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Physicochemical and optical properties of glasses from the Cu-S-Se system
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Based on the results of the micro-hardness, HV, density, d, and the glass-transition temperature, T, measurements,
the thermo-mechanical characteristics (micro-voids volume, Vy, and the energy for micro-void formation, E;), the
compactness, C, and the elasticity modulus, E, of glasses from the Cu-S-Se system are calculated. The mean values of
the overall bond energy, <E>, coordination number, <Z>, bond energy of the average cross-linking/atom, E., and that
of the “remaining matrix”, E,,, are determined using the known formalism. The average heteropolar bond energy, Epp,
and the degree of “cross-linking/atom”, P, are also calculated employing the same experimental finding. The
dependence between T, and <E> is linear: T, = 314(0.004<E>+0.88). The optical band gap, E,,, of as-deposited thin
films with composition CusSeos.ySy (0 <y < 30) is determined using the Tauc’s power law. The E,,(y) dependence is
linear: EP = 0.0057y +1.797. Correlations between the investigated properties and the glass composition are

established.
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from 50 to 100 at.% Se [6]. Liquid selenium and
INTRODUCTION sulphur form equilibrium melts, built by linear
polymer molecules and 8-ring monomers.

The unarranged interweaking of Se and S chains
with rings is stimulated by structure amorphization
and by the fact that both S and Se are glass-formers.
For example, about 60 at.% As [7] and 30 at.% Ge
[8] can be introduced in the S-Se system.

The region of glass-formation in the Cu-S-Se
system is outlined by V. Vassilev et al. [9] on the
basis of the results from visual, X-ray diffraction
and electron-microscopic analyses (see Figure 1
below).

During the last years the chalcogenide glassy
semiconductors are widely investigated due to their
various properties (switching and memory effects,
photosensitivity and transparency in the IR spectral
region, chemical and radiation stability, ionic
conductivity, etc.), which determine multiple
possibilities for their application [1-4].

On the one hand, the investigations referred are
focused on already familiar chalcogenide glasses,
and on the other hand, on the development of new
ones. The experimental investigations include the
outlining of glass-forming regions in new systems,
and complex investigation on the structure, 70 30
properties and application areas of the chalcogenide i
glasses. 5 80

When the component number in a given system ¥
is increased, the glass-forming ability grows due to 90
the increased probability of formation of new
structural units which impede crystal nucleation [5].
Most often two-component systems are used, one of
them usually being the glass-forming elements, and
the other being the modifier. The S-Se system is Fig. 1. Region of glass-formation in the Cu-S-Se system
very suitable as a base binary system due to the [9].
presence of large glass-forming area and it spreads

at. % Se
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The aim of the present paper is the investigation
of the main physicochemical and optical properties
of glasses with composition Cu,S,Se, (x+y+z=1),
and the analysis of the respective composition-
property diagrams.

EXPERIMENTAL

The glassy samples, used for the investigations,
were synthesized applying the method, described in
[9]: direct monotemperature synthesis in evacuated
and vacuum sealed quartz ampoules; maximum
synthesis temperature of 1100 = 5 °C; synthesis
duration — 24 h, and subsequent quenching of the
smelter in water+ice+NaCl mixture.

The microhardness, HV, was measured by the
Vickers’ method using a metallographic MIM-7
microscope with built in microhardness meter,
PMT-3, at loading of 10 g (accuracy = 4 %). The
density, d, is measured by hydrostatic method in
toluene as immersion fluid (accuracy = 4 %). The
glass-transition temperature, T,, is determined by
differential-thermal analysis (accuracy + 5 °C) at
heating rate of 16 T min' and with a-AlL,O; as
reference substance.

Using the results of these measurements, the
thermomechanical  characteristics  (micro-voids
volume, Vy, and energy for micro-voids formation,
Ey), the elasticity modulus, E, and the compactness,
C, are calculated.

Based on a free volume approach in calculating
cohesion glasses, Sanditov [10] proposed to
determine microhardness as HV = E;/V),. Using this
concept we derived in [11] the following
expressions for the quantities E, Vy,, and E;;:

V,=5.04107. T. [nm’]; E, =29.75.T, [J mol'];
HV

E=0.147.HV [GPa], (1)

where HV — micro-hardness [kgf mm]; T, — glass-
transition temperature [K].

