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Amorphous semiconducting thin films of Segy.,ZnsTesln, (x=0, 2, 4, 6, 8 and 10 at. %) are
deposited on glass substrates by thermal evaporating technique with thickness about of
1000 nm. The transmittance spectra are investigated by Swanepoel method to compute the
optical coefficients and parameters in the spectral region of (400-2500) nm, such as
absorption coefficient o, extinction coefficient k, optical band gap, Egand refractive index,
n. The optical absorption edge is described by using the non-direct transition model in
terms of Tauc relation. The obtained values of both n and k were found to be dependent of
the In content in the investigated samples. Also, other parameters have been computed like
the real, (¢,) and imaginary (e;) parts of complex dielectric constants. The dispersion
parameters (dispersion energy, Eg, oscillation energy E,) were discussed according to the
single oscillator Wemple—DiDomenico model. The non-linear refractive index, n, was
computed by using Tichy-Ticha and Fourier-Snitzer relationships.
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1. Introduction

Chalcogenide glasses are one of unique groups of amorphous structures, due to their
outstanding properties such as low phonon energy, high photosensitivity, high refractive index (2.0
> n > 3.7), high transparency in the infrared region and a high second/third-order optical
nonlinearity [1-5]. Therefore, chalcogenide glasses have received great scientific and technical
interests for many potential applications such as xerography switching, memory devices,
photolithographic process, chemical sensing, scanning near field microscopy/spectroscopy, IR
sources/lasers, realization of microstructures in integrated optics, fabrication of inexpensive solar
cells, and more recently as reversible phase change optical recorders [1, 6-9].

Selenium-based chalcogenide glasses have advantages of high transparency in the broad
middle and far IR regions in addition to strong nonlinear properties [10], low thermal conductivity,
low melting point and exceptional stability, allowing for the formation of glasses while doping
with various other elements [11,12]. Tellurium on the other hand supplies properties which are
needed now days in cutting edge technologies based on chalcogenide glasses [13]. These
properties mostly include transmittance in the far infra-red region which is used in optical fiber
and IR optics [1, 14] and ultrafast crystallization which is used in phase change optical data
storage devices [15-18]. Even though Se-based chalcogenide glasses have great applications,
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thermal instability leading to crystallization is considered as one of the draw backs of these alloys.
Many researchers have tried to enhance the stability of Se-Te by addition of a third element.
Addition of a third element to binary selenium alloy results remarkable change in the optical,
electrical and thermal properties of chalcogenide glasses. In recent years, Zn containing ternary
chalcogenide glasses attracted considerable interest since it has higher melting point, metallic
nature, and advanced scientific interest [19].To enlarge applications of Se-Te-Zn films; Indium is
added which has a large electro-negativity difference with Se and Te. The addition of In expands
the glass forming area, creates compositional and configurationally disorder in the system and
modify the structure, electrical and thermal properties of the ternary Se—Te-Zn system [20-25].

Among the interesting properties of chalcogenides glasses, optical properties have been
the subject of intense studies to extract critical-material parameters, includes band structure,
optical band gap, absorption coefficient, dispersion of refractive index. Knowledge of these
parameters can develop their potential technological applications.

Chalcogenide thin films are experimentally prepared by different techniques includes
thermal evaporation, chemical deposition, laser sputtering, and others [26, 27]. Preparations
conditions, film thickness and deposition rate have vital effect on the optical features of the
resultant thin films. In thin film terminology, thin film stack consists of thin absorbing layer (dsn=
600-1200 nm) of semiconducting material deposited on thick substrate (dsu,s =1-2 mm). Therefore,
thin film stack is consisted of three successive interfaces, which are: air-film, film-substrate and
substrate-air. Hence, multiple reflections and transmissions of the incident light waves at the film
stack occur. However, if the optical thickness of the film is enough to generate several interference
extremes, it is possible to calculate the optical constants such as the refractive index and extinction
coefficient from only the transmittance data [28-33]. A simple and straightforward method has
been proposed by Swanepoel based on the use of the extremes of the interference fringes of
transmission spectrum alone for determining the optical constants [33].

The aim of this work, studied of the effect of In at expense of Se on the optical properties
of SegoxTesZnsIn, (x=0, 2, 4, 6, 8 and 10 at. %) thin films, based on a proposal from Swanepoel's
to computed the optical parameters employ only the transmission spectra. The famous Swanepoel's
method has been inserted to deduce the refractive index, film thickness, the extinction coefficient
(k) and then the rest of the optical parameters and constants in the transparent region. The
dispersion parameters are discussed using Single-oscillator Wemple-DiDomenico model. Also,
Non-linear refractive index was calculated. All these parameters are very important for
applications in optoelectronic devices.

