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Thin films of Bi;;Sb,Seq . (x > 35, 40, 45) of different composition and thickness, were
deposited on glass substrates by vacuum evaporation. Optical absorption measurements
show that the fundamental absorption edge is a function of glass composition, fiilm
thickness and annealing temperature. The optical absorption is due to indirect electronic
transitions. The value of the optical band gap was found to increase with thickness and
decreasing the antimony content and with increasing temperature of heat treatment. The
validity of the Urbach rule was investigated and the respective parameters estimated. X-ray
diffraction was used to obtain an insight into the structural information.

1. Introduction

Chalcogenide glasses have been attracting much at-
tention in the fields of electronics as well as infrared
optics, because they exhibit several peculiar phe-
nomena applicable for devices such as electrical
switches and memories [1, 2] and photoresists [3].

Chalcogenide thin films have been extensively
studied [4-7]. The use of these films for reversible
optical recording by the amorphous crystalline phase
change has recently been reported [8—10]. The chal-
cogenide used for the recording medium must be easy
to amorphize and crystallize. It was reported [11] that
the addition of bismuth to selenium facilitates crystal-
lization.

Glassy chalcogenide semiconductors show great
variations in band gap values which are influenced by
the variation on the composition of such materials
[12-15].

2. Experimental procedure

The system under investigation, Bi;oSb,Seqq_
(x = 35, 40, 45) were prepared from commercial ele-
ments from the Balzers company having high-purity
(99.999%) bismuth, antimony and selenium in appro-
priate atomic percentages; proportions were weighed
using an electric balance and sealed in an evacuated
silica tube under a vacuum of 107 %torr (1
torr = 133.322 Pa). The tube was kept in a furnace at
1000°C for 72 h. Synthesis was accomplished in an
oscillatory furnace designed to ensure homogeneity.
The tube was rapidly quenched in ice-cold water. After
removing the ingot from the ampoule, it was used to
fabricate thin-film samples.
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Thin evaporated films of Bi, (Sb,Segq -, (x > 35, 40,
45) of different compositions were deposited at room
temperature by thermal evaporation on to clean
quartz substrates held at partial pressure of the order
of 1072 torr. The accurate thickness of the films was
measured by an interferometric method.

Annealing was carried out at a particular temper-
ature from room temperature to 423 K. Measure-
ments were made after cooling the films to room
temperature. Absorption measurements in the
wavelength range 350-900 nm were carried out using
a Varian DMS 100S spectrophotometer.

The present work was concerned with some experi-
mental observations on the effects of composition,
heat treatment and thickness variation on the optical
properties of Bi;(Sb,Seqq -, thin films.

3. Results and discussion

3.1. X-ray diffraction of Bi,(Sbh,Seg,_,

X-ray diffraction (XRD) patterns were measured in
order to understand the structural changes produced
in BijoSbssSess, BijoSbyeSeso, and Bi;SbysSess
thin films having different composition, thicknesses
and by heat treatment at different elevated temper-
atures.

Fig. 1a shows the X-ray diffraction patterns of three
different compositions of the chalcogenide glass sys-
tem Bi;,Sb,Seqq - . It is clear from these patterns that
no sharp diffraction lines are present. Fig. 1b shows
the X-ray diffraction patterns of films of the glass
system Bi; Sb,oSesq having different thicknesses. It is
clear from these patterns that no sharp diffraction
lines are present. This indicates the amorphous state,
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but at a thickness of 645.8 nm, small traces of peaks
are observed due to a phase transition. From Fig. lcit
is revealed that the films of composition Bi; ;SbssSeqs
both as-deposited and annealed at 323 and 373 K are
non-crystalline. The grain size of the films was so small
and the disorder within these grains so high that no
specific diffraction peaks could be detected. Slight
traces of peaks are observed for films annealed at
423 K for 2 h, which indicates some amorphous to
crystalline transition as a result of heat treatment at
423 K.