The compactness, C, expresses, in arbitrary units,
the deviation in the glass density from that of a
corresponding crystal with the same composition
(C=A/d;; A=d;-d). It is calculated using the equation

[13]:
gt ]t ©

where d — density of the sample; d;, M; and x;
are the density, the molar (atomic) mass and molar
(atomic) part of the i™ component, respectively. The
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compactness can acquire both positive and negative
values. The negative ones respond to looser
structure, and the positive to a denser structure,
compared to a crystal with the same composition.

The properties of the chalcogenide glasses are
directly related to the overall mean bond energy,
which is a function of the mean coordination
number and the type and the energy of the chemical
bonds between the atoms, building the glasses.

The mean coordination number <Z> of the
glasses is calculated by an equation (3), proposed by
Tanaka [13]. The following values of the atom
coordination numbers are used for the investigated
system: Zg.=Zs=2 [14] and Z,=2 [15].

<ZL>=XZLqy +yLlg+z1g, 3)
where X, y and z are the atomic parts of Cu, S and

Se, respectively.
The overall mean bond energy <E> is calculated

using Tichy’s equation [16] for complex
chalcogenide systems:
<E>:E0+Em, @)

where E. is the average bond energy of cross-
linking/atom and Em is the average bond energy
per atom of the “remaining matrix”.

The value of E. is calculated by the equation:

Ec =PE, . 5)
where P is the degree of cross-linking/atom; Epp, —
average heteropolar bond energy. For glasses with
composition Cu,SySe,, the Ey, is calculated by the
equation (6):

Ey = (X'ZCu Ecus +XZcy Ecyse )/(X'ZCU )’ (6)

where: Ec,s and Ec,s. are the heteropolar bond
energies of Cu-S and Cu-Se — Table 1.

Table 1. Energy of chemical bonding in the Cu-S-Se
system.

Bond Se-Se' S-S Cu-Cu  Se-S Se-Cu S-Cu

Bond energy, eV| 1.90 220 1.83 | 3.85  2.60 | 2.86
Reference [16] [16] [17] | [18] | [19] @ [19]

The coefficient R is used for determination of the
chalcogen content in the glasses:

R =(y.Zg +22Z¢ )/(x.Z¢,)- (7)

At R>1 the system is chalcogen rich and
heteropolar chalcogen-chalcogen bonds are present.
In this case P =P, and
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P, = x.Zcu/(x+y+z) (8)

At R=1 the system is with stoichiometric
composition thus there are only heteropolar bonds to
be expected.

At R<l the system is chalcogen poor and
heteropolar metal-metal bonds are present. In this
case P=P,,.

P, =2z.Zs/(xt+y+z) ©)]

The average bond energy per atom of the
“remaining matrix” is defined by:

Em =2(05.<Z>-P,)E., /<Z>,R>1 (10)

Erm =2(0.5<Z>—PyJEx_p/<Z>,R<1, (11)

where E. . - average bond energy between the S
and Se atoms:

1
E_. = g-(Esfs +Egege tEsge)” (12)

The measurement of the optical absorption (at a<10*
cm') gives information about the density of the
states in the tail area. Since in amorphous
semiconductors the doubled value of the electrical
conductivity activation energy corresponding to a
frequency, equivalent to = 10* cm™', Stuke [20]
suggested the optical band gap, EQP tO be defined at

this o value. According to Tauc [21] in the a > 10*
cm ' area the optical absorption is due to transitions

of electrons from the delocalized states in the
valence band (E<E,) to the delocalized states in the
conductivity band (E>E.), as the value of a
increases with the photon energy (hv) according the
equation:

ahv =Alhv —(E,-E))[', (13)
A is a constant, characteristic for the material, and n

is another constant, characterizing the transition type
(for direct transitions n=1/2 and for indirect — n = 2).

The absorption coefficient is calculated from the
transmission spectra using the equation

a=—tmT> (14)
d

where T=I/I, (I and I, are the intensities of the
transmitted and incident light, respectively).

