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Abstract

Amorphous (As3oSbsSess)ioo-—Te, (With 0 <x<12.5 at.%) were prepared by thermal evaporation. The optical transmission and reflection
spectra of these films were measured in the wavelength range of 400-900 nm. The mechanism of the optical absorption follows the rule of
allowed non-direct transition. It was found that, the optical band gab E, decreases while the width of localized states (Urbach energy) £, increases
by increasing Te content. The relationship between E, and chemical composition of the (As;oSb;sSess)io0-. e, system were discussed in terms of
Cohesive energy (CE), the average heat of atomization H, and the average coordination number N,. The later are computed from the heat of
atomization and the coordination number of used elements, respectively.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction In the present work, the effect of addition of Te (x=0,
2.5,5, 7.5, 10, and 12.5 at.%), which is the highest atomic

Chalcogenide glassy semiconductors have received great  weight (more electropositive), on the optical properties of the
attention because of their important optical applications in the (As30SbysSess)ioo-Te, is investigated. All measurements were
infrared region [1,2]. The common feature of these glasses is the
presence of localized state in the mobility gap as a result of the
absence of long-range order as well as various inherent defects.
Investigation of electron transport in disordered systems has
been gradually developed and the investigation of gap states is Te at. %
of particular interest because of their effect on the electrical
properties of semiconductors [3].

A number of papers [4—11] have appeared in the literature
reporting the electrical properties, photoconductivity, glass
formation, structure and crystallization kinetics of the As—Sb—
Se glasses. Tellurium addition to the later glasses would be
expected to decrease their glass transition temperature and
reduce their thermal stabilities [12]. According to Kastner [13],
the addition of an element with a higher electropositive
character than the elements in the host material will tend to 0
decrease the activation energy of the electrical conductivity.
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Fig. 2. The compositional dependence of the bulk density of the
(AS3()Sb15S655)1()07XTex glasses.

made on samples annealed beyond their respective 7, values
for ~24 h, under a vacuum of approximately 1.33x 10> Pa.

2. Experimental details

Glasses of the (As3;oSbisSess)igo—r1Te, ( where x=0.25, 5,
7.5, 10, and 12.5 at.%) system were prepared from As, Se, Sb
and Te elements with high purity (5 N) by the usual melt quench
technique. Materials were weighed according to their atomic
percentages, charged into clean silica ampoules then sealed
under vacuum of ~1.33 x 10™> Pa. The ampoules were put into
a furnace at around 1250 K for 24 h. During the heating process
the ampoules were shaken several times to maintain their
homogeneity, then the ampoules were quenched in ice cooled
water to avoid crystallization. The elemental compositions of
these glasses were checked by using energy dispersive X-ray
analysis and the estimated average precision was about 1.0% in
atomic fraction in each element. The amorphous state of the
materials was checked using X-ray (Philips type 1710 with Cu
as a target and Ni as a filter, A=1.5418 A) diffractometer. The
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Fig. 3. DSC thermograms of (As3oSb;sSess)i00- 1€, glasses recorded at heating
rate 10 K/min.
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Fig. 4. Transmission spectra of the (As3oSb;sSess)ioo-.Te, thin films.

absence of crystalline peaks confirms the glassy state of the
prepared samples.

Density measurements of the considered samples were made
by applying Archimedes method using the hydrostatic weight-
ing in toluene. A single crystal of germanium was used as a
reference material for determining the toluene density, pi,. The
samples density (ps) were determined from the relation

Wair

—_rar 1
Wair_VVto] Prol ( )

Ps
where W is the weight of the sample. For each composition, the
experiment was repeated five times to get the average density of
the sample (p;). The thermal behavior was investigated using
Shimadzu 50 differential scanning calorimeter (DSC). About
20 mg of each sample in powdered form was sealed in standard
aluminum pan and scanned over a temperature range from room
temperature to about 600 K at uniform heating rate 10 K/min.
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Fig. 5. Photon energy dependence of the absorption coefficient for the
(As30Sb5Ses5)100-+ T, films.
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Fig. 6. (o¢hv)"? vs. (hv) plots for the (As3oSbsSess) oo Tey thin films.

Thin films were prepared by thermal evaporation of small
ingot pieces onto glass substrates (microscope slides). The
thermal evaporation process was performed by using a coating
(Denton Vacuum 502 A) system, at a pressure of approximately
1.33x10"* Pa. During the deposition process (at normal
incidence), the substrates were suitably rotated in order to
obtain films of uniform thickness. The thickness of the films lies
in the range 900—940 nm. Optical transmittance and reflectance
for the thin films have been measured using a double beam
(Shimadzu 2101 UV-VIS) spectrophotometer.

