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Abstract: The change in photo-induced optical properties in thermally evaporated Ge|,Sb,sSeq; chalcogenide thin film
under 532-nm laser illumination has been reported in this paper. The structure and composition of the film have been
examined by X-ray diffraction and energy dispersive X-ray analysis, respectively. The optical properties such as refractive
index, extinction coefficient and thickness of the films have been determined from the transmission spectra based on
inverse synthesis method and the optical band gap has been derived from optical absorption spectra using the Tauc plot. It
has been found that the mechanism of the optical absorption is due to allowed indirect transition. The optical band gap
increases by 0.05 eV causing photo-bleaching mechanism, while refractive index decreases because of reduction in
structural disordering. Deconvolution of Raman and X-ray photoelectron spectra into several peaks provides different
structural units, which supports the optical photo-bleaching.
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1. Introduction

Amorphous chalcogenide materials have wide range of
technical importance in various solid-state devices. These
glassy materials have wide range of transparency in the far
infrared region, making them interesting material for var-
ious applications. The electrical and the thermal properties
of these materials are well studied for their use in appli-
cation purpose. But, the excellent optical properties make
them very useful one. The important features of these
semiconducting materials are wide transmission capability
(1-20 pm), large refractive index and interesting photo-
induced effects [1]. Because of these properties, chalco-
genide thin films are interesting candidates for applications
in the domain of integrated optics, thermoelectric and solar
cell applications [2—4]. Chalcogenide glasses in the system
Ge-Sb-Se exhibit attractive optical properties that make
them very useful for several applications. The interesting
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optical properties such as relatively large band gap, low
optical dispersion, low light scattering and long multi-
photon edge along with good thermal, mechanical and
chemical properties are important for their potential use as
optical fibers [5, 6]. The Ge—Sb—Se system is useful due to
its robustness, relatively good thermal stability
(Ty = 285 °C for Ge,gSbi,Seq), minimized toxicity and
broad optical transparency from 700 nm to 16 um. The
basic structural units are Se chains, GeSe tetrahedral and
SbSe pyramidal units. The addition of Sb to chalcogenide
glass is found to have a variety of applications in opto-
electronic devices and optical waveguides. The influence of
Ge addition to Sb-Se system and Sb addition to Ge—Se
system to form Ge-Sb-Se glass has been studied by var-
ious authors [7-9].

The detailed knowledge of the optical properties of these
materials is very important in many scientific, technological
and industrial applications such as photoconductivity, solar
energy, photography, switching, electrophotography, X-ray
imaging, photonics, thermal imaging, ultra high density
phase change storage and memory, integrated fiber optics,
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infrared photodetectors, photovoltaic and biosensor [10—
13]. Among various phenomena happening in the film,
photo-induced changes in these chalcogenides are impor-
tant. The photo-induced effects such as photo-bleaching
(PB) and photo-darkening have found potential applications
in information storage, photonics, optoelectronics, opto-
mechanical transducers, optical recording, imaging media
and absorption filter [14, 15]. The common feature of these
glasses is the presence of localized states in the mobility
gap, as a result of the absence of long-range order as well as
various inherent defects. The presence of lone-pair elec-
trons at the valence band and the structural flexibility as-
sociated with the glassy network are mainly responsible for
this type of changes. The lone-pair character of the valence
tails leads to very rich behavior under the influence of light.

Photo-induced changes in optical transmissivity and
reflectivity, index of refraction, changes in reactivity, rates
of diffusion and inter-diffusion, viscosity and the state
(phase) have been observed in many materials. The optical
properties of the Ge-Sb—Se films have been studied for
useful applications [16-20]. The study of the optical ab-
sorption spectra in chalcogenide glasses provides essential
information about the band structure. The optical band gap
of the material plays a major role in the preparation of the
device for a particular wavelength.

The present paper reports the effect of laser irradiation
on the optical properties of amorphous Ge,Sb,5Seqs3 thin
film. Optical constants such as the refractive index, ex-
tinction coefficient or absorption coefficient (o) and
thickness of the films have been determined using inverse
synthesis method [21] from the transmission spectra mea-
sured in the spectral range 600—1100 nm. The optical band
gap has been determined from the optical absorption edge
using Tauc plot; the Urbach energy has been also calcu-
lated from the absorption spectra. Raman and X-ray pho-
toelectron spectra have also studied to support the optical
changes.

2. Experimental procedure

Homogeneous Ge|,Sb,sSeq; bulk glasses were prepared by
conventional melt quenching method using highly pure
(99.999 %) Ge, Se and Sb in appropriate proportions. The
mixture was sealed in a quartz glass ampoule under the
vacuum of 107> Torr, which was heated at 950 °C for 36 h
in rocking furnace to ensure homogenization of the melt.
Quenching was done in ice-cooled water to get the glassy
state. Ge ,SbysSees thin films were prepared by thermal
evaporation method at a base pressure of 1 x 10~ Torr
onto the glass substrates (microscope slides) from the
prepared bulk glass. The films of uniform thickness were
obtained by suitable rotation of the substrate during
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Table 1 Measured elemental composition from EDAX for
Ge|25b255663 thin films
Element wt% at%

Observed Calculated Observed Calculated
Ge 09.7 10.2 12.1 12
Sb 339 342 25.1 25
Se 56.4 55.6 62.8 63
Total 100 100 100 100

deposition process. The evaporation rate and thickness
(~ 1000 nm) were controlled by using the quartz crystal
monitor. The elemental composition of the as-prepared film
was checked by energy dispersive X-ray analysis (EDAX)
in Sirion XL 40. The scan was done at 20 kV with 40 pA
emission current exposing a sample of 1 cm?® size at
2 x 1077 Torr pressure. The estimated average precision
was <3 % in atomic fraction in each element, as shown in
Table 1. The amorphous state of the film was checked by
X-ray (Philips type 1710) diffractometer. The films were
irradiated at room temperature by a diode-pumped solid-
state laser (DPSS) of wavelength 532 nm with a power of
35 mW (5-8 mW near the illuminated spot as measured) to
study the photo-induced optical modification in the film.
The film was mounted on a sample holder and the laser
light was focused on 2-mm-wide spot.