2. Experimental details

Bulk chalcogenide samples of SegyZnsTesln, (x = 0, 2, 4, 6, 8 and 10 at. %) were
prepared based on the conventional melt-quenched technique. The high-purity elements were
weighed and placed together in a preleased and outgassed silica ampoule, which was evacuated to
a pressure of about 10 * Pa and then sealed. The synthesis was performed in a rocking furnace at a
temperature of approximately 950 °C, for about 24 h. After the synthesis, the melt was quenched
in water at 273 K to obtain the Se-Zn-Te-In glassy alloy. The glass thin films were deposited onto
well-cleaned glass substrates kept at room temperature by thermal evaporation technique using a
coating unit (DV-502A,; Denton Vacuum, Cherry Hill, NJ, USA) under high vacuum conditions
(107° Pa). The deposition rate was adjusted to 10 A/s which was continuously measured using a
quartz crystal DTM 100 monitor. With this deposition rate, the chemical composition of the
prepared films was found to be close to that of the starting bulk material. The thicknesses of the
as-deposited films studied are about 1000 nm to avoid the effect of film thickness. During the
deposition process, the substrates were kept at room temperature 300 K. The substrates were
rotated at slow speed 5 Rev/min to obtain a homogenous and smooth film. In evaporation process,
FTM®6 thickness monitor is used to display the thickness of the produced films. X-ray diffraction
(XRD) Philips diffractometry (1710), with Cu-K, radiation (A=1.54056 A) have been used to
confirm the amorphous nature of the deposited films. The optical transmittance T and reflectance R
of the deposited films were measured using a UV-Vis-NIR JASCO-670 double-beam
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spectrophotometer. The transmittance spectra in the wave length range (400-2500 nm) were
collected at normal incidence without a substrate in the reference beam, whereas the reflectance
spectra were measured using a reflection attachment closes to normal incidence (~5°). All the
optical measurements were made at room temperature.

3. Results and discussion

3.1. Structural properties

XRD analysis results of the as-deposited films grown on silica glass substrate are
represented in Fig. 1. The XRD patterns demonstrate that the films exhibit mainly amorphous
structure and do not exhibit any sharp peaks for crystalline phase. The X-ray intensity data were
collected in the angular ranges 26 = 5-90°. The presence of two amorphous humps may be
clarified in terms of the finding of two amorphous phases of glass.

Segp_yZnsTesIn, thin filmsofd=1000nm

Intensity (a.u)

T T T T T
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Fig. 1. X-ray diffraction patterns of Segg_yZnsTesIn, (0 <x < 10) thin films.

3.2. Effect of In additive on the optical properties of Se-Te-Zn thin films

The spectral dependence of the optical transmittance, T and the reflectance, R of the
investigated samples can be obtained. Fig. 2 shows the transmittance, T and reflectance, R spectra
of the deposited films as a function of wavelength. The ‘non-shrinking’ interference fringes
(fringes of equal chromatic order, FECO) observed in the transmittance spectra at wavelength
(800-2000nm) indicates the homogeneity and smoothness of the deposited films. Moreover, the
absorption edge moves towards the less photon energy as In contents increases in the Se-Zn-Te
glass. This could be attributed to decreasing the energy gap as a result of In substitution for Se
atoms in the mentioned Se-Zn-Te glass.

d=1000% 0.0nm

Seog xZnsTeslng

—_ =t

T T T
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Fig. 2. A typical optical transmission—reflection spectra of amorphous Seg,_xZnsTesIn,
(0 <x < 10) thin films.



136

According to Swanepoel's method, which is based on the idea of creating upper and lower
envelopes of the transmittance spectrum [34]. It showed the construction of the two envelopes Ty
(4) and Tn (4) in all studied samples. The values of Ty (1) and T, (4) for (the sample: 1) are
illustrated in Fig. 3 and listed in Tables 1. We considered (the sample: 1) as a mathematical
example for other samples that were calculated in the same way.
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Fig. 3. A typical optical transmission-reflection spectrum of SegqyZnsTes thin film. The Ta
and T, are shown as red and black circle, respectively.

