the main absorbance peak at A=463 nm.

RESULTS AND DISCUSSION

The XRD measurements were carried out to
study the phase composition of the obtained
samples. The XRD patterns of ZnS/TiO,
composites, synthesized by mechanochemical
route, are given in Fig. 1. The patterns of the
commercial product TiO, P25 Degussa and
mechanochemically synthesized ZnS are also given
for comparison. The X-ray diffraction pattern of
TiO, P 25 Degussa shows that it is composed of
crystallites of anatase and rutile at a ratio 75:25.
Some diffraction lines are observable in the XRD
pattern of the ZnS, synthesized by us, which
indicate the cubic sphalerite structure (JCPDS 00-
05-0566). All diffraction peaks are broadened
because of fine size of crystals [17] as well as due
to structural disorder introduced into zinc sulfide by
milling procedure [9]. The crystallite size of ZnS
determined from the Scherrer formula from the
major peak centered at 20=28.8° was estimated to
be about 3.9 nm.

P25

L L3
R . ZnSITI0,2 .
u
£ R ” R e

Intensity (a.u.)

ZnSITiO -1

T T T T
30 40 50 60

2 Theta (degrees)

Fig. 1. XRD patterns of initial TiO, P25 Degussa and
mechanochemically synthesized samples ZnS,
ZnS/TiO,-1 and ZnS/TiO,-2.
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Valuable changes were noticed in the XRD
pattern of the sample ZnS/TiO,-1 prepared in a
planetary ball mill by dry milling of TiO, P 25
Degussa with mechanochemically synthesized ZnS.
The substantial decrease in the intensity of the
peaks at 20=27.5° 36°, 41° and 54.1° related to the
rutile was observed (Fig. 2). No characteristic lines
of anatase phase were registered in the XRD pattern
of this composite sample. It follows from that phase
transformation of anatase into rutile occurred in this
case. A significant broadening was observed for all
registered diffraction lines. A considerable decrease
in the size of the crystallites was observed in this
sample. Some lines characteristic of the ZnS were
also present. The rutile was the prevailing phase in
the ZnS/TiO,-1 sample.

Absorbance (a.u.)

Tio, P25

T T T T T T T T T
200 300 400 S00 600 7OO 8OO 900 1000 1100
Wavelength (nm)

a

Absorbance (a.u.)

ZnS-TiO,1

ZnS-TiO,-2

T T T T T T T T T
200 300 400 500 600 OO BOO 900 1000 1100

Wavelength (nm)

b

Fig. 2. UV-vis absorbance spectrum of: a) TiO, P25
Degussa; b) mechanochemically synthesized ZnS/TiO,
composites.

All the lines characteristic of TiO, P 25 were
present in the diffraction pattern of the sample
ZnS/TiO,-2, which was prepared by wet
mechanochemical synthesis of ZnS from zinc
acetate and sodium sulfide on the surface of TiO, P
25. Partial transformation of the anatase into rutile
was registered in this case. The specific surface
area of the sample ZnS/TiO,-1 was measured to be

36 m’g’. The sample ZnS/TiO,-2 had specific
surface area 48 ng'l near to that of initial TiO,
P25 (50 m’g™). The sample ZnS/TiO,-1 represents
a less crystalline material, in comparison with the
sample ZnS/TiO,-2 (Fig. 1). The wide diffraction
lines of the mechanochemically synthesized ZnS
clearly prove the nano-sized nature of the sample
[18]. The impact of the energy during the milling
process is manifested in the form of phase
transformation [19].

The diffuse-reflectance spectra (DRS) in the
ultra-violet and in the visible range were recorded
aiming at the investigation of the optical properties
of the mechanochemically prepared ZnS/TiO,
composites. The TiO, P25 Degussa has a wide
absorption band in the range from 200 to 380 nm
(Fig. 2a). For the mechanochemically synthesized
ZnS/TiO, composites, an absorption edge is red
shifted and the absorption tail is extended to 420
nm as shown in Fig. 2b.

{ahv)’ (eV° nm?)
3

L e USRI USSR US U USSUSIL
14 16 1.8 20 22 24 26 28 30 32 34 36 38 40
Eng (eV)

Fig. 3. Band gap energy E,4 of TiO, P25 Degussa, and
mechanochemically synthesized ZnS, ZnS/TiO»-1 and
ZnSITiO,-2 samples.

The method of UV-vis diffuse reflectance
spectroscopy was employed to estimate the band
gap energies of the prepared ZnS/TiO, composites.
The minimum wavelength is required to promote an
electrons depended upon the band gap energy Eyq of
the samples and it is given by relationship
Epg=1240/A, where A 1is the wavelength in
nanometers [20]. The band gap values were
calculated using the UV-vis spectra from the
following equation: a(hv) = A(hv-Epg) * , where o is
the absorption coefficient and hv is the photon
energy. The band gap energy is calculated by
extrapolating a straight line to the abscissa axis.
The value of hv extrapolated to a=0 gives an
absorption energy, which corresponds to a band gap
energy. The initial TiO, P 25 Degussa has E,=3.20
eV. The preliminary  mechanochemically
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synthesized ZnS has a wider energy band gap
Eng=3.57 eV (Fig. 3). The estimated E,, value was
3.13 eV for ZnS/TiO, -1 sample and 3.08 eV for the
ZnS/TiO,-2 composite sample. These results
suggest the possibility of application of these
ZnS/TiO, composite materials as photocatalysts on

degradation  process with lower energetic
requirements than TiO..
eyc=325 nm
SGDDOG-n 360 nm
A
— 400000 ..
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% 300000
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Fig. 4. Photoluminescence spectrum of: a) TiO, P25
Degussa; b) mechanochemically synthesized samples
ZnS, ZnS/Ti0,-1 and ZnS/Ti0,-2.

The photoluminescence (PL) spectra of the
mechanochemically synthesized ZnS, ZnS/TiO,-1
and ZnS/TiO,-2 samples were recorded in order to
observe their emission behavior. All samples were
photoexcited at wavelength 325 nm at room
temperature. The PL spectrum of the initial TiO, P
25 Degussa is represented in Fig. 4a. The emission
intensive peak in the spectrum of TiO, P 25
Degussa with a maximum in the near ultraviolet
region at about 360 nm (Fig. 4a) can be ascribed to
emission of a photon having energy equal or
slightly higher than the band gap width of the
anatase phase of TiO, and it gives evidence for a
direct recombination of a photoexcited electron and
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a positively charged hole [21, 22]. As can be seen
from Fig. 4b, the cubic ZnS phase is luminescence
active. There are emission peaks at 422, 465, 496
and 590 nm. These emission peaks were also
registered in the PL spectra of the
mechanochemically prepared ZnS/TiO, composites.
Wang et al. [23] reported the multiple defects
related emission of ZnS. The emission intensity is
decreased in the PL spectrum of ZnS/TiO,-1
composite. The broad emission spectra of ZnS/TiO,
composites are mainly located in the blue region.
With its maximum intensity centered at 422 nm,
which could be ascribed to the sulfur vacancy and
defects in the ZnS microcrystals [28]. The blue shift
of the first PL band from 422 to 413 nm in the PL
spectrum of ZnS/TiO,-2 composite was registered.
The PL intensity of ZnS/TiO,-2 is higher than
ZnSI/TiO,-1. This is related to the presence of
anatase phase in ZnS/TiO,-2 sample provided with
XRD (see Fig. 1). The emission peak observed at
465 nm could be associated with an interstitial zinc
lattice defect. The emission peak at 496 nm is from
the sulfur vacancy related emission [25]. The green
PL emission peak at 590 nm can be associated with
elemental sulfur species [26]. The photolumine-
scence emission is the result of two effects: part of
the illuminating photons energy goes for non-
radiative transition (transition between two energy
levels of vibration of the modes of the crystal
lattice). The other part is emitted as a result of
recombination of photoexcited electrons and holes
(photons of lower energy).

The  photocatalytic  activities  of  the
mechanochemically synthesized ZnS/TiO,
composites were evaluated by the degradation of
representative industrial dye Methyl Orange (MO)
in aqueous solution under UV irradiation. All
experiments were performed under nature pH
condition and room temperature. For comparison,
the activities of ZnS and TiO, P25 Degussa were
also investigated under the same conditions. The
temporal changes in the concentration of MO were
monitored by examining the variation in maximal
absorption in UV-vis at 464 nm. In region, where
Lamber-Beer law (A=g*c*]) is significant the
concentration of MO dye is proportional to
absorbance, where A is the absorbance, ¢ is the
concentration of absorbing compound MO, | is the
length of absorbing layer and & is the molar
absorbing  coefficient. Fig. 5 shows the
photocatalytic efficiencies (C/C,) in presence of
mechanochemically prepared ZnS and ZnS/TiO,
composite materials. The C, is the initial
concentration after achieve absorption/desorption
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equilibrium. On the basis of blank experiment, the
self-photolysis of MO could be neglected (Fig. 5-
curve 5). TiO, P25 Degussa was taken as reference
for comparison purpose and in this case the MO
degradation was about 70 % after 60 min. The
photodegradation performance of MO can be
ranked by decreasing order of activity as follows:
ZnS/Ti0,-2 > ZnS/TiO,-1 > TiO,>ZnS.

cre,
b4

0 10 20 30 40 50 60 70

Time (min)

Fig. 5. Photodegradation effect of MO as a function of
irradiation time of commercial TiO, P25 Degussa (e),
and mechanochemically synthesized samples ZnS (P),
ZnS/TiO,-1(o), ZnS/TiO,-2 (m) and blank experiment

(0).

In addition, after the degradation, reaction is
completed; the ZnS/TiO,-1 composite photocatalyst
was separated centrifugally from the dye solution.
Without further treatment, the recycled ZnS/TiO,-1
composite was used to degrade the dye solution for
the second time. The degradation rate remains
almost unchanged, which shows that the ZnS/TiO,-
1 composite photocatalyst has also good
repeatability.

CONCLUSIONS

The present paper represents a detailed study of
the structural, optical and photocatalytic properties
of mechanochemically synthesized ZnS/TiO,
composite materials. The XRD analysis of the
ZnS/TiO,-1 sample, prepared by dry milling in a
planetary ball mill shows that in this case almost
the full phase transition of anatase into rutile is
occurred. However, the phase composition of TiO,
P25 during the wet mechanochemical synthesis of
the ZnS/Ti0O,-2 composite sample is preserved. The
specific surface area of this sample is close to the
initial TiO, P25. DRS study reveals that all the
mechanochemically synthesized samples show
strong absorbance in the visible light region. The
evaluated band gap values of the samples are 3.3,
3.57, 3.13 and 3.06 eV for TiO, P25, ZnS,

ZnS/TiO,-1 and for ZnS/TiO,-2, respectively. The
enhanced photocatalytic activity of decoloration of
MO in aqueous solutions of the synthesized
composite materials in the visible range of the
spectrum is owing to the efficient separation of
photoexcited electrons and holes — the charge
carriers between the ZnS and the TiO, attached
phases.
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MEXAHOXWUMHWYEH CUHTE3 U CBOMCTBA HA ZnS/TiO, KOMIIO3UTHU
H. T'. Kocrosa', E. I[yTKOBa2

1
Huemumym no kamanus, bvieapcka axkademus na nayxume, 1113 Cogus, Boaeapus
2
HUnemumym no eeomexnuka, Cnosawrxa Axkademus na naykume, 04001 Kowuye, Cnogaxus

[ocreruna va 10 oktomBpu 2016 r.; kopurupana Ha 11 HoemBpH, 2016 T.

(Pestome)

ZnS/TiO, xommo3uTH Gsxa MOMYYEHH Upe3 TBBPAOTEIECH MEXaHOXHMHUeH moaxoa. Exun ZnS/TiO, koMmo3uteH
Marepua Oellle ToJyYeH B IUIaHeTapHa TOIKOBA MEJIHHUIIA Ype3 cyxo cmmiiane Ha T10, P 25 Degussa ¢ npeasapureiHo
MEXaHOXUMHUYHO CHHTe3upaH ZNS ¢ kyOuuHa cTpykTypa ot chanepuras Tun JCPDS 00-05-0566. {pyr obGpaser Oere
MOJTy4eH Ype3 MOKBbP MEXaHOXHMHYEH CHHTE3 OT I[[MHKOB alerar W HaTpueB cyiadua B mpuchetBue Ha Ti0, P 25
Degussa. dazata u cTpykTypHHTE NpoMeHH Osixa m3cienBaHu ¢ nomoinra Ha PDA. beme ycraHoBeHO, 4e CyXOTO
cmunane Ha cmec ot TiO, P 25 and ZnS unayuupa mbiaHo mpeobpa3dyBaHe Ha aHarasa, npuchkeTBanr B 110, P 25
Degussa, B pyrun. Anara3 Oemie upeHTHGHIMpPAH B AU(paKTOrpaMaTa Ha MEXaHOXMMHYHO CHHTE3MpaHMs oOpasel
ype3 MOKbp Meroj. Jndy3HooTpaxkaTelHa CIEKTPOCKONHMs Oelle NPHIIOKEHA 3a ONpeNeNisHE Ha CeHepruira Ha
3a0bpaHeHaTra 30Ha HAa MEXaHOXMMHYHOCHHTE3MpaHHTe o0pasnu. (POTOKaTaIUTUYHHTE CBOMCTBA HA IOJYYECHHTE
ZnS/TiO, obpasiu 6sxa HW3CIEABAHH BBB (POTOKATATUTHYHOTO OOE3IBETSIBAHE HA OArpwiio METHII OPaHX Karo
MOJICJICH 3aMbpPCHTENl BHB BOJEH pa3TBOp. 3a ONpeJeNissHE Ha EMHUCHOHHOTO IIOBEJICHHE Ha MEXaHOXUMHUYHO
cunTesupanute ZnS/TiO, KOMIO3UTHU MaTepuann Osxa 3alUCaHu TeXHUTE (POTONYMHHECIICHTHHU CIICKTPHU TIPH CTailHA
TeMmepaTypa ciien Bb30yKaaHe Ha oOpa3iure ¢ Bb30yXKAalla JbDKHHA Ha BbiaHata 325 HM. bsaxa HaOmomaaBaHu
CJIO)KHM €MHCHOHHHM NHUKOBE. [10-HUCKHMAT MHTEH3UTET Ha MBHIHMTE B CIEKTpa Ha oOpasela CHMHTE3MPaH upe3 CyXO
MEXaHWYHO CTPUBAHE CBHUJETEJICTBA 32 IO-HHUCKA CKOPOCT Ha PEKOMOMHHpaHe Ha (OTOBB3OYIEHHUTE EJICKTPOHH U
JYTIKH.
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The present study aims at investigation of the

influence of poly(ethylene oxide) (PEO), poly(N,N-

dimethylacrylamide) (PDMAA) and corresponding block copolymers (PEO-b-PDMAA and PDMAA-b-PEO-b-
PDMAA) on the formation of porosity in thin Nb,Os films using evaporation induced self-assembly (EISA) method.
The addition of copolymer solution to Nb sol provoked phase separation and after appropriate annealing a system of
pores was generated in the spin-on thin film. The annealing regimes providing complete removal of the polymer from
the pores were optimized through Thermogravimetric Analysis (TGA). The morphology and structure of the films were
studied by Transmission Electron Microscopy (TEM) and Selected Area Electron Diffraction (SAED). The optical
parameters of the films, along with their thicknesses were determined from reflectance spectra and nonlinear curve
fitting. The influence of copolymer structure and composition on the optical properties of thin Nb,Os films was
established and the tuning of refractive index in wide range was demonstrated.

Keywords: Nb,Os films, spin-coating, sol-gel, optical properties, porosity.

INTRODUCTION

The creation of materials with tailored texture is
regarded as a key step toward innovative
technologies. Recently, advanced inorganic thin
films and especially those with controlled porosity
attract increasing attention because of the important
roles they play in sorption, catalysis,
photoconversion, sensors, and photonic and
electronic microdevices. One of the approaches
towards fine tunable mesoporous, crystalline
inorganic materials relays on the use of block
copolymer mesostructures as templates [1].

Amphiphilic copolymers which are composed of
thermodynamically incompatible blocks (mostly
including  polystyrene,  polybutadiene, or
poly(propylene oxide) as hydrophobic blocks, and
poly(ethylene oxide) or poly(vinyl pyridine) as
hydrophilic blocks) provide possibilities for
continuous  tuning of the  self-assembly
characteristics by adjusting molecular weight,
copolymer composition and architecture, or solvent
composition [2]. This enables good control over the
self-organized superstructures and the length scales
and suppose introduction of specific functions as

* To whom all correspondence should be sent:
E-mail: babeva@iomt.bas.bg

well. Block copolymer self-assembly has been
proven as a powerful platform for structuring
morphology and tuning size and porosity of various
functional inorganic materials on the nanometer
scale [3, 4]. Templating by using variety of
amphiphilic diblock or triblock architectures has
been widely applied in the synthesis of amorphous
silica mesostructures, mesoporous metal oxides and
crystalline films [1 - 8].

We have already demonstrated that using
different  amphiphilic  tri-block  copolymers
(PE6100, PE6800, PE10100, Pluronic, BASF) and
varying the molar ratio of polymer and NbCls used
for preparing the Nb sol it is possible to obtain thin
Nb205 films with tailored pore structure and
controlled optical and sensing properties [9, 10]. An
improvement of sensing properties of mesoporous
films is demonstrated as compared to the films
prepared without template [9, 10].

In this work, we report for the first time the
utilization of double hydrophilic block copolymers
in the formation of porous Nb20s thin films when
applying the evaporation induced self-assembly
(EISA) method. Diblock and triblock copolymers
comprising poly(N,N-dimethylacrylamide)
(PDMAA) and poly(ethylene oxide) (PEO) blocks
were synthesized and used as hydrophilic templates
in the EISA. The influence of the composition and
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concentration of the organic templates on the
optical properties of the films have been studied
and the tuning of refractive index in a wide range
has been demonstrated.

EXPERIMENTAL DETAILS

Niobium oxide thin films were prepared by the
methods of evaporation induced self-assembly and
spin coating (30 seconds at 3000 rpm) using a
mixture of Nb sol and four organic templates
(PDMAA, PEO, PEO-b-PDMAA and PDMAA-b-
PEO-b-PDMAA) dissolved in water in different
concentrations (0.5%, 1.5 % and 5%) thus
obtaining ratios of polymers to NbCls equal to 0,
0.07, 0.14, 0.23. Niobium sol was prepared by a
sonocatalytic method using 0.400 g NbCls (99%,
Aldrich) as a precursor, 8.3 ml ethanol (98%,
Sigma-Aldrich), and 0.17 ml distilled water [11].
The synthesis of used copolymers was carried out
as follows [12]: double hydrophilic di- and triblock
copolymers were synthesized by means of redox
polymerization of DMAA  (Sigma-Aldrich,
Germany) in deionized water when using
polyethylene glycol methyl ether (PEG-ME; 2000
g/mol; Fluka, Switzerland) or respectively
polyethylene glycol (PEG; 2000 g/mol; Fluka,
Switzerland)) as initiating moiety. PDMAA was
synthesized by aqueous free radical polymerization
of DMAA initiated by 4,4-azobis (4-cyanovaleric
acid) (ABCVA). The obtained polymers were
purified by dialysis against water and finally
isolated by freeze-drying. The composition of the
prepared copolymers was analyzed by Nuclear
Magnetic Resonance (NMR): PEOuss-b-PDMAA37,
Mn = 5700 g/mol and PDMAA2s-b-PEQOss-b-
PDMAA2s, Mn = 7500 g/mol, respectively.

The surface morphology and structure of the
films were studied by Transmission Electron
Microscopy (TEM) using HRTEM JEOL JEM
2100 (Japan) microscope.

Refractive index (n), extinction coefficient (k)
and thickness (d) of the films were determined from
reflectance spectra (R) of the films measured at
normal incidence of light by UV-VIS-NIR
spectrophotometer Cary O0SE (Varian, Australia)
using nonlinear curve fitting method [11]. The
experimental errors for R, n, k and d are 0.3%,
0.005, 0.003 and 2 nm respectively.

Thermogravimetric analysis was performed
using TGA-4000 Perkin Elmer analyzer supplied
with PYRIS software. The samples were heated
from r.t. to 600 °C at a heating rate of 10 °C/min in
inert atmosphere (argon).
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RESULTS AND DISCUSSIONS

Typical TEM images of Nb20s obtained using
different organic templates and fixed ratio of 0.23:1
of polymer to NbCls are shown in Fig. 1 along with
an example of Selected Area Electron Diffraction
pattern of the films as an inset. It is seen that the
pores in the films are with similar sizes although
these formed by addition of di-block copolymer are
slightly bigger as compared to the others. The
structure of all films at annealing temperature of
320 °C is amorphous.

Fig. 1. TEM pictures of Nb,Os thin films prepared using
5 wt % PDMAA-b-PEO (a), PDMAA-bh-PEO-b-
PDMAA (b), PDMAA (c) and PEO (d) as organic
template (ratio polymer to NbCls equals to 0.23) and
annealed at 320 °C for 30 min. The inset shows Selected
Area Electron Diffraction pattern.
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Fig. 2. Refractive index as a function of wavelength for
Nb,Os thin films deposited without organic template
(curve 1) and with addition of PDMAA (curve 2),
PDMAA-b-PEO-b-PDMAA (curve 3), PDMAA-b-PEO
(curve 4) and PEO (curve 5) with ratio of template to
NbCls equals to 0.23. All films were annealed at 320 °C
for 30 min.



Georgiev et al.: Influence of PEO, PDMAA and corresponding di- and triblock copolymers ...

Effective refractive indices (n) of Nb20s films
prepared with organic templates (5 wt. %) are
compared with the values for dense film (without
template) in Fig. 2. Addition of polymers leads to a
decrease in n depending on the type of the template:
the strongest reduction is obtained for PEO, where
n at wavelength of 600 nm changes from 2.21 for
dense film to 1.65, and the smallest reduction is for
PDMAA (n=1.81). The values for copolymers are
in between: 1.71 and 1.76 for di and triblock
copolymers, respectively.

Thermogravimetric Analysis (TGA) showed that
the process of weight loss for PEO starts at a
temperature around 200 °C and the polymer has lost
more than 95 % of its initial weight at temperature
of 320 °C [13]. However, for PDMAA the thermal
decomposition starts at a temperature around 400
°C and ends around 500 °C where the polymer has
lost its entire weight [14]. If we consider that all
films have similar porosity (see Fig. 1) and
comprise two phases (dense Nb20s and air or
polymer) it can be expected the Nb2Os films
prepared using PEO as template to have the lowest
effective refractive index because at 320 °C PEO
has been completely burnt and the films consist of
air with n=1 as a second phase. However, the rest
of the films contain polymer with higher refractive
index (n = 1.43, 1.463 and 1.485 for PDMAA, di-
and triblock copolymers, respectively [15]) as a
second phase, because these templates have not
been thermally decomposed at the temperature of
320 °C. Using Brugemann effective medium
approximation [16] and assuming that PEO has
been fully decomposed we calculate that the free
volume fraction in the films prepared with PEO as a
template is 45 % (Table 1). The values are close to
those previously obtained for mesoporous Nb20s
films prepared using Pluronic template [9, 10].

Table 1. Calculated pore volume fractions in Nb205
films prepared using different organic templates and
annealed for 30 min at 320 oC according to Brugemann
EMA [16] and assuming pores filled with air or polymer.

Template Pore volume fraction (%)
type Air Polymer
PEO 45 n.a
PDMAA 32 50
diblock 39 65
triblock 36 61

The values calculated for the rest of the films,
assuming two phases — dense Nb20Os and polymer,
are also presented in Table 1. In the case of using
PDMAA as a template, the value of pore volume
fraction (50 %) is similar to this for PEO template,

but for both copolymers it is substantially greater
(more than 60 %). Because TEM pictures do not
show significant difference in porosity of the films
we may speculate that the pores of Nb2Os films
prepared with copolymers as templates are filled
with a mixed phase of polymer and air, due to the
partially decomposed polymer. Thus their pore
volume fractions vary between the values for pores
filled with air and pores filled with polymer (Table
1).

