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Physical properties of In3sSbysSe,o_xTex thin films with different compositions (x=2.5, 5, 7.5, 10, 12.5
and 15 at%) prepared by electron beam evaporation method are studied. X-ray diffraction results
indicate that the as-evaporated films depend on the Te content and the crystallized compounds consist
mainly of Sb,Se; with small amount of Sb,SeTe,. Transmittance and reflectance of the films are found to
be thickness dependent. Optical-absorption data indicate that the absorption mechanism is direct
transition. Optical band gap values decrease with increase in Te content as well as with increase in film
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1. Introduction

The phase change material is a kind of new material rapidly
developing in recent years with wide application fields. Phase
change materials, based on their reversible switch between the
amorphous and crystalline states, have been used for optical
rewritable data storage media [1-3]. Recently, they were also
shown to exhibit a great potential for use in future electronic
nonvolatile memory devices, the so-called phase change random
access memory (PRAM) [4-6]. A focused laser beam is employed as
a heat source for optical data storage applications, while a current
pulse is used to heat the active layer of PRAM devices. The
amorphous and crystalline states of the phase change recording
layer are distinguished by their pronounced difference in reflectiv-
ity or electrical conductivity to read the recorded data. In the last
decade, many researchers have concentrated on optical properties
and alloys with a focus on disc performance. It was postulated that
the reversible transformation of amorphous-to-polycrystalline
phases might be correlated with optical applications [7-9]. In-Sb
alloy is one of the most important III-V semiconductor compounds,
which possesses two outstanding characters: very small forbidden
band width (0.18 eV at room temperature) [10] and very small
effective mass of electron (about 1.5% of free electron mass) [11].
The absorption spectrum of amorphous In-Sb thin films is also
noticeable for its very steep threshold value close to the higher
energy side. Doped with Te the absorption limitation moves from
0.18 to 0.6 eV [12]. To the authors’ knowledge, ternary compounds
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In-Sb-Te as direct overwritable phase-change optical data storage
materials in the near infrared wavelength region have been
reported previously [13,14], while reports on the optical recording
performance of In-Sb-Te alloy films at short-wavelength region
(especially 514.5 nm) have not been found. Some authors studied
physical properties of the In-Sb-Se system [15-17]. Few authors
studied the optical properties [18]. Studies on Sb-Te-Se compounds
are very useful because the compounds could be made into erasable
optical recording media. Phase-change material systems such as In—-
Sb-Se, In-Sb-Te, Ge-Te-Sb and Ag-In-Sb-Te [19] were studied.
Glass-formation, amorphization range and the information record-
ing conditions for the amorphous layers of In-Sb-Se system (Sb-Se
and Sb,Ses;-InSb section and the conditions of optical information
recording on amorphous layers of (Sb,Ses),(InSb); _, were studied
[20]. In (Sb,Ses),(InSb); _, system the difference in reflectance of
the crystallized and amorphous areas increases with InSb content
and is maximal for the In35SbysSe»q composition. It should be noted
that the reflectance difference in (Sb,Se3),(InSb), _ films is several
times higher than in Sb,Se; _ films [20]. The aim of this work is to
study the effect of Te doping on structure and optical properties of
the In-Sb-Se alloy system. In our present work, we have studied
the effect of Te content and thickness on optical parameters of
In35SbhysSeso_xTex chalcogenide films with different compositions
(x=2.5,5, 7.5, 10, 12.5 and 15 at%).

2. Experimental procedures

The different compositions of In3sSbssSe,q_xTey chalcogenide
alloys were x=2.5, 5, 7.5, 10, 12.5 and 15 at%. prepared by the
standard melt quenching method. Typical, 10 g total (per batch) of
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appropriate quantities of 99.999% pure indium (In), antimony
(Sb), selenium (Se) and tellurium (Te) were weighed according to
their atomic percentages and sealed in quartz ampoules in a
vacuum of = 1073 Torr. The sealed ampoules were kept inside a
furnace, where the temperature was increased up to 1000 K for
about 24 h, at the end of which the ampoules were quenched in ice
water to obtain the different compositions of In3sSbssSexq_ xTey.
During the preparation the ampoules were continuously rotated
to ensure complete mixing of the various constituents. Thin films
of the considered ratios were prepared by an electron beam
evaporation, in an Edward’s high vacuum coating unit model
306 A at pressures 5 x 107% and 8 x 10~° Torr before and during
film deposition, respectively. The films were prepared on ultra-
sonically cleaned microscope glass slides held at room tempera-
ture.