3. Results

Fig. 1 shows the X-ray diffraction patterns for the (Aszq.
Sby5Sess)100-Te, thin films. The absence of the diffraction lines
in the X-ray patterns indicates that the films have amorphous
structures. The compositional dependence of the measured
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Fig. 7. Relation between In(a) and (hv) for (As3oSbisSess)ioo—c T, thin films.
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Fig. 8. The variations of E, and E. as a function of Te content for
(As30SbysSess) 00— Te, thin films.

sample density of the investigated (As3;oSbisSess)igo—xlex
glasses is shown in Fig. 2.

Fig. 3 shows the DSC thermograms of amorphous (Ass(.
Sbys5Sess)i00-x L€, chalcogenide glasses recorded at heating rate
10 K/min. This figure shows that there is a very small single
endothermic peak. This peak is attributed to the glass transition
temperature range which represents the strength or rigidity of
the glass structure. Also there is an exothermic peak originating
from the amorphous-crystalline transformation. The exo peak
has two characteristic points: the first point is the onset
temperature of crystallization (7;) and the second is the peak
temperature of crystallization (7},). It can be seen from Fig. 3
that 7, and (AT=T,—T,), which represents that, both the glass
transition temperature 7, and the thermal stability AT of the
glasses, decreases with increasing Te content.

Transmission spectra corresponding to the amorphous
(As30SbsSess) oo T, thin films are plotted in Fig. 4, showing
a clear red shift of the interference-free region with increasing
Te content. Values of the absorption coefficient (o) for the
studied films were calculated from the transmittance 7 and
reflectance R [14,15] using the equation

12
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where d is the thickness of the thin film.
Fig. 5 shows the variation of the absorption coefficient as a
function of Te content of (As3oSb;sSess)igo- 1€, thin films. As

Table 1

The physical parameters of the constituent elements

Property As Se Sb Te
Energy gap (eV) [26] 1.15 1.95 0.15 0.65
Density (g/cc) [24] 4.70 4.28 53 6.24
Coordination number [19] 3 2 3 2
Hj (kcal/g tom) [21,22] 69.0 49.4 62.0 46
Electronegativity [27] 2.18 2.55 2.05 2.1

Bond energy (kJ mol ") [33] 32.10 44.04 30.22 33
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Fig. 9. The optical band gab Ej and the ratio Hs/Nr as a function of Te content
for (As3oSbisSess)ip0—xTex thin films.

shown in this figure the absorption coefficient increases (red shift of
the optical absorption edge) with increasing Te content. According
to Tauc’s relation [16,17] for higher values of the absorption
coefficient (¢>10% cm™ ') the allowed non-direct transition, the
photon energy dependence of the absorption coefficient can be
described by

3)

where B is a parameter that depends on the transition probability
and E, is the optical energy gap. In the low absorption region
(@<10* cm™ "), the absorption coefficient o shows an exponential
dependence on photon energy, hv, and obeys the Urbach relation
[18]

(0hv)'/? = B(hv—Ey)

In(o) = In(arg) + (hv/E) (4)
where o is a constant and E. is the Urbach energy (the
width of the band tail of the localized states in the band gap).
Fig. 6 is a typical best fit of (o¢hv)"? vs. photon energy (hv)
for the (As3oSbysSess)ipo-r 1€, thin films. The intercepts of the
straight lines with the photon energy axis give the values of the
optical band gap (Ej). Fig. 7 represents the relation between In
(o) vs. (hv). This figure demonstrates that the exponential
behaviour of the absorption edge, for Eq. (4) is satisfied. Fig. 8
(a, b) represents the E, and E. values as a function of Te
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content, It can be noticed that the values of £, decrease while E,
increase as Te content increases.

Table 1 shows some physical parameters of the constituent
elements that can be used to calculate the different composition
parameters such as the average heat of atomization H, the
cohesive energy CE, and the average coordination number N,.
Finally, Fig. 9(a, b) represents the E, and Hy/N; of (As30Sbys.
Sess)ioo—r e, films as a function of Te content at.%. The
obtained values of E,, E. and Hj different compositions are
listed in Table 2.