To study further the decomposition of polymer
inside the pores a mixture of Nb sol and PEO-b-
PDMAA copolymer (5 wt.%) is prepared and
thermogravimetric (TGA) curves are measured.
The TGA curves along with derivative TGA curves
of pure Nb sol and sol blended with PEO-b-
PDMAA polymer are presented in Fig. 3. It is seen
that the two samples degrade in two main stages.
The temperatures of maximum degradation in the
first stage are similar for the two samples, 122 °C
and 118 °C for pure and blended Nb sol (Fig. 3(b)).
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Fig. 3. Thermo gravimetric (TGA) (a) and differential
TGA curves (b) for niobium sol (curve 1) and Nb sol
blended with PEO-b-PDMAA polymer (curve 2) (5
wit%, volume ratio sol : polymer = 5:1).
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The weight loss is apparently associated with
evaporation of adsorbed water and solvents.
However, there is a considerable difference
between the samples behavior during the second
stage. It is seen from Fig. 3 that the polymer
degradation starts around 340 °C and the process
ends after reaching 550 °C with temperature of the
maximum degradation of 400 °C. For pure Nb sol
there is a weak weight loss around 460 °C that may
be due to the decomposition of some residual
organic species. Knowing i) the mass ratio of
polymer and NbCls in the blended sample, ii) its
initial weight and iii) the weight loss of pure sol it
is possible to calculate the expected final weight of
the blended sample in the assumption of complete
mass loss of the polymer and to compare it with the
measured one. The obtained difference is 3.10° g
that is within the framework of measuring
accuracy. Therefore we may assume that the high
temperature annealing of the films would lead to
complete thermal decomposition of polymer in the
pores thus leading to decrease of refractive index of
the films.
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Fig. 4. Refractive index (n) at wavelength of 600 nm and
thickness (d) of Nb,Os films prepared with PEO-b-
PDMAA template as a function of postdeposition
annealing temperature

The temperature dependences of refractive index
and thickness of Nb20s films prepared with PEO-b-
PDMAA copolymer as a template are presented in
Fig. 4. Refractive index slightly increases with
temperature (the change is 1.1%), while the
thickness decreases with 15 %. Almost the same
reduction of d (10 %) is obtained for the triblock
copolymer, while the increase in »n is stronger —
almost 10 % (Table 2). When PEO is used as a
template there is no change of n and d of Nb20:s
films with annealing temperature, while for Nb20s
films with PDMMA template a slight decrease in n
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accompanied with small reduction in d (5 %) are
observed (Table 2).

Table 2. Refractive index and thickness of Nb,Os films
prepared using the denoted polymers as templates and
annealed for 30 min at temperature of 320 °C and 600

0

C.

Template n at 600 nm d (nm)
type 320°C 600°C 320°C 600°C
PEO 1.64 1.64 87 89
PDMAA 1.77 1.75 94 89
diblock 1.71 1.73 105 89
triblock 1.76 1.93 97 84

d (nm)

With increasing the annealing temperature two
competing processes take place and the overall film
behavior is due to the balance between them. The
first one is the densification of the pure Nb20s
matrix that leads to an increase in n [11]. The
typical changes in the temperature range 300 — 600
°C are 2-3 % in n and 7-8 % in d [11]. In the porous
film this processes is further facilitated due to the
thin pore walls and more free volume as compared
to dense Nb20s films. The second process is the
thermal decomposition of polymers in the films
pores connected with the reduction of effective
refractive index. The results presented in Table 2
and Fig. 4 show that when diblock and triblock
copolymers are used as templates the first process
is prevailing and net increase in n with temperature
is observed mostly pronounced for the triblock
copolymer where the thickness reduction is
significant. On the contrary, in the case of PDMAA
the second process is predominant and a decrease
of n is detected although a slight decrease of film
thickness occurs. For Nb20s films prepared with
PEO as a template a balance between the two
processes is achieved and the net change of n is
almost zero.
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Fig. 5. Template concentration dependence of refractive
index of porous Nb,Os films prepared with denoted
polymers as templates and annealed at 320 °C for 30

min.
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By measuring the reflectance change prior to
and after vapors exposure we may conclude that the
refractive index of all films does not change under
the influence of vapors of various organic solvents
(acetone, ethanol, methanol, etc.) and humidity as
well. This means that the porosity is predominantly
of closed type, i.e. there is no a connectivity
between the pores.

The dependence of refractive index of porous
Nb20s films prepared with studied polymers as a
function of their concentration is presented in Fig.
5. As the polymer concentration increases, the
effective refractive index decreases mostly
pronounced when using PEO as a template. At
annealing temperature of 320 °C PEO decomposes
leaving empty pores in the film, while for PDMAA
and PEO-b-PDMAA the temperature is not
sufficiently high in order complete thermal
decomposition to take place.

CONCLUSIONS

The successful fabrication of Nb20s thin films
with tunable refractive index using simple methods
of sol-gel and evaporation induced self-assembly is
demonstrated. Double hydrophilic block
copolymers (PEO-b6-PDMAA and PDMAA-b-PEO-
b-PDMAA) and hydrophilic homopolymers (PEO
and PDMAA) used as organic templates induce
closed  porosity  proven by  reflectance
measurements of films prior to and after exposure
to different probe molecules. Fine tuning of
refractive index can be accomplished through post
deposition annealing at various temperatures.
Depending on the organic template used an increase
or decrease of n can be achieved. By varying the
concentration of organic template a variation of
refractive index in a wide range can be obtained. In
the case of using PEO-b-PDMAA copolymer as a
template almost linear decrease of »n from 2.21 to
1.71 is observed. The stability of the films when
exposed to external stimuli is assigned to the
formation of closed porosity. Tunable refractive
index attained by the simple methods of post
deposition annealing or variation of template
concentration opens new opportunities for

applications of Nb20s thin films in optics and
photonics.
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BJIMSIHAE HA PEO, PDMAA 1 CbOTBETHUTE JIU- U TPUBJIOKOBU CBIIOJIMMEPH BbPXY
OINTUYHUTE CBOMCTBA HA TBbHKU CJIOEBE OT Nb,Os

P. I'eoprues’, JL. TonopOBaZ, . XpI/ICTOBaZ, B. 'eopruesa’,
M. Bacunesa® u 1{g. Ba6esa'

YYnemumym no onmuuecku mamepuanu u mexnonozuu “‘Axad. . Manunoscxu”, Bvneapeka akademus na naykume,
ya. “Akao. I'. Bonues”, 6ok 109, 1113, Cogusi, Bvaeapus
2Unemumym no nonumepu, Bvieapeka akademus na naykume, yi. “Akad. I Bonues”, 6nox 103-A, 1113 Coghus,
bvreapus

IMocremmna Ha 10 okToMmBpu 2016 T.; Kopurnpana Ha 20 HOemBpH, 2016 T.

(Pestome)

Lenta Ha mpenCTaBEeHOTO H3CIEABAHE € HM3y4aBaHe Ha BimsHHETO Ha mnonmeTtmieHokcnn (IIEO), momm(N.N-
muvermnakpmnamun) ([IJJMAA) u cvorBetHHuTe On0K0BH chrommmepu ([IEO-6-IIJIMAA u IIIMAA-6-ITEO-6-
[NAMAA) BppXy dopMEpaHETO Ha MOPH B THHKH ciioeBe OT Nb,Os. JloGaBsHeTO Ha MOMUMEpHUS Pa3TBOp KbM Nb 301
npoBoKUpa (a3oBO paszelisiHe U clel MOAXOJsIla TepMHUYHa 00paboTKa Ha CIIOCBETE Ce Ch3/laBa CHUCTEMa OT IOPH.
3non3BaHUTe PEXXUMHU Ha HAarpsBaHe, OCUTYPSBAIIM ITHJIHO M3rapsHe Ha MOJMMEpa B MOPUTE, Ca ONTHUMH3UPAHU Ype3
TepMOrpaBUMETpUYCH aHanu3. Mopdororusara u cTpykrypata Ha QuimuTte ¢ u3ydeHa ype3 TEM u enektpoHHa
mudpakuus oT m3dpana obmact. ONTHYHUTE MapaMeTpU Ha CIIOEBETE M TEXHHUTE ACOCTMHU ca ONpeNesieHH OT
HU3MEpBaHUSl Ha CIEKTPUTE Ha OTPaKEHHE W HEJIMHEHHO MHHUMH3UpPAHE Ha pa3lMKUTE MEXIYy H3MEpEeHUTe U
W3YHCIICHUTE CTOMHOCTH. Y CTAHOBEHO € BIIMSIHUETO Ha CTPYKTypara M ChCTaBa Ha W3IOJI3BAHUTE CHIIOJIUMEPH BBPXY
onTuuHUTe cBOiicTBa Ha ThHKK ND,Os 1 ¢ meMoHCTpHpaHa Bh3MOKHOCTTA 33 BapHpaHe Ha MOKa3aTeNs Ha MPeYynBaHe B
LIMPOKH 'PAHUIIH.
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Optical characterization of antirelaxation coatings with regard to their applications in coherent spectroscopy and
LIAD experiments is presented. A simple method, based on the recording of the fluorescence intensity of the Rb alkali
atoms during resonant light pulse irradiation is used for comparison of the antirelaxation properties of the coatings. The
LIAD vyield and dynamics are measured by registration of the 780 nm Rb line transmission. The comparison of the
parameters of PDMS coatings prepared with two different solutions in ether (PDMS 2% and PDMS 5%) shows that
when illuminating with such LED intensity at which the LIAD efficiency is equal in the two cells, the light induced Rb
vapor density changes are about an order of magnitude slower in the PDMS 2% cell, and the antirelaxation properties of

the two cells are equal.

Keywords: antirelaxation coating; light-induced atomic desorption (LIAD); optical characterization, atom-surface

interaction, light-surface interaction

INTRODUCTION

Antirelaxation coatings (ARC) are organic films
(as, for example, paraffin, PDMS, OTS, SC-77
etc.) used in optical cells containing alkali metal
vapor, which reduce the depolarization of alkali
atoms after collisions with the cell’s walls [1]. The
long-lived ground state polarization is a basis for
development of atomic clocks, magnetometers,
quantum memory, slow light experiments, and
precision measurements of  fundamental
symmetries. The antirelaxation properties of the
coatings are characterized by the number of
collisions of a single atom with the walls without
spin randomization. A simple method for ARC
characterization was proposed in [2], which
comprises recording of the time dependence of the
fluorescence intensity of alkali atoms during
exposure of the cell to resonant radiation pulses.

Light-induced atomic desorption (LIAD) is a
non-thermal process in which atoms are desorbed
from the walls (coated or uncoated) of a vapor cell
under illumination. It is applied mostly for
realization of optical atomic dispensers in cases
when high atomic densities at low temperature
and/or small dimensions are needed — for example,

* To whom all correspondence should be sent:
E-mail: stocvet@ie.bas.bg

for loading atomic devices such as atomic
magnetometers, atomic clocks, magneto-optical
traps and their miniaturization [3,4 and references
therein]. However, as desorption depends on the
atom-surface interaction, it can be applied for
optical characterization and manipulation of alkali
metal nanoparticles [5], too. For the first time
LIAD was reported in polydimethylsiloxane
(PDMS) coated cell with Na vapor [6]. Since then
LIAD in PDMS coated cells has been observed
with Rb, Cs, K and radioactive Fr alkali atoms as
well.

Polydimethylsiloxane CH;[Si(CHs),0],Si(CHs);
is a polymer, which includes inorganic and organic
parts, the backbone consists of silicon and oxygen
atoms, where each silicon has attached two organic
groups to it. PDMS is viscoelastic and has a good
stability after dehydration. The glass transition
temperature is 144 K and the melting temperature is
232 K. In our experiments it is close to the room
temperature. Although the structure of PDMS is
suitable for alkali metal atoms adsorption, it causes
problems such as bubble formation and sample
evaporation [7].

The AFM measurement of coatings prepared
with different concentrations of PDMS in ether
showed that the surface roughness increases from
20nm to 50 nm as the PDMS concentration is

© 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 173
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raised from 2% to 5%, and the thickness of the
PDMS film increases with the concentration [8].
The X-ray photoelectron spectroscopy
investigations of the glass surface condition of
alkali metal vapor cell have shown that Rb atoms
diffuse into the Pyrex glass [9].

In this work we report on methods for optical
characterization of ARC from point of view of their
application in coherent spectroscopy and LIAD
experiments. The yield of LIAD and its dynamics,
and the number of atom-wall collisions without
spin randomization in two PDMS coated cells
prepared with 2% (cell PDMS2) and 5% (cell
PDMS5) concentration of PDMS in ether are
compared.

EXPERIMENTAL

LIAD and its dynamics are characterized by the
vapor density and its changes in time n(t). For an
optical medium, the change of the Rb density due
to the LIAD effect is measured by the absorption
coefficient k,, of Rb vapor. According to the Beer’s
law the transmission is

To=l/lg=exp(-x,L)=exp(-o,NL), @

where Iy is the 780 nm laser power entering the
vapor sample; I, the transmitted power; «,, the
frequency dependent absorption coefficient; o, the
non-saturated, frequency dependent absorption
cross-section; N, the atomic density and L, the cell
length.

0sC Generator 1

LI

LED
current
driver

| oL

Generator 2

Fig. 1. Experimental setup for LIAD characterization.
(DL — 780 nm diode laser; PM — powermeter; PD —
photodiode; Att - attenuator; OSC — oscilloscope).

The experimental setup for LIAD and its
dynamics characterization is given in Fig. 1. It is
described in details in [10, 11]. A 780 nm free
running diode laser (DL) is used for measuring the
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absorption coefficient of the D2 Rb resonance line.
The D2 absorption line has 4 Doppler broadened
sets of hfs transitions, related to the ground state
Fg=1 and Fz=2 of the 87 a.m.u. isotope and F,=2
and Fg=3 of the 85 a.m.u. isotope of the natural
mixture. All LIAD measurements refer to the ®Rb
Fg=2 set of lines. A special sphere with diffusion
reflectance inner surface is used to improve the
efficiency of the blue light illumination from a
460 nm light emitting diode (LED) [11, 12].

All measurements are performed at temperature
of 25°C. In order to minimize the optical pumping
and deduce the corresponding absorption features,
the transmission spectra are measured at relatively
low 780 nm light intensity (around 3-4 pW).

The PDMS2 and PDMS5 cells are with radius
R.=1.3cm and lengths 6.0cm and 4.7cm
respectively. This results in only 5% difference of
the surface to volume ratio S/V and the LIAD yield
for the two cells.

The dynamics of desorption and adsorption in
different coated cells are compared following the
model proposed in [3]. The time constants are
determined by fitting the experimental data for the
time evolution of the atomic density in the volume
of the cell n(t) with the following equation:

Ny +N, (1-e o )e W™ ¢ <t<t,,

n (t) - ~(t-tor )/ 75

Ny +[ Ny =1y e L t>t,

)
where t, and t are the times when the desorption
light is switched on and off; no, the density before
illumination; ne =n(ter); 71, characterizes the
exponential density growth after the cell is
illuminated; 7,, the density decrease when the
illuminating light is still on; z3, the density decrease
when the light is off, An=np,-ny and
N.= An(1+1/t,)(1+7,/7)"".

As the LIAD density increase depends on the
time of illumination, all measurements are
performed with equal time intervals, more
specifically by 75sec during which the cell is
illuminated, followed by 75sec  without
illumination.

A simple model for characterization of anti-
relaxation coating of optical cells is proposed in [2].
The method is based on the registration of the
temporal dependence of the fluorescence intensity
from irradiated alkali atoms by pulsed light at
resonance. It was found that in order to find the
number of atom-wall collisions without spin
randomization N, it is enough to have the value of
the fluorescence decay rate g and the ratio between
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the intensities of the fluorescence at the beginning I;
and at the end of the decay I; and the characteristic
time between atom collisions with the cell's walls
T=R/2vr=27 ps, where vt is the atom’s thermal
velocity

1/N = Bt If/li (3)

RbCell  Ch

PM ©
-t DL
PD

L

= &

S 5

— [

oy A

2 5}

5 E

< | osc H=

Fig. 2. Experimental setup for ARC characterization.
(DL — diode laser; PM — powermeter; PD —
photodiode;Ch - chopper; OSC — oscilloscope)

In Fig. 2 the experimental setup for ARC
characterization is given. The absorption and the
fluorescence of the 780 nm diode laser light,
interrupted by a chopper at 5 Hz, are detected by a
powermeter (PM) and a photodiode (PD). The
measurements are performed on the the *Rb F=3
set of hfs lines at 40 W 780 nm diode laser power.

RESULTS AND DISCUSSION

In Fig. 3 the dynamics of desorption and
adsorption in PDMS2 and PDMS5 cells when the
blue light is switched on and off are compared. The
measurements are at low intensity (0.7 mW/cm?)
where the heating from the LED is negligible. The
LIAD vyield depends on the LED intensity. At low
LED intensities (less than 2.5 mW/cm?) the LIAD
yield in the PDMS2 and PDMS5 cells is almost
equal, while at intensities higher than 2.5 mW/cm?,
the yield is higher in the PDMS2 cell [12].

The shape of the transmitted light response is
quite different for the two cells and in PDMS5 cell
the changes in the Rb vapor density are about an
order faster than in PDMS2 cell. The dynamic
response in PDMS2 cell is like in the “weak
desorbing light regime”, when the light induces
negligible change in the Rb atom density near the
coating surface. The dynamic response in PDMS5
cell is like at the “high desorbing light intensity”

regime, when all atoms in the region close to the
surface are desorbed into the cell volume [13,14].

PDMS 5

Transmission, arb. units

_J light on light off l—

0 50
T, sec

Fig. 3. Comparison of LIAD dynamics in PDMS2 and
PDMSS5 cells: the measured normalized transmission at
0.7 mW/cm? LED intensity.

An explanation of the difference in the
adsorption and desorption rates (Fig. 3) in PDMS2
and PDMS5 could be the different probability for
alkali atoms to find adsorption sites in substrates
with different volume density and surface
morphology.

Comparing the dynamics of different cells the
influence of the stem has to be considered, too.
Difference of one order was measured with open
and closed stem in Rb paraffin coated cell [3]. In
our case, the comparison of the PDMS2 and
PDMS5 cells shows that there is more metal in the
PDMS5 cell stem, which can influence the
dynamics of the processes.

0.025

0.020

— PDMS2

0.010 4

Fluorescence, V

T T

T
0.00 0.02 0.04 0.06

Time, sec

Fig. 4. Experimental fluorescence decay of Rb atoms in
the PDMS2 (black) and PDMSS5 (red) coated cells, when
irradiated by 50 ms square 780 nm laser light pulse.

In Fig. 4 the experimental fluorescence decay of
Rb atoms in the PDMS2 (black) and PDMS5 (red)
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coated cells, when irradiated by 50 ms square
780 nm laser light pulse are compared. The ratios
I1:=0.6, 1:=27us, and the fluorescence decay rates
are equal for the two cells as it is seen from Fig. 4.
Following Eq. 3 the number of atom-wall collisions
without randomization of the atom spin in PDMS2
and PDMSS5 cells (Fig. 4) differ of the order of
3.5%, which is less than the experimental error:
1602(72) in PDMS5 and 1657(266) in PDMS2 cell.

CONCLUSIONS

The comparison of the absorption in two ARC
cells, prepared with different solutions of PDMS in
ether, from point of view of their application in
LIAD experiments, have shown that in PDMS2 the
desorption and adsorption rates are about an order
lower than in PDMS5, which can be explained by
the different morphology of the surface, thickness
of the coating, and volume density.

The application of the simple method for optical
characterization of ARC for coherent application by
registration of the temporal dependence of the
intensity of the fluorescence from irradiated alkali
atoms by pulsed light at resonance [2] has shown
that the number of the atom-wall collisions without
a spin depolarization is comparable in the two
PDMS cells.

The performed investigation and the results are
interesting for the better understanding of light-
atom-surface interactions, for development of new
optical elements for application in photonics,
LIAD-loaded atomic  devices and their
miniaturization, and new methods for surface and
coating diagnostics and monitoring.

Acknowledgements: This work is initiated by
Project “Coherent Optical Sensors for Medical
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OIITUYHO XAPAKTEPU3MPAHE HA AHTUPEJIAKCALITMOHHU ITOKPUTHUA 3A ITPMJIOXEHUA
BbB ®OTOHUKATA

C. HBCTKOBl, C. laresa’, K. HaSI/IpOBZ, C. Fouumuf, E. MapI/IOTTI/I4, C. KapTaneBa1

YWnemumym no enexmponuxa, BAH, 6yn. Lapuepadcko woce 72, Cogus, Bvreapus
2Unemumym no gusuxa na norynposoonuyume, CO PAH, Hosocubupck, Pycus
$Hayuonanen uncmumym no onmuxa, Bua Mopyyu 1, 56124 Iluza, Umanus
4YHueepcumem na Cuena, Bua Poma 56, 53100 Cuena, Hmanus

IMoctenuna Ha 10 okromBpu 2016 r.; kopurupana Ha 16 nHoemBpu, 2016 r.

(Pestome)

IIpencraBenu ca u3cneaBaHuA 32 ONTUYHO XapaKTEpU3UPaHE Ha aHTHPEJIAKCAI[MOHHY MOKPUTHS OT IVIeHA TOYKa Ha
MIPUWJIOKEHUETO UM B KOXEpPEHTHATa CIIEKTPOCKOINMS M 3a CBETJIMHHO MHIyLUpaHa aecopOuus Ha atomu (CUAJ). 3a
aHaJIM3 Ha aHTHPENAKCAI[HOHHUTE CBOWMCTBA HA MOKPUTHATA € H3IOJI3BaH IPOCT METOA, IpU KOWTO ce perucrpupa
WHTEH3UTETHT Ha (uiyopecreHnusira Ha Rb aromm npu ob0mpuBaHe C pe3oHaHcHa cBermmHa. CkopocTTa M
epextuBHOCTTa HA CUAJl ca M3MepeHH Ype3 perucTpUpaHe Ha NMpeMHHAajaTa CBETJIMHA Ha JuHUATA Ha Rb 780 HM.
CpaBHsBaHeTo Ha mapaMeTrpure Ha PDMS mokpurusrta HanmpaBeHH ¢ IBa pa3nuyHu paztBopa B etep (PDMS 2% n
PDMS 5%) mokasBa, 4e Ipu MHTEH3UTET Ha o0buBaHe, Mpu KoWTo epextuBHOCTTa HAa CUA]JI € paBHa, mponecuTe Ha
ancopbmms u necopbunst B PDMS 2% xneTtkara ca npubnm3ntenHo | mopsabKk 1mo-0aBHHU, a aHTHUPENIAKCAIMOHHHUTE
CBOICTBA ca €THAKBH B JIBETE KIICTKH.
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In this communication, we present a new approach for development of optical magnetometer based on the D, line of
potassium (K), where the hyperfine transitions are strongly overlapped. Magnetically unshielded, 8-mm-long cell
(containing K + 30Torr Ne) is introduced, in order to reduce the gradients influence of laboratory magnetic field By, to
spectral width of Dark Resonances (DRs), which are used for magnetic field (MF) measurement. K vapor is irradiated
by the light of frequency-modulated distributed feedback DFB diode laser that results in formation of narrow
resonances with reduced absorption, i.e. DRs. Dark Resonance (DR) spectrum is shown as a function of frequency v.
Depending on the value of measured MF, different modulation frequencies f,, can be used. The spectral transition
overlapping results in very good signal, non-critical to laser frequency shifts that is not the case with other alkali. The
proposed approach can be used for MF measurement produced by different sources, for example of archaeological
origin. Moreover, the principle of MF measurement allows development of self-calibrated optical magnetometer with
potential for calibrating various commercially available magnetometers that need frequent calibrations.