The thickness (d) of the films ( ~25-150 nm) was controlled
using digital film thickness monitor model TM 200 Maxtek.
The deposition rate was ~ 7 nm/s. The crystallographic structure
of the as-prepared films was determined by X-ray diffraction
using a Philips X'pert MRD diffractometer. CuKo radiation
(/=1.541837 A) was used from the X-ray tube with grazing
incidence. The angle of incidence was 0.75°. The optical
transmittance (T) and reflectivity (R), used for calculating the
optical constant, were obtained by a Jasco 570 double beam
spectrophotometer in the wavelength (1) range 200-2500 nm at
normal incidence [21,22]. In order to exclude the effect of the
substrate on transmission and reflection, a bare glass substrate
was taken as a reference during the measurements.

Both, the homogeneity and compositional contents of the films
have been checked using energy dispersive analysis of X-ray
(EDAX) at different points. It was found that percentage ratios of
the elements are around the values taken for the bulk form with
an experimental error of + 2%.

3. Results and discussion
3.1. XRD characterization

Fig. 1 shows XRD patterns of the investigated compositions in
as-prepared thin film as a representative example of thickness
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Fig. 1. X-ray diffraction patterns for the as-prepared In3sSbssSe,o_xTe, thin films
of thickness d=150 nm.

150 nm. It is found that the as-prepared compositions have
amorphous or polycrystalline nature dependingt on Te content
in the composition. The obtained pattern indicated that
In355b455617_5Tez,5, Iﬂ355b455€15T€5 and In355b45$e12_5Te7,5 thin
films are amorphous (Fig. 1; x=2.5, 5 and 7.5 at%, while in each
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Fig. 2. X-ray diffraction patterns for the as-prepared InssSbysSe;, sTes s thin films
of different thicknesses.
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Fig. 3. X-ray diffraction patterns for the as-prepared In3sSbsSe oTe o thin films of
different thicknesses.
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Fig. 4. Optical transmittance (a) and reflectance (b) spectra of 75nm
In3s5SbasSexo_4Tey films prepared with various Te contents.
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IngsSbssSe gTe o, In3sSbysSe; sTeq, 5 and InssSbysSesTe s patterns
crystalline peaks are obtained (Fig. 1; x=10, 12.5 and 15 at%.
From the JCPDS files, these peaks can be identified as Sb,Ses
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Fig. 5. (ohv)? versus hv for In3sSbssSeso_xTey thin films with thickness d=150 nm prepared of different Te contents.
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Fig. 6. Variation of optical band gap as a function of Te content. The solid line is a
guide for the eye only.
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(card nos. 22-0067 and 72-1184) and Sb,SeTe; (card no.38-0979)
crystalline phases.

The XRD patterns for InssSbssSeo_xTex thin films with
different thicknesses (d=25, 50, 75, 100, 125 and 150 nm) are
shown in Figs. 2 and 3. It is found that the compositions with
x<10at% the films have an amorphous structure for all
thicknesses see for example Fig. 2 for InysSbssSei;sTe;s with
different thicknesses (d=25, 50, 75, 100, 125 and 150 nm). For
x> 10 at% the films have an amorphous structure for thicknesses
d=25, 50 and 75 nm (see for example (Fig. 3) (d=25, 50 and
75 nm) for In3sSb4sSe gTeq, and crystalline peaks are obtained for
films with thicknesses d=100, 125 and 150 nm Fig. 3 for the same
composition). From the JCPDS files these peaks can be identified
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Fig. 7. Variation of extinction coefficient of the In3sSbssSezo_xTex (Xx=2.5, 7.5,
12.5and 15 at%) thin films prepared with thickness d=50 nm.
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Fig. 8. Variation of refractive index of the In3sSbysSeyo_xTey (x=2.5, 7.5, 12.5 and
15 at%) thin films prepared with thickness d=50 nm.

as Sb,Ses (card nos. 15-0861 and 72-1184) crystalline phases and
the intensity of these peaks increases with increase in film
thickness.

