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Optical properties of Bi2Te2Se thin films 

E. Kh. SHOKR, M. M. W A K K A D  
Physics Department, Faculty of Science, Sohag, Egypt 

Some optical parameters of Bi2Te2Se thin films, determined from the measured absorbance 
and transmittance at normal incidence in the visible spectral range, were studied as functions 
of film thickness and annealing temperature. These parameters were found to be sensitive to 
both film thickness and microstructure change caused by annealing in a film. The effect of 
thickness and temperature of annealing on the optical gap was interpreted in terms of 
elimination of defects and change of disordering in the amorphous matrix. 

1. Introduction 
Nowadays, interest in solar absorption has created 
a great demand for studies of the optical absorption 
spectra and determination of the optical constants of 
actual thin films of absorbing semiconductor mater- 
ials in the visible and infrared spectrum regions. Chal- 
cogenides are promising as solar cell materials due to 
the advantage of easy film formation inherent to the 
glasses. 

It has been shown by many workers that the electri- 
cal properties of semiconductors are strongly depend- 
ent upon the band gap [1, 2]. Glassy chalcogenide 
semiconductors show great variations in band gap 
values, which is influenced by the variation in the 
composition of such materials (e.g. [3-5]). Studies on 
the infrared absorption for BizTeSe z and BizTezSe 
compounds [6] showed that both compounds seemed 
to be narrow band gap semiconductors with optical 
gap values of 0.1 and 0.075 eV, respectively. The differ- 
ence in band gap (Eg = 0.025 eg) was attributed to the 
increase in the percentage of tellurium which creates 
localized states in the band gap because of the local 
perturbation of the structure. In addition, it has been 
reported that excess tellurium and the Se-Te system 
continuously decrease the activation energy with in- 
creasing percentage of tellurium [7]. The increase in 
the number of tellurium atoms can reflect the decrease 
in band gap [2]. However, studies on the optical 
properties of Bi2TezSe thin films in the visible spectral 
range have not received any attention. 

On the other hand, variations in the optical prop- 
erties of BizTezSe alloy with thickness and heat 
treatment of the films deserves a comprehensive in- 
vestigation. As extrapolation [8-10] changing of 
either fihn thickness or heat treatment is expected to 
be associated with corresponding changes in the num- 
ber of disorders and defects in the amorphous struc- 
ture of chalcogenide materials. Thus, it was decided to 
study the effect of both film thickness and micro- 
structure change caused by annealing on some of the 
optical parameters of Bi2T%Se thin films in the spec- 
tral range 380-780 nm. 

2. Experimental procedure 
Bulk material of Bi2Te2Se alloy was prepared from 
99.999% pure bismuth, tellurium and selenium by 
means of the usual melt-quench technique, as de- 
scribed elsewhere [11]. In addition, quenching was 
performed at 0~ in ice-water. The microstructure 
analysis was performed using an X-ray diffractometer 
type Philips model PW1710. The powder X-ray dif- 
fractogram shown in Fig. 1 proved that the structure 
of the as-prepared ingot consists of polycrystalline 
BizT%Se phase [6]. 

Thin films of the prepared composition were de- 
posited at room temperature at a deposition rate 
of 2 nm s-1, by thermal evaporation under a vacuum 
of 5 • 10 5 torr (1 torr = 1.333 x 102 Pa) using an 
Edward's high-vacuum coating unit model E306A. 
Clean Corning glass was used as substrates. The 
thickness of a film was controlled by means of an 
Edward's high-vacuum FTM5 film thickness monitor. 

Both absorbance, A, and transmittance, T, of a film 
were measured by using a Cecil CE599 double-beam 
automatic scanning spectrophotometer combined 
with a CE836 program controller in the spectral range 
380-780nm at normal incidence. The spectral de- 
pendence of both A and T for virgin and annealed 
films with film thickness, d (nm), and temperature of 
annealing, T, (~ were as shown in Figs 2 and 3, 
respectively. 

Annealing was carried out at a particular temper- 
ature for 12min. The proposed parameters were 
measured after cooling films to room temperature. 

