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Synthesis, structural and optical characterization
of TeO,—GeO,-Nd,0, glasses
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Synthesis and optical properties of novel TeO,-GeO,-Nd,O, glasses suitable for multiband calibration or mul-
ticolor filters in the 350-1000 nm wavelength region are reported. Differential thermal analysis (DTA), X-ray
diffraction (XRD), Infrared FT-IR, UV/VIS spectroscopy, scanning and transmission electron microscopy (SEM,
TEM) were complementarily applied to study the structural, thermal and optical properties of this ternary system.
The UV-VIS spectrum shows outstanding absorption at specific wavelength suggesting that the glasses can be em-

ployed as multi-color-type filter.
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INTRODUCTION

Tellurium oxide (TeO,)-based glasses are of
scientific and technical interest due to their optical
properties: excellent transmission in the visible and
near IR (up to 4.5 um), low phonon energy, large
third-order nonlinear susceptibility [1, 2]. In addi-
tion to their suitable optical properties tellurite glass-
es show other favorable properties, such as good
mechanical strength and chemical durability, low
processing temperature and large rare-earth solubil-
ity [3]. The combination of these properties makes
tellurite glasses good candidates for the develop-
ment of optical, nonlinear optical devices (e.g. opti-
cal amplifiers) [4]. Multi-band filters are relatively
new to the commercial market and are significantly
more expensive than traditional colored, dichroic,
sequential or polarized filter/glasses [5]. Traditional
optics for multiband applications covering regions
ofthe SWIR, MWIR and LWIR include Zinc Sulfide
(ZnS), Zinc Selenide (ZnSe) and Germanium (Ge)
[6]. These materials have low strength, exhibit very
low resistance to water, rain and dust erosion and
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ZnS and ZnSe are very soft and easily scratched or
damaged. Ge, on the other hand, does not transmit
in SWIR and becomes opaque in MWIR and LWIR
at temperatures above 100 °C. Current multiband
imaging systems with wide field of view use sepa-
rate cameras and optics for each band region [6].
Achromats can be designed using materials having
different dispersion profiles to minimize the focal
shift between light from different wavebands when
imaged through the lens system [7]. These achro-
mats are currently available only in a narrow wave-
length range due to the limited availability of suit-
able commercial materials.

The aim of this study was to obtain new tellurite
glasses possessing suitable mechanical and optical
properties for optical application [8]. As a result we
report the synthesis, structural and optical proper-
ties of TeO,~GeO,—Nd,0, glasses that exhibit suit-
able properties for multiband filter application.

MATERIALS AND METHODS
Synthesis

The tellurite glasses presented in our work were
prepared by the melt-quenching technique in plati-
num crucible in an electrically-heated furnace under
ambient atmosphere. High purity chemicals TeO,
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(99%), GeO, (99%), Nd,0O, (99%) were used for the
batch melting. The raw material batches with com-
position (1-x)TeO,—xGeO,—xNd,0, mol% (x=5, 10
and 20) were carefully mixed (grounded) and then
the batches were melted at 955 °C for 1 h. The glass
melts were cast onto a preheated stainless steel mold
at 120 °C and annealed at 150 °C (below the glass
transition temperature) for 12 h in a separate electric
oven to remove thermal strains. Then cooling down
to room temperature was performed by switching
off the oven. After the annealing the samples were
sliced and polished into sizes of 3x3x1 mm?® for the
spectroscopic (UV-Vis) measurements.

Differential thermal analysis (DTA)

The DTA curves in the 20—750 °C temperature
range were obtained from grounded samples (sam-
ple weight 14 + 0.2 mg) of the as-quenched pieces
under a constant heating rate of 10 °C/min in an air
flow of 40 ml/min on a Stanton Redcroft thermo-
analyzer. The glass transition (7g) and crystalliza-
tion (7c) temperatures derived from these studies
were employed in fixing the annealing-treatment
temperatures for the various glass compositions.

X-ray diffraction (XRD)

X-ray powder diffraction analyses (Bruker,
D2 Phaser diffractometer, Cu Ka, 0.02°.s7") were
performed on the crushed powders of the annealed
and heat-treated samples to verify the amorphous
state of the sample and obtain information for the
crystalline phases.

Infrared FT-IR

Infrared transmission properties of samples (KBr
pellets) were measured with a Bruker Tensor 37
Fourier transform infrared (FTIR) spectrometer at a
resolution of 4 cm™! and accumulating 64 scans.

UV/VIS spectroscopy

The absorption spectra were measured on a
Cary100, Varian spectrophotometer over the spec-
tral range of 190-900 nm.