RESULTS AND DISCUSSION

1. Physical and thermo-mechanical characteristics

The T,,, d, and HV values, needed for
calculation of the thermo-mechanical characteristics
of glasses from the Cu-S-Se system, are shown in
Table 2, as well as the obtained results for E, Ey,
Vi, and C, derived using equations (1) and (2).

Table 2. Physical and thermo-mechanical properties of glassy phases with composition Cu,S,Se, ((x+y+z)=1;

m=z/(y+z)).

N Composition, at. parts T,, d, HV, E, Ep., Vi 1073, c

B " K g em™ kef mm’™> GPa kJ mol™ nm’

1 0.00 0.00 1.00 1.000 315 4.25 40 5.88 9.37 39.69 -0.1127
2 0.00 0.05 0.95 0.950 310 4.15 35 5.15 9.22 44.64 -0.1124
3 0.00 0.15 0.85 0.850 305 3.92 31 4.56 9.07 49.59 -0.1335
4 0.00 0.25 0.75 0.750 300 3.67 28 4.12 8.93 54.00 -0.1272
5 0.05 0.00 0.95 1.000 330 4,18 36 5.29 9.82 46.20 -0.1438
6 0.05 0.05 0.90 0.947 325 4.03 32 4.70 9.67 51.19 -0.1542
7 0.05 0.10 0.85 0.895 318 3.88 30 4.41 9.46 53.42 -0.1649
8 0.05 0.15 0.80 0.842 312 3.81 28 4.12 9.28 56.16 -0.1848
9 0.05 0.20 0.75 0.789 307 3.61 27 3.97 9.13 57.31 -0.1804
10 0.05 0.30 0.65 0.684 305 3.40 25 3.68 9.07 61.49 -0.2006
11 0.10 0.10 0.80 0.889 325 3.80 27 3.97 9.67 60.67 -0.1515
12 0.10 0.15 0.75 0.833 317 3.69 25 3.68 9.43 63.91 -0.2047
13 0.10 0.20 0.70 0.778 310 3.58 24 3.53 9.22 65.10 -0.2027
14 0.10 0.25 0.65 0.722 305 3.43 23 3.38 9.07 66.83 -0.2047

The increase of the glass-transition temperature,
T,, at raising the Se content at constant copper
concentration (x=const) is expected since in this
case the concentration of the glass-former increases

as seen from Table 2. The influence of copper on the
T,-value of the glasses seems “unusual”. It rises

with the increase of the Cu-content (at m=const)
(Table 2). It has to be noticed that up to a certain
concentration copper breaks the (—S—S-), (-Se—Se-),
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and (—-S—Se-) bonds and participates equally in the
linear chains formed by the S and Se atoms in the
chalcogenide glass. At Cu-content higher than a
critical value, defined by the glass-forming
boundaries in the Cu-S-Se system, a crystalline
phase of composition Cu, Cu,S and/or Cu,Se is
formed. The T,-value decreases quickly in this case.

The density, d, increases noticeably with the
raise of the Se-content (i.e. m increases) at a
constant value of Cu (x=const) which is related to
the great difference between the densities of the
elements S and Se (ds.=4.25>>ds=2.09 g cm'3) —
Table 2. In spite of the great difference between the
density values (dc,=8.93 g cm™), the density of the
chalcogenide glasses lightly increases with the raise
of the Cu content at m=const (Table 2) which is
connected to the circumstance that with the
inclusion of Cu the total micro-pore volume
increases V. This increase compensates the glass
mass increase m, (d=m,/(V,+V ), where V, is the
glass volume without the pores. This assumption is
confirmed by the HV(x) dependencies at m=const
(Table 2). HV decreases with the x raise since the
glass structure becomes looser, i.e. the V,
increases.

The elasticity modulus, E, follows the path of the
microhardness.

The minimum micro-void volume, V,, decreases
with the increase of the Se-content (at x=const), and
increases with the addition of Cu (at m=const) since
both dependencies are almost linear. This change of
the Vi, of the chalcogenide glass composition is
caused, on the one hand, by the fact that the atomic

radius of Se is larger than this of the S and with the
gradual substitution of S- with Se-atoms (at
x=const) the structure becomes denser. On the other
hand, the Cu-atoms are built into the structure,
formed by (—S—Se—)-chains (at m=const), as a result
of which it becomes looser.