The optical absorption spectra of the as-prepared and
illuminated films were taken by using the Fourier transform
infrared (FTIR) spectrometer (Bruker Optics (IFS66v/S) in
the visible wavelength range of 600-1100 nm at room
temperature. XPS measurements were taken to analyze the
new bonds formed due to photo-induced effect. It was a
useful surface analytical technique to study the chemical
state and local environment of an atom. The X-ray pho-
toemission core level spectra were obtained with
monochromatic Mg K, X-rays (1253.6 eV) at a vacuum of
10~° Torr in a Multilab 2000 Thermo Scientific UK in-
strument. The XPS data consisted of survey scans over the
entire binding energy (BE) and selected scans over the core
level peaks of interest. An energy increment of 1 eV was
used for recording the survey spectra and 0.05 eV for the
case of core level spectra. The core level peaks were
recorded by sweeping the retarding field and using the
constant pass energy of 30 eV and the data were averaged
over three scans. The reproducibility of the measurements
was checked on different regions of the investigated sur-
faces. For insulators such as glasses, the charging effect
could change the BE of the electrons from sample to sam-
ple. Hence, the measurement of the absolute BE of electrons
from a specified energy level was not reliable. The C 1s line
from either adventitious carbon or intentionally added
graphite powder on the surface was widely used for charge
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referencing [22]. For this study, the adventitious carbon was
used as a reference and the BE of the reference C 1s line was
set as 284.6 eV. For each sample, a calibration factor was
calculated from the difference between the measured C 1s
BE and the reference value 284.6 eV [23]. The original BE
data were corrected according to the calibration factor.
Raman spectroscopic measurements were taken in a Raman
spectrometer (LabRAM HR system) using the 514.5-nm
argon laser with a CCD detector in backscattering geometry
in a range of 50-300 cm™'. The spectral resolution of the
spectrometer was 0.5 cm™'. All data were recorded using
2 mW of laser power, which was not sufficient to induce
any crystallization in the sample. The intensity of the laser
light near the sample was very low and the data acquisition
time was within 50 s.

3. Results and discussion

Figure 1 shows X-ray diffraction patterns for as-prepared
Ge,Sb,5Seqs and irradiated thin films. The absence of the
diffraction lines in the X-ray pattern indicates amorphous
structures of the films. The diffractograms are very similar to
the point that no differences can be recorded between the
two films. The EDAX analysis carried out on as-prepared
and irradiated films suggests that their compositions are very
close to the starting materials, as shown in Figs. 2(a) and
2(b). Table 1 confirms the presence of Se, Sb and Ge in the
as-deposited films with nearly equal chemical composition.

The optical parameters of the as-prepared and irradiated
films are determined from the transmission spectra shown
in Fig. 3 using inverse synthesis method [24-27]. The
single effective oscillator dispersion model has been con-
sidered for determining the optical constants of the as-
prepared and irradiated Ge;,SbysSegs thin film. This model
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Fig. 1 XRD patterns of the as-prepared and irradiated Ge,Sb,5Seq3
thin films

assumes that the material is composed of individual dipole
oscillators that are set to forced vibration by the incident
light. Wemple and DiDomenico [28] have proposed that
the lowest energy oscillator has the largest contribution to
refractive index and the dispersion of refractive index can
be described by a single Sellmeier relation given by

EqEy
E} - (h"/ﬂ)z

The imaginary part of the refractive index, i.e., the
extinction coefficient of the films, assumed to follow the
Urbach model [29] given by

k= ocexp<12400[3<}—i>> (2)

where a, f and y are constants, 4 is Planck’s constant, Ej is
the oscillator energy and Ej is the dispersion energy, which
is closely associated with the structural order parameter of
the material.

The experimental transmission spectra have been fitted
using the coefficient of the dispersion model and the
thickness of the film (measured during the deposition of the
film) as fitting parameters. Finally, these fitting parameters
are used to determine the thickness (¢), refractive index
(n) and extinction coefficient (k) of the film. The thickness
of the as-prepared and irradiated film found from this ana-
lysis is given in Table 2. The thickness of the illuminated
film decreases after the laser light irradiation [30, 31]. The
error in refractive index determined from the transmission
spectra using inverse synthesis is negligible and the error of
40.01 is only due to the uncertainty in the transmission
measurement, i.e., 0.3 %. It is observed that the refractive
index of the film decreases with light exposure, which is
supported by previous studies on various other types of high
intensity photo-exposures as shown in Fig. 4 [32-34]. The
decrease in refractive index upon light exposure is due to
the decrease in film density, which is a consequence of local
structure modification in the film [35]. The photo-induced
effect also