Scanning and transmission electron
microscopy (SEM, TEM)

SEM analyses were performed on a JSM 6390
electron microscope (Japan) in conjunction with en-
ergy dispersive X-ray spectroscopy (EDS, Oxford
INCA Energy 350) equipped with ultrahigh reso-
lution scanning system (ASID-3D) in regimes of
secondary electron image (SEI) and back scattered
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electrons (BEC) image. Before attempting SEM
characterization, the sample must be clean and com-
pletely dry. Surface oils or dirt must be removed
with solvents such as methanol or acetone. The
sample is mounted on a double coated conductive
carbon tape that holds the sample firmly to the stage
surface and can be used as a ground strap from the
sample surface to sample holder. The samples were
Carbon coated (time of coating ~20 sec). Carbon at
that thickness will have little or no effect on elemen-
tal analysis. The accelerating voltage was 20 kV,
I ~65 mA. The pressure was of the order of 107 Pa.

TEM work was performed on a JEOL JEM 100B
(100 kV). The accelerating voltage was 100 kV
and the pressure was of the order of 10° Pa. The
preparation of TEM specimens involves mechanical
grinding, then dispersion in ethanol and finally de-
positing a drop of the dispersion on a Cu grid. The
grid is dried on a filter paper and is ready for TEM
observation.

RESULTS AND DISCUSSION

The XRD patterns of the annealed glasses sam-
ples corresponding to the TGN compositions x = 5,
10, and 20 mol% are shown on Fig. 1. The XRD
patterns show the amorphous nature of the sam-
ples, with some broadening around 26 = 28° are
observed. In order to check for the presence/appear-
ance of metastable phases TEM investigations were
also performed to further complement XRD struc-
tural characterization. Low magnification TEM
images of show the general morphology while the
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Fig. 1. XRD patterns of TGN-5, TGN-10 and TGN-20
samples after 12 h annealing at 150 °C
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Fig. 2. Selected TEM images and SAED pattern demonstrating the amorphous nature of the samples; a) TGN-5,
b) TGN-10 and c) TGN-20

SAED micro diffraction (Fig. 2) shows that samples
are amorphous and are not subject to crystallization
resulting from the interaction (heating) with the
electron beam [9, 10]. The observed halo around the
bright spot in the center indicates that the electrons
are diffracted randomly by a material of amorphous
structure. Indeed DTA data (Fig. 3) shows a good
thermal stability of the glasses as the transition tem-
perature (7g) for all sample is around 320 °C and
the first crystallization occurs around 420 °C (for
TGN-5). The XRD patterns of the annealed TGN-5
at 300 and 610 °C (Fig. 4) confirm the suggested
good thermal stability of the glasses [11]. The an-
nealed at 300 °C (~12h) TGN-5 remains amorphous
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Fig. 3. Differential thermal analysis data of TGN-5, TGN-
10 and TGN-20 glass samples

while the result of the annealing at 610 °C is the
formation of the halite type (NaCl) cubic (SG 225)
Nd, ,sTe, ;50 475 crystal phase [12].

The compositions of the tellurite glasses and their
surface morphology were assessed by SEM/EDS.
As one can see the untreated surfaces of the samples
exhibit very few visible defects (Fig. 5) and thus are
very well suited for optical application (after cutting
and polishing). Their chemical compositions were
also close to the ones of the starting batches the ma-
jor difference being for Nd,O, in TGN-20.

The amorphous natures of the synthesized glass-
es can also be assessed from FTIR analysis [13]. The
peaks of the FTIR spectra are very few and large
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Fig. 4. XRD pattern of TGN-5 after annealing at 300 and
610 °C for 12 hours; JCPDS 04-007-8469 [12]
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Fig. 5. SEM images of (a) TGN-5, (b) TGN-10 and ¢) TGN-20 surfaces. The top row shows images obtained by sec-
ondary electron imaging (SEI) while the bottom row are by Backscattered Electron contrast (BEC) imaging

Table 1. Starting chemical composition for TGN —x (x = 5, 10 and 20) mol% samples and subsequent EDS data

for obtained samples TGN — x

Starting batch composition

EDS data for obtained samples

Resulting formula

(mol%) (mol%)

90/05/05 88.92/6.52/4.54 88.92 Te0,—6.52Ge0,—4.54Nd,0,
80/10/10 81.54/9.77/8.67 81.54 Te0,-9.77Ge0,-8.67 Nd,O,
60/20/20 63.51/19.61/16.88 63.51 TeO,~19.61Ge0,-16.88 Nd,0,