The En(x;m) dependencies go over the path of
the Ty(x;m) dependencies. In the cases when m
increases (the Se replaces the S) at x=const, as it
was shown above, the structure of the glasses is
denser. This process opposes the further substitution
of S with Se, which by its side requires higher Ej,
values. The introduction of Cu in the glasses at
m=const does not lead to substitution of S and/or Se
but breaks their chains at different places (—-S—S—; —
Se—Se— u —S—Se—), builds into them, and forms
fragments form the type: —-S—Cu—S—; —Se—Cu—Se— u
—S—Cu-Se—. Additional amount of energy is needed
for these processes to take place and this is why Ej
increases with the increase of the Cu content (at
m=const).

The compactness of the investigated glasses has
negative values and depending on the composition
changes in very narrow limits (the experimental
values of C are from — 0.21 to — 0.10).

2. Energy of the Chemical Bond
Based on the model shown in the Experimental
Part, the average parameters (<Z>, R, P, Ey,, Ec,

E< -, Em, and <E>) of the chemical bond are
calculated. Their values are shown in Table 3.

Table 3. Physicochemical properties of the samples with composition Cu,S,Se,.

Ne | Composition, at. parts T, E., E.., Eum, <E>,
m Z R Pr Ehb
K eV eV eV eV
1 0.00 0.00 1.00 1.000 315 2 | © 0 0 0 2.65 2.650 2.650
2 0.00 0.05 ] 0.95 0.950 310 2 | w 0 0 0 2.65 2.650 2.650
3 0.00 0.15 0.85 0.850 305 2 | © 0 0 0 2.65 2.650 2.650
4 0.00 0.25 0.75 0.750 300 2 | o 0 0 0 2.65 2.650 2.650
5 0.05 0.00 | 0.95 1.000 330 2 19 0.1 5.46 0.546 2.65 2.385 2.931
6 0.05 0.05 0.90 0.947 325 2 |19 0.1 5.46 0.546 2.65 2.385 2.931
7 0.05 0.10 | 0.85 0.895 318 2 19 0.1 5.46 0.546 2.65 2.385 2.931
8 0.05 0.15 0.80 0.842 312 2 |19 0.1 5.46 0.546 2.65 2.385 2.931
9 0.05 0.20 | 0.75 0.789 307 2 19 0.1 5.46 0.546 2.65 2.385 2.931
10 | 0.05 0.30 | 0.65 0.684 305 2 |19 0.1 5.46 0.546 2.65 2.385 2.931
11 | 0.10 0.10 | 0.80 0.889 325 2 19 0.2 5.46 1.092 2.65 2.120 3.212
12 | 0.10 0.15 0.75 0.833 317 219 0.2 5.46 1.092 2.65 2.120 3.212
13 | 0.10 0.20 | 0.70 0.778 310 2 19 0.2 5.46 1.092 2.65 2.120 3.212
14 | 0.10 0.25 0.65 0.722 305 219 0.2 5.46 1.092 2.65 2.120 3.212

The investigated system is rich of chalcogen, since
R>1 [R=(0.05.2+0.9.2)/(0.05.2)=19>1] - Table 3.
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For description of the temperature dependence on
the viscosity, equation (15) is used:
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u(T)=p, exp(E, /KT). (15)
It is known that at T, the value of u= 10" dPa.s
[22]. Tanaka [13] assumes that u0=100710’5 dPa.s.
If one puts p,=10" dPa.s the following dependence
will be obtained: T, = 314E,

Taking into consideration the above dependence,
we determined that between T, and <E> exists a
linear dependence of the type: T, = 314
(0.004<E>+0.88). It guarantees accuracy not worse
than + 0.1.T, which is fully acceptable. The
obtained value of the straight line slope (314 K/eV)
is in full conformance with the theoretically

expected one.
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3. Optical Characteristics