Keywords: dark resonance, potassium vapor, magnetic field

INTRODUCTION

When an atomic system is prepared in a
coherent superposition state, extremely narrow
Dark Resonance [1,2] and related
Electromagnetically Induced Transparency (EIT)
[3] resonance can be observed where the atomic
coherence cancels, or reduces, light absorption. The
continuously expanding interest in the topic is due
not only to the fascinating physics involving
guantum coherence but also to the fact that there
are many potential applications with relevance both
in development of new techniques and devices, and
in new scientific approaches to fundamental
studies, such as slowing of light [4], quantum
information storage [5], frequency standards [6],
and precise magnetometers [7].

Resonances based on Dark State phenomenon
have been studied mainly in Rb and Cs vapors, due
to the availability of conventional diode lasers
matching  their  resonance lines.  Different
approaches have been utilized for DR observation:
most frequently two ground-state levels of alkali
atoms are coupled to a common exited level by
means of two coherent light fields, provided by
laser frequency modulation in the GHz range. For

practical applications it is advantageous to reduce
the modulation frequency down to the kHz range,
coherently coupling Zeeman sub-levels within
single ground-state hyperfine (hf) level [8]. In such
approach, however, the optical pumping to the
ground-state hf level non-interacting with the laser
field causes strong losses in the formation of the
dark resonance. The hf optical pumping is
particularly efficient when using noble-gas-
buffered or anti-relaxation coated cells filled with
alkali atoms. However, buffered and coated cells
introduce real advantage and are used very often
because they provide long-living ground-state
coherence.

In this work we report experimental observation
of sub-natural-width DR on the D, line of K vapor,
demonstrating its application for development of
simple experimental approach for magnetic field
measurement based on the self-calibration of
magnetic field value. The method is tested by
laboratory magnetic field measurement. Potassium
D, and D, lines provide the possibility to overcome
the problem with the hf optical pumping because in
this case the ground-level frequency difference (of
461.8MHz) is much less than the Doppler width of
optical transition (about 800MHz). Thus, the
overlapping of the Doppler profiles of the

* To whom all correspondence should be sent: transitions, starting from both ground-state hf levels
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can provide the re-population of the resonantly
exited by the light ground hf level [9], hence to
enhance significantly the efficiency of the DR
preparation.

EXPERIMENTAL SETUP AND METHOD FOR
MAGNETIC FIELD MEASUREMENT

First the experimental setup shown in Fig.1 is
briefly described. The frequency v of the radiation
of a mono-mode distributed feedback diode laser
(A=766.7nm, 2MHz bandwidth) is modulated at
constant frequency f, by means of a signal
generator that modulates the diode laser current.
The laser frequency modulation transforms the
single-frequency laser field into a multi-frequency
output, with frequency separation between the
adjacent components equal to the modulation
frequency fy,. There is a complete optical coherence
between the components of the multi-frequency
light. The laser beam is circularly polarized by a
quarter-wave (A/4) plate and directed to an optical
cell containing K vapor, buffered by 30 Torr of Ne.

Helmholz
K-cell

oreL H I

Registration

system

Oven

Fig. 1. Experimental set-up diagram: DFBL - distributed
feedback laser, SG — signal generator, A/4 - quarter-wave
plate, PD - Photo-Detector.

In our experiment, 8-mm-long optical cell is
introduced, in order to reduce the gradients
influence of laboratory MF By, to spectral width of
DRs, as the measurements are performed in
magnetically unshielded environment. A pair of
Helmholtz coils is situated around the K-cells in a
way to produce magnetic field By orthogonal to
the laser beam propagating direction. The applied
magnetic field By is continuously varied in two
opposite directions crossing the B, = 0 value. A
photo-detector (PD) is used for registering the
signal of the transmitted thought the K cell laser
light.

The laser modulation frequency f, is kept
constant but the magnetic field value is swept in a
large interval around B, = 0. If in laboratory MF
By K atoms are irradiated by the light modulated at

constant frequency and their absorption is
registered versus an orthogonal to the laser beam
summary MF B = By, + By, several sub-natural-
width dark resonances will be observed: (i) at B =0
(Hanle resonance), (ii) at MF determined by the
laser modulation frequency (+1¥ resonances) and
(iii) at its harmonics (£2", +3", ... resonances).
Generally, two types of DRs are observed. The first
type is the DR centered at B = 0, where the Zeeman
sublevels belonging to single hyperfine ground
levels are degenerate, i.e. of the same energy. The
resonance, centered at zero MF is related to the
well-known Hanle resonance, which is obtained
without any modulation of the light but only
scanning the magnetic field around B = 0 value.

Enhancing magnetic field, first two resonances
occur on either side of the MF scan, centered at the
field values creating Larmour precession of the
magnetic moments with frequency v, that is equal
to laser modulation frequency, i.e. v, = f,. With the
MF scanned in the two opposite directions, the side
resonances appear at positions symmetrical to B =
0. In this way, the known laser modulation
frequency, provided by the SG can be used as a
precise measure of the magnetic field value.

RESULTS AND DISCUSSION

Spectroscopy of K is different from those of Rb
and Cs, due to the small spacing of its ground-state
hyperfine energy levels. In particular, the ground-
state hyperfine splitting in K is much less than the
Doppler width of hyperfine transition profiles, and
hence only summary absorption profile can be seen
on each of the D; and D, lines of K. The energy
levels and hyperfine transitions involved in the D,
line (A =766.7 nm) of K are shown in Fig. 2a. It
can be seen that the Doppler profiles of the two
groups of hyperfine transitions starting from the
ground levels F = 1 and F = 2 suffer strong
overlapping due to the 800MHz Doppler width of
each F — F’ hyperfine transition presented in
Fig.2a. From the other hand, such overlapping is
advantageous for performing coherent spectroscopy
based on excitation of ground-state hyperfine
levels, providing the repopulation of the resonantly
excited ground hyperfine level [9]. It should be
stressed that both groups of hyperfine transitions,
each starting from single ground state (F =1 or F =
2) level are completely overlapped. Due to this fact,
the formation of the DR is discussed only for the F
=2 — F’ = 2 hyperfine transition. Fig. 2b illustrates
the formation of 4 three-level A systems, based on
Zeeman sub-levels of the F = 2 hyperfine level.
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Starting from the left to the right, the first A system
shows simultaneous excitations of two ground
Zeeman sub-levels (F=2, mg=-2and F =2, mg = -
1) to a common exited Zeeman sub-level (F* = 2,
mg = -1). The two radiations forming the A system
should be properly polarized to allow transitions to
the level F’ = 2, mp = -1 of the excited state. In the
example reported in Fig. 2b, the first radiation is of
o type, while the second one is = polarized light. It
is easily to see that in the same way the following 3
pairs of Zeeman sub-levels of the ground state with
Am= £1 can be connected by A systems to
respective excited Zeeman sub-levels. Note that all
four pairs of ground state levels contribute to
formation of single DR, due to the equal energy
difference between the two ground Zeeman sub-

" 21,4 MHz 2 1 0 1 2 Mr
4%P3p F=2
9.4 MHz
F=1 ot/| o+ ot+/| o+
33 MHz
F'=0
T 1 LS 1S
Y 2 M
— 1
v 0
F=2 =1
4284 461.8 MHz 2
F=1
(a) (b)

Fig. 2. (a) Energy level diagram of the 4%S,,, —> 4Py,
transitions (D, line) of *K. (b) Simplified energy level
diagram. Zeeman splitting of the F = 2 level is only
shown because the F’ = 2 level splitting is much less
than its spectral width.

levels. The two optical frequency fields needed for
the simultaneous excitation of the Zeeman sub-
levels are produced by means of modulating the
current of the diode laser at the frequency
difference between the two optical transitions.
Optical sidebands of the emission line of the diode
are produced with a constant phase relationship
between all components. The matching of the
energy distance between Zeeman sublevels and the
optical frequencies differences is obtained by
changing the Zeeman splitting applying the above
discussed scanned MF. If a wide scanning of the
magnetic field is performed, several Dark
Resonances can be observed.

In Fig. 3 the experimentally measured DR
spectrum is shown, where the laser light frequency
is tuned to the D, line absorption profile and it is
modulated at the fixed frequency f,, = 200 kHz. The
transmitted power is measured with a photodiode
and the signal is recorded by a digital oscilloscope.
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Scanning MF around B = 0, whenever the splitting
of Zeeman sub-levels of the ground state matches
the frequency difference of a pair of the
components of laser spectrum, a A chain is created
(see fig.2b) and a narrow DR is observed. In Fig. 3,
besides the signal at B = 0 (0" dip), two pairs of DR
dips in the absorption signal appear. They can be
related to the sidebands with frequency separations
of modulation frequency f,, and 2f, that exist in the
spectrum of the diode laser. It is worth noting that
the n DR is not in simple correspondence with the
n" sideband, e.g. the 2™ DR is due to the presence
of the 0™ and 2™ sidebands, but it may originate
also due to the presence of 1% and —1* ones. The
highest order of the DR gives information about the
most distant pair of sidebands, having a suitably
high power.
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—— Absorption signal n (M
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0,000 435 i — i
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Absorption signal and magnetic field [a.u.]

[ By, = 24,7uT
0,002 A =40mV \I b
W =0.17mW B=0
-4I00 -22)0 (‘) 2(|)0 4(|)0

Magnetic field B scan [kHz]

Fig. 3. Dark resonances in K vapor absorption measured

as a function of magnetic field B, scanned around B = 0.

The measured stray magnetic field in laboratory is: Bz, =
24.7uT.

It should be pointed out that very good signal-to-
noise, narrow dark resonances are observed for
modulation frequency much smaller than the width
of the laser line. Hence, the spectral profiles of the
two fields producing the dark state are strongly
overlapped. In the case of coherent population
trapping at Zeeman sublevels of different ground-
state hyperfine levels, the modulation frequency is
in the GHz region that is several orders of
magnitude larger than the laser line width. In Fig. 3,
the DR spectrum is shown as a function of
frequency v. In our experiment the DR spectrum is
measured as a function of magnetic field By,
which is not calibrated preliminary. In our case, the
absolute calibration of the coil can be done using
the presented in Fig. 3 DR spectrum. Measuring the
zero point of the coil current (see curve 2, Fig. 3)
and using the related to D, line equation
v[kHz]=7B[uT] [10] that is determined from the
Zeeman splitting of ground levels, the absolute
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value of MF B can be deduced. In order to
determine the B, magnetic field (that is the final
goal in this work), only the B, = 0 point at v =
173kHz has to be used, i.e. the crossing point of
line 3 with line 2 (Fig.3). This results in a measured
value of By, = 24.7uT. Depending on the value of
the measured MF, different frequencies f;,, can be
used.

In order to test the proposed approach for
measurement of absolute value of MF without
magnetic shielding of the optical cell, several
different modulation frequencies of diode laser
current are used in the experiment under the same
laboratory environment. In Fig. 4, the DR spectrum
is shown for f, = 100kHz, W = 0.2mW and the
same amplitude of modulation. It can be seen that
here the measured By, = 24.8uT, which is in
agreement with the result shown in Fig. 3. The
magnetic field measurements, based on the new
approach are also supported by an independent
measurement using different magnetometer.

gjene Scanned magnetic field
rd Dark resonance signal

0,0008 -3 "9 ) ~

rd
s () n B
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0,0004 - T -
st | | 1

= \ “30kHz @)

0,0000 &)

174kHz | Bj,,= 248mG
By = 24,841

Signal and magnetic field [a.u.]

-0,0004 ||
|F=100kHz, A=40mV \
W=0.2mW B=0

-0,0008 T T T T T T
-300 -200 -100 0 100 200 300

Magnetic field scan [kHz]

Fig.4. DR spectrum: By, = 24.8uT.

Comparing Fig. 3 and Fig. 4, one can conclude
that in case of lower modulation frequency, two
more DRs (+ 3™ are observed, due to more
effective modulation of the laser current. It can be
seen that the spectral width of observed DRs is well
below the natural width (6.2 MHz) of optical
transitions, on the first resonance line in K. The DR
width is mainly determined by the spectral width of
the ground-state energy levels. Mainly, the strong
DR narrowing is a result of two factors. The first
one is the protection against spin relaxation
collision with the cell-walls, provided by the used
buffer gas in the optical cell. At the same time, the
overlapping of the Doppler broadened profiles of
the hyperfine levels in K causes a great reduction of
the optical pumping, producing great performance
and strong signal/noise improvement for both types
of DRs. This is not the case when using other

alkalis, where the poor or absent overlapping of the
hyperfine optical transitions causes a more efficient
optical pumping, which depletes the populations
available for the DR preparation.
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Fig. 5. Double scan: laser frequency slow detuning
across the D, line and magnetic field faster modulation
around B = 0.

Another advantage of K also results from the
optical transition profiles overlapping. A double
scan of the laser frequency, that is performed by a
slow scan of the laser current and faster variations
of MF around B = 0 allows measurement of the DR
contrast over the entire D, line profile. In this case
no kHz modulation is applied to the current. A
double scan applied for the absorption profile
measurement of D, line with Hanle type resonances
is shown in Fig.5. It can be seen that the DRs are
registered in very large region of the absorption
profile. Hence, due to the strong overlapping of D,
line hyperfine transitions there is no need of precise
fixing of laser current, in order to observe a DR
with good amplitude. This is not the case of DR
observed in Cs buffered by noble gas, where the
narrow resonance exists in a narrow region on the
slope of absorption profile.

CONCLUSION

The presented experimental study show
important advantages of using K-atoms, for DR-
based methodology applied to absolute MF
measurement. At the same time, the significant
reduction of the optical cell longitudinal dimension
and the overlapping of the Doppler broadened
profiles of the hyperfine transitions cause a great
reduction of the optical pumping, producing
efficiency improvements both in the A and in the
Hanle configurations and relatively narrow DR, less
influenced by the laboratory MF gradients. The
proposed approach can be used for the
measurement of magnetic fields that are produced
from different sources. Moreover, the principle of
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MF measurement allows development of self- 4. A. Zibrov, M. Lukin, M. O. Scully,
calibrated optical magnetometer with potential for Phys.Rev.Lett., 83, 4049 (1999).
calibration various portable magnetometers that are 5. A. Zibrov, A. Matsko, O. Kocharovskaya, Y.

Rostovtsev, G. Welch, M. 0. Scully,
Phys.Rev.Lett., 88, 103601 (2002).
6. S. Knappe, V. Shah, P. D. D. Schwindt, L.

commercially available but need regular calibration
for absolute magnetic field measurements.
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TBhbMHU PESOHAHCH B [TAPU HA KAJINA 3A ABCOJIIFOTHO USMEPBAHE HA MATHUTHHA
IIOJIETA

A. Kpscresa'*, C. I'atea’, A. Caprcuan’, JI. Capxucnan®, C. Kapranesa'

1HHcmumym no enekmponuxa, bvneapcka akaoemus na naykume, oya. ,, Llapuepaocko wioce* 72, 1784 Cogus,
bwaeapus
2HHcmumym no Qusuxa, Hayuonanna axademus na naykume na Apmenus, 0203 Awapax-2, Apmenus

Hocrermna va 10 oktomBpu 2016 r.; kopurupana Ha 11 HoemBpH, 2016 T.

(Pesrome)

B ToBa cro0mmeHue npeacTsABaMe HOB MOIXO/ 32 Pa3BUTHE HAa ONTHYEH MarHUTOMETHp 6asupan Ha D, nuHmsATa Ha
kamust (K), KpeTo cpBbX (YUHUTE MPEXOIH Ca CHITHO MPETOKPUTH. MarHUTHO HeeKpaHUpaHa §-MM KIIETKa ChIbprKalia
K u 30Torr Ne e m3nomn3Bana ¢ 11e1 Jja ce HaMajH BIMSHUETO HAa TPaJMEHTHTE Ha Ja0OpaTOPHOTO MAarHMUTHO mojie By,
BBPXY CIEKTpAJHATA MIMPHHA Ha THMHUTE PE30HAHCH, KOMTO Ca M3MOJ3BAaHH 3a M3MEPBAHETO HA MAarHUTHOTO IIOJIE.
[Tapute Ha K ca o0irpueHHN ChC CBETIIMHATA Ha YECTOTHO MOJETHMpaH JUOICH JIa3ep C pasmpeneneHa odpatda Bph3Ka,
KOETO BOIH 10 (OPMOpPAHETO HAa TECHHM PE30HAHCH Ha HaMaJICHO IOTIBINAaHE, TOECT ThMHHU pe3oHaHCH. CIeKThpa Ha
TBMHHTE PE30HAHCH € M3CIeIBaH KaTo (QYHKIMS Ha decToTara v. B3aBHCHMOCT OT CTOMHOCTTAa HA MarHUTHOTO TIOJE,
pa3IMYHU 4eCTOTH Ha Moaynauus f, Morat ma 6baaT u3non3BaHu. [IpenoKpHBaHETO HAa CIEKTPAIHUTE MPEXOAU BOIH
JI0 MHOTO JOOBpP CHTHAJI, HEKPUTHYEH OT OTMECTBAHETO Ha Jla3epHaTa 4ecTOTa, KaKbBTO HE € Cilydas IpH APYTUTe
ankanHu napu. [Ipeanoxenus noaxon Moxe na ObJe M3MOJ3BaH 32 M3MEPBaHE HA MAarHUTHO IOJ€ NPEAN3BUKAHO OT
pasnuuHy n3ToyHUIM. OcBeH TOBA, MPUHIMUIA HA MarHUTHOTO M3MEpBaHE MO3BOJISIBA PAa3BUTHE HAa CaMOKaJIMOpHUpall
ONTHYEH MAarHUTOMETBP C TMOTEHIHWAN 3a KaInMOpupaHe Ha pPAa3IMYHU HAIWMYHU B THProBCKaTa Mpexa
MarHuTOMETPH.
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The titanium-niobium (TiNb) alloys are known as superconducting materials and they are used for the production of
superconducting wires. They are also widely applied in the medicine, for the needs of orthopaedic reconstructive
surgery, implantology etc. due to their properties, as high biocompatibility and high corrosion resistance. Recently, this
material has been incorporated in orthodontic braces as finishing archwire during the process of orthodontic treatment.
On the market exist different types of archwires, developed by many producers, which obey specifications necessary to
apply them during orthodontic patient treatment. But properties of these archwires are deteriorating with time. To apply
them properly it is needed to find the reasons of such deterioration and the methods to register it. We try to gather such
knowledge — this time for some archwires produced by the ORMCO Company — TiNb ones.

The analyses were carried out by the independent techniques: X-ray diffraction analysis (XRD), Scanning Electronic
Microscopy (SEM), Energy Dispersive Spectroscopy (EDX) and Differential Scanning Calorimetry (DSC) and Physical
Property Measurement System (PPMS). The composition of the wires was established to be: 57,15wt% Ti and
42,85wt% Nb. The low temperature magnetic studies revealed that the material possessed superconducting properties
with transition to zero resistant state at about 10K and above this superconducting transition temperature, the material
was paramagnetic. From DSC results it has been concluded that there was no thermal transition of the alloy in the
temperature range from -50°C to +50°C. The received knowledge will allow to estimation of the safe TiNb archwires
application in orthodontic treatment.

Keywords: TiNb, orthodontic archwires, XRD, SEM, DSC

Due to their low elasticity modulus titanium alloys
are beneficial for distributing the stresses between
bones and implants [8]. With addition of Nb elastic
modulus is further reduced and corrosion resistance

INTRODUCTION

Titanium — Niobium alloys are well known as
cryogenic materials [1], exhibiting

superconductivity they are used in superconductor
production [2-3]. Due to this property they find an
application in magnets for nuclear magnetic
resonance imaging systems [4]. This alloy is
composed of two of the five elements (Nb, Ta, Ti,
Zr and Pt) which do not cause tissue reactions [5-
6], it has excellent corrosion resistance and
biocompatibility [7]. This is the reason for its wide
use in medicine as a substituting material in
reconstructive orthopedic surgery and implants.

is improved [9].

Orthodontic archwires, as a material placed in
the oral cavity, in addition to good mechanical
properties must also be biocompatible. A number of
cases of allergic reactions to orthodontic materials
are known and are caused primarily by the release
of Ni ions [10-11]. In these cases use of an alloy
which does not contain nickel is recommended [12-
13]. During the aligment phase of treatment
composite arches [14] may be used or ion-impacted
Ni-Ti arches in which an amorphous surface layer
is formed, inhibiting corrosion and release of Ni

* To whom all correspondence should be sent:

E-mail: ivannyilievska@gmail.com ions [15]. After the aligment phase of treatment
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TMA arches containing Ti and Mo [16] are most
commonly used. As an alternative to this non
nickel-containing alloy an innovative Ti-Nb alloy
arch is proposed [17] for this there is little available
data. This archwire possesses extremely high
corrosion resistance thanks to a surface layer of
Nb,Os, inhibiting the action of fluoride ions
responsible for quick corrosion in the oral cavity
[18]. In light of its mechanical properties [19] and
high friction coefficient [20] it is suitable for the
finishing stages of orthodontic treatment, in which
bracket sliding is not needed and applying finishing
bends is necessary.

The aim of this study is to make characterization
of the microstructure, chemical composition and
investigation of magnetic properties of two types,
as-received TiNb wires, produced by the ORMCO
Company. The received knowledge will allow to
estimation of the safe TiNb archwires application in
orthodontic treatment.

MATERIALS AND METHODS

TiNb orthodontic archwires produced by
ORMCO Company, CA, USA, with two different
cross sections — 0.019x0.025 inches’ (0.48 x 0.63
mm?) and 0.017x0.025 inches® (0.43 x 0.63 mm?)
were investigated. Cut wire pieces of both type as-
received TiNb archwires were studied with
different techniques, as X-ray Powder Diffraction
(XRD), Scanning Electron Microscope (SEM),
Energy-Dispersive X-ray microanalysis (EDX),
Differential Scanning Calorimeter (DSC) and
Physical Property Measurement System (PPMS).

To determinate the structure of the material it is
used X-ray Powder Diffractometer X'Pert Pro, with
low-temperature  nitrogen  blower attachment
Oxford Cryosystem and high-temperature closed
attachment HTK 1200 from Anton Paar. The SEM
tests were performed using Philips 515 Scanning
Electron Microscope with accelerating voltage 0.2
to 30 kV. The composition of the archwires was
obtained by EDX method using Bruker Esprit 1.8
system. Minimum acceptable accelerating voltage
of 20 kV was applied. Quantification of the EDX
results was performed by interactive PB-ZAF
standardless method. The DSC analyses were
performed using a differential scanning calorimeter
Perkin - Elmer — 8000 with TGA attachment model
PE-TGA4000. Before introducing the sample in the
DSC apparatus for each individual test a calibration
with indium was made. The temperature range of
DSC is from - 170°C to +600°C. The samples were
scanned from -50°C to +50°C and back to -50°C
with 20°C per minute. The magnetic properties of
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the samples were tested with PPMS from Quantum
Design, Inc. which conducts research in the
temperature range 1.9K-400K in a magnetic field
up to 9T.

RESULTS AND DISCUSSIONS

Fig. 1 displays the diffraction pattern of TiNb
(0.019x0.025 inches®) archwire. The registered
diffractions picks demonstrate presence of Ti and
Nb, corresponding with the results reported by Mi-
Kyung Ha et all. [21], whose indicate that TiNb
alloys are more sensitive to the Nb content.

i

600
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400

Intensity (a.u.)

2 theta (deg.)

Fig. 1. XRD pattern on TiNb archwire
0.019x0.025inches?