(broad) and thus they reveal only the presence of
short order of Te, Ge and Nd oxides (a broad band
around 670 cm™' with a shoulder around 770 cm™
Fig. 6a). This range is usually associated with
stretching vibrations of the Te—O bond: [TeO,] trig-
onal bipyramids and [TeO,] trigonal pyramids units
[14]. The performed deconvolution of these bands
yield the same results for sample TGN-5 and 10
(90/05/05 and 80/10/10): four peaks with very close
values for the peaks maxima. The deconvolution of
the FTIR broad band of TGN-20 sample produced
seven peaks. Four of those (2, 4, 5 and 6) having ap-
proximately the same maxima as the ones in TGN-5
and 10 samples (Fig. 6 b-d). The new peaks are not
very intensive and appear on both sides of the broad
band at 670-770 cm™: 471 cm™, 613 cm™! and at
900 cm™!. In our case, the absorption band at ~769,
781, 720 cm™ correlates with [TeO,] and the one
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at ~658, 672, 655 cm™' with [TeO4] units [14, 15].
The band located around ~580 cm™ (584, 587 and
578) can be associated with Te-O-M (M = Nd or
Ge) while the band at 828, 845 and 829 cm™ in the
different composition may linked to M—O-M (M =
Nd or Ge). The increased amounts of and Nd,O, and
GeO, lead to additional separation of the M—O-M
linkages as Te—-O—Ge ones are characterized by
the 471 cm™' band while the 613 cm™' and 900 cm™
ones can be attributed to Te—O-Nd and Nd—-O-Nd.
Those additional bands are could be obtained only
in the deconvolution of the TGN-20 spectrum and
attempts to introduce them in TGN-5 and TGN-10
processing failed.

The UV-Vis absorbance spectra of the TGN-x
samples are shown on Fig. 7. The observed mini-
ma of the absorbance are located approximately at
885, 845, 780, 710 (700-725 range), 653 (667647
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Fig. 6. FTIR spectra of TeO,—GeO,—Nd,0, glass: a) Overview of the FTIR of the three TGN —x (x =5, 10 and 20) sam-
ples and deconvolution of the band around 760 cm™ for each sample b) TGN — 5, ¢) TGN — 10 and d) TGN - 20

range), 547, 491 and 447 nm [16]. The maxima
of the absorption correspond to Nd*" transitions
from ground state of ‘I , to the excited state of
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Fig. 7. UV-Visible transmittance spectra of polished 1 mm
thick TeO,-GeO,—Nd,O;, glasses

‘F,, (876 nm), “F,, (804 nm), *F,, (747 nm), *F,,
(682 nm), *H,,, (628 nm), *G,, (583 nm), ‘G,,
(525 nm), *G,, (511 nm), *G,,, (465 nm) and *P,,
(431 nm) respectively. The most interesting feature
of the obtained glasses is probably their UV-Vis op-
tical characteristics showing that they can be used
as multiband filters.

CONCLUSIONS

In summary we have were prepared TeO,-GeO,—
Nd,O, glasses by conventional melt-quenching
technique. The glasses show good thermal stability,
with respect to other tellurite glasses, which makes
them suitable for usage up to ~250 °C. The optical
absorbance/transmission properties of the glasses
are comparable to those of the multiband filters and
make them ready for this type of application.
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CHUHTE3, CTPYKTYPHA U OIITUYHA XAPAKTEPUCTHKA
HA Te0,-GeO,-Nd,0, CTBKJIA

W. Mupoesa?, JI. lumosa!, C. AtanacoBa-Bnaaumuposa?,
H. Ierposa!, b. [1luBayes!

I Hnemumym no munepanoaust u kpucmanozpagpus, BAH, yn. ,, Axao. Ieopeu bonues*,
on. 107, Coghus 1113, Bvaeapus
2 Unemumym no usuxoxumust ,, Axao. Pocmucnas Kauwes*, BAH, yx. ,,Axao. I'eopeu Bonues*,
on. 11, Cous 1113, bvreapus

Ioctenmna ¢espyapu, 2013 r.; npuera mait, 2013 r.

(Pestome)

B HacrosimaTa pabora ca rnpeJcTaBeHn CHHTE3bT, CTPYKTYPHHUTE, TEPMUYHUTE M ONITHYHUTE OCOOCHOCTH Ha HOBU
crpkia ot cucremara TeO,—GeO,—Nd,O,. [TomyueHnTe cTbKiIa MOraT a HaMEePST IPUIOKEHHE KaTo LIBETHH (GruITpH
pU KaJIMOpUpaHe, U3UCKBAIIO HAIMYKME HAa HIKOJKO IB/DKUHU Ha BBIHHUTE B Auana3ona 350—1000 nm u 1.H. [Ipu
OXapaKTEePU3UPAHETO Ha CThKJIATA ca M3Moi3BaHu audepeHinanio repmudcH aHanu3 (JITA), nmpaxoBa peHTIeHOBA
mudpakuust (ITP[]), undpauepsena cnekrpockonus (UP), ynrpasuosieroBa u Buguma abcopoOiust (YB-Buc) u enek-
TPOHHA MUKPOCKOITHS (CKaHMpallla i TPaHCMUCHOHHA). Y B-Buc criekTbpbT Ha norbliane Ha u3ciejBaHuTe 00pa3iu
IIOKas3a Cl'lel_II/l(l)l/l‘lHO norIblIaHe Ha ONpeACJICHU bJIDKMHN Ha BbJIHATA.
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