4. Discussion

Addition of Te on to (As3;oSbisSess)igo— 1€, glasses results
in a monotonic increase in the density of these glasses. The
measured ps value for the As;oSessSbys (x=0) sample (4.942 g/
cm™*) which is in good agreement with that reported previously
by Giridhar and Mahadevan [4]. It is known that the density
change is related to the change in the atomic weight and the
atomic volume of the elements constituting the system. The
atomic weights of the As, Se, Sb and Te are 74.92, 78.7, 121.75
and 127.6 respectively, and their respective atomic radii are
1.18,1.14,1.36 and 1.6 A [19-21]. This behavior was expected
because the density of Te is the highest one (see Table 1).

Ioffe and Regel [22] suggested that the bonding character in
the nearest-neighbour region, which means the coordination
number N,, characterizes the electronic properties of semicon-
ducting materials. The average coordination number N, in our
samples is defined by [23]

Ny =2XSe + 3XAs 4+ 3XSb + 2XTe. (5)

Where X is the mole fraction. Determination of N, allows the
estimation of the number of constraints N;. This parameter is
closely related to the glass-transition temperature and its related
properties. For a material with coordination number N,, N can
be expressed as the sum of the radial and angular valence force
constraints [24],

N,
N = ?r + 2(N;=3).

(6)

The calculated data of N, and N, of the (As3¢Sby5Sess)100— 1€«
system are listed in Table 2, using the values of N, for As, Se, Sb
and Te [25] given in Table 1. It can be seen that both N, as well as
N; decreases with increasing Te content.

Table 2

The calculated and measured density, thermal and optical constants as a function of Te content for (As;oSb;sSess)ioo—c e, thin films

Te (at.%) Density (g/em ®) T, :(K) AT (K) N* NG* H* (kcal/lg) Excess of As—As CE (eVatom ') Ey* (eV) E,(eV) E. (eV)
0 4.942 462.52  79.92 245 0.125  57.17 26 2.205 1.385 1.49 0.059
2.5 4.988 45492  78.44 2.439 0.097 56.89 30 2.184 1.367 1.464 0.069

5 5.027 450.53  74.33 2.427 0.069 56.61 32 2.165 1.348 1.424 0.072
7.5 5.055 436.05  63.38 2.416 0.041 56.33 38 2.158 1.530 1.408 0.078
10 5.092 432.14  66.98 2.405 0.013  56.05 42 2.135 1.33 1.365 0.083
12.5 5.117 425.07 64.96 2394  —-0.016 55.77 46 2.113 1.293 1.313 0.087

*Calculated values.
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According to Pauling [26], the heat of atomization H (A—
B), at standard temperature and pressure of a binary
semiconductor formed from atoms A and B, is the sum of the
heat of formation AH and the average of the heats of
atomization H2' and H® that corresponds to the average non-
polar bond energy of the two atoms

Hy(A — B) :AH—&—%(HSA—&-HSB). (7)

The first term in Eq. (7) is proportional to the square of the
difference between the electronegativities x5 and yp of the two
atoms

AH“(%A‘XB)Z- (8)

This idea was extended to quaternary semiconductors
compounds by Sadagopan and Gotos [27]. In most cases, the
heat of formation of chalcogenide glasses is unknown. In the
few materials for which it is known, its value does not exceed
10% of the heat of atomization and therefore can be neglected
[28,29]. Hence, H; (A-B) is given quite well by

Hs(A ~ B) = 2 (H} + HE). )

The obtained results of the average heat of atomization of
(ASgosb]ssess)loofxTex (Where X:(), 25, 5, 75, 10 and 12.5 at.
%) glasses are listed in Table 2, using the values of Hg for As,
Se, Sb and Te given in Table 1.

Quaternary semiconductor has hybridized sp® orbitals which
are split into bonding and antibonding states. In the solid these
molecular states are broadened into bands. Thus, in the
quaternary semiconductors, the bonding band forms the valence
band and the antibonding forms the conduction band. However,
in Chalcogenide glasses containing a high concentration of a
group VI (Te or Se in our case) element the lone-pair electrons
form the top of the valence band and the antibonding band
forms the conduction band [30,31]. It is therefore interesting to
relate the optical gap with the chemical bond energy, and the
parameters we use to specify the bonding are Hg and N. The
relation between the energy gap and the average heat of
atomization was discussed by Aigrain et al. [32]. According to
their study there exists a linear correlation that can be expressed
for the semiconductors of the diamond and Zinc-blende
structure by

AE = a(Hs—B) (10)

where a and b are characteristic constants. It is suggested from
the above equation that the average heat of atomization is a
measure of the cohesive energy and represents the relative bond
strengths, which in turn are correlated with the energy gap of
isostructural semiconductors.