Fig. 2. SEM images of as-received archwire 0.017x0.025
inches? (a) and 0.019x0.025 inches? (b)

Report about the change in the surface
morphology of the archwires with both dimensions
is obtained by SEM. The SEM micrographs of two
types as-produced TiNb archwire are presented in
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Fig. 2a for 0.017x0.025 inches® and Fig. 2b for
0.019x0.025 inches®. Typical surface morphology
of wires produced of metal alloys by extrusion is
clearly seen. Some defects on the surface,
predominantly in the case of 0.019 x 0.025 inches®
archwire are detected. They might be very
deteriorating for applied archwires, as existing
micro-cracking and voids might deepen during
patient curing and to worse mechanical properties
of the archwires (elasticity and shape memory).

For further information of the composition of
the surface topography is used EDX. This method
allows quantitative identification of the chemical
composition by elements. For higher certainty EDX
was done in 4 parts of each investigated piece of
the both as-received TiNb archwires (0.019 x 0.025
inches’, 0.017 x 0.025 inches?). The analysis
confirms that the main components of the archwires
are only Ti and Nb (Table 1. and Table 2.).

Table 1. Elements content in as-received TiNb archwire
(0.019 x 0.025 inches?).

Spectrum 1 2 3 4
Elements Wit% Wit% Wit% Wit%
Titanium 57,15 57,52 57,05 57,11
Niobium 42,85 42,48 42,95 42,89
Total 100,00 100,00 100,00 100,00

Table 2. Elements content in as-received TiNb archwire
(0.017 x 0.025 inches?)

Spectrum 1 2 3 4
Elements Wit% Wit% Wit% Wit%
Titanium 57,26 57,21 57,87 57,57
Niobium 42,74 42,79 42,13 42,43
Total 100,00 100,00 100,00 100,00

There is no presence of additional elements as
chromium, cobalt, copper, which are registered on
the other popular archwires as NiTi and CuNiTi [22
- 25]. In the orthodontic archwire with the (0.019 x
0.025 inches?) dimension, has average value of the
elemental composition with approximately Ti 57.20
wt. % and Nb 42.79 wt. % . Respectlivity, for the
(0.017 x 0.025 inches®) archwire, Ti 57.47 wt. % nd
Nb 42.52 wt. % .

In orthodontics different archwires are used, in
some of them (for example heat-activated) the
temperature changes lead to changes in the
mechanical properties of the archwires. These
archwires at body temperature have an austenitic
structure and possess high elasticity and shape
memory. With cooling of the archwires out of the
patient’s mouth with cryogenic spray to -50 °C, the

structure of the material changes to martensitic and
the material becomes flexible, easily deformable
and adaptable. After placing it in the mouth at 37
°C, the archwire gradually warms up and changes
the structure into austenitic again. That is why it is
useful to investigate the thermal behavior of TiNb
archwires, which are a new material applied in
orthodontics. In this study DSC method is used to
verify if there is a transition temperature for the
austenitic, martensitic, and rhombohedral (R)
structure phases in representative as-received TiNb
archwires. For DSC analyses very small samples
were prepared and a special test cell is able to cool
and heat slowly the sample with a very precise rate.
During the cooling or heating process, the cell
indicates whether the sample is either giving off
more heat or absorbing more heat in exothermic or
endothermic reactions, respectively [26]. On Figure
5 are shown DSC curves, which demonstrate that
there is no thermal transition on the both 0.019 x
0.025 inches® (Fig. 3a) and 0.017 x 0.025 inches®
(Fig. 3b) archwires, measured in the temperature
range from -50 °C to +50 °C.
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Fig. 3. DSC analysis on as-received TiNb archwires
0.017x0.025 inches? (a) and 0.019x 0.025 inches? (b)

It is known that the metals Ti and Nb become
superconducting at sufficiently low temperatures.
Solid solution of Ti and Nb, which can be obtained
for the whole range of compositions, is also
superconducting and its properties depends mainly
on composition, structure and heat-treatment,
respectively. Allowing a—titanium precipitate in
the volume of TiNb solution leads to obtaining of
superconducting material with very high current
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density values. This material is used for wire
production necessary for superconducting magnets
[27]. In order to obtain more information about
archwire, made from TiNb alloy, used in
orthodontic medicine we studied also their
magnetic properties at low temperatures. The
results shown on Fig. 4 demonstrate that at about
10K real part of susceptibility changes abruptly
from small negative value to strong diamagnetic
one, proving that material is superconducting.
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Fig. 4. Temperature dependence of the magnetic
susceptibility of TiNb archwire (0.019 x 0.025 inches?)

Although the material is superconducting it can
carry very limited current, what can be seen from
Fig. 5, where magnetic hysteresis measured at 2K is
presented.
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Fig. 5. Magnetic measurements on TiNb archwire
(0.019 x 0.025 inches?).

Above superconducting transition 10 K, the
material is  weakly paramagnetic.  Future
measurements will be made near room temperature
where  very precise DC  magnetization
measurements are needed.

These results for as-received TiNb archwires
from ORMCO Company, will help the orthodonts
to apply them successfully for patients treatment.

CONCLUSIONS
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The manufacturers are experimenting with the
elements of the alloys in order to establish and to
improve the properties of the titanium archwires.
That’s why it is important to obtain the first profile
of the elements and structure of TiNb archwires
used for orthodontic appliances. Our results showed
that the 0.019 x 0.025 inches’ archwire has
elemental composition, approximately Ti 57.20 wt
% and Nb 42.79 wt%. Respectlivity, for the (0.017
x 0.025 inchesz) archwire, Ti 57.47 wt% and Nb
4252 wt%. The DSC results made in the
temperature range from -50°C to +50°C, showed
that this archwire has no thermal transition. The
magnetic properties of the archwires showed that
this alloy is superconductor at 10K, and above
superconducting  transition the material s
paramagnetic. The received knowledge will allow
to estimation of the safe TiNb archwires
application, as well as during the treatment.
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TP OPTOJJOHTCKO JIEHEHNE

U. Unuesckal, I. KapamaHOBaz, B. HeTpOB3, A. 3anecku”, M. I[po3z[4, B. Mukmi®,
A. K. CrosHoBa-lBanosa

Ynemumym no usuxa na mewpoomo msno ,, Axad. Ieopeu Hadxcaxos “, Bvreapcka Axademus na Haykume, Byi.
, Hapuepaocko woce* 72, 1784 Cogpus, Bvreapus
2HHcmumym no onmuyHu mamepuanu u mexuorozuu, bvieapcka Akademus na Hayxume, 6yn. Axao. I'eopeu Bonues,
61.109, 1113, Cogus, Pvreapus
3Daxynmem no denmanna meouyuna, Meouyuncku Yuusepcumem , Cogpus, byn. ,, Ce.Cs. I'eopeu Coghuiicku ™ 1,1431
Cogus, Bvreapus
4HHcmumym 1O HUCKU meMnepamypu u cmpykmypHu uscieoganus, Iloncka Akademus na Haykume, yn. Oxonna 2, 50-
422, Bpoynas, Ilonwa
5llel-tmbp 3a uscneosane na mamepuanu kom Tanuncku Texnonocuuen Ynusepcumem — Tanum,
Exumuame 5, 19086 Tanun, Ecmonus

[ocrermna va 10 oktomBpu 2016 r.; kopurupana Ha 11 HoemBpH, 2016 T.

(Pesrome)

Turtan-unobueBure (TiNb) cmmaBu ca HW3BECTHH KAaTO CBPBXIPOBOJUMH MaTepwald M C€ U3IMO0J3BaT 3a
TIPOU3BOJICTBOTO Ha CBPBHXMPOBOIUMH Kabemu. [lopann TeXHUTE CBOWCTBA KaTO BHCOKA OMOCHBMECTHMOCT M BHCOKA
yCTOﬁ‘IHBOCT Ha KOpOo3usda, TC€ HaMHpaT MIHUPOKO IMPHUIOKCHUE B MEAUIMHATA, 3a HYXIATEC HAa OPTONCANYHO-
PEKOHCTPYKTHUBHATA XUPYPTHUs, HIMILIAHTOJIOTHATa U 1p. Hamocnenpk, TO3W MaTepuan ce M3IM0JI3Ba 3a N3pad0TBAHETO
Ha OPTOJIOHTCKA JIbI'a, U3I0JI3BaHa B MOCJIEHUS €Tal Ha OPTOJJOHTCKOTO JIUEHHUE.

Ha nazapa ce npeanarar pa3iauuHy BUJOBE OPTOAOHTCKU JbI'U, OT Pa3IMUHU MPOU3BOJUTENHN, KOUTO C€ OJUUHABAT
HAa CrieIU(pUKAINNA, HEOOXOIMMH, 32 TIXHOTO MpUJIaraHe Mo BpeMe Ha OPTOAOHTCKOTO JiedeHue. Ho cBolicTBara Ha Te3u
J'BTH MOTAT Jla c€ MPOMEHAT MO BpeMe Ha JICUCHHETO W 3a MPABHIIHOTO UM MpUIIaraHe € HeoOXOAMMO Jja ce HaMepsT
METOJIM, Ype3 KOUTO T3 CBOMCTBA Ma ObAaT mpocieasBaHu. llenta Ha ToBa M3cieqBaHE € Ja ce MONydyaT JaHHH 3a
CTPYKTYypaTa, XUMHYHUS ChCTaB M (u3myHuTe cBodicTBa Ha TiNb opTomoHTCKa abra, mpomsBeleHa OT Qupmara
ORMCO.
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Optical properties of ZnO thin films deposited by the method of electrospray
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ZnO films with thicknesses in the range 60-220 nm were prepared by electrospray method on silicon substrates at
temperature of 200 °C using electrostatic set-up with vertical configuration and preliminarily optimized sol-gel recipe
including zinc acetate dehydrate as a precursor and ethanol as a solvent. The thin films were subjected to high
temperature (550 °C) post annealing. The deposition voltage and distance between the emitter and collector were varied
in the range 9.5 — 13.5 kV and 4 — 7 cm, respectively. The surface topography and roughness were measured by Atomic
Force Microscope (AFM) and optical profiler. Optical constants and thickness of the films were calculated from
reflectance spectra using nonlinear curve fitting. Photoluminescence spectra were measured at room temperature at
excitation wavelength of 335 nm. The influence of deposition parameters and post annealing on surface morphology,
optical properties and photoluminescence of thin ZnO films was discussed.

Keywords: ZnO films, electrospray, sol-gel, optical properties.

INTRODUCTION

ZnO is a wide band semiconductor with large
exciton binding energy. Due to its transparency in
UV and NIR ranges, electro and elasto-optical
properties, low resistivity, biocompatibility, low
cost and long-term stability, ZnO is an attractive
material for utilization in various modern devices
such as biosensors [1], optical gas sensors [2],
piezoelectric sensors [3], optoelectronics [4],
transducers and resonators [5], integrated optical
devices [6], etc. ZnO thin films are interesting
transparent conducting oxides and are regarded as
an alternative material to the widely used ITO for
optically transparent electrodes in flat panel
displays [7] or solar cells [8].

Different physical and chemical methods of
ZnO films deposition have already been
implemented: rf sputtering [9], pulsed laser
deposition [2], plasma enhanced chemical vapor
deposition [10], spray pyrolysis [11], sol—gel
process [12], molecular beam epitaxy [13], atomic
layer deposition [14], electrospray [15], etc.

However, in order to realize high-performance
ZnO based devices, it will be a real advantage to
grow high quality ZnO thin films with
controllable parameters using easy and low cost

* To whom all correspondence should be sent:
E-mail: babeva@iomt.bas.bg

methods. Sol-gel process emerges as a convenient,
efficient and inexpensive technique for thin film
preparation, enabling tailored properties and easy
doping option at molecular level [12]. Besides, it
could be successfully combined with electrospray
method for film deposition having advantages of
simple setup, low cost and easy control of
morphology and stoichiometry. Tailored structural
and optical parameters could be achieved simply
by variation of applied voltage and substrate
temperature [15, 16]. However, for effective
technological applications of ZnO films, the
impact of different preparation conditions on the
film properties have to be thoroughly investigated
and mutual relationships to be revealed.

In this paper we combine the advantages of
both sol-gel and electrospray methods in order to
deposit high quality ZnO thin films with
controllable  properties. The influence of
deposition parameters and post annealing on
surface morphology, optical properties and
photoluminescence of thin ZnO films is discussed.

EXPERIMENTAL DETAILS

The sol-gel method was used for preparation of
solution for electrospray. 0.115 g of zinc acetate
dehydrate was dissolved in 0.5 ml H20 and 3.5 ml
ethanol and stirred at room temperature for 2
hours. Two drops of acetic acid were added as

188 © 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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stabilizers. Prior to the deposition the solution was
aged for 24 h at room temperature. All chemicals
(Sigma Aldrich) were of analytical reagent grades
and used without further purification.

The deposition of thin film was performed
using an electrostatic set-up with vertical
configuration equipped with home-made heater
capable of maintaining the substrate temperature
up to 300 °C in controllable manner (Fig. 1).

Fig. 1. Vertically configured electrospraying set-up
consisting of syringe pump (1), 5 ml syringe with Zn
sol (2), emitter (3), substrate (4), collector (5) and
heater (6).

The emitter of the electrospraying set-up was a
5 ml syringe with stainless steel needle of inner
diameter of 0.3 mm and length of 32 mm and the
collector is the stainless steel-duralumin plate put
on the heater and grounded in a save way. The
distance between the emitter and collector was 4
cm and 7 cm and a high voltage of 9.5 kV and 11
kV in the first case and 12.5 and 13.5 kV in the
second one was applied via a DC power supply
(Applied Kilovolts, UK). For all films the
substrate temperature is kept at 200 °C. Fig. 1
shows a picture of the electrospray set-up.

The surface morphology and roughness of the
films were characterized by Atomic Force
Microscopy (MFP-3D, Asylum Research, Oxford
Instruments), while the dispersion of the droplets
over the substrate and the variation of their size
with deposition conditions were examined by
crossed-polarizer optical profilometry (Zeta-20,
Zeta Instruments).

The refractive index (n) and extinction
coefficient (k) along with the thickness (d) of the
films were determined from reflectance spectra of

the films measured at normal light incidence by
UV-VIS-NIR spectrophotometer Cary 05E
(Varian, Australia) using non-linear curve fitting
method [17]. The experimental errors for », k and
d were 0.005, 0.003 and 2 nm, respectively.

The photoluminescence spectra of the films
were taken at room temperature at excitation
wavelength of 335 nm using spectrofluorometer
FluoroLog3-22 (Horiba JobinYvon).

RESULTS AND DISCUSSIONS

The typical surface morphology of the
electrosprayed ZnO films is illustrated in Fig. 2 by
AFM images of the as-deposited ZnO films. All
films are crack-free and have similar surface
morphology comprising spherical grains that are
tightly packed and distributed uniformly over the
entire film surface. For all films the size of the
grains is similar varying in the range 50 — 500 nm
and no effect of post-annealing on the grains size
is observed (Fig. 3). The thickness of the films
deposited at 4 cm is 220 nm, while those at 7 cm
are 60 nm thick.

L@
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40

20

-20
-40

-60

Fig. 2. AFM pictures (10 um x 10 pm) of the surface
of ZnO films deposited on Si-substrate by the
electrospray method at applied voltage of 9.5 kV (a),
11 kV (b), 12.5 kV (c) and 13.5 kV (d) and an emitter-
to-collector distance of 4 cm (a, b) and 7 cm (c, d).

After annealing a weak smoothing of the
surface takes place for films deposited at a
distance of 4 cm (Fig. 4 (a)), while a slight
roughening is observed for these at 7 cm (Fig. 4
(b)). The typical rms roughness values of 16 — 19
nm are obtained for the films that are consistent
with those measured for spin- and dip-coated
films [18, 19]. The weak smoothing with distance
illustrated in Fig. 3 could be due to a smaller
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thickness of the films obtained at a distance of 7
cm.

Fig. 3. Optical microscopic images of electrosprayed
ZnO using applied voltage of 9.5 kV (a,b) and 13.5 kV
(c,d), emitter-to-collector distance of 4 cm (a,b) and 7
cm (c,d) before (a, c) and after annealing at 550 °C
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Fig. 4. Surface roughness (rms) in [nm] of ZnO films
deposited at emitter-to-collector distance of 4 cm (a)
and 7 cm (b) and refractive index at wavelength of 600
nm as a function of applied voltage (c) for as-deposited
(black color) and annealed films (red color).

As the distance between the emitter and
collector increases from 4 ¢cm to 7 cm a reduction
in deposition rate from 5 nm.min™' to 3 nm.min™' is
observed which is due to the enlargement of the
covered surface area. The increase of applied
voltage at fixed distance leads also to a weak
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decrease of deposition rate. Besides, a strong
lateral thickness gradient is detected for
deposition distance of 4 cm unaffected by the
applied voltage, while the area of uniform film
thickness expands considerably when the
deposition is carried out at a distance of 7 cm.

The calculated values of refractive index (n) of
the films as functions of applied voltage are
presented in Fig. 4 (c). The curves for as-
deposited and annealed films show opposite
trends: a decrease in n is observed for as-
deposited films while after annealing n for the
films increases with voltage reaching steady-state
at applied voltage greater than 12.5 kV. For all
films the post-deposition annealing leads to the
reduction of »n mostly pronounced for the films
deposited at a distance of 4 cm. As shown in [20]
the decomposition of zinc acetate occurs for
temperature greater than 400 °C. Considering that
during the electrospray the substrates are kept at
200 °C it may be expected the as-deposited films
to have nonstoichiometric composition due to the
residual non-reacted zinc acetate as opposite to
the annealed one wherein the thermal
decomposition of zinc acetate should be
completed. Thus, the difference in chemical
composition could be the reason for the change in
refractive index after annealing. It is possible the
process of organic decomposition to be favored in
the case of thinner films (deposited at a distance
of 7 cm). As a result it may happen the zinc
acetate residual in them to be less as compared to
thicker films (deposited at a distance of 4 cm) and
their refractive index before annealing to be closer
to n for the annealed ones (Fig. 4(c)).

(a) (b)

PL Intensity (a.u)

zlls-dep ‘ . anpealed

400 480 560 400 480 560

Fig. 5. Room temperature photoluminescence spectra
of as-deposited (a) and annealed (b) ZnO films taken at
excitation wavelength of 335 nm.

The photoluminescence spectra at room
temperature and excitation wavelength of 335 nm
of as-deposited and annealed ZnO films are
presented in Fig. 5. A narrow UV emission peak
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and a broad green emission peak with different
relative intensities are observed in both cases. The
first one, centered at 377 nm (3.29 eV) is ascribed
to the inter-band radiation recombination of
photo-generated electrons and holes [21-23].
Usually the light emitted due to the free exciton
recombination has an energy equal to or slightly
greater than the optical band gap, that for the case
of sol-gel ZnO films is in the range 3.20 — 3.30 eV
[21, 22]. The broad green emission, centered at
520 nm (2.38 eV) for the as-deposited films and at
510 nm (2.43 eV) for the annealed ones, with
energy smaller than the band gap should
correspond to the transition between band edges
and the local levels in the band gap. The last are
formed by some defects in ZnO [24], for example
zinc and oxygen vacancies, interstitial zinc,
interstitial oxygen, etc. [23, 25]. According to Yu
et. al. [26] the stronger green emission relative to
UV emission in the case of annealed films
suggests that there is a great fraction of oxygen
vacancies in the films. They may originate from
oxygen deficiency due to the high temperature
annealing of films in ambient atmosphere. Further
experiments are required for clarification of the
exact reason.

CONCLUSIONS

The successful application of electrospray
method with vertical set-up for deposition of ZnO
thin films is demonstrated. The applied voltage is
varied between 9.5 kV and 13.5 kV, while the
emitter-to-collector distance is fixed at 4 cm and 7
cm. The deposition parameters and annealing do
not influence substantially the surface topography
of the films, while after annealing a weak
smoothing is observed for films deposited at 4 cm
and roughening — for films at 7 cm. In order to
obtain broad area of uniform thickness the
deposition should be carried out at a higher
distance and lower applied voltage. Further, the
refractive index increases as the applied voltage
increases. The denser ZnO films are obtained at
the highest applied voltage (1.78 at wavelength of
600 nm). A narrow UV emission peak and a broad
green emission peak with different relative
intensities are observed for as deposited and
annealed ZnO films assigned to the free exciton
recombination and oxygen vacancies,
respectively.
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OIITUYHU CBOMCTBA HA THhHKU ®MJIMH OT ZnO, [TIOJIYYEHU YPE3 EJIEKTPO-CIIPEM

I. MapI/IHOBl'Z, M. Bacunesa’, B. CTpI/I)KKOBal, H. ManuHoBCcKu® 1 LB. BaGesa'

1H)Ltcmumym no onmuyecku mamepuanu u mexwonoauu ‘‘Axad. H. Manunoscku”, Bvieapcka Axademus na Hayxume,
yia. “Akao. I'. Bonues”, 6ok 109, 1113, Cogus, Bvacapus
2TACK Jlabopamopus, yn. “Usan Ileee Mapywa” Ne2, [Ipasey, bvreapus

Iocrenuna Ha 10 okromBpu 2016 r.; kopurupana Ha 20 HoemBpu, 2016 r.

(Pesrome)

WscnenBanu ca ThHKY cioeBe oT ZNO ¢ nebenuuu B auanazona 60-220 HM, NoyydeHn Ype3 METoa Ha BEpTHKaJICH
eJIeKTPO-CIIpell BbPXY MOAJIOKKH OT KPMCTajeH CHIMLUI mpu TemmepaTypa Ha momioxkata 200 °C. ChcTaBbT Ha
W3MOJI3BaHUS 30JI, CBhCTOSII CE OT IIMHKOB aleTaT IeXWApAaT Karo MPeKypcop M €TaHOJN KaTo pa3TBOPUTEN, €
npeaBapuTenHo ontuMusupad. Cren otnarane guiMure ca 3arpsatd Ha 550 °C 3a 2 yaca. IlogaBaHOTO HampeXeHHE U
PA3CTOSHUETO MEXKIY SMHUTEpa M KOJEKTOpa ca BapupaHu B guamazoHa 9.5 — 13.5 kV u 4 — 7 cm, ChOTBETHO.
TomnorpadusTa W rpanaBocTTa Ha MOBBPXHOCTTA ca m3MepeHu 4pe3 AFM wu onrtuuen npoduiomep. OnTudHHUTE
KOHCTaHTH W AeOenrHaTa Ha (UIMHUTE ca M3YKMCICHU OT CIIEKTPUTE HAa OTPAXKCHHE 4Ype3 HEIMHEHHO MUHUMH3HpPAHE.
Wsmepena e (GOTOTyMUHECHEHIIUSITA OpPU cTaiiHa Temmeparypa. JMCKyTHpaHO € BIMSHHUETO Ha MapaMeTpuTe Ha
OoTjaraHe W 3arpsiBAHETO Clie[l OTJIaraHe BbpPXYy I[OBBPXHOCTHATa MOPQOIOTHUs, ONTUYHUTE CBOWCTBA U
(OTOTYyMHUHECHICHIIUSTA HA THHKH clioeBe oT ZnO.
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Thin films of aluminum- doped ZnO are prepared by Atomic Layer Deposition (ALD). The properties of these films
toward application as transparent conductive oxides are studied. It is obtained that doped films possess high optical
transmittance (>85%) in the visible and near-infrared spectral ranges. A resistivity as low as 3x10 Q.cm depending of
the Al content in the doped film is measured. The observed high conductivity and high transparency fulfil the

requirements for transparent conductors.