For determination of the optical band gap the
compositions lying on the CusSess.,S, section
(0<y<30) are used, since in this section the S/Se
proportion varies in wide limits for the tri-
component system. The thin films are deposited
using vacuum-thermal evaporation (B0.01 Pa ) on
Na-Ca substrates. The film thickness varies from 0.2
to 0.4 um. The optical transmittance spectra are
recorded in the range of 200-900 nm. The
dependence between the absorption edge on the film
composition is shown in Fig. 2a where it can be
seen that with the increase of the sulphur content,
the optical edge shifts towards shorter wave lengths,
i.e. the material band gap value increases — Fig. 2b.
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Fig. 2. Optical characteristics of thin films from the Se-S-Cu system
(1-x=0%;2-x=10%;3-x=15%;4-x=20%;5-x=30%):
a — transmission spectra; b —dependence (ohv)'/? = f(hv)

Since the obtained values for a are higher than
10* cm™, Tauc’s power law is applicable. Egpt is

determined by extrapolation of the linear part of the
(ahv)"*=f(hv) dependence at a=0 - Fig. 2b.

A linear dependence between the optical band
gap and the S-content in the CusSeos.,S, glasses is

observed: Egpt =0.0057x + 1.797 — Fig. 3.
With the increase of the sulphur at constant Cu

content, the Egpt increases, since

EQ (Se) < EQP'(S) (EgP'(Se) =1.7+1.9 eV 23]

EQP'(S)=24eV [24]).
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Fig. 3. Dependence of the optical band gap AE,, from
the sulphur content in the film.
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CONCLUSIONS

1. The glass-transition temperatures, density and
microhardness of glasses from the Cu-S-Se system
are determined. Based on the obtained results, the
compactness, elasticity modulus, and the main
thermo-mechanical properties of the investigated
systems are calculated. A correlation between the
composition and these properties is found.

2. Linear dependence between the glass-
transition temperature and the overall mean bond
energy is found (T, =314 (0.004<E>+0.88)).

3. Transmittance spectra of the synthesized
glasses are recorded in the wave length range of
200-900 nm, and are used to calculate the optical
band gap AE,,. A linear dependence between AE,
and the sulphur content in the film is observed
(AE0=0.0057x+1.797).

REFERENCES

1 X. Zhang, H. Ma, J. Lucas, J. Optoel. Adv. Mat.,
5,5, 1327 (2003).

2 Y. Tani, Y. Shirikawa, A. Shimosaka, J. Hidaka,
J. Non-Cryst. Sol., 293-295, 779 (2001).

3 M. Wakkad, J. Therm. Anal. Cal., 63, 533 (2001).

4 V. Vassilev, J. Univ. Chem. Technol. Met., 41, 3,
257 (2006).

5 Z.U. Borissova, Chalcogenide semiconducting
glasses, Leningr. Univ., Leningrad, 1983.

6 M.B. Mayers, E.J. Felty, Mater. Res. Bull., 2, 7,
535 (1967).

7 S.S. Flaschen, A.D. Pearson, W.R. Northover, J.
Amer. Ceram. Soc., 43,274 (1960).

8 L.V. Alekseeva, A.A. Obrasov, Z.U. Borissova,
M.D. Balmakov, Soviet J. Glass Phys. Chem., 4,
4,411 (1978).

258

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

V. Vassilev, Z. Boncheva-Mladenova, N.
Dishovsky, Glass formation in the Se-S-Cu, Proc.
II Symp. Solid State Chemistry, Pardubice,
Czechoslovakia, June 26-30, 1989, p. 365.

D.S. Sanditov, Novoe v oblasti ispitanii na
mikrotverdost, Nauka, Moskva, 1974 (in Russian).
V. Vassilev, G. Vassilev, E. Fidancevska,
Chalcogenide Letters, 5, 12,415 (2008).

V. Vassilev, K. Tomova, V. Parvanova, S.
Parvanov, Mater. Chem. Phys., 103, 312 (2007).
K. Tanaka, Phys. Rev. B., 39, 1270 (1989).

M. Hansen, K. Anderko, Struktura dvoinih
splavov: B 2-x, Metalurgizdat, Moskva, 1962 (in
Russian).

L. Genov, M. Maneva-Petrova, Neorganichna
himia, part II, Nauka i izkustvo, Sofia, 1990 (in
Bulgarian).

L. Tichy, H. Ticha, J. Non-Cryst. Solids, 189, 141
(1995).

E.A. Rohlfing, J.J. Valentine, J. Chem. Phys., 84,
6560 (1986).