3. Results and discussion 
3.1. X-ray diffraction analysis 
Considering the X-ray diffractograms shown in Figs 1 
and 4, the following general features can be extracted. 
The method used for preparation of the working 
material resulted in good alloying, because X-ray 
peaks corresponding to elemental or binary consti- 
tuents are not included. The prepared films were 
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Figure 1 X-ray diffraction pattern for the as-prepared ingot. 
(C)) Bi2TezSe. 
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Figure 2 Spectral dependence of(1 5) absorbance and (1'-5') trans- 
mittance for as-deposited films prepared at (1, 1') 80, (2, 2') 100, 
(3, 3') 120, (4, 4') 150, (5, 5') 200 nm film thickness. 
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Figure 3 Spectral dependence of( l -4)  absorbance and (1'-4') trans- 
mittance for films annealed at T, (~ = (1, 1') 200, (2, 2') 250, (3, Y) 
350 and (4, 4') 400 for 12 rain. d = 120 nm. 

polycrystalline which are embedded in an amorphous 
matrix. The degree of disordering changes nonsequen- 
tially in a film with increasing annealing temperature, 
as can be confirmed from the nonsequential revelation 
and nonsequential intensity change of X-ray peaks 
with T a. However, the observed decrease in the intens- 
ity of peaks at Ta = 400 ~ may be caused by the loss 
of metallic tellurium atoms as T, ~> 375 ~ [12]. 
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Figure 4 X-ray diffraction spectra of(C)) Bi2Te2Se thin films: (a) as- 
deposited film, and (b-d) films heat-treated at 250, 350 and 400 ~ 
for 12 min, respectively. 

3.2. Opt ical  gap, Eop t 
For many glassy and amorphous non-metallic mater- 
ials, the absorption edge can be divided into two 
regions depending on the value of the absorption 
coefficient, ~. For ~ < 10 4 cm-  1 there is usually an 
Urbach tail [13] in which ~ depends exponentially on 
photon energy, hr. Accordingly [14, 15] for 10 4 ~< 
(cm t) ~< 10 6 the following relation is obeyed 

~zhv = B ( h v  - -  Eopt) r (1) 

where hv is the incident photon energy, B is a para- 
meter that depends on the transition probability and r 
is a number which characterizes the transition process. 
The usual method for the determination of the values 
of Eop t and B involves plotting a graph of (~hv) ~/r 
against hv. 

An analysis of the spectra of Figs 2 and 3 shows that 
is in the high absorption region because it takes 

values in the range 5.2 x 104-11.4 x 104 cm-  1. In addi- 
tion, the spectral variation in a for either virgin or 
annealed specimens can be described by Equation 1 
with r = 1, indicating direct allowed transitions in the 
ranges of h v  of approximately 2-3 and 2.21-3.16eV, 
respectively (Figs 5 and 6). The determined values of 
Eop t and B are listed in Table I. As shown, the optical 
gap increases from ~ 0.66eV reaching its saturation 
value ~ 1.21 eV with increasing film thickness from 
80-150 nm. This effect of film thickness on Eop t can be 
interpreted, as for a-Ino.gSeo.6 films [8], in terms of the 
elimination of defects in the amorphous structure. The 
insufficient number of atoms deposited in the amorph- 
ous film results in the existence of unsaturated bonds. 
These bonds are responsible for the formation of some 
defects in the films which produce localized states in 
the band gap. Thicker films are characterized by a 
homogeneous network, which minimizes the number 
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Figure 5 (=hv) z versus hv for as-deposited films at d (nm) = ( 0 )  80, (�9 100, ( x ) 120, (A) 150, and (IV) 200 nm. 
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Figure 6 (~hv) 2 versus hv for films annealed at T, (~ = (V) 200, ( 0 )  250, (A) 350 and (�9 400 for 12 min. d = 120 nm. 