The bond energies D(A—B) for heteronuclear bonds have
been calculated by using the empirical relation

D(A —B) = [D(A = A).D(B — B) +30(1s—73)° (11)

proposed by Pauling [33], where D(A—A) and D(B-B) are the
energies of the homonuclear bonds (in units kcal/mol.) [34], xa

and yp are the electronegativity values for the involved atoms
[35]. Bonds are formed in the sequence of decreasing bond
energy until the available valence of atoms is satisfied [36]. In
the present compositions, the Se—Te bonds with the highest
possible energy (44.197 kcal mol ') are expected to occur first.
Since the Sb—Se (43.981 kcal mol ') followed by As—Se
(41.706 kcal mol ') to saturate all available valence of Se. There
are still unsatisfied as which must be satisfied by As—As defect
homopolar bonds. Based on the chemical bond approach, the
bond energies are assumed to be additive. Thus, the cohesive
energies (CE) were estimated by summing the bond energies
over all the bonds expected in the material. Calculated values of
the cohesive energies for all compositions are presented in Table
2. These results indicate that, the cohesive energies of these
glasses show a decrease with increasing Te content. Therefore, it
can be concluded that the decrease of £ with increasing Te (Fig.
8(a)) content is most probably due to the reduction of the average
stabilization energy by Te content. It should be mentioned that
the approach of the chemical bond neglects dangling bond and
other valence defects as a first approximation. Also van der
Walls interactions are neglected, which can provide a means for
further stabilization by the formation of much weaker links than
regular covalent bonds. In connection with the values of the tail
width, E., it is seen that, the increase of Te content (i.e. decrease
in CE) leads to increase of E,, (see Fig. 8(b)). The increase of CE
implies higher bonding strength, i.e. high Ej, and this means
lower defect bonds, which reduce the band tail width Fig. 8(a, b).

It was found that the variation of energy gap (E,) with
composition in amorphous quaternary alloys can be described
[28] by the following simple relation:

Eoa)(Y) = YEoa + (1-y)Eos (12)

where Y is the volume fraction of element, 4 and Ey, and Egp
are the optical gaps for elements A and B, respectively.
Calculations of E, based on the above equation for the present
(As30SbsSess)ip0-x L€, alloys are tabulated in Table 2.

The effect of Te content on the optical gap £, and the Urbach
energy E. for (As3;oSbsSess)igo—1e, is shown in (Fig. 8(a)
solid line), from which one can observe that, the decrease in E,
with increasing Te content. This relation can be described by an
empirical formula as follows,

Eo = 1.49332 4 0.01792x—0.0003228x, (13)

and the increase in E. with increasing Te content can be
described by the empirical relation (Fig. 8(b) solid line),

E. = 0.0607 + 0.00286x—0.0000582x" (14)

where x is the Te content (at.%). The value of the optical gap of
As30Sb;sSess (x=0) specimen is equal to 1.49 eV, which is in
good agreement with that given by Mathew and Philip Pramana
[37]. The decrease in E, of amorphous films can be explained
by the increased tailing of the band tails in the gap [38] from
Fig. 8(a, b). It can be noticed that the values of E, increase as Te
content increases. The Tauc’s model [39] based on electronic
transitions between localized states in the band edge tails may
well be valid for such systems.
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Hurst and Davis [40] explained these results by suggesting
that when the bond energies in the alloy are not very different,
the increase in disorder associated with deviation from
stoichiometry will tend to push the mobility edges further into
the bands, thereby decreasing Ey. Furthermore, comparing £
with H given in Table 2, we can find an increase in E, with Hj
with the increasing Te content of our (As3oSbisSess)ioo—x1ex
system. But according to Refs. [30,31], £, for over constrained
materials with higher connectivity, 4> N,>3, depends more
strongly on H; than for glasses with lower connectivity,
3>N,>2. This result suggests that the parameter Hy/N, has a
very small effect on £, which was confirmed in our study (see
Fig. 9(a, b)).

5. Conclusions

Addition of Te at the expense of Se, As (Sb) results in the
increase of density of the bulk (As;oSbisSess)igo-.1e, alloy
while both of the thermal stability, glass transition temperature,
the average heat of atomization and the cohesive energy
decreases by increasing Te content. Non-direct electronic
transition is mainly responsible for the photon absorption
inside the investigated films. The optical band gap of the
(As3oSbisSess)igo—cTe, films decreases while the width of
localized states increases with the increase in Te content.
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