3.3. Determination of the refractive index and the film thickness

The refractive index n is a significant parameter, which is an essential property for the
practical applications. It is associated with the electronic polarizability of ions as well as electric
field within the material. Both the refractive index n and the film thickness of Seq,_ZnsTesln, thin
films can be computed as follows:

The necessary values of the refractive index of the substrate, s, are obtained from the
transmission spectrum of the substrate, T, by using the well-known equation [35]

1
s=Ti+(Ti—1)2 M

S S

Based on Manifacier et al idea [34] of creating the upper and lower envelopes Fig. 3 of
interference fringes, Swanepoel have introduced a method for analyzing a first, approximate value
of the refractive index of the film ny, in the spectral region of medium and weak absorption,
according to the expression

12
nlz[Nl+(Nf—sz) } 0]
where

m o+ 3
TuT, 2 ®)

Here Ty and Ty, are the transmission maximum and the corresponding minimum at a
certain wavelength 1. Alternatively, one of these values is an experimental interference extreme
and the other one is derived from the corresponding envelope; both envelopes were computer
generated using the origin version 7 program using more than one procedure. The values of the
refractive index ny, as computed from Eq. (2), are shown in Table 1.



Table 1. Values of two envelopes Ty and T,, of (the sample: 1). The computed values

of refractive index and film thicknesses are based on the envelope method.
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X at.% Ze(nM) Twu Th S ny d; (nm) m, m d,(nm) n,
752 0.7227 04879 1419 254 - 7.07 - -- 2.56
794 0.7385  0.5019 1422 251 1106.40 6.62 65 102527 251
844 0.7548 0516  1.425 248 1063.92 6.16 6 1017.05 2.46
902 0.7705  0.5326 1427 245 1049.64 567 55 1011.78 242
=0 974 0.786 0.5492 1.430 241 1044.07 5.18 5 1008.17  2.37
1062 0.8008 0.5655 1432 238 1024.59 468 45 1003.74 2.33
1172 0.814 0.5815 1433 234 1016.87 4.17 4 999.57  2.29
1318 0.8274 05971 1433 231 1005.72 366 35 99793 225
1512 0.8427 0.6120 1429 2.28 -- 3.15 3 993.93 222
1790 0.8594 0.6275 1419 2.24 - 262 25 99485 218

d, =1044.46 nm o, =31.39 (3 %) d, =1005.81 nm o, =10.07 (1%)

If ne; and ng, are the refractive indices at two adjacent maxima (or minima) at 1; and 4,, it
follows that the film thickness is given by the expression:

d — /11]“2
2(ﬂ1ne2 - ﬂvznel)

4)

The values of film thickness are listed in Table 1 as d;. Also, the average value of dj,
corresponding to the (sample: 1) is listed in Table 1.
It is necessary to consider the basic equation for interference fringes:

2nd =mA (5)

where the order number m is an integer for maxima and a half integer for minima, this value of m
can now be used, along with n,, to calculate the ‘order number’ mq for the different extremes using
Eq. (5).

The accuracy of d can now be significantly increased by taking the corresponding exact
integer or half integer values of m associated with each extreme Fig. 3 and deriving a new
thickness, d, from Eqg. (5), again using the values of ny, the values of d, found in this way have a
smaller dispersion (6> ;). It should be highlighted that the accuracy of the final thickness is
approximately better than 1% (Table 1).

The accurate value of n in Eg. (5) can be solved by the exact value of m at each 1 and,
thus, the final values of the refractive index n, are obtained as listed in Table 1.

Now, the dependence of n on wavelength of the studied thin films is showed in Fig. 4. The
values of the refractive index increase with the increase in the concentration of the In content. This
increase is related to the increased polarizability of the larger In atomic radius 2.00 A compared
with the Se atomic radius 1.22 A. To induce the refractive index in both strong absorption region
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and transparent region, the Cauchy equation is used which is valid in thin film model. Now, the
values of n can be fitted to a reasonable dispersion function such as the two-term Cauchy function,
n(A) = a + b/A% which can be used for extrapolation the whole wavelength dependence of
refractive index Fig. 4. The values of Cauchy coefficient, a and b are listed in Table 2.
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Fig. 4. Dispersion of refractive index, n versus wavelength, 1 of amorphous
SegyxZnsTesIn, (0 <x < 10) thin films.

Table 2. The values of fitted Cauchy coefficients (a and b) of amorphous Seq,_ZnsTesln, thin films.

h x at. %
n=a+—
Refractive index, A
b (nm)Z a
254833.2 2.109 0
289144.1 2.123 2
299321.2 2.163 4
305886.9 2.193 6
315103.5 2.215 8
314045.9 2.246 10

3.4. Determination of the optical parameters
In the strong absorption region, the absorption coefficient a« can be obtained of the
experimentally measured values of R and T according to the following expression [36]:

1, 1-R)?>+[@-R)* + 4R?T? |'"?