Keywords: ALD, doped ZnO, transparent conductive oxide, thin films

INTRODUCTION

Transparent conducting oxides (TCOs) are
considered key materials for a range of applications
in electronic screens and displays, LEDs and solar
cells. These applications take advantage of the
unique characteristics of TCOs, which include high
electrical conductivity, transparency in the visible
range and good chemical and thermal stability.
TCOs usually are based on simple oxides as In20s,
Sn02, Ga:0s and ZnO — which are intrinsically or
extrinsically doped in order to provide electrical
properties similar to those of metals, and high
transparency. Tin-doped indium oxide (ITO) is
currently the most popular TCO, but concerns for
the cost and supply of indium have resulted in
increasing efforts to find alternatives. The most
promising candidate for the replacement of ITO is
aluminum-doped zinc oxide (AZO) which have low
resistivity of the order of 10 Q.cm, high
transparency, and inexpensive non-toxic source
materials [1].

The doping is a process in which impurities are
intentionally introduced, in order to modulate the
electrical properties and thus establish electrical
conductivity as a result of free carriers. The process
of extrinsic doping involves the addition of metal
ions with different valences to the crystal lattice
structures of the simple oxides in order to form

these free carriers. For intrinsically doped TCOs,
the electrons originate from intrinsic defects, or
interstitial metal cations. In both cases, these
structural imperfections give rise to the increased
carrier concentrations and consequently electrical
conductivity. Typical point defects observed in
intrinsically doped ZnO are oxygen vacancies and
Zn*" in an interstitial while in AZO it is AI’*
occupying a Zn*" site in the ZnO lattice [2].

Aluminum- doped ZnO thin films can be
deposited by several techniques such as sol-gel,
chemical spray, thermal evaporation, pulsed laser
deposition, DC and RF magnetron sputtering. In
our research ALD was used as method for
preparation of AZO films with qualities appropriate
for application as transparent conductive oxides.

EXPERIMENTAL

TCOs are deposited as thin films for a wide
variety of applications demanding -electrical
conductivity and optical transparency. The desired
qualities of a good TCO: transparency,
conductivity, and surface texture, depend on the
growth technique and the growth parameters.
Atomic layer deposition (ALD) is a growth
technique which has recently become very popular
since it provides uniform and conformal coverage
and control of the thin film by atomic layer
precision. ALD is a self-limited deposition method
that is characterized by alternating exposure of the

* To whom all correspondence should be sent: growing film to chemical precursors, resulting in
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the sequential deposition of mono layers over the
exposed sample surface. The self-limiting nature of
the wvapor-solid reactions ensures pinhole free
coatings with a precise thickness controlled at the
atomic scale and superb conformality onto large
scale substrates with complex topologies. The main
features which make the ALD distinctive technique
for deposition of thin films are shown at Fig. 1.
Although the growth rate of the ALD system is
relatively low, the uniformity, conformality and the
compactness of the film cross-section achieved
from the ALD technique are superior to those from
other techniques [3].

Growth control TC)

1 |

«——— Uniformity

Conformality

Substrate

Fig. 1. ALD method features: precise growth and
thickness control, high conformality/step coverage, good
uniformity on large substrates, low substrate
temperatures [4].

The AZO films were grown on two different
substrates: p-type single crystal Si (100) and fused
silica using Beneq TFS-200 ALD system. The
substrates temperature during deposition was 200
°C. Diethylzinc (DEZ, Zn(C:Hs)2), trimethyl-
aluminum (TMA, AI(CHs)3), and deionized water
(H20) are used as Zn, Al and oxidant precursor,
respectively. Nitrogen was used as a carrier and
purge gas. The general reaction sequence for ZnO
ALD involves separate DEZ and H.O exposures,
and Al2Os ALD utilizes separate TMA and H20
exposures. Since H20 is adsorbed on most surfaces,
a formation of Si—-O—H hydroxyl group on the Si
substrate is expected. The growth sequence can be
understood from the following surface reactions on
a hydroxylated Si substrate.

Zn(C2H5)2 + Si-O-H = Si'O‘Zn(Csz) + C2H6 (1)
Si-0-Zn(C,Hs) + H,0 = Si-0-Zn-0-H + C,Hs  (2)
Si-0-Zn-0-H + AI(CHy)s = Si-0-Zn-0-Al(CHz), +
CH: (3

$i-0-Zn-0-Al(CHs), + 2H,0 = Si-0-Zn-0-Al-(O-
H), + 2CH, 4

AZO films with targeted thickness were
deposited using several supercycles. Usually n
monolayers (cycles) of ZnO plus one monolayer
(cycle) of Al2Os represent one supercycle as shown
in Fig. 2.
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Fig. 2. Super cycle for Al doped ZnO ALD.

Transmittance spectra of samples deposited on
fused silica substrate were measured in spectral
range covering UV, VIS and NIR using a
spectrophotometer. The sheet resistance was
obtained by the standard four-probe technique on
Veeco EPP-100 apparatus at room temperature and
the resistivity was calculated using the thickness
data from ellipsometric measurements. Atomic
Force Microscopy (AFM) and Scanning Electron
Microscopy (SEM) were used for study the
morphology of the films with average thickness of
180 nm.

RESULTS AND DISCUSSION

The prepared AZO films were polycrystalline
and predominantly c-axis oriented perpendicular to
the substrate surface, as evidenced by x-ray
diffraction analyses [5]. Al doping affects the
crystallographic orientation of the grains in the ZnO
film, causing the preferred orientation of the films
to shift to the (100) direction.

100
C-'—_F?—-s..—:-\o-‘ """""" -
= ./ ' * — T WIS
5F N4
— .1 m— fused silica
S50k ! = - =7h0
&~ { 99:2
\
_ ] —ee=e 074
B 'f 95:6
PP/ A T LT ALO,
() 4 fI. 1 A 1 " L .- vl A
250 500 750 1000 1250 1500

Wavelength (nm)

Fig. 3. Transmittance spectra of Al,O3;, ZnO and samples
with compositions ZnO: Al,O3 (cycles ratio shown)

Fig. 3 presents transmittance spectra of samples
deposited on fused silica substrate. The substrate’s
spectrum is also shown for comparison. It is seen
that all samples containing ZnO are transparent for
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wavelength higher than 370 nm and absorbs light
with smaller wavelength, while the transparent
window of AlOs extends towards UV range. The
position of fundamental absorption edge is almost
the same for all samples containing ZnO but more
detailed analysis is needed including calculation of
optical band gap thus accounting for slightly
different thicknesses of the samples. The

transmittance in the visible region normalized to
that of the substrate oscillated between 90% and
constructive

100% due to
interference.

and destructive

RMS =2.05 nm

SEE T AN AN A 3
11 e *. v AR ) '
o8 S 0 AN IR AT

5\

[ZnO]os[ Al203]5
RMS =1.88 nm

[ZnO]og[ Al2O3]3
RMS =0.95 nm

Fig. 4. AFM of ZnO and Al-doped ZnO (AZO).

AZO films are more transparent in the infrared
(IR) than ITO films. IR transmission is very
important because increasing the long-wavelength
response is an approach to increase the efficiency
of some solar devices [6]. Thus, AZO films are an

appropriate replacements for ITO films in
applications such as transparent electrodes for solar
cells, flat panel displays, LCD electrodes, touch
panel transparent contacts and IR windows [7].

The surface morphology of the thin films was
studied by AFM and SEM as shown in Figs. 4 and
5, respectively. The as-grown films are relatively
smooth with uniform distribution of grains which
are around 60 to 100 nm long and 10-20 nm wide.
Another important requirement for TCO electrodes
in electronic devices is the formation of tailored
interfaces with the active electronic material, which
is normally a typical semiconductor [8]. As it
shown on the SEM cross-sectional view, the
interface between the AZO and Si substrate is very
smooth. The incorporation of Al2O3 layers into ZnO
significantly reduces the surface roughness of the
film (from RMS= 2.05 nm to RMS = 0.95 nm, see
Fig.4), and by varying the amount of Al2Os layers it
is possible to tune the ZnO films’ roughness for gas
sensor applications [9].

Fig. 5. SEM plan view and cross-section of AZO film
showing polycrystalline morphology and smooth
interface between the film and Si wafer substrate

The obtainable electrical properties of doped
ZnO films are strongly dependent on the deposition
methods and conditions. Vacuum evaporation of
AZO is difficult to achieve because the vapor
pressure of Al20; is too low in comparison with
that of ZnO. AZO films with a resistivity of the
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order of 10~ Q cm have been obtained by PLD, but
preparing films on large substrates with a high
deposition rate is very difficult to achieve. The
deposition of AZO films on large area substrates by
dc magnetron sputtering using an oxide target is
particularly difficult because the resistivity follows
a spatial distribution corresponding to the target
erosion area pattern created on the substrate surface
[10].

Table 1. Volume percentage of Al,O5 layer content,
thickness and resistivity of AZO films

Al,O; layer  Thickness, Resistivity,
[Zn0]a[Alz03]m content, % nm Q.cm
ZnO - 160 7.6x10°
[ZnOJ100[Al,03]1 0.55 196 4.2x107°
[ZnO]gs[ Al O3], 1.11 189 3.3x107
[ZnO]eg[ Al O35 1.67 186 3.9x107
[ZnO]e7[Al,O5]4 2.24 183 4.2x107

Aluminum doping purpose is the lowering of
resistivity as low as possible, and several studies
report resistivity values in the 10~ Q.cm range. The
optimal Al doping amount for minimizing
resistivity varies from study to study, but is
generally reported to be in the 2%—-5% range. At
higher Al contents the resistivity increases again as
the solubility limit of Al into ZnO is exceeded,
which is thought to lead either to the formation of
separate Al203 phases or the spinel phase ZnAl20s4
[11]. The results of our measurements are presented
on Table 1. Resistivity values of~3x10~ Qcm have
been reached and the values could still be further
optimized. The resistivity is mostly determined by
the Zn/Al ratio in the film [12], however the
process temperature has also an effect.

CONCLUSIONS

Al-doped ZnO films were grown using thermal
mode ALD with DEZ/H20 precursors for ZnO and
ALOs ALD with TMA /H20. The composition of
the doped films was controlled by adjusting the
relative number of ZnO ALD and Al.Os ALD
reaction cycles in the pulse sequence. Films with
physical characteristics that could be tuned over the
full range of values defined by pure ZnO and Al.Os
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were grown. A variety of film properties was
investigated with Al content including the film
optical transmittance, surface roughness,
crystallinity, and resistivity. Optical transparency
higher than 85% and resistivity up to 3x10° Qcm
were measured. The obtained results show that
AZO films are appropriate materials for
functionality as transparent conductive oxide.
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CBOWCTBA HA ITOCJIOMHO ATOMHO OTJIOXEH JIETUPAH C AJIVMUHWA ZnO KATO
[IPO3PAYEH ITPOBO/ISILL] OKCHU/]
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IMocrermna Ha 10 okToMmBpu 2016 T.; Kopurupana Ha 20 HOemBpH, 2016 T.

(Pesrome)

Upe3 MeTosa Ha TOCIEIOBATEIHO OTJIAraHe HA aTOMHH CJIOEBE ca ITIOJNydeHH THHKH ciioeBe oT ZnO jermpas c
amymMuHHN. M3cinenBaHnm ca CBOWCTBaTa Ha TE3M CJIOEBE 3a NPHIOXKECHHE KaTO MPO3PAadyHH IPOBOIUMH OKCHIH.
VYCcTaHOBEHO €, 4e JIETHUPAHUTE CI0EBE IPUTE)KaBaT BUCOKA ONTHYHA MNPOMYyCKIMBOCT (>85%) BBB BUAMMATA U
Onmu3kata MH(pavyepBeHa 00JacTH HA CIEKThpa. M3MepeHH ca HUCKH ChIPOTHUBICHHUS 10 3x10° Q.cm, 3aBucemm ot
cpappkaHneTo Ha Al B sermpanure cioeBe. IlomydeHWTe BHCOKa MPOBOJMMOCT M ONTHYHA TPAHCIIAPEHTHOCT
M3IBIHSABAT yCIOBUTA 33 IPHIIOKECHUE Ha JIETHPAHUTE ¢ AlyMUHNH ZnO cloeBe KaTo MPO3padHU POBOIHUIIH.
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A detailed study of structural, electrical and optical properties of ITO films, obtained under various deposition
conditions by RF sputtering in pure Ar gas atmosphere, has been performed. The relationship between sheet resistance
and optical transmittance of the films studied was followed through the variation of sputtering voltage, substrate
temperature and film thickness. The figure of merit of these films, which is a measure of their quality as transparent
conductive electrode, was evaluated. It is established that the deposition of ITO films at higher sputtering voltages leads
to a considerably lower sheet resistance, better optical transparency and lower roughness of the films. The investigation
of the film microstructure by X-ray diffraction (XRD) analysis showed that the prepared ITO films are polycrystalline
with preferred (111) orientation. The AFM study performed revealed the formation of smooth films at higher V, with
nanosized grains and uniformally distributed electrical current. Besides, smooth uniform ITO films with low resistance
of 8 Q/sq and average transmittance above 82% in the visible range 400-800nm were obtained on glass substrates
without additional annealing of films. Thus, the possibilities of producing high quality ITO films by the RF sputtering

method used at the established optimal experimental conditons have been demonstrated.

Keywords: ITO films, RF sputtering, structural, optical and electrical properties

INTRODUCTION

Indium tin oxide (ITO) is one of the most widely
used transparent conducting oxides due to its
excellent combination of high optical transmission,
high electrical conductivity and good chemical
stability [1]. Nowadays thin films from ITO are
widely used as transparent electrodes in such
advanced applications as photovoltaic cells [2, 3]
organic light emitting diodes (OLEDs) [4] and flat
panel displays (PDPs) [5, 6]. However, due to the
complexity of starting ITO materials the thin film
properties are strongly dependent on the deposition
processes. So far various deposition methods such
as RF and DC sputtering, thermal evaporation,
chemical vapour deposition, sol-gel method, spray
pyrolysis, etc. have been applied for achieving a
suitable compromise between low electrical
resistivity and high transmittance of the films in the
visible spectral range [1-2, 7]. Among them, DC
and RF sputtering are the most attractive techniques
because of their high deposition rate, good
reproducibility and possibility of using available
large area commercially sputtering systems [8-11].
Many research groups have studied the effects of

the deposition conditions, such as substrate
temperature, RF/DC power, oxygen-to-argon ratio,
deposition pressure, substrate-to-target distance and
bias voltage on the properties of ITO films [10-13].
However, most of the reports in this area were
devoted to reactive sputtering and relatively little
papers reported on sputtering in pure Ar gas
without oxygen mixing [14-16]. Depending on the
sputtering system and plasma discharge mode used,
an essential difference of optimum sputtering
conditions (discharge power, pressure, OXxygen
concentration, etc.) was observed, as well as a
difference in the crystalline structure and
morphology of the formed layers [9].

In the present paper the results of a systematic
investigation of the structural, electrical and optical
properties of the ITO films as a function of the
sputtering voltage, substrate temperature and film
thickness are presented. The purpose of our study
was to obtain ITO films with both high
transmittance and low sheet resistance applying RF
sputtering of ITO target with RF power supply at 2
MHz in pure Ar gas atmosphere. In order to
simplify the growth process we did not introduce
oxygen gas during the film deposition.

EXPERIMENTAL

* To whom all correspondence should be sent:
E-mail: skitova@iomt.bas.bg
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The ITO films were prepared by a commercial
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sputtering system HZM-4 with RF power supply at
2.5 MHz and diode electrode configuration. A 20
cm diameter sintered ceramic target with 99.9%
purity, containing 90 wt.% of In,Oz and 10 wt.% of
SnO, (supplied by Leadmat Advanced Material Co.
Ltd.) was used for the deposition of the films. The
system was first pumped down to a base pressure of
1.3x10® mbar. ITO sputtering was carried out in a
pure Ar atmosphere without oxygen at a constant
pressure of 7x10° mbar. The argon gas flow was
controlled by MKS mass flow controller. A pre-
sputtering of ITO target for 15 min was necessary
for preparing homogeneous films with reproducible
properties. The sputtering voltage employed during
deposition was varied from 800 V to 1400 V which
corresponds to sputtering power density from 0.5
Wem™? to 2.45 Wem?. The target to substrate
distance was kept constant at 6 cm. The film
thickness was varied by adjustment of the
deposition time. The film thickness was measured
by thin film analyzer (F20, Filmetrics) with
accuracy of + Snm. The temperature of the
substrate was measured by a K-type thermocouple
attached directly to the substrate surface and was
controlled with 1% measurement accuracy.

ITO films were deposited on polished Corning
glass substrates, preliminary ultrasonically cleaned
in isopropyl alcohol and de-ionized water baths.

The structural properties of the films were
analyzed by X-ray diffraction using a Philips (PW
1710) apparatus with Cu-Ka radiation separated by
a graphite focusing monochromator. The intensity
and full width at half maximum (FWHM) of an
(hkl) plane were determined by profile fitting
procedure, using an Gaussian or pseudo Voigt peak
shape after baseline correction and Ka2 stripping
procedure. Scherer’s equation was used to estimate
the average crystallite size. This estimate has
excluded the effects of peak broadening due to the
instrument used and any effect of residual stresses
in the ITO films.

The surface morphology of the films was
studied by an atomic force microscope (AFM,
MFP-3D, Asylum Research, Oxford Instruments).
The grain size was determined by Gwyddion mask
segmentation function applied to a preprocessed
image [17]. The function is based on the classical
Vincent algorithm for watershed in digital spaces.
The mean size was calculated by averaging the
equivalent square size of one grain [17].

The transmittance (T) of the samples were
measured at normal light incidence in the spectral
range 4 = 400-800 nm by a Cary 5E spectro-
photometer with an accuracy of £0.5%.

The sheet resistance of the films was determined
by four-point probe method. The set-up consisting
of Keithley 220 Programmable Current Source and
Agilent 3458A multimeter was controlled by a
Labview program.

RESULTS

It has been well established that the electrical
properties of ITO films depend both on film
thickness and deposition parameters such as applied
sputtering power, substrate deposition temperature,
etc. [1, 2]. The sputtering power is a product of
sputtering voltage (Vs) and sputtering current (l;).
We have found that more expressed dependences
are obtained using V; instead of power, most
probably due to observed little instabilities in I at
constant sputtering pressure.

400 -

Q)
w
3
T

0 100 200 300 400
d (nm)

Fig. 1. Sheet resistance of ITO films as a function of the
thickness of the films deposited at various sputtering
voltages.

Fig.1 shows the influence of sputtering voltage
V, at constant sputtering pressure of 7x10® mbar on
the sheet resistance (Rg) of ITO films with
different thickness (d). It can be seen that the Rg,
decreases considerably with the increase of V, from
800 V to 1400 V and film thickness from 80 nm to
400 nm, which is in good accordance with the
literature data [11]. As seen, the films with
thickness 300 nm, deposited at V, of 1300 — 1400 V
have minimum sheet resistance of 8 Q/sq.
Simultaneously, a dramatic rise of Ry, is observed
for films thinner than 100 nm, which were
deposited at V lower than 1200 V.

The results from numerous investigations
performed have shown that the deposition of ITO
without heating the substrate results in the
formation of amorphous films with high resistance.
are [1, 3]. On the contrary, crystalline ITO films
with low resistivity were obtained by raising
substrate temperature during deposition or by post
annealing of the films at temperatures above 250 °C
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[2, 3, 16]. It should be noted here that the results
presented in Fig. 1 were obtained without
additional heating of the glass substrates during
sputtering or after deposition. Nonetheless, we have
found that the surface of the substrate is heated
during the deposition process in which the sputtered
particles condense on the substrate surface and give
up energy. Most probably, the substrate heating
arises not only from the condensation energy of the
depositing adatoms, but also from the high Kinetic
energy of the depositing particles, particularly at
low pressures where the particles have not been
thermalized. The substrate heating can also arise
from plasma effects such as radiant heat of the
target and the bombardment by high energy
secondary electrons or energetic neutral [18]. Fig.2
shows the change of the substrate temperature (Ts)
with deposition time at different sputtering
voltages. For comparision the time for depositing
300 nm thick ITO film at 1200 V was 9.3 min and
8.5 min at 1400 V. It is seen from Fig. 2 that for
these deposition times the substrate temperature
rised up to 480 °C at 1200 V and respectively to
620 °C at 1400 V without need for additional
substrate heating. On the one hand this temperature
effect is favourable for preparing crystalline films
with low resistivity. On the other hand it limits the
range of usable voltage up to 1200 V- 1300 V and
the deposition time at those voltages up to 10 min.

700
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~ 300 |- v,
= 200 | — 800V
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b 1 1 =—j1400V
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Fig. 2. Variation of the substrate temperature T with the
deposition time at indicated sputtering voltages.

The X-ray diffraction patterns of ITO films,
deposited on different sputtering voltages, are given
in Fig. 3. The XRD data show that the deposited
films have the cubic bixbyite structure of In,Oa.
Besides, the spectra of all films exhibit an intense
(222) peak of In,0; indicating a preferred
orientation in the (111) direction, which takes place
when T, increases over 300 °C (see Fig. 2). This
result is consistent with data of other authors, who
have obtained the same (222) prominent peak [19,
20]. Furthermore, the (400) peak indicating the
coexistence of the (111) and (100) textures, is
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observed only in the spectra of films, deposited at
800 V. As seen from the figure, the crystallinity of
the ITO films increases with rising sputtering
voltage, most probably due the the elevated
substrate temperature. No systematic change in
orientation was observed with variation of film
thickness in the range 50<d< 350 nm. Applying
the Scherrer formula, it was found that the
crystallite size range from 10 to 20 nm. Fig. 4
presents crystallite size determined by half peak
width of the (222) peak as a function of the
sputtering voltage. It is seen that the size decreases
with increasing V; up to 1300V.
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Fig. 3. X-ray diffraction patterns of 180 nm thick ITO
films, deposited at indicated sputtering voltage.

-
[«
T

-
~
T

N
N
T

crystallite size(nm)

800 1000 1200 1400
Vv, (V)

S

Fig. 4. Crystalite size of 180 nm thick ITO films as a
function of sputtering voltage.

In the literature a low resistivity of ITO films
was found to be related to a big grain size, which is
attributed to less scatting at grain boundaries [3,
21]. Obviously, the established by us decrease of
Rq, with V could not be explained only on the base
of the better crystallinity and larger grain size.

The results obtained by AFM study showed that
apart from the grain size, the surface of the films
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had a significant impact on the sheet resistance
values. Figs. 5 presents 3D topography and current
map AFM images of 180 nm thick films deposited
at different sputtering voltage. The corresponding
height and current section across line on the images
are shown in Fig. 6. The surfaces of ITO films
seem to be formed by small nanosized grains with
current uniformally distributed in the grains of
films deposited at higher V. However, the presence
of areas with big peaks and valleys, where the
current has very low value was detected on films
deposited at low V.

Vs =800V

Vs =1000V

Vs = 1200V
Fig. 5. 3D AFM images (contact mode) of the 180 nm
thick ITO films deposited at indicated V. The
topography is shown in z-scale of 40 nm, while the
colour is the measured current, overlaid on the surface.
A bias of +100 mV was applied to the sample surface
during measurements.

It is known that in quantitative analyses on AFM
images the surgface roughness is most commonly
described by amplitude parameters including the
average deviation R,, root mean square (Rgrms) and
the standard deviation R,. These parametes have
units of length with higher values indicating greater
height variation. Rgms and Ry are more sensitive
than R, to occasional hight and lows. Fig. 7 shows
the standard deviation R, of surface roughness as a
function of the thickness of ITO films deposited at

um V=800 V

m V, = 1000V

[N %

gs.s:u" “l‘A“ ‘
E:::\ -‘}d «‘lwn‘ ;‘M M“i

V, = 1200V
Fig. 6. Height and current section acrros the line shown
inFig. 5
Vs
12 - —a— 800V
—e— 1000 V
—4—1200 V
’é 8 |- 1300 V
5 —— 1400 V
mc‘
4 Y
0 " 1 " 1 " 1

100 200 300 400
d (nm)
Fig. 7. Standard deviation R, of surface roughness as a
function of the thickness of ITO films, deposited at
indicated V..

different V. It can be seen that the height
roughness decreases with increasing the sputtering
voltage and hence the deposition power. The ITO
thin films, deposited at Vs up to 1000 V have larger
clusters and further become rougher with increasing
their thicknesses, while the R, of films deposited at
high V(1200 V- 1400 V) changes slightly with the
thickness. As known, the average energy of
adatoms is considered to be determined by the
kinetic energy of the sputtered atoms, controlled by
sputtering voltage just before arriving at the
substrate. Simultaneously, the substrate heating
imparts a thermal energy to the heated atoms thus
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enhancing the adatom mobility. Consequently,
more uniform ITO films with small roughness are
deposited at high voltages.