J. Drowart, S. Smoes, J. Chem. Soc. Faraday
Trans., 2,73, 1755 (1977).

S. Smoes, F. Mandy, A. Vander Auwera-Mahieu,
J. Drowart, J. Bull. Soc. Chim. Belg., 81, 45
(1972).

J. Stuke, J. Non-Cryst. Solids, 4, 1 (1970).

J. Tauc, Optical properties of Solids, F. Abeles
(ed.), North-Holland, Amsterdam, 1970.

A. Feltz, Amorphe und glasartige anorganische
Festkorper, Akademie-Verlag, Berlin, 1983.

Z. Boncheva-Mladenova, V. Vassilev, Himia i
fizikohimia na poluprovodnikovite materiali,
MON, Sofia, 1991 (in Bulgarian).

Ya.A. Ugai, Vvedenie v himiu poluprovodnikov,
Visshaia shkola, Moskva, 1965, (in Russian).



V.S. Vassilev et al: Physicochemical and optical properties of glasses from the Cu-S-Se system

®U3UKO-XMMHWYHU 1 OTITUYHU CBOMCTBA HA CTBKJIA OT CUCTEMATA Cu-S-Se

B.C. BaCI/IJ'IeBl, T.K. XpI/ICTOBa-BaCI/IHeBal, E. dDHz[queBCKaz, M.H. KoneBa3, AM. Kernosa®

1
Kamedpa no memanypeus na yeemuume memanu u noaynpo8oOHUKOBUME MEXHON02UU, XUMUKOMEXHOA02UYeH U
memanypeuden ynusepcumem, oyn. Ce. Kn. Oxpuocku, 8, 1756 Cogus, Bvreapus
2
Daxynmem 3a mexvono2us u memanypeus, yi. Pyoowcep bowkosuuy 16, Ckonue, Penyonuxa Maxedonus
*Texnuuecku ynusepcumem-I'abposo, ya. X. Jumumuvp 4, 5300 T'a6poso, Bvicapus

Iocrenuna Ha 9 okromepu, 2009 r.; mpepaboteHa Ha 22 anpui, 2010 r.
(Pestome)

Ha 0asara Ha pesynrarute OT M3MepBaHeTo Ha MUKpoTBbproctra (HV), miubrHoctTa (d) M Temmeparypara Ha
pasmexBane (T,) ca H34MCIIEHM TepPMOMEXaHMYHMTE XapakrepucTuku obem (V) u eHeprus 3a oOpasyBaHe Ha
mukpornpasauHa (Ey); komnaktHoctra (C) M Moayna Ha enactudHocT (E) Ha crpkia ot cucremara Cu-S-Se. Ilo
MO3HAaTa METOJMKA Ca M3YMCICHHU OIIEe CPEeAHHTE CTOHHOCTH Ha IIbJIHATa €Heprus Ha Bpb3kuTe (<E>), KoopamHa-
LUOHHOTO uMciIo (<Z>), eHepruaTa Ha CpejHO oMmpexkpaHe 3a aToM (E.) u Tasu Ha ,,octrananata marpuual (),
cpeziHaTa €HEprys Ha XeTeponoisipHarta Bpb3Ka (Ey,) U cTenenTa Ha omMpeskBane 3a aToM (P). 3aBucumoctta Mexay T,

. t

u <E> e muneitna: T, = 314(0.004<E> + 0.88). OntuyHaTa mupyHa Ha 3a0paHEHaTa 30Ha (Egp ) Ha CBEXO OTJIOKCHHU
t .

TBHKH cJloeBe che cheTaB CusSeos, Sy (0 <y < 30) e onpeneneHa oT 3akoHa Ha Tayn. 3aBUCHMOCTTa Ezp (y) e nuHeiiHa:

opt o
E gp =0.0057y + 1.797. YcraHoBeHH ca 3aKOHOMEPHOCTH MEX/Ty W3CJIEeIBAaHUTE CBOMCTBA M ChCTAaBa HA CTHKJIATA.
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