3.2. Optical absorption

The measurement of optical absorption and parti-
cularly the absorption edge is important especially in
connection with the theory of the electronic structure
of amorphous materials. In the high absorption re-
gion, Tauc et al. [16] and Davis and Mott [17] inde-
pendently derived an expression relating the absorp-
tion coefficient o(w), to photon energy, hn

@) = B(ho — Egp)™ /heo (1)

where B is a constant (4no, /ncE,), where c is the speed
of light, o, is the extrapolated d.c. conductivity at
T = o0, E, is a measure of the extent of band-tailing,
n is the refractive index, E,,, is the optical energy gap,
and M is a number which characterizes the optical
absorption process: M = 1/2 for a direct allowed
transition, M = 3/2 for a direct forbidden transition,
M =2 for an indirect allowed transition and M =3
for an indirect forbidden transition.

Absorption at lower photon energy usually follows
the Urbach rule [18], i.e.

a(w) = agexpho/E, (2)
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Figure 1 X-ray diffraction patterns of (a) Bi;,Sb,Seg, - , glass sam-
ples having different composition, (b) Bi; Sb4oSes, having different
thicknesses, and (c) glass samples of Bi;oSbysSess annealed at
different temperatures.
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Figure 2 Absorption spectra as a function of wavelength for
Bi;Sb,Seqq - thin films having different composition and thick-
ness: (a) Bi;oSbssSess (curves 1, 2 and 5) and Bi;oSb,sSe,s (curves
2 and 4); (b) Bi;oSb4oSeso having different thickness.



where E, is the Urbach energy which is interpreted as
the width of the tails of localized states in the band
gap.

The optical absorbance as a function of wavelength
for samples having different compositions and thick-
ness is shown in Fig. 2a and b, respectively. It can be
seen that the position of the fundamental absorption
edge shifts to the higher wavelength region with in-
creasing antimony content and increasing film thick-
ness.

The graph of (shw)'/? versus (hw) (Fig. 3a, b) has
a well-defined linear region thus confirming that

1000

800

600

%

(qf,m)1/2 (ecm” erz)

400

200

800
700 -
600 -
500
400 [

& 300
3

200 -
100 -
0 1 1
0.2 1.0 2.0 3.0
(b) ho(eV)

Figure 3 Optical absorption data of Fig. 2 replotted in accordance
with absorption by indirect transition. (a) Bi;,SbssSess, curves 1--3
and Bi;,SbssSeys, curves 4 and 3. (b) BijgSbyeSes, thin films at
different thicknesses: (1) 40.0 nm, (2) 67.5nm, (3) 450.0 nm, (4)
508.4 nm, (5) 645.8 nm.

Equation 1 is obeyed; values of E,,, and B are given in
Table 1.

Fig. 4a and b demonstrates that the exponential
behaviour of the absorption edge, via Equation 2, is
satisfied in  Bi;oSb,Seqo_, chalcogenide glasses.
Values of the width, E., of the band tails are also listed
in Table 1. The values of E, are very much larger than
0.05 eV and vary with composition. The Tauc model
[197 based on electronic transitions between localized
states in the band edge tails may well be valid in these
glasses. The observed decrease in the optical gap, E,p,
with added antimony can be explained by the in-
creased tailing [20] of the conduction band edge into
the gap, due to the addition of antimony.

The effect of film thickness on E,, can be seen in
Table I, and the optical gap increases with increasing
thickness of Bi; oSb,Seqq—, (x = 35, 40, 45) thin films.
This variation may be explained as due to the presence
of defects in amorphous materials as for a-I; 4Seg .6
films [21], in terms of the elimination of defects in the
amorphous structure. The insufficient number of
atoms deposited in the amorphous film results in the

TABLE I The optical properties of Bi;oSb,Segq-, of different
compositions and thickness