Fig.8 shows the lateral grain size obtained from
surface profiles. As a whole, the values derived are
larger than the values for crystallite sizes obtained
by XRD (see Fig. 4). Most probably this stemps
from the fact that the Scherer’s equation used is
only an approximation, which did not include any
effect of residual stresses in the films along with the
effects of peak broadening due to the instrument
used. However, in accordancane with the XRD
results the same tendency of the grain size
reduction with the increase of sputtering voltage
was obtained. On the contrary, at a given V; the
grain sizes became larger in films with increased
thicknesses.

40 - /_
’é\ 30 ///
S oL ——=" .
o
N —=— 800V
) —e— 1000V
c 10 | 1200 V
‘© 1300 V
B‘) | | I—o—14oov
100 200 300 400
d (nm)

Fig. 8. Grain size, calculated by AFM images as a
function of the thickness of ITO films deposited at

indicated V.
90
80 |
\0 Vs
o
|_ [ \' :1800000\9
70 L o0
— 1400 V
1 N 1 N 1
400 600 800

wavelength (nm)

Fig. 9. Transmittance spectra of 180 nm thick ITO films,
deposited at indicated V.

The resistivity of intrinsic n-type of ITO films
strongly depends on the oxygen vacancy amount,
Sn dopant and microstructure [1, 22]. It has been
supposed that the carrier density is determined
mainly by oxygen vacancies while the carrier
mobility by the grain size, respectively [22]. On the
basis of this assumption we can suppose that the
existence of a minimum resistance of films
deposited at high sputtering voltage is determined
mainly by enhanced oxygen vacancies and hence,
the increased carrier density in films, obtained in
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atmosphere of oxygen deficiency. At a given Vi
further drop in Ry, with the film thickness most
probably is due to the larger grain sizes that leads to
the enhanced electron mobilities in the films.

The optical properties of ITO thin films along
with the resistivity are known to depend strongly on
the growth techniques, deposition parameters and
microstructure. Fig. 9 illustrates the transmittance
spectra of 180 nm thick ITO films, deposited on
glass substrates at different sputtering voltages. It is
seen that the films prepared at higher V, have lower
transmittance, but as a whole the average
transmittance (T,) is above 82 % in the spectral
range 450-800 nm. Since T and R, are inversely
related in order to determine the best trade-off
between electrical and optical properties, a figure of
merit ¢ = T,"/Ry, as suggested by Haake for
transparent conductive layers, was calculated [23].

0.500
. 200
3.50
5.00
6.50
8.00

9.50

11.0
12.5
140
15.5

Fig.10. Figure of merit as a function of the film
thickness and the sputtering voltage.

The variation of the calculated figure of merit with
sputtering voltage and film thickness is presented in
Fig. 10. It is evident that the highest value of ¢
(15.5 x10°°sq/Q) is obtained for 300 nm thick ITO
films deposited at sputtering voltage of 1300 V.

CONCLUSION

The present work represents a systemathic
investigation of electrical, structural and optical
properties of ITO thin films, prepared by RF
sputtering in pure Ar atmosphere, aimed at
assessing  their  potentiality as transparent
conductive electrodes. A big difference in sheet
resistance Rg, of ITO films, obtained at different
sputtering voltages V, has been observed. It is
established that samples deposited at high
sputtering voltage have much lower sheet
resistance. Besides, further drop in R, of the films
has been measured whith increasing their thickness.
Simultaneously, the analysis of XRD spectra show
that the crystallinity of the ITO films increases with
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increased sputtering voltage. Strong (222) peak and
preferred orientation in the (111) direction was
detected for low resistance samples, obtained at
high V.. Furthermore, the surface of the films
appeared to have a significant impact on the sheet
resistance values. The results from AFM study
revealed the formation of smooth films at higher
V, with nanosized grains and uniformally
distributed electrical current. The presence of areas
with high roughness, where the current has very
low value has been detected in films deposited at
low V..

Summarizing the above, it is worth to highlight
the most important results of the study, which
demonstrate the possibities of preparing high
guality ITO films by RF sputtering deposition at
high V; of 1300 V with thickness of 300 nm, the
lowest sheet resistance of 8 Q/sq and the highest
figure of merit 15.5 x103sq/Q, without of necessity
of additional annealing of films
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TBHKU ITO ®UJIIMU KATO [TPOBOANMMU ITPO3PAYHU EJIEKTPOIU

Cu. Kurosa, B. Maukos, JI. lumos, B. CtpmwkkoBa n H.ManuHoBcku

Hnemumym no onmuuecku mamepuanu u mexronoeuu ""Axao. 1. Manunoscku",
Buvneapcka Axademus na nayxume,yn. "Axao. I'. Bonueg", 6a. 109, 1113 Cogpus, Boreapus

[MToctbnuna Ha 10 okromBpu 2016 r.; kopurupana Ha 10 HoemBpu, 2016 T.

(Pesrome)

B paborara ca mpencraBeHH pe3yiaTaTHTE OT MOAPOOHO H3CieBaHE Ha CTPYKTYPHH, €IEKTPUYECKH W ONTHYHHU
cBoiicrBa Ha uHaueBo-kajgacHu (ITO) Gpuamu ¢ pasnuuna neGenraa. GUIMHUTE Ca OTIIOKEHU TPH Pa3IiuHK yCIOBHS Ha
RF pasznpamiBane Ha ITO Tapret B uncta armocdepa oT Ar ra3 B OTChCTBHE Ha KHCIOpoJ. V3ciienBaHa e 3aBUCUMOCTTa
Ha JMCTOBOTO CchipoTuBieHne (Ry,) u omrrunarta mpomyckauBoct (T) va momydenure ITO Guimu OT MPHIOKEHOTO
Hampe)kKeHHWEe Ha pas3mpalliBaHe, TeMIlepaTypa Ha MOIUIOKKaTa W jaebenuHa Ha ¢unma. HampaBeHa e oreHka 3a
Ka4yecTBOTO Ha OTJIOXKCHHWTE (HUIMH KaTO TNPO3PAaYHH  MHPOBOJSIIN E€JIEKTPOIH. Pe3ynTatuTe OT MPOBEACHHUAT
pentreHocTpyktypeH ananu3 (XRD) mokazsar, de monyderute ITO TBHKHM ClIO€Be NpPUTEXKABAT MOJUKPUCTAITHA
cTpyiTypa ¢ npennountana (111) opueHranus. YcTaHOBeHO e, ue QuiIMHUTE, OTIOXKEHH IIPH HO-BHCOKH HANPEKEHUS
Ha paslpallBaHe ca C I0-HUCKA IPamaBoOCT, 3HAYUTEIHO MO-HUCKO JIUCTOBO CHIIPOTUBIIEHUE U I0O-BHCOKA ONTHUYHA
MPOIMYCKIMBOCT. [afKu 1 paBHOMEPHH GHIMH ¢ HUCKO Rgy = 8 Q/SQ u cpeaHa mpomycKIHBOCT Haa 82% BBB BHIUMHS
muana3od 400-800 nm ca nosryyenu npu otiaraneTo Ha ITO BbpXy CTBKIICHU MOIJIOKKH 0€3 TAXHOTO JOMBJIHUTEIHO
OTTpsIBaHE.
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In this paper two types of 4-aminoazobenzene derivatives were vapour deposited and investigated as nanosized
films. The films were characterized by UV-VIS spectroscopy. Birefringence was induced in the films by pump lasers
with wavelengths of 355 nm and 444 nm within the absorbance band of the azo chromophores used. Laser light at
635 nm was used to probe the photoinduced birefringence. The recording dynamics and temperature dependence of
birefringence have been presented. It was found that 4-aminoazobenzene derivative nanosized films have good
photoanisotropic properties for optoelectronic device application.

Keywords: Vapour deposition, 4-aminoazobenzene derivatives, Azo dyes, Thin films, Photoinduced birefringence.

INTRODUCTION

Azobenzene  dyes  undergo  frans—-cis
photoisomerization by laser irradiation with an
appropriate wavelength. The reverse cis—trans
isomerization can be driven by light or occurs
thermally  in  the dark. Azobenzene’s
photochromatic properties make it an ideal
component of numerous molecular devices and
functional materials [1]. According to the spectral
properties, nature and position of the substituents in
the aromatic rings azobenzene derivatives can be
classified (by Rau) [2] as: (i) azobenzene
derivatives ~ (ABn); (i)  aminoazobenzene
derivatives (aAB); (iii) pseudostilbenes (pSB). The
pseudostilbenes “push-pull” azo dyes are good
chromophores for photoinduced birefringence with
blue or green laser pump. The photoinduced
birefringence is due to reorientation of azobenzene
molecules perpendicular to the polarization of the

recording light [3]. It is defined as An=n, —n,,

where n, is the component of the refractive index

perpendicular to the polarization of the recording
beam, and n, is the component parallel to it.

Therefore the illumination in UV-VIS region where
the m—n* absorbs is an efficient process for
photoinduced orientation [4]. The substituents
influence isomerization of azobenzenes by steric
and electronic effects. The presence of electron
withdrawing (EW) groups like -COOH, -CHO, -
CN, -NO, decrease the energy of the electron
transitions, where the n—n* and n—n* bands are
well separated. The electron donating (ED)
substituents lead to unsymmetrical electron
distribution (push-pull) and effectively conjugation
with lower resonance energy compared to the
unsubstituted azobenzenes [1, 4]. Smart surface
design on photoisomerizable materials has attracted
much attention because of potential applications as
optical photoswitches, reversible information
storage, organic solar cells, bioengineering devices,
nonlinear ~ optic  materials,  polyelectrolyte
multilayers, liquid crystals and other photoactive
and photomechanical devices [5, 6]. Therefore in
this paper we have investigated two “push-pull”
azobenzenes dyes (Azo-a and Azo-d) for optical

* To whom all correspondence should be sent: data storage by photoinduced birefringence with

E-mail: dean@iomt.bas.bg
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laser pump at A = 355 and 444 nm as vapour
deposited nanosized films. The electron transitions
spectra were calculated by TD-DFT/ B3LYP
functional combined with the standard 6-31+G(d,p)
basis set in vacuo in order to predict the excitation
energies and comparison with experimental results.

EXPERIMENTAL
Vapour deposition of nanosized films

The thin films of azo dyes were prepared by
evaporation from Knudsen type vessels on quartz
substrates. The temperature of evaporation was kept
between 45-60°C. Temperature of substrate was
15°C, controlled by thermal regulator with Peltier
element. Sample thickness was 230 nm for Azo-a
and 70 nm for Azo-d. They are measured by high-
precision Talystep profilometer with 10 nm
accuracy. Samples were evaporated on substrates of
glass and melted quartz.

Spectral characterization

The UV-VIS spectra were recorded on a Cary
5E (Varian) spectrophotometer in the 250 - 800 nm
range as nanosized films on quartz substrates.

Birefringence measurement

The birefringence (An) was determined by
measuring the Stokes parameters of probe laser
beam (Aprope = 635 NM, power <2 mW) passing
through the samples. The measurement was
performed by PAX5710 Polarimeter (Thorlabs) and
An is calculated from the Eq. 1 [7, 8]:

_ ﬂprobe arctar{s3j (1)
2nd S,

where d is the film thickness, and S, and S; are two
of the four Stokes parameters. Birefringence is
induced independently by two diode pumped solid
state (DPSS) lasers: (i) an UV laser with
wavelength A =355 nm and power 20 mW, and
(if) a visible blue laser with A, =444 nm and
power 35 mW. The thermal erasure was studied
using heating stage THMS600 (Linkam Scientific)
with temperature stability <0.1°C. Rate of heating
was set to 1°C/min.

Quantum chemical calculations

The optimization of molecular geometry and
excitation states of the studied molecules were
performed by GAUSSIAN 09W software package
using Time-Dependent Density-Functional Theory
TD-DFT/ B3LYP functional combined with the
standard 6-31+G(d,p) basis set in vacuo [9].

RESULTS AND DISCUSSION

Fig. 1 presents calculated and experimental
electronic (UV-VIS) spectra of vapour deposited
nanosized films of Azo-a and Azo-d. The electron
transitions n—n* (Sg—S2) Amax = 376 and 328 nm
and n—n* (Sg—S1) Amax = 461 nm bands of Azo-a
is separated due to the unsymmetrical electron
distributions (push-pull) of two EW -NO, groups at
positions 2' and 4', while in the spectra of Azo-d
they are overlapped in a broad peak at A, = 351
nm because of properties of the ED groups: -CHs
(+1 effect) at position 2' and -Br (—I and +M effects)
at position 4'. The calculated spectrum of Azo-a is
in a good agreement with experimentally obtained
from nanosized film data, while for Azo-d the
experimental Ay Was shifted 57 nm higher in the
energy scale compared to the computed spectrum.
Quantum mechanics determines the properties of
nanomaterials with one dimension in the range 1 to
100 nm, and calculation methods to deal with
nanomaterials are being developed. When one or
more dimensions of a material fall below 100 nm,
especially below 20 nm, dramatic changes in the
optical, electronic, chemical, and other properties
from those of the bulk material can occur. The
reason is behavior of the materials close to the
properties of single molecule in vacuo.
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Fig. 1. UV-VIS spectra of Azo-a and Azo-d as vapour
deposited nanosized films and theoretically calculated by
TD-DFT/ B3LYP 6-31+G(d,p) level of theory in vacuo.
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The UV-VIS spectra of azo dyes have
determined the futher investigation of photoinduced
birefringence with laser pump at A = 355 and 444
nm for potential application in optical storage
devices or diffractive optical elements with unique
polarization properties [7]. Fig. 2 presents the data
from the birefringence measurement of Azo-d.
During the first 60 sec only the probe beam is on
allowing to determine the measurement baseline.
Then the recording laser is started and increase of
the birefringence is observed. Its maximal value is
ANmax = 0,006 for Aees =355 nm, and Ang.x = 0,01
for Areco = 444 nm. After 300 sec from the beginning
of experiment the recording laser is stopped. There
is an initial decrease of the birefringence, but then it
reaches a stable state with more than 70% of the
anisotropy retained in the film. This indicates good
stability and possibility to use these azo dyes for
various applications.

The  temperature  dependence  of  the
birefringence is shown in Fig. 3. The values plotted
are normalized to the birefringence value measured
for the starting temperature of 26°C.
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Fig. 2. Time dependence of the photoinduced
birefringence An in Azo-d in case of recording with

pump lasers with wavelengths: (a) 355 nm,
and (b) 444 nm, respectively.
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Fig. 3. Temperature dependence of the birefringence in
Azo-d. Birefringence is recorded on illumination at
444 nm

CONCLUSIONS

Two “push-pull” azo dyes (Azo-a and Azo-d)
were vapour deposited as nanosized thin films. The
experimental UV-VIS spectra were compared with
the theoretically calculated ones. It was found that
the calculated spectrum of Azo-a is in a good
agreement with the experimentally measured data,
while for Azo-d the experimental An.x Value was
shifted 57 nm higher in the energy scale compared
to the computed spectrum. When the layer is less
than 100 nm thick the properties of the film are
more close to the properties of single molecule. The
observed 57 nm shifting most probably is a result of
the impact of Br atom and the interaction of
molecules with each other. Vapour deposited
nanosized film of Azo-d was investigated by optical
birefringence for a potential application as optical
storage material. It has been found after pump laser
wavelengths at A = 444 nm and 355 nm the stable
state with more than 70% of the anisotropy is
retained in the film.
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MNPUJIIOXXEHUE U CITEKTPAJIHO XAPAKTEPU3UPAHE HA OTJIOXKXEHU 4-AMNHOA3OBEH3EH
BATPUIJIA B HAHOPA3SMEPHU ©ONJIMU
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ITocrbnuna Ha 10 oxromBpu 2016 r.; kopurupasa Ha 10 HoemBpu 2016 T.

(Pe3rome)

B crarusra ca uscneaBaHu J1Ba BUJIa BAKYYMHO OTJIOKEHH 4-aMHHOA300€H3E€HOBY IIPOM3BOIHN KAaTO HAHOPa3MEPHHU
¢unvu. dunmute ca umscaeaBanum ¢ UV-VIS cnektpockonus. ONTHYHO WHAYIUPAHOTO JBYJIBYETIPEUYIBAHE €
M3CJIEeBAHO 4Ype3 MpOoOEH Jlazep ¢ ABDKMHA Ha BBIHATa 635 HM. M3cienBaHeTro € HampaBeHO 4pe3 BB3OYXKIaHE C
HaIMOMITBAIM JIa3epu C ABDKMHUA Ha BBIHHTE 355 HM U 444 HM oT abcopOUMOHHMTE CIEKTpU Ha azobarpuiarta.
W3cnenBanm ca 3aBUCHMOCTHTE OT BPEMETO W TeMIleparypaTa Ha IBYITBUYENPEUyNBAHETO Ha a30XpoModopHTe.
YcraHoBeHO €, dYe 4-aMHHOA300€H3EHOBHTE TIPOM3BOIAHM KaTO HAHOpPasMEepHH (HUIMH IpHUTEXaBaT J00pH
(hOTOAHN3OTPOITHHU CBOICTBA 3a IPHIIOKEHHIE B ONITOCTIEKTPOHHHU YCTPOUCTBA.
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The application of green phosphorescent complex Tris[2-phenylpyridinato-C? N]iridium(111) - Ir(ppy)s as a dopant in
the hole transporting layer (HTL) of Organic light emitting diode (OLED) structure: HTL/EIL/ETL has been studied.
We have found that devices containing from 4 wt% - 6 wt.% Ir(ppy)s emit pure green light with
CIE (x;y) chromaticity coordinates 0.2969; 0.4860 - 0.3184; 04905 very close to these of the ideal green color 0.3; 0.6,

which is recommended at the displays manufacturing.

Keywords: Phosphorescent OLED, Cyclometalated iridium complexes, Tris[2-phenylpyridinato-C? NJiridium(l11)

(Ir(ppy)s)

INTRODUCTION

Since Baldo et al. reported the first example of
electrophosphorescence at room temperature,
phosphorescent materials have attracted much
attention due to their high external quantum
efficiencies in organic light emitting diodes
(OLEDs) [1, 2]. Extensive investigations of
phosphorescent materials have focused on d°and d®*
heavy metal complexes such as Os(II) [3], Ir(III) [4,
5] and Pt(Il) [6]. OLEDs based on those
phosphorescent materials can significantly improve
electroluminescent performances because both
singlet and triplet excitons can be harvested for
light emission by strong spin-orbit coupling. The
internal quantum efficiency of phosphorescent
emitters can theoretically approach 100%, and the
external quantum efficiency can approach 20% [7,
8, 9]. Due to their strong spin-orbit coupling, these
complexes can burrow intensity from the singlet
metal-to-ligand-charge-transfer (‘MLCT) state and
emit effectively from their triplet "MLCT states.
Among all phosphorescent complexes these based
on iridium recently are the subject of intensive
studying, because Ir atom owns intense
phosphorescence at room temperature, stable and
accessible oxidation and reduction states and quasi-
octahedral geometry, permitting introducing of
specific ligands in a controlled manner [1, 10, 11].

Tris[2-phenylpyridinato-C* Niridium(III)

* To whom all correspondence should be sent:
E-mail: ivanov.petar@mail.bg
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(Ir(ppy)s3) is one of the most important materials for
phosphorescent OLED as its emission color at Amax
= 514 nm matches well to the Commission
Internationale d’Eclairage coordinates (CIE(x/y))
for green color (0.3;0.6), that makes it very suitable
for use in the production of full color displays [12-
15]. The high efficiency devices with Ir(ppy)s
doped with electroluminescent layer is based on (i)
the high cross-section for formation of electron-
hole pairs (singlet and triplet excitons) on Ir(ppy)s
in matrix materials, (ii) a fast intersystem crossing
from the excited singlet to the emitting triplet
states, and (iii) on the high emission quantum yield
of about 40% of the triplet sub-states at ambient
temperature [11]. Usually as a host matrix for
Ir(ppy)s guest are preferred materials with wide
band gap: small molecule compounds as 4,4'-N,N'-
Dicarbazolylbiphenyl (CBP) [16-19]; 4,4',4"-tri(N-
carbazolyl) triphenylamine (TCTA) [20]used in
multilayered OLEDs obtained by thermal
evaporation, and Poly(9-vinylcarbazole) (PVK) in
monolayer electrophosphorescent polymer light-
emitting diodes (PLED) produced by spin coating
or spin casting. PVK is one of the widely used
polymers because in addition to its large HOMO-
LUMO separation, owns relatively high value of
the lowest triplet state T' (about 2.5 eV) preventing
back crossing of the triplet exciton from the
phosphor to the host triplet state [21-23]. The main
advantage of using a polymer matrix as a host
material in comparison with such based on small
molecule compound is the easy manner of control
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of the dopant concentration. That is why, in recent
years high-performance devices fabricated by
employing Ir(ppy)s incorporated in conjugated and
non-conjugated polymer hosts were reported [12,
24] although PLEDs are less efficient than small
molecule type devices.

In this paper we present the results obtained for
OLED structure with Ir(ppy)s doped composite hole
transporting layer (HTL) of PVK:TPD in effort to
obtain appropriate for display application device
emitting pure and stable green light with CIE
coordinates close to these of the ideal green color
(0.350.6).

EXPERIMENTAL
OLED fabrication

We investigated the multilayered OLED

structure of ITO/doped-HTL/EIL/ETL/M, where
ITO was a transparent anode of In203:SnO2, M - a
-N,N'-Bis(3-

metallic Al  cathode, HTL

| =
= rCl,nH,0
= 2-ethoxyethanol:H,0=3:1
| 110°C, 20h, Ar
L

methylphenyl)-N,N'-diphenylbenzidine (TPD)
involved in poly(N-vinylcarbazole) (PVK) matrix,
EIL - electroluminescent layer of Bis(8-hydroxy-2-
methylquinoline)-(4-phenylphenoxy)aluminum
(BAlq) and ETL - electron-transporting layer of
Bis[2-(2-benzothiazoly)phenolato]zinc  (Zn(bt)2).
Devices with area of lcm® were prepared on
commercial polyethylene terephtalate (PET)
substrates coated with ITO (40 €/sq). The layer (30
nm) of PVK:TPD (10%(relatively to PVK) +
Ir(ppy)s composite films were prepared by spin-
coating from 0.75% PVK solution in
dichloroethane at 2000 rpm. Other organic layers
BAlq (40nm) and Zn(bt): (35nm), and the Al
cathode (100nm) were deposited by thermal
evaporation in vacuum better than 10 Pa at rates 2-
5 A/S, without interrupting the vacuum. The layers
thicknesses were controlled in situ with quartz
crystal microbalance sensor, positioned near the
PET/ITO substrate.

W AN A
N
2-ethoxyethanol, Na,CO,
110°C, 20h, Ar

Fig. 1. Scheme of the synthesis of Ir(ppy)s; complex.

All materials were purchased from Sigma-
Aldrich Co. LLC., except Ir(ppy)s complex, which
was synthesized by us according to procedure
developed by King et al. [25] (Fig. 1). 2-
Phenylpyridine(1) (2.2 equiv), and iridium
trichloride hydrate (1 equiv) dissolved in 2-
ethoxyethanol: water = 3:1 were stirred for 20 h at
110 °C under argon atmosphere. After that, the
cooled to the room temperature reaction mixture
was filtrated. The obtained greenish precipitate was
washed with ethanol and hexane several times, and
dried at room temperature.