3.2. Optical properties of as-prepared films

3.2.1. Effect of composition

Fig. 4a and b shows the optical transmittance and reflectance
spectra, respectively, of 75 nm Ins5SbsSesq_Tex (Where x=2.5, 5,
7.5, 10, 12.5 and 15 at%) films. As seen from Fig. 5a transmittance
of the films is very high in the near infrared region (NIR) and
decreases gradually with decrease in wavelength. The major
feature in Fig. 4a and b appear to be a minimum in T and a
maximum in R in the wavelength range 300-750 nm. These
minima and maxima may be correlated to each other. It is further
observed that there is a gradual decrease in transmittance around
the optical band gap indicating that the films have defects.

Using the measured spectral transmittance and reflectance and
film thickness (d) the absorption coefficient () was calculated
according to the following relation [23]:

2
a:lln{(l_R) } 1)

d T

The optical band gap (E;) was determined using the following
formula [24]:

ohv = f(hv—Eg)" 2)

where f is a constant and 7 is equal to 2 or 1/2 for allowed
indirect or direct transitions, respectively. The E; values are
extracted from the (ahv)? versus hv plot, indicating a direct band
gap for all of examined In3sSbysSesq_ 4 Tey films.
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Fig. 9. Optical transmittance spectra of In3sSbysSeyo_xTey films (x=2.5, 7.5, 12.5
and 15) prepared with various thicknesses (d=25, 50, 75, 100, 125 and 150 nm).
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Fig. 10. Optical reflectance spectra of In3sSbssSeyo_xTey films (x=2.5, 7.5, 12.5 and 15) prepared with various thicknesses (d=25, 50, 75, 100, 125 and 150 nm).

Fig. 5 shows the variation of («hv)? with hv for thin films of
thickness 150 nm obtained from optical absorption for the
In3s5SbysSes_xTeyx prepared (where x=2.5, 7.5, 12.5 and 15 at%)
films. The optical band gap values are calculated from the
intercept of the linear part with the energy axis.

The optical band gap E; has been determined by the intercept
of the extrapolation to zero absorption with the photon energy
axis (ohv?—0, Tauc extrapolation) [25]. Fig. 6 shows that the
optical band gap E; is strongly dependent on the fractional
concentration of Te atoms. The width of localized states near the
mobility edge depends on the degree of disorder and defects
present in the amorphous structure. Such defects are formed due
to unsaturated bonds, which produce localized states in band gap.
The presence of a high concentration of localized states in thin
films is responsible for low optical band gap [26]. Therefore the
addition of Te increases the concentration of localized states in
the In3sSbysSe,q_xTey compositions, leading to the decrease in
band gap. The dominant contribution for the states near the
valence band edge, in materials having chalcogen atoms as a
major contribution, comes from chalcogen atoms, especially from
their lone-pair p-orbital. The lone-pair electrons in these atoms
adjacent to electropositive atoms will have higher energies than
those close to the electronegative atoms. Therefore, the addition
of electropositive elements to the alloy may raise the energy of
some lone-pair states sufficiently to broaden further the band
inside the forbidden gap. The electronegativities of In, Sb, Se and
Te are 2, 1.9, 2.4 and 2.1, respectively. According to these values, it
is noticed that Te is less electronegative than Se; consequently the
substitution of Se by Te may raise the energy of some lone-pair

states and hence broaden the valence band. This will give rise
to additional absorption over a wider range of energy, leading
to band tailing and hence shrinking the band gap. The same
behavior has been reported by Othman et al. [27] for the
(As30SbisSess)i0o_xTex films. The optical band gap of the
(As3oSbisSess)ioo_xTex films decreases while the width of
localized states increases with increase in Te content.

The extinction coefficient k for all samples with different
thicknesses has been calculated according to the following
equation[28]:

k=ol/4n 3)

The refractive index, n is related to optical reflectance R by the
following relation [29,30]:
5 1/2
o 1ER [<R+1> A4

1-R | \R-1 @

Figs. 7 and 8 show the variation of extinction coefficient and
refractive index of In3sSbssSesq_xTey (x=2.5, 7.5, 12.5 and 15 at%
as representative example) thin films, respectively, of thickness
50 nm. It is observed that the extinction coefficient and refractive
index decrease with increase in Te content.