Composition  Thickness (nm) E,,/ E./ B(10°cm™'eV™")
V) (eV)
Bi;oSbssSess 99.0 0.78 0444 1.003
450.0 0.84 0.555 1314
600.0 096 0417 1406
Bi;oSbsoSes, 40.0 0.80 0.480 0.803
67.5 0.72 0415 1.534
450.0 0.74 0.667 0.850
645.8 0.83 0360 1.502
- 0.88 0.550 1.502
Bi;oSbysSeqs 99.80 0.38 0.588 1.650
234.5 040 1.070 1.284
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Figure 4 Data of Fig. 2 replotted in accordance with the Urbach
rule. (a) Bi;oSbisSess, curves 1-3: (1) 99.0 nm, (2) 600.0 nm,
(3) 450.0 nm; BiSb,5Se45, curves 4 and 5: (4) 234.5 nm (5) 99.8 nm.
(b) BijoSbsoSeso. Curves 1-4; (1) 40.0nm, (2) 450.0nm, (3)
645.8 nm, (4) 67.5 nm.
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existence of unsaturated bonds [22]. The unsaturated
bonds are responsible for the formation of some de-
fects in the films which produce localized states in
amorphous solids [23]. Thicker films are character-
ized by a more homogenous network, which minim-
izes the number of defects and the localized states, and
thus the optical gap increases. These results are in
good agreement with these obtained for Bi, Te,Se thin
films [4].

The absorbances of the as-deposited and annealed
Bi;(Sb.Seq,_, thin films are shown in Fig. 5a and b.
The curves are shown to be identical in character,
but they shift to longer wavelength with increasing
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Figure 5 Optical absorption spectra of annealed BipSb.Seqp-
thin films. () Bi; gSbaoSeso, thickness 450 nm, curves 1-3: (1) 323 K,
(2) 373 K, (3) 423 K; Bi;SbssSess, thickness 600.0 nm, curves 4-7:
4) 373K, (5) 323K, (6) 298K and (7) 423 K. (b) Bi;oSbssSess,
thickness 234.5 nm, curves 1—4: (1) 373K, (2) 323 K, (3) 298 K and
(4) 423 K.
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annealing temperature, and so the values of E,,, in
general, decrease (Fig. 6). The increase in the absorb-
ance value of the chalcogenide films after annealing
can be related to some transformation from a glassy
structure to a more crystalline phase. The calculated
values of E,,, and E, from Fig. 7 are listed in Table IL
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Figure 6 Data of Fig. 5b replotted in accordance with the theory of
indirect transitions. Curves 1-3: (1) 323 K, (2) 373 K and (3) 423 K.
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Figure 7 Data of Fig. 5 replotted in accordance with the Urbach
rule, (a) Bi;pSbssSess, thickness 600.0 nm, curves 1-3, for temper-
atures 323, 373 and 423 K. (b) Bi;(Sb4eSeso, thickness 450.0 nm,
curves 4-6, at annealing temperatures 373, 323 and 423 K, respec-
tively. (c) BiyoSbysSeys, thickness 234.5 nm, curves 7-9 at annealing
temperatures 323, 373 and 423 K.



TABLE II The effect of heat treatment on the optical properties of Bi;(Sb,Segq -«

Composition Temperature Thickness Eop/ E./ B(10°cm™ eV
(K) {nm) (V) (V)

Bi,;(SbssSess 293 600.0 0.96 0.417 1.4063
323 0.92 0.413 1.269
373 0.92 0413 1.269
423 0.86 0.414 1.097

Bi,0Sb40S¢s0 293 4500 0.74 0.667 0.850
323 0.68 0.592 0.834
373 0.65 0.671 0.803
423 0.57 0.775 0.711

Bi;oSbasSeas 293 234.5 0.40 1.07 1.284
323 0.40 1.05 1111
373 0.36 1.05 1.110
423 0.26 1.10 1.140

A decrease in the optical band gap of the amorph-
ous films can be caused by the increased tailing of the
conduction band edge into the gap due to environ-
mental contamination during heat treatments [25].
On the other hand, the growth of the crystallization
phases with increasing annealing temperature can lead
to an increase in the optical band gap. In the present
work, the observed decrease in the optical band gap
after heat treatment can be interpreted by the higher
effect of the environmental contaminations over that
of the crystallization phases on the optical properties
of Bi;oSb,Seqq -, chalcogenide films.

4. Conclusion

Increasing the molar percentage of antimony caused
an increase in the disorder of the system under invest-
igation. This caused the defect or localized states to
extend further into the band gap. The optical para-
meters, Eo,, B, and E., are affected by both film
thickness and annealing temperature. This confirms
the effect of these two factors on the density of localiz-
ed states.
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