Instruments and measurements

The photoluminescence emission (Pl) spectra of
PVK and TPD, electroluminescent emission (El)
spectra of OLEDs, and CIE (x;y) chromaticity
coordinates of emitted light were obtained by
Ocean Optics HR2000+ spectrometer. The
excitation (Exc) and Pl spectra of Ir(ppy)s
complexes were recorded on a Jobin—Yvon—Horiba
Fluorolog III spectrofluorometer. The current-

voltage (I-V) curves were measured by
programmable with Labview power supply. The
electroluminescence (EL) was determined in DC
(direct current) mode and the light output was
detected using a calibrated Hamamatsu silicon
photodiode S2281-01. The current efficiency (ngL)
was calculated by equation (1) and used for
quantifying the properties of the OLEDs.
ner = EL/T (D)
where EL is the electroluminescence (in cd/m?), [ is
the current density (in A/m?).

All measurements of OLED structures were
performed at room temperature and under ambient
conditions, without any encapsulation.

RESULTS AND DISCUSSION
Excitation and photoluminescence

The excitation spectrum, taken at Aemiss = 536
nm, and photoluminescence emission spectrum,
taken (at Aexit = 400 nm) of Ir(ppy)s in CH2Cl2
solution are shown in Fig. 2. It is seen that in Exc
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spectrum of Ir(ppy)s there are two excitation bands.
The first is centered at region below 300 nm and
contains bands for electronic transitions, which lead
to excitations in ligands themselves, most probably
due to transition to lowest singlet ligand centered
('LC) excited state. The second band is very broad,
piked at 372 nm and is connected to singlet and
triplet metal to ligand charge transfer ('MLCT,
*MLCT). Effective spin-orbit coupling (SOC) in
this complex relax the spin forbiddance and mix the
singlet and triplet states making the band for
resonant transition 'So—*MLCT detectable in Exc
spectrum (around 480 nm).

Ir(ppy),
excit. at A= 236 nm

=400 nm

it

1,00 -
0,75 -
0,50 -

0,25 -

Normalized Intensity

0,00 -

300 400 500 600 700 800
Wave lenght, nm

Fig. 2. Excitation (at Agmiss. = 536 nm) and
photoluminescence emission (at Aecir. = 536 NM) spectra
of Ir(ppy)s CH,ClI, solution.

emission
TPD
2 1,00+ —+—PVK
‘D
g
£ 0,751
o
& 0,501
©
g 0,251
b4
0,00 =

300 400 500 600 700 800
Wave lenght, nm
Fig. 3. Photoluminescence emission spectra of PVK and
TPD in CH,Cl, solution taken under excitation with
tungsten halogen white light sources (LS-1, Ocean
Optics Inc.).

The Pl spectra of PVK and TPD in CH:CL
solution taken under excitation with tungsten
halogen white light sources (LS-1, Ocean Optics
Inc.) are presented in Fig. 3. As can be seen PVK
and TPD emit a blue light with peaks at 367 and
415 nm respectively and exhibit good spectral
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overlapping with MLCT excitation bands of
Ir(ppy)s ranged from 360 nm to 480 nm, which is a
good prerequisite for the efficient Forster or Dexter
energy transfer from the host (PVK:TPD) to the
Ir(ppy)s guest.

The Pl emission spectrum of Ir(ppy)s in non-
degassed CH:Cl> at room temperature obtained
under excitation at 400 nm exhibited strong green
phosphorescence with maximum emission peak at
533 nm and shoulder at 608 nm.

Electroluminescence

In Fig. 4 are shown the normalized El spectra of
investigated device HTL:Ir(ppy):(x)/ BAlq(40 nm)
/Zn(bt)2(35nm) at different doping concentration x
(wt.%) and referent devices HTL/Zn(bt)2(75nm)
and HTL/BAIlq(75nm). For comparison the El
spectrum of OLED structure HTL/Alqs(75), widely
used for its pure green fluorescent emission, is also
presented. As might be seen device with EIL of
BAlq emits at 496 nm, and these with Zn(bt)> and
Algs relatively at 533nm and 528 nm. The shape of
El spectrum of OLED with consequent evaporated
layers of BAIq(40)/Zn(bt)2(35nm) was just the
same as that of OLED with BAlq. In our opinion,
as the HOMO level (5,05 eV) of Zn(bt): is much
lower than HOMO level (5,90 eV) of BAlq, the
Zn(bt): cannot stop the holes and they leakage
unimpeded from Zn(bt): layer. By this reason in
BAlqg/Zn(bt): structure Zn(bt)2 acts the role only of
ETL.

CIE (xly)
HTL:Ir(ppy) /BAlq(40nm)/Zn(bt),(35nm)

CIE (xly)
0.1892;0.2417 - - HTL/BAlq(75nm) ~ —®—10 0.3523;0.5013
0.2997,0.4170 = - = HTL/Zn(bt),(75nm) 6 0.3184;0.4905
—v— 4 0.2969;0.4860

2 0.2780:0.4477
—<— 1 0.2940,0.4653
—*— 0.5 0.2762;0.4686
—>— 0 0.2178/0.3711

0.3738;0.5435 —— HTL/Alq,(75 nm)

Normalaized Intensity (a.u.)

500 600 700 800
Wavelength (nm)

Fig. 4. Normalized electroluminescence spectra of
devices HTL/Balq(75nm), HTL/Zn(bt)2(75nm),
HTL/Alg3(75nm), and HTL:Ir(ppy)3(x wt.%)
/Balq(40)/Zn(bt)2(35nm) (at different concentrations x),
viewed in the normal direction at a benchmark of 18 V
DC, and their CIE (x;y) chromaticity coordinates.

The El spectra of doped devices did not include
any PVK and TPD emissions that points out the
effective charge trapping on the Ir(ppy)s and/or
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effective energy transfer from host to the complex
guest. The increasing of the dopant concentration x
caused a decreasing of the relative intensity of the
bluish-green emission of BAlq at 496 nm, and red
shifting of Amax and CIE (x;y) coordinates from 504
nm and 0,2178;0, 3711 (bluish-green) for undoped
device to 525 nm and 0,3523; 0,5013 (greenish-
yellow) for device doped with 10 wt.% of Ir(ppy)s.
Devices doped with 4 wt.%< x < 6 wt%
demonstrated CIE (x;y) coordinates in the range
from 0.2969; 0.4860 to 0.3184; 04905 which were a
lot closer to these of the ideal green color 0.3; 0.6 in
comparison with these (0.3738; 0.5435) displayed

by OLED with EIL of Algs.
1 500 _HTL:Ir(ppy)J(X w%)/BAlq(4O)/Zn(bI)2(35) HTL/Alq5(75) e
—u— 10

~ 1250F % ¢ &

NE e g yf /:\'5>

S 1000F < Ve 72 MY

S sl PR

g 750F 0 /& /4 =l

= /Il~ 4‘4

_E 500+ }f /_;:

E 250l P

- 0 WE”D/

5 10 15 20 25
Voltage (V)

Fig. 5. Electroluminescence — voltage characteristics of
devicesHTL.:Ir(ppy)s (x wt.%)/BAlq(40nm)/Zn(bt),
(35nm) and HTL/Aqz(75nm).

HTL:Ir(ppy),(x w%)/BAlq(40)/Zn(bt),(35) ~ HTL/Alq,(75) ——
F—=—10
6
4 v 4>‘\
2 2

L <« 1 /4: —— - \

——05 [ 7 e ’_
l—>—0 M -— ] -1 ‘ * v

r s

Current efficiency (cd/A)

S = N W A LN NN
T T T

0 500 1000
Electroluminescence (cd/m?)

Fig. 6. Current efficiency as a function of
electroluminescence of devices HTL:Ir(ppy)s (x
wt.%)/BAlq(40nm)/Zn(bt), (35nm)
and HTL/Ags(75nm).

The influence of the dopant concentration on
intensity of electroluminescence as a function of
applied voltage and on current efficiency as a
function of electroluminescence are shown in Fig.
5. and Fig. 6. We established that with increasing of
the dopant concentration from 0 to 1.0 wt.% the
threshold voltage of all devices initially increased

from 10.2 to 11.4 V and then decreased to 8 V at 10
wt.% (Fig. 5.). At the same time the
electroluminescence (at one and same voltage) (Fig.
5.) and current efficiency (at one and the same
electroluminescence) (Fig. 6.) had just the opposite
behavior: initially decreased from 0 to 1.0 wt.%,
then increased from 1.0 wt..% to 6.0 wt..% and over
6.0 wt..% again decreased.

These results on the one hand and the absence of
any PVK and TPD emission in El spectra of doped
devices - on the other, show the charge trapping in
the Ir complex, rather than the energy transfer, as
the dominant mechanism in investigated OLED:s.
At the low concentration of the dopant in host
matrix the mobility limitation of a charge from one
dopant site to another appears that leads to a rise of
the threshold voltage. Further increasing of dopant
concentration increases the charges mobility since
the distance between the Ir(ppy)s molecules
decreases. When the dopant concentration falls
beyond a certain value, its molecules start to
aggregate which causes the degradation of device
performance again.

The best performance had devices doped in the
range of 4 to 6 wt.% of Ir(ppy)s with their
electroluminescence of 1200 — 1350 cd/m* at 18 V
DC and current efficiency of nearly 6.25 cd/A in
the range of 100 to 1200 cd/m*> of
electroluminescence. For comparison the device
with EIL of Algqs demonstrated two times lower EL
(485 cd/m?) and current efficiency (2.75 cd/A) at
the same conditions.

CONCLUSION

In summary we propose the OLED structure:
HTL/BAlg/Zn(bt): hole transporting layer doped
with green phosphorescent complex Ir(ppy)s.
Devices containing from 4 wt.% - 6 wt.% Ir(ppy)s
emit pure green light with intensity 1200 — 1350
cd/m* (at 18 V DC) and 6.25 cd/A current
efficiency in wide range of electroluminescence
(100 - 1200 cd/m?). The CIE coordinates of emitted
light in these concentration limits are in the range
of 0.2969; 0.4860 - 0.3184; 04905 and they are
very close to these of the ideal green color 0.3; 0.6,
which is recommended for the display’s
manufacturing.

Acknowledgement: This research was done with
the financial support of the "Program for career
development of young scientists" of the Bulgarian
Academy of Sciences.
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APKO 3EJIEH ®OCOPOPECHEHTEH OPTTAHMYEH CBETO JUO/J C AOTUPAH TPAHCIIOPTUPAILL]
OJIOXKUTEJIHUTE 3APSIIU CJIOU

I1. BaHoB, II. Ilerposa, P. TomoBa

Hnemumym no Onmuuecku Mamepuanu u Texnonoauu “Axad. Hopoan Manunoscku”
Bwreapcka Axademus na Haykume, yn. Axao. I'. bonues, 61.109, 1113, Cogpus, bvreapus

[Moctbnuna Ha 10 okromBpu 2016 r.; kopurupana Ha 20 HoemBpH, 2016 T.

(Pesrome)

Paspabotena e crpykrypa Ha opranuuen csero amon (OJIE[) HTL/BAIg/Zn(bt),, B k0ATO CHOST OCHrypsiBal
OpUIBIKBaHETO Ha mnonoxutennute 3apsaun (HTL) e motupan ¢ dochopecueHTHHS HPHAWCB KOMIUIEKC TriS[2-
phenylpyridinato-C? NJiridium(I11) - Ir(ppy)s. M3cnemBano ¢ BIMSHHETO HA KOHIEHTPALMATA HA [OMAHTA BBPXY
3amajBaloTo HalpekeHHe, CUilaTa Ha TOKa, MHTEH3UTETa U IIBeTa Ha M3JbYBaHATA CBETJMHA. YCTAHOBEHO €, 4Ye MpHU
KOHIEHTpauy Ha Ir(ppy)s ot 4 mo 6 tern.% OJIE[ute m3mbuBar cBerimHa ¢ mHTeHsuTer 1200 — 1350 cd/m? (mpu
Hanpexxenne 18 V) u reMoHcTpHpaT cTabminHa TokoBa eeKTuBHOCT OT 6.25 Cd/A B mIMPOK IHAaNa30H OT CTOHHOCTH Ha
uHTeH3uTeTa Ha cetmHata 100 - 1200 cd/m?. B Tesu KOHIIEHTPAIlMOHHH TPAHMIIM [IBETHT HAa U3ThYBaHATa CBETJIMHA €
¢ CIE (x;y) xoopaunaru 0.2969; 0.4860 - 0.3184; 04905, kouTo ca MHOro GIIM3KH JI0 T€3M Ha uaeanHus 3eyeH ussar 0.3;
0.6, npermopbuBaH 3a MPOM3BOACTBOTO Ha muciuied. Toea mpaBu mpemiaraHata OJIEJ] ctpykrypa oOemiaBaina 3a
NPUIOKEHUE B TOBA HANIPABJICHHUE.
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Vacuum co-deposition of organic solar cell structures
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An algorithm for calculation the mass ratio between evaporated components in vacuum co-deposition is presented.
The algorithm is demonstrated via preparation of organic solar cells. Zinc phthalocyanine (ZnPc) based solar cell
samples of types ITO|PEDOT:PSS|ZnPc:Cg|Al were prepared in a clean room conditions. The active bulk
heterojunction (BHJ) organic composite ZnPc:Cyg film was prepared with mass ratio of 4.2:1. The surface morphology
was characterized by SEM. Photoelectrical measurements were carried out on the samples prepared, demonstrating the
advantages of the composite material with respect to the single ZnPc layer. The algorithm developed allows further

precise optimization of the BHJ cells to be performed.

Keywords: vacuum co-deposition, organic electronics, solar cells.

INTRODUCTION

Thin  films of low molecular weight
semiconductors are usually prepared by variety of
complex techniques, including physical or chemical
vapour deposition, organic molecular beam epitaxy
or solution-based deposition techniques. The
performance of small molecular organic devices is
highly sensitive to the film morphology and
processing conditions. Often, the solution-deposited
active layers of devices (e.g. spin coated films)
exhibit a high portion of microcrystallites and
aggregates. The vapour deposition techniques
provide high-quality crystalline films characterized
by improved charge-transport properties compared
with those of solution-deposited films. The vacuum
technique has the advantage of dry film deposition
process excluding the usage of solvents. Moreover
this technique provides more opportunities to
control important film parameters as film thickness
and uniformity. As a consequence the films
deposited exhibit more stable and reproducible
properties with a comparison to solution deposited

*To whom all correspondence should be sent:
E-mail: zhivkov@fch.vutbr.cz
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films.

In the last decades it has been shown that the
charge separation on the donor acceptor interface
considerable increases the efficiency [1].

The simplest way to provide the charge
separation in the organic substances is the
formation of bi-layer donor/acceptor structure [2].
In case of insoluble donor and acceptor materials
the vacuum deposition suggests possible solution
for bi-layer structure formation.

Further increase of the efficiency was achieved
introducing p-i-n structures. Pfeiffer and co-
workers [3, 4] have developed p-i-n technology
using high vacuum deposition process. Efficiency
of 3.6% has been obtained.

The exciton diffusion length in the organic
semiconductors is about 10 nm but the optimized
light absorption requires film thicknesses of about
100 nm. This discrepancy makes the bi-layer
structure less effective.

This problem is overcome later developing the
BHJ structure. BHJ comprises an active layer with
mixed donor and acceptor species to allow for
much thicker films to better absorb sunlight [5].
Vacuum co-deposition allows easier way to obtain
BHJ composite layer, grown from insoluble
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components.

Also the optimization of the organic solar cells
needs a variety of additional layers to be deposited
like hole transporting layer (HTL), electron
transporting layer (ETL), electron blocking layer
(EBL), etc. Such a comprehensive multilayer
structure is usually obtained by subsequent vacuum
deposition of separate layers without breaking the
vacuum.

Following the strategy of the multilayer devices
a tandem solar cell was developed [6, 7]

The ultimate goal of stacking PHJ solar cells in
a tandem configuration is to have many interfaces
for efficient exciton dissociation while maintaining
a summative thick film for absorption of light. One
may also absorbs a broader spectrum of light
through the wuse of different donor/acceptor
materials with different absorption characteristics.
[2]. Producing multilayer structure by ‘wet’ process
technology is not reproducible. The deposition of
the subsequent layers should not dissolve the
sublayers. This problem is successfully overcome
by vacuum technology giving in this way the open
field for the multilayer and tandem type devices. In
all these cases the vacuum preparation of BHJ
suffers from precise control of the components,
which is maintained by controlling the deposition
rates.

This work aimed to develop an algorithm for in
situ determination of the mass ratio between
components in BHJ composite based solar cells
during the vacuum co-deposition process.

EXPERIMENTAL
Calculation of the deposition parameters

The co-deposition process is controlled by two
channels Quartz Crystal Microbalance (QCM)
where the in situ thickness measurement is based
on Sauerbrey’s equation [8]. To keep a correct ratio
between the evaporated components a precise
determination of the film densities (D4, Dg), tooling
(Up, Ug) have to be done according to the QCM
manual [9].

The calculation assumes two QCM sensors for
independent measurements of the deposition rate as
depicted on Fig 1. After correct setting of the
aforementioned parameters for both materials and a
choice of desired mass ratio (Mf/B) and total film

thickness (T4%) the following relations could be
derived:

U
MX/B = U_zM,f/B 1)
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T = UuTy T§ = UpTg (5,6)
Tig =Ti + T (7

SensorA Sensor B

‘-‘ Sburce A Source B 2
A ‘ CB
Fig. 1. Schematic draw of the co-deposition process. The

parameters, denoted on the scheme are explained in the
equations.

Solving this set of equations the unknown
parameters, namely the mass ratio of materials A
and B, which could be obtained at the sensors
(M;f/B), mass of material A at the sensor A (M3),

mass of material B at the sensor B (M3),
thicknesses of films (T§, T}3), deposited at sensor A
and B, respectively, and the thicknesses of films
(TH, TE), deposited on the holder during a separate
deposition of material A or B, respectively, are
determined. The parameters T and T# are more
essential as they appear as thickness reading on the
QCM display after finishing the co-deposition
process.

By the choice of a proper rate of deposition for
material A, at the position of the holder (R%), the
time of the deposition t and the corresponding
deposition rate for material B at the position of the
holder (RY) could be calculated by equations:

_TAH/
t= le.l

After setting of RY and R as a given rates for
the QCM PID regulators the co-deposition process
could start. It is useful to calculate the rate ratio

TH
RE ="8/, (8,9)

H
Rj’/B = RA/Rg and plot it as a function of t during
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the deposition process. As the PID controlled RY
and RY always oscillate the RX/B parameter could

be used to introduce in situ corrections. A computer
software for co-deposition process control was
developed by the authors

Methods

The samples for photoelectrical measurement
(patterned ITO Ossila substrates) were preliminary
cleaned. On some of the substrates PEDOT:PSS
film was deposited by spin coating at 5500 rpm for
60 seconds. Subsequent annealing for 10 minutes at
150°C on air and 10 minutes at 150°C in nitrogen
atmosphere was applied to remove the residual
moisture.

The organic composite and electrode films were
prepared in a clean room class C (M. Braun
Inertgas-Systeme GmbH, Garching, Germany).
ZnPc:Cgo composite thin films were deposited by
co-evaporation of ZnPc and Cg onto Ossila
substrates through a proper deposition mask. The
deposition was performed in a vacuum system from
two thermally heated sources at evaporation
temperatures of about 500 and 430°C, respectively.

The calculations based on the aforementioned
set of equations show that for a given composite
ZnPc:Cg film with thickness of 130 nm and a mass
ratio of 4.2 the ratio between the evaporated rates
of the two components have to be set at 3.3. These
calculations are based on the experimentally
obtained for ZnPc and Cg, densities of 1.25 and
1.36 g/cm®, respectively, and tooling factors of 0.29
and 0.21, respectively. Assuming ZnPc deposition
rate of 5 A/s, the Cg rate of 1.5 A/s was obtained.
These calculations demonstrate the importance of
the algorithm developed. ZnPc and Cg, deposition
rates were controlled by two independent channels
of quartz crystal microbalance (Inficon SQC 310C).

The solar cell samples of  type
ITO|PEDOT:PSS|ZnPc:Cgo|Al were measured in
nitrogen  atmosphere. For comparison |-V
characteristics of 1TO|ZnPc|Al sample with single
ZnPc layer were also determined. During the
measurement the samples were exposed to a light
according to the standard AM 1.5, produced by
solar simulator LS0916 LOT Oriel class AAA. The
light intensity of about 830 mW.cm? was
controlled by a calibrated reference silicon cell
RR2000 (ReRa Solutions BV; Nijmegen,
Netherlands).  The  current  voltage (1V)
characteristics were measured by Keithley 6487
electrometer (Keithley Instruments Inc., Cleveland,
OH, US.A).

The morphology of the films was investigated

by scanning electron microscope (SEM) Philips
515 at accelerating voltage of 25 kV. The samples
for SEM characterization were deposited on
microscopic glasses. Before the SEM study the
sample surface was covered consecutively by
carbon and palladium/gold films.

Thickness of the layers was measured by
Decktak XT profilometer.

RESULTS AND DISCUSSION
Film deposition

Fig. 2 presents typical rates in a co-deposition
process for a preparation of ZnPc:Cg composite as
an active BHJ layer with organic solar cell
application. Right ordinate presents the rate
Rznpe/Rego ratio, calculated during the deposition
process. The calculation of the rate ratio is useful
for in situ corrections of the PID parameters to
achieve more precise co-deposition control. It could
be seen that the ratio between the evaporated rates
is more sensitive towards the deviation of the given
parameters than the evaporated rates themselves.
Presented in the figure mean values of the rates and
their standard deviations are calculated after
finishing of the deposition process. It is seen from
the figure that a precise automatic control of the
rates with a standard deviation of +0.1A/s is
achieved.
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Fig. 2. Typical rates in the co-deposition process for
preparation ZnPc:Cg, composite as an active BHJ layer
in organic solar cell. Right ordinate presents the Rznp,
/Rcgo ratio, calculated during the deposition process.

Surface morphology

Surface morphology SEM image of vacuum
deposited Cgq film is presented in Fig. 3. The film
exhibits smooth and flat surface. This surface
morphology could be more probably related to a
disordered film structure.

In Fig. 4 surface morphology SEM image of
vacuum deposited ZnPc film is presented. This
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surface morphology could be more probably related
to a disordered film structure with formed ZnPc
agglomerate. The agglomerates of approximate
10+30 nm size are probably formed after the film
growth by recrystallization.

Fig. 3. SEM image of vacuum deposited C60 film.
Thickness: 45+3 nm.

Fig. 4. SEM image of vacuum deposited ZnPc film.
Thickness: 75+2 nm.

Fig. 5. SEM image of vacuum deposited ZnPc:Cqg
composite film. Thickness:147.0+0.4 nm.

Surface morphology SEM image of vacuum
deposited ZnPc:Cq, composite film is presented in
Fig. 5. Again a smooth film surface with some
agglomerates of approximate 1030 nm size is
seen. In this case the concentration of the more
ordered particles is less than the case of pure ZnPc.
This  surface morphology expresses some
intermediate state between pure Cg and ZnPc film
surfaces, which is an expected result. As the
evaporation conditions are kept uniform during the
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whole time of deposition of about 400 s it could be
expected that the surface morphology pictures
could be related to the BHJ structure of the film.