6
2T ©

a=

where d is the sample thickness. Fig. 5 shows the absorption coefficient as a function of photon
energy for the different compositions. It is clear that with increasing In contents in all the
specimens under study, the absorption edge (a >10%) shifts towards the less photon energy that is
related to the decreasing of the optical band gap with the variation of the different chemical
compositions as a result of In additive.
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Fig. 5. The absorption coefficient, « versus photon energy, hv of amorphous
Segy_sZnsTesIn, (0 <x < 10) thin films.

The extinction coefficient can now be obtained from the values of 2 and o using the
formula, k =[ad/4x]. The dependence of k on the wavelength of the studied thin films is

illustrated in Fig. 6. The extinction coefficient decreases with an increase in wavelength due to low
loss of the fraction of light because of scattering and absorbance process. It is seen that the
extinction coefficient is increasing with an increase in In content for entire wavelength (400-750
nm). The increase in number of localized states result in more scattering losses and increase in the
k value.
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Fig. 6. The extinction coefficient, k versus wavelength, 1 of amorphous
Segg_ZnsTesIny (0 <x < 10) thin films.

The absorption coefficient of amorphous semiconductors, in the high-absorption region (a
>10%), is given according to Tauc’s relation for the allowed non-direct transition [37] by the
following equation:

A(hv—E®)?

a(hv) = ™

O

where A is a constant which depends on the transition probability and E;’pt is the optical band gap.
Fig. 7 shows (ahv)™? versus photon energy (hv) for the six different composition thin films. The
values of the optical band gap E ;™ were taken as the intercept of (a/v) versus (hv) at (o) =

0 according to Tauc’s relation for the allowed non-direct transition.
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Fig. 7. The dependence of (ahv)"? on photon energy, hv of amorphous
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Table 3. Values of energy gap, Eg""‘, width of localized states, E., the single oscillator energy, E,, the

dispersion energy, E4 and the static linear refractive index, n,, of amorphous Seg,_ZnsTeslIn, thin films.

Dispersion parameters Optical parameters
X Eoev) | Ea (ev) n{o) &5 lindir] (ev) Ee (V)
0 3.389 14.59 2.30 1.85 0.168
2 3.296 14.91 2.35 1.82 0.173
4 3.276 15.47 2.39 1.79 0.176
6 3.262 15.88 242 1.74 0.179
8 3.250 16.30 245 1.69 0.184
10 3.247 16.59 247 1.63 0.189

The optical band gap derived for each film is listed in Table 3. According to Urbach
relation [38], the absorption depends exponentially on the photon energy at lower values of the
absorption coefficient (1<a <10* cm™):

a(hv)=q, exp[g] ©)

e

where aq is a constant and E. is the Urbach energy (related to the width of the band tail of the
localized states at the conduction or valence band edge). Fig. 8 shows the dependence of In(a) on
photon energy hv of the studied thin films, from which the Urbach energy E. is estimated. The
values of E. (the Urbach energy) are computed and listed in Table 3. It is obvious that Energy gap,

E g‘“ decreases with increasing In content but the Urbach energy E. increases, this mean that an

additional of In lead to an increase of the localized states within the band gap. Davis and Mott [39]
informed that the presence of high density of localized state in the band structure is responsible for



141

the lower values of optical gap. It seems that our results have a good agreement with Davis and
Mott suggestion.
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Fig. 9. The variations of loss factor as a function of photon energy, hv
of amorphous Segy_ZnsTesIny (0 <x < 10) thin films.

3.5. Determination of the loss factor
Dielectric properties have significant role in electrical applications thus; studying and

determining ¢ has some extent of importance. It has two parts; the real, ¢, and imaginary parts, &;.
These of parameters are functions in n and k and can be computed based on [40]:

=g +ig 9)
g =n’-k? (10)
& =2nk (1)

Loss factor (dissipation factor) can be deduced of the ratio of the imaginary part to the real
part of the dielectric constant [41]:

tan(s) :;"—i (12)

r
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The variations of loss factor as a function of photon energy is plotted in Fig. 9. With
increasing photon energy, loss factor increases.