3.2.2. Effect of thickness
Figs. 9 and 10 show the spectral transmittance and reflectance,
respectively, obtained at room temperature and at normal
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incidence, for In3sSbssSesq_xTey films (x=2.5, 7.5, 12.5 and 15)
with different thicknesses (d=25, 50, 75, 100, 125 and 150 nm), in
the visible region. It is seen that transmittance decreases with
in film thickness, while reflectance
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Fig. 11. Variations of optical band gap (Eg) with thickness d for as-prepared
In35SbasSeso_xTey thin films.
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increase in thickness for all the studied compositions. This may
be related to the increase in defects, created from the difference in
thermal expansion coefficients of the film and substrate, and to
the increase in surface roughness with increase in film thickness.

Fig. 11 shows the dependence of E; on thickness of
In35SbysSesg _xTey thin films with x=2.5, 7.5, 12.5 and 15 at%.
For each composition, E, decreases with increase in film thickness.
The thickness affects the optical band gap due to the change of
some of the bonds, strain and dislocation density. This possibly
changes the intercrossing interactions between localized In, Sb, Se
and Te states and the extended band states [31]. Also, this can be
attributed to the increase of the opaqueness of film with increase
in film thickness.

Figs. 12 and 13 show the extinction coefficient and refractive
index of In35SbasSexq_xTex (x=2.5, 7.5, 12.5and 15 at%) thin films
of different thicknesses (25, 50, 75, 100, 125 and 150 nm),
respectively. The optical constants, n and k, were found to be
dependent on film thickness in the investigated range. It is
observed that the extinction coefficient and refractive index
increase with increase in thickness for all the examined
compositions.

The refractive index dispersion data in semiconductors have
been analyzed using the concept of single oscillator. Using this
concept the energy parameters E4 and E, are introduced and the
refractive index, n, at a photon energy E was expressed by
Wemple and Di Domenicco [32] and Wemple [33] through the
following relation:

(n*—1)"" = EqE, /(E2—E%) 5)
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Fig. 13. Variation of refractive index of the In35Sb4sSe,o_xTey (x=2.5,7.5,12.5 and

15 at%) thin films prepared with different thicknesses (d=25, 50, 75, 100, 125 and
150 nm).
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Thickness d (nm) E, (eV) Eq4 (eV) & (N/m*)x 1047 (g~ 'cm—3) wpx 1071 (s
25 0.962 1.552 431838 2.32 5.11
50 0.895 1.538 4.89071 2.99 5.07
75 0.869 1.589 5.58489 3.85 4.83

100 0.8 1.75 8.02987 7.14 4.46

125 0.798 2.09 9.19395 8.31 4.20

150 0.87 5.708 17.28959 14.0 3.94

where E; is the electronic dispersion energy and E, the single
oscillator energy. The physical meaning of the single-oscillator
energy E, is that it simulates all the electronic excitations
involved and E, is the dispersion energy, which is related to the
average strength ofe optical transitions. In practice the dispersion
parameters E4 and E, can be obtained according to Eq. (5) by a
simple plot of (n>—1)"! versus E2.

Using Drude’s theory ofhe dielectrics, the real part ¢ of the
complex dielectric function & can be written as [34]

& =n2—k? = g0 —[2N/nc2m*])? (6)

where ¢, is the residual dielectric constant (high frequency
component of the relative permittivity), c the light velocity, N and
m* are the free carrier concentration and its effective mass,
respectively, and e is the electronic charge. Plasma resonance
frequency for one kind of free carrier can be written as [35]

wp = [€2N/eoe0om*]1/2 (7)

where &, the free space dielectric constant.

Table 1 presents the variations of N/m*, ¢, Eq, E, and w,, of the
as-deposited In3sSbysSeyo_xTey, thin films with different
thicknesses (25, 50, 75, 100, 125 and 150 nm). The table
emphasized that, both N/m* ¢, and E; increase with the
increase of the film thickness, while E, and w, decrease. This
can be attributed to change in microstructure of films and
extension of long range ordering in their structures.

4. Conclusions

XRD characteristics of films prepared by electron beam evapora-
tion showed that the as-prepared composition has an amorphous or
polycrystalline nature dependent on Te content in the composition
and thickness. Optical transmittance and reflectance are found to be
sensitive to film thickness. Optical transition in the films is found to
be direct and permitted. E; values decrease with increase in Te
content and thickness. Different parameters like high frequency
dielectric constant ¢, ratio N/m* and plasma frequency w, were
determined by analysis of dispersion curve of refractive index.
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