Photoelectrical measurements

I-V  characteristics of ITO|ZnPc|Al and
ITO|PEDOT:PSS|ZnPc:Cgo|Al  structures  were
measured in dark, and under light illumination as
described above. For sake of clarity the
characteristics were plotted in semi logarithmic
scale.
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Fig. 6. I-V characteristics of ITO|ZnPc|Al samples
measured in dark and under light exposure with light
according to standard AM 1.5.
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Fig. 7. 1-V characteristics of ITOJPEDOT:PSS|

ZnPc:Cgo|Al samples measured in dark and under light
exposure with light according to standard AM 1.5.

The dark 1-V characteristic of 1TO|ZnPc|Al
structure (Fig. 6.) measured in both directions of
the voltage scale shows typical asymmetric curve,
which is clearly related to a diode behaviour. The
dark current measurements indicate formation of a
contact barrier at about 0.2 V. This barrier could be
related to the ITO|ZnPc interface as no HTL is
used. The photocurrent measured from the same
structure in reverse voltage direction is higher more
than 5 orders of magnitude than the dark one, and



Georgieva et al.: Vacuum co-deposition of organic solar cell structures

Tablel. Photoelectrical parameters of the measured structures

s Voc FF n Rsn Rs
structure mA mv % % Q.em? mQ.cm?
ITO|ZnPclAl 0.016 607 34.9 0.07 67605 735839
ITOJPEDOT:PSS|ZnPc:Cq|Al 0.14 398 34.4 0.44 4493 38343

the open circuite voltage (V) of 0.6 V is measured.
It should be taken in mind that the curve consists
also the dark current contact barrier of 0.2 V.
Therefore the final value of Vo =06 -0.2=04V
could be obtained.Although the current changes
more than 5 orders of magnitude under the light
illumination the efficiency () is very low (Table
1). This effect could be related to the weak charge
carrier separation on the ZnPc|Al interface. The
relative high value of the shunt resistance (Rs)
could be related to the high resistivity of ZnPc film
and the high value of the serial resistance (R;) could
be connected with the contact barriers.

Dark current characteristics of ITO|PEDOT:
PSS|ZnPc:Cgo|Al  structures measured in both
directions of the voltage scale are presented in Fig.
7. The weaker asymmetry of the curves comparing
with the previous case could be related to the
decreased contact barriers — the sample decreases
his diode properties.

The difference between the dark and
photocurrent in reverse direction is only 1.5 orders
of magnitude but the Iy, increases almost an order
of magnitude (Table 1). V.. is about 0.4 V which
could be connected with the reduced contact barrier
due to the presence of PEDOT:PSS as HTL. This
effect is also expressed in the reduced, more than
10 times R,. This is a clear evidence that the
PEDOT:PSS layer decreases the contact barrier. It
should be mentioned here that Ry, decreases more
than 10 times, which obviously results in lower
photo generated power. As the Ry, could be more
related to the BHJ layer than the whole solar cell
structure, more optimization of ZnPc:Cg, composite
should take place. It could be expected that
decreasing the Cg concentration will lead to an
increase in Ry, in a way to improve the solar cell
parameters.

CONCLUSION

An algorithm for determination of the mass ratio
between two components of a composite material
during the vacuum co-deposition process was
developed. A vacuum co-deposition of ZnPc:Cg
composite BHJ layer was obtained.

This surface morphology

express some

intermediate state between pure Cg and ZnPc film
surfaces, which could evidence a formation of a
composite. The photoelectrical measurements
clearly display an improved photoelectrical
properties of the BHJ ZnPc:Cgy composite with
respect to pure ZnPc film. The lower value of Ry,
indicates the decreased resistivity of the BHJ layer
which leads to big reduction of the photo generated
power. On the base of the algorithm developed
further optimization of the co-deposited BHJ
ZnPc:Cg, composite should take place.
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(Pesrome)

IIpencraBeH € anropuThM 3a ONpPENENSHE HAa MACOBOTO CBHOTHOIIEHHE MEXIYy KOMIIOHEHTH INpPH CBhBMECTHO
BaKyyMHO H3IIapEHUE OT [Ba M3TOYHUKA. AITOPUTBMBT € NEMOHCTUPAH MIpPU MPUTOTBSIHE HA OPraHUYHU CIBHYEBU
kiretku ot tuna | TO[PEDOT:PSS|ZnPc:Cgy|Al Ha ocHOBaTa Ha HHHKOB (ramoiuanuH (ZnPc). AKTUBHHUAT OpraHuyYeH
ZnPc:Cq cinoii, Qopmupan; oOEMHHsSI XETPOIPEXOJ] C€ IOoJy4aBa NpPU CHOTHOLIEHHE Ha KOMIlOHeHTUTe 4.2:1.
[oBwbpxHOcTHaTa MOpdosorus e xapakrepusupana upe3 CEM. [Iposenennte (poToeneKTpuuHu U3MEPBaHUs OKA3BaT
IIPpEIMMCTBAaTa Ha KOMIIO3UTHHUS MaTepuall B CPaBHEHHE CbC CBOMCTBaTa Ha €IHOKOMIIOHEHTHUs ZnPc cioi.
AJNTOPUTHMBT MO3BOJISIBA MT0-HATATHIIHO ONITHMU3UPAHE HA CIIbHYEBUTE KIETKH C 00EMHH XETEPOIPEXO/IH.
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Optical modelling based on transfer matrix method has been carried out to design small molecule BHJ organic solar
cells with better performance. The active layers represent blends of in-house synthesized squaraine dye Sql as electron
donor and soluble fullerene derivative PCg;BM ((6,6)-phenyl Cg; butyric acid methyl ester) as acceptor. The solar
photon absorption in Sq1/PCq,BM layers with different weight ratio has been simulated and the possible maximum
short circuit photocurrent (J,.™) in devices with standard and inverted architecture has been calculated. It is found that
the inverted device stacks show larger calculated J;.;"> compared to the standard device structure. Modelling of the
optical field distribution in the different device stacks proved that this enhancement originates from an increased
absorption of incident light in the active layer, and hence from the increased exciton generation rate. Simultaneously, it
is established that the effect of the ZrO, optical spacer to the increase of J.;" is less expressed in inverted device stacks
than in standard ones. Finally, the results obtained are discussed with a view to finding the optimal design of real BHJ

cells based on Sq1/ PCs;MB active layers.

Keywords: bulk heterojunction organic solar cells, inverted solar cell, squaraine dye, optical modelling

INTRODUCTION

Recently, the organic solar cells (OSCs) based
on polymer or low molecular weight
semiconductors are subject of continuously
growing interest as promising low-cost alternative
of Si-solar cells that still dominate the market [1].
Contemporary OSCs devices are based on a
heterojunction that results from the contact between
electron donor (D) and electron acceptor (A)
materials. D/A heterojunctions can be created with
two main types of architecture: bilayer
heterojunction and bulk heterojunction (BHJ) that
is now regarded as the most promising approach to
obtain high performance devices [1].

The most key element of the multilayered OSCs
structure are the active layers, composed by two
components — donor and acceptor. In BHJ cells the
active layer represents a blend of donor and
acceptor that provides larger D/A interface where
generation of charge carriers takes place [2]. Till
now, the best efficiency OSCs contain fullerene Cgy
and especially its soluble derivative PCBM ((6,6)-
phenyl Cg; butyric acid methyl ester) as acceptor,
which seem without alternative in the near future

[3]. As per the type of the electronic donors the
organic cells are conditionally divided into polymer
and low-molecular (M below 100) ones.
Juxtaposing the properties of these two classes of
organic semiconductors reveals that the low-
molecular ones possess higher purity, better
reproduction of the main physicochemical and
optical properties, higher carrier mobility, better
defined molecular structure and exactly determined
molecular weight [1, 4]. All the pointed advantages
have generated unprecedented interest and intensive
research in the recent years, aiming at development
and exploring of new electron donors for producing
the so-called “small molecule” OSCs. However,
even though the highest power conversion
efficiency (PCE) of 9.96 % was obtained very
recently it is still considerable lower than that of
inorganic solar devices [5]. Obviously, further
research efforts are needed to obtain cells with
better performance and prolonged lifetime. This
requires the optimization of several factors which
determine the cell efficiency, such as molecular
structure of the donor materials and their optical
and  electrical properties, active layer
nanomorphology, ratio between the donor and
acceptor moieties in the BHJ film, concentration of
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the blend D/A solution and last but not least the
device architecture [6].

In our previous work [7] the potentiality of a
synthesized by us symmetrical n-hexyl substituted
squaraine dye (labeled as Sqgl) for using as electron
donor component in BHJ organic solar cells with
conventional structure (here referred to as
“‘standard’’) has been studied from the optical point
of view. The soluble n-type fullerene PC¢;MB was
chosen as acceptor. The results of optical modelling
performed indicate that the optimal thickness of the
blended Sq1/PCsMB active layer is about 100 nm,
which provides an efficient overlapping of the total
absorption with solar spectrum in the range
between 580 and 900 nm [7]. It is known, however
that due to the short exciton diffusion length and
low charge carrier mobility of organic materials,
the thickness of the active layers should be
considerably smaller [8]. To compensate the lower
absorption in the thinner active layers a smart
design strategy has been applied [9], consisting of
the insertion of optical spacers [10] and the use of
different contact materials which reduce the
parasitic absorptions [11]. Moreover, to improve
the charge collection, functional layers are inserted
to modify the interfaces between the active layers
and the respective electrodes [1]. Following the
above strategy we have found that the insertion of
ZnO or C60 spacer layer with optimal thicknesses
significantly enhances J."™ for active layers
thinner than 50 nm, which is mainly due to the
improved light absorption by a factor of 5 to 10.
Simultaneously, the optical effect of inserted
PEDOT:PSS hole transporting layer was found to
be negligible for thicknesses of Sq1/PCMB layers
below 100 nm [7].

Recently, there have been extensive
investigations on the so-called “inverted
architecture” of polymer solar cells (PSCs), where
the polarity of charge collection is the opposite of
the conventional design [12, 13]. The
implementation of the inverted cell structure
requires the introduction of a buffer layer from
metal oxide, mostly ZrO,, ZnO, TiO, etc., for
improving the function of the transparent 1TO
electrode as cathode, and a substitution of Al
electrode with higher work function metal like Au,
Ag, Pt, etc., which serves as anode [13]. Compared
with conventional PSCs, the inverted type devices
demonstrate better long-term ambient stability by
avoiding the need for the corrosive and hygroscopic
PEDOT:PSS and low-work-function metal cathode,
both of which are detrimental to device lifetime
[14]. It has also been shown that the inverted design
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provides superior solar cell performance, which
was attributed to different absorption profiles with
reduced parasitic absorption in polymer:fullerene
solar cells [15]. However, the efficiency of this
architecture in small molecule organic cells has
hardly been investigated.

In the present work, the potential photovoltaic
performance of BHJ solar cells with Sq1/PCs,BM
active layer and different design was projected by
optical modelling based on transfer matrix method.
For the purpose the simulated solar photon
absorption in blended with different weight ratio
Sq1/PC¢BM active layers and the calculated
maximum short circuit current J.,"* for cells with
standard and inverted architecture were compared.
Besides, the impact of ZrO, and MoO; optical
spacers on the calculated J;.™ values were also
estimated.

EXPERIMENTAL DETAILS

The symmetrical n-hexyl substituted squaraine
dye 2-(5-(((2,2-diphenylhydrazono)  methyl)-1-
hexyl-1H-pyrrol-2-yl)-4-(5-(2,2-diphenyl-
hydrazono)-ylidenemethyl)-1-hexyl-2H-pyrrol-1-
ium)-3-oxocyclobut-1-enolate, labeled as Sql) was
in-house synthesized [7] by optimizing a method
proposed recently in the literature [16, 17].

Single Sgl dye and blended Sql/PCeMB films
with different weight ratios (1:1, 1:2, 1:3) were
prepared from solution of the compounds in
chloroform by spin coating in glove box. The
experimental details are described in [7]. Optical
constants of the blended Sq1/PC¢BM films were
determined with a high accuracy on the basis of
three spectrophotometric measurements at normal
incidence of light - transmittance T and reflectance
R¢ and R,, of the films, deposited on transparent
(BK7) and opaque (Si wafers) substrates,
respectively [18].

Optical modeling of a BHJ device stack was
carried out using the transfer matrix formalism,
based on the Fresnel formulas for the several
interfaces occurring in the cell. This approach has
been explained in full detail in the literature [19,
20]. In our work a Matlab script developed by
Burkhard and Hoke, which treats the case of normal
incidence of light, was applied [21]. The absorption
distribution for each wavelength over the film
thickness has been calculated in the wavelength
range 350 — 900 nm.

Knowing the power of incoming AM 1.5 solar
spectrum, the exciton generation rate per unit
volume G(x) at each position x is described by
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A1

G(x) = M EQact(Je,A)dﬂL

where the Q(x, 1) is the time average of the energy
dissipation per unit time at the position x and
wavelength A, h is Plank’s constant and c is the
speed of light [19]. Further integration over the film
thickness results in the total number of absorbed
photons. The possible maximum short circuit
current density J,;"™ was calculated assuming that
each absorbed photon results in a collected electron
i.e. the internal quantum efficiency, IQE, equals
one [21].

The two types of architectures of the modelled
solar cells are shown in Fig. 1. In the standard
device configuration (Fig. 1a), the active layer is
sandwiched between PEDOT:PSS and ZrO,
covered with Al. For the inverted devices (Fig. 1b),
the active layer is embedded between the electrons
selective ZrO, and the holes selective MoO; layers,

Sq1:PCBM

PEDOT:PSS
ITO anode

Glass

Iln IOUt

SqL:PCBM

ZrO.
ITO cathode

Glass

Tin Tout b

Fig. 1. Scheme of BHJ organic solar cells with:
a) standard structure; b) inverted structure.

covered with Ag metal contacts. The optical
modelling was performed for both BHJ cell
structures, where the light enters through the glass
substrate, sequentially passing the buffers and
active layers. Then the light is reflected back from
the metal electrode and finally leaves the solar cell
partly at the front again. In all calculations the
thicknesses of ITO and Ag electrodes were set to
100 nm and those of PEDOT:PSS to 60 nm. We
have used literature data for the optical constants of
ITO, Al and ZrO, [22]. The optical constants of
PEDOT:PSS, Ag and MoO; films were determined

experimentally by applying the same procedure as
for Sql dye. For the purpose 50 nm thick films
were spin coated or thermally evaporated in
vacuum (10 Pa) on glass substrates and Si wafers.

RESULTS

As a first step in our study the optimal
Sq1/PC¢BM weight ratio in the blended active
layers was experimentally determined. This is
because of the fact that, as noted above, the ratio
between the donor and acceptor moieties in the
BHJ film affects strongly the device performance.
Fig. 2 presents the absorption spectra of 100 nm
films  with different Sql/PCe:BM  weight
proportions (1:1, 1:2 and 1:3). As seen, the
spectrum of the all samples studied shows
absorption of light across a broad range of
wavelengths - from ultraviolet to near infrared, with
a maximum at 775 nm. The absorption in the range
350 — 600 nm is due to the presence of PC¢MB in
the blended films whilst the main absorption peak
is due to electron excitations in the squaraine dye
molecules. Reasonably, the height of the main peak
decreases with decreasing the content of Sql in the
blended films studied, being the lowest for 1:3
proportions of the donor/acceptor constituents.
Further, the photovoltaic potential of Sq1/PC¢BM
active layers was followed in simple standard cells,
ITO/PEDOT:PSS(~60nm)/Sql:PCs;BM(~100nm)/
Al(~100nm). The current density—voltage (J-V)
curves obtained for cells with different
Sq1/PC¢BM ratio in the active layers are shown in
Fig. 3. It is seen that the weakest photovoltaic
response is observed for the active layer with 1:1
ratio of the donor and acceptor moieties. Obviously,
this film has very low potential for using as active
layer it the cells studied, despite its higher
absorption. The two other Sql/PCg:BM films (1:2
and 1:3) have almost the same relatively stronger
response which was the reason to continue our
investigation with them.

1.0
—Sq1:PCBM 1:1
0.8f ——sq1:PCBM 1:2
Sq1:PCBM 1:3

0.6

Absorbance

0.4

0.2

0.0 L
300 400 500 600 700 800 900 1000
A (nm)

Fig. 2. Absorption spectra of 100 nm thick Sq1/PC¢;MB
films with different D/A weight ratio.
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Fig. 3. J-V curves for conventional BHJ cells at different
weight ratio of the Sq1/PC¢ MB active layers.
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Fig. 4. Refractive index (n) and extinction coefficient (k)
spectra of blended Sql1/PCg BM films.

Fig. 4 shows the spectral dispersions of
refractive index (n) and extinction coefficient (k)
for blended Sql/PCs:BM layers with 1:2 and 1:3
weight ratio. On their basis, the optical absorption
profiles for standard and inverted devices, each
with 100 nm thick Sql/PCgBM active layer, were
calculated and can be compared in Fig. 5. Fig. 5a
presents spectral dependence of total absorption
within the active layer, while the exciton generation
rate G, under AM 1.5G illumination versus position
in the active layer is shown in Fig. 5b. In the
calculations the photon to exciton conversion
efficiency is assumed to be one meaning that every
single photon absorbed in the active layer initially
creates an exciton. It is seen that the inverted
structure can harvest more photons from solar
spectra than the standard devices. Besides, the
generation profile is shifted towards the back metal
electrode and the formation of exited states near the
back electrode is considerably larger for inverted
cell geometry. Hence, the systematical optical
modeling studies showed that the inversion of the
multilayered cell structure causes both the slight
shift of the maximum of the electric field towards
the back electrode and the increase of the overall
modulus throughout the whole active layer.
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Fig. 5. Comparison of calculated optical absorption
profiles for devices with standard and inverted structure.
The thicknesses of buffer layers ZrO, and MoO; were set

to 20 nm. a) Fraction of incident light absorbed in 100
nm thick Sq1/PCs;MB active layer in dependence of
wavelength; b) Exciton generation rate in 100 nm thick
active layer under AM 1.5G illumination as a function of
position within the active layer;
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Fig. 6. Calculated J,,™ as a function of active layer

thickness for the same device structures (as in Fig. 5)
under 100 mW cm? AM 1.5G spectral illumination.

Assuming an 1QE=1, the maximum short circuit
current density Ji.™ under AM 1.5G illumination
in dependence of Sql/PCsMB layer thickness is
depicted in Fig. 6 for both device structures. As
seen, the inverted device stack always has a higher
Ji." than the standard one, regardless of the active
layer thickness, demonstrating the advantage of the
inverted device structure. It should be noted here
that these calculations consider the optical
properties of the solar cells and not the electrical
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necessities of low sheet resistance or prevention of
pin hole formation. Nevertheless, they represent a

max -2
J (mAcm )
sc

14.00

invl:3

Fig. 7. Calculated short-circuit current density J,,™>

contours under 100 mW cm? AM 1.5G spectral
illumination as a function of active layers and optical
spacer thicknesses for: a) standard device with ZrO,
optical spacer and b) inverted device with MoO; optical
spacer.

considerable potential improvement of the
photocurrent in devices with inverted structure. The
dependence of calculated J,,™ on the thicknesses
of the active layers and optical spacer is illustrated
in Fig. 7 for standard device with ZrO, spacer/Al
electrode and inverted device with MoO; spacer/Ag
electrode. According to the simulation results
presented, the values of J,."* are less dependent on
the spacer thickness in the device with inverted
structure. On the whole, the effect of optical spacer
to the increase in Ji." is higher in devices with
standard architecture.

CONCLUSIONS

Optical modelling based on transfer matrix
method has been performed to predict and improve
the performance of BHJ solar cells with standard
and inverted architecture, based on a symmetrical
n-hexyl substituted squariane dye Sqgl as electron
donating component in the active layer. The results
obtained demonstrate that the inverted device
stacks, comprising bulk heterojunction composed
of Sql donor and PCgBM acceptor with 1:2 and
1:3 proportions, show larger short circuit currents
compared to the standard device structure.
Obviously, this enhancement originates from the
increased absorption of incident light and the

subsequent raise of exciton generation rate within
the active layer. This statement is confirmed by the
results from modelling of the optical field
distribution in device stacks with both types of
architecture. On the other hand, the simulations
performed show that the impact of the optical
spacer on the increase of J..;"™ is less expressed in
the cells with inverted design than in standard ones.

Finally, it is worth to mention that the
experimental verification of the results obtained is
in progress and will be forthcoming in a separate

paper.
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JIU3AMH HA OPI' AHUYHM CJITBHYEBU KJIETKM HA OCHOBATA HA CKYAPHJIMEBO BAT'PUJIO
KATO EJIEKTPOHEH JOHOP

Cu. Kutosa, JI. CrosaoBa, }O. luxoBa, M. Kanguncka, A. Bacunes, B. Mankos

Hncmumym no onmuuecku mamepuanu u mexronozuu "Axao. M. Manunoscku”,
bvacapcka Akademus na naykume,yi. "Axao. I'. bonues", oa. 109, 1113 Coghusi, bvieapus
'Cogpuiicku Ynusepcumem ~Cs. Knumenm Oxpudcku”, @axynmem no xumus u gapmayus,

oyn. [cetime Bayuep, 1164 Sofia, Bulgaria

[ocreruna va 10 okTromBpu 2016 r.; kKopurupasa Ha 21 HoemBpH, 2016 T.

(Pestome)

ITpoBeIeHO € ONTHYHO MOJIEIHMPAHE [0 METO/a Ha OObpHATATA MATPUIA C LEJ MPOEKTUPAHE HA HUCKOMOJIEKYJIHH
OpraHUYHHU CIIBHYEBH KJIETKU C 00EMEH XETepOoINpexo i U NOA0OPEHH XapaKTePUCTHKHU. AKTHBHUAT CJIOH MPEACTaBIIsBA
CMEC OT CHMHTE3MPAHO OT HAC CKyapHIMeBo Garpuiio Sql Kato JOHOp Ha eJEKTPOHHU U Pa3sTBOPHM JepUBaT Ha (ysepeHa
PCsBM ((6,6)-phenyl Cg; butyric acid methyl ester) karo enextponeH akienrop. CumynupaHa € aGcopOuusTa Ha
CITbHYEBA CBETJIMHA B aKTUBHHUTE cjoeBe ¢ pasandno Sql/PCeBM CLOTHOLIEHHE W Ca NMPECMETHATH BBH3MOKHHUTE
MaKCHMAaJHM CTOMHOCTM HAa TOKA HAa KbCO chequHeHHe (Js.") B KIETKH ChC CTAHIAPTHA M OOBPHATA APXUTEKTYpA.
[MonyyeHuTe pe3yaTaTu IOKa3BaT, e MO-BUCOKH CTOMHOCTH Ha Ji ™\ MOraT ja ce O4aKBaT IIPU KJIETKMTE ¢ 0ObpHATa
CTPyKTypa. MojiemMpaHeTo Ha paslpeieieHHeT0 Ha ONTHYHOTO T0JIe B KJIETKHTE C pasiudeH JU3aiH TOTBBPIH, Ue
TOBa yBEJIMUEHHE C€ JIBJDKM Ha TOBUINEHATa abCOpOLHMs Ha MajganiaTa CBETJINHA B aKTUBHUS CJION M CIEIOBATEIHO Ha
MO-BHUCOKATa KOHIIEHTPAIMsA HA EKCHTOHUTE. Y CTAHOBEHO € CHINO Taka, Ye BIMSHUETO Ha ONTHYHHUSA creiichp oT ZrO,
BBPXY NOBUIIABAHETO HA CTOMHOCTHTE HA Jo™ € MO-CUJIHO M3Pa3eHO B CTAHAAPTHUTE MOJEIHH KIeTKU. Pesynrature
OT IIPOBEIEHOTO U3CIIEIBAHE Ca JUCKYTHPAHH C OIJIE] HAMHPAHETO Ha ONTUMAIIEH AU3aliH HA PEATHH CIbHYEBH KIIETKU
¢ obemeH xeTepornpexo/ Ha ocHoBarta Ha Sql/ PCq;MB akTuBHHU ClTOEBE.
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