T A B L E  I Variation 
as-deposited films and 
wiih thickness d = 120 

of Eop t and B with film thickness d for 
with annealing temperature, T,, for films 

nm 

Eop , (eV) B (105 cm 1 eVi/2) 

d (nm): 80 0.66 1.07 
100 1.12 1.38 
120 1.18 2.4 
150 1.21 1.96 
200 1.21 1.39 

T~ (~ RT 1.18 2.4 
200 1.17 2.4 
250 1.22 2.17 
350 1.21 2.27 
400 1.25 1.80 

of defects and the localized states, and thus the optical 
gap increases. On the other hand, a nonsequential 
change of Eopt could be observed with Ta. This behavi- 
our may be due to the nonsequential change of intens- 

ity of crystallization of Bi2Te2Se with annealing 
temperature (Fig. 4) which results in a nonsequential 
change of the number of disorders and defects present 
in the amorphous matrix with Ta. However, the in- 
crease in Eopt observed as Ta increased from 350 to 
400 ~ may be partially due to the loss of tellurium 
atoms [2, 6]. This tellurium loss causes an increase in 
the carrier concentration and free carrier absorption, 
thereby increasing the optical gap. 

3.3. H i g h - f r e q u e n c y  die lectr ic  constant ,  s~ 
Neglecting multiple reflections, the transmittance of a 
perfectly smooth film deposited on a perfectly smooth 
substrate is determined by the relation [16, 17] 

T = (1 - R) 2 e x p ( - A )  

= (1 - R) 2 e x p ( -  ~d) (2) 

where R is the reflectance and d is the film thickness. 
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Figure 7 ~' versus X 2 for as-deposited Bi2TezSe thin films at 
d = (O-lower) 80, (O) 100, ( x ) 120, (O) 150 and (A) 200 nm. 

T A B L E  II Variation of ~ ,  N/m* and no with film thickness for 
as-deposited films and with annealing temperature for films with 
thickness d = 120 nm 

g" N/m* (1022 cm 3) no 

d(nm): 80 14 0.09 3.5 
100 15 0.15 3.7 
120 41.1 1.64 6.2 
150 46.1 1.78 5.8 
200 40.4 1.86 6.0 

T a (~ RT 41.1 1.64 6.2 
200 56 3.12 6.4 
250 46 2.23 5.8 
350 86 8.36 6.3 
400 38 1.54 5.1 
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Accordingly [18], the real component of the relative 
permittivity, g', and the square of wavelength, X 2, are 
correlated through the following equation: 

~p ~ /,12 

Figure 8 ~' versus X 2 for films annealed at T a (~  (V) 200, 
( 0 )  250, ( x ) 300, (&) 350, (Q) 400 for 12 min. d = 120 nm. 

: (, + R1,2)2 
1 - -  R 1/2 

e 2 N 
, X2 (3) ~oo ~C 2 /3/* 

where n is the refractive index, a"  is the infinitely high- 
frequency dielectric constant, e is the electronic 
charge, c is the velocity of light and N/m* is the ratio 
of carrier concentration to the effective mass. Figs 7 
and 8 show the ~' versus X 2 plots of the present 
material at different thicknesses and different temper- 
atures of annealing, respectively. Values of e"  and no 
(no is taken as the average value of the refractive index 

in the range 380 ~< X (nm)~< 780) and N/m* are 
shown in Table II. 

It is clear that e ' ,  no and N/m* are strongly affected 
by the change in the value of either film thickness or 
the temperature of annealing. Although, these para- 
meters seem, in general, to increase with film thick- 
ness, they change  nonsequentially with annealing 
temperature. On considering the results given in 
Table II, together with those in Table I and Fig. 4, it 
can be concluded that the parameters a'~, no and 
N/m* are strongly dependent on the internal micro- 
structure change caused by the change in either film 
thickness or heat treatment. 
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4. Conclusions 
The structure of films prepared by vacuum thermal 
evaporation at room temperature from melt-quenched 
Bi2Te2Se alloy is partially amorphous. The degree of 
disordering depends nonsequentially on the temper- 
ature of annealing. 

The optical parameters Eopt, B, ~'~, N/m* and n o 
are affected by both film thickness and annealing 
temperature. This confirms the effect of these two 
factors on the density of localized states and micro- 
structure of the test samples. 

The spectral dependence of ~ can be described by 
Equation 1 with r = �89 in the photon energy range 

2-3 eV, indicating direct allowed transitions. 
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