3. 6. Determination of the dispersion parameters

The refractive index dispersion has been investigated by using Wemple and DiDomenico
(WDD) single oscillator model [42, 43], where the optical data could be described to an excellent
approximation by the following expression:

(n?-1yt=Ze 2
E, EE,

o

(hv)? (13)

where h is Planck’s constant, v is the frequency, Av is the photon energy, E, is the single-oscillator
energy and Eq is the dispersion energy. The physical meaning of E, is related to the average
strength of inter-band optical transitions and is associated with the changes in the structural order
of the material and the effective oscillator energy, while E, can directly correlate with the optical
energy gap by an empirical formula (E, ~2E) [44]. E, is considered as an average band gap, the
so-called WDD band gap, and it corresponds to the distance between the ‘centers of gravity’ of the
valence and the conduction bands: E, is, therefore, related to the bond energy of the different
chemical bonds present in the material. Plotting (n?> —1) "' versus (hv)? and filling the data to a
straight line Fig. 10.

0.30

SegpZnsTesin,

0w V)

Fig. 10. Plot of refractive index factor (n®1)™ versus (hv)? of amorphous
Segg_xZnsTesIn, (0 <x < 10) thin films.

E, and Eq4 can be determined from the intercept, E, /Eq and the slope, (—1/ E, Eg). The static
refractive index n, (at zero photon energy) is calculated by extrapolating the WDD dispersion
equation to #/v—0 (the static refractive index), gives the equation:

E X

n, =[1+—=%]?

=l g
(14)

The obtained values of E,, Eq and n, for the studied thin films are listed in Table 3. It was
observed that, with increasing In content, the single-oscillator energy E, decreases while the
dispersion energy E4 and the static refractive index, n,increases. Eq increases with increasing In

content, while there is a decrease in the Se-Se homopolar bonds. It means indium is more
coordinated in the glass matrix. The value of E, increases with increasing In content, due to the
increase in the effective coordination of the cation.
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3.7. Determination of the non-linear refractive index

In terms of Tichy and Ticha relationship [45], The nonlinear refractive index, n, was
deduced. Tichy and Ticha relationship is a combination of Miller’s popularized rule and static
refractive index computed from WDD model as [45, 46]:

127
nO
where ¥ is third order non-linear susceptibility and computed from the following relation [47]:

n, =[=——1x% (15)
29 =AL"T (16)

where ¥ is linear susceptibility which is expressed as:

1 E
o _ d 17
X 4ﬁ[E ] 17)

0

where A = 1.7x10™ (for 4 in esu). Therefore, »® is expressed as:

3 A 2 4
29 = G (no _1) (18)

Fig. 11 plots the non-linear refractive index according to Tichy and Ticha relationship
versus wavelength of the investigated samples. The non-linear refractive index decreases with
increasing wave length and increases with increasing In content.
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Fig. 11. Plots the non-linear refractive index according to Tichy and Ticha relationship
versus wavelength of the studied samples.

Fournier and Snitzer [48] proposed another way to computed the non-linear refractive
index on the basis of linear refractive index (n) and WDD parameters (E,, E4) in the following
relation:

2 2 2
n“+2)°(n“-1) E
n, =D B (19)
487nN E,
where N is the density of polarizable constituents which is computed by using density/molar
volume data. The nonlinear refractive index is deduced in esu [49, 50].

Fig. 12 shows the variation in nonlinear refractive index, n, according to Fournier and
Snitzer relationship with wavelength. Also, the values of non-linear refractive index n, do the same
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as with Tichy and Ticha, i.e. decrease with increasing wave length and increase with increasing In
content.

Se0()-rZnsTesIny
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Fig. 12. Plots the variation in nonlinear refractive index, n, according to Fournier
and Snitzer relationship with wavelength of the studied samples.

4. Conclusion

XRD patterns of thermally evaporated films of SegqZnsTesIn, (x=0, 2, 4, 6, 8 and10 at.
%) alloys ensure the amorphous nature for all the samples. Analyzing the results of the optical
measurements showed that:

. The optical band gap of the studied films decreases slightly with increasing In
content, the value of Ey decreases from 1.85 to 1.63 eV. This decrease may be correlated with the
increase of the localized states within the band gap by the additional of In.

o The values of the refractive index increase with the increase in the concentration
of the In content. This result is related to the increased polarizability of the larger In atomic radius
2.00 A compared with the Se atomic radius 1.22A.

. The extinction coefficient has the same behavior of refractive index; reduce for
all the investigated films with increasing the wavelength of incident photons, increasing with
increasing In content.

° The dispersion parameters such as Eg4, n, increase with increasing In content while
E, decreases.

. Non-linear refractive index, n, was estimated according to two models Tichy-
Ticha and Fourier-Snitzer. The two models ensure that the non-linear refractive index decreases
with increasing wave length and increases with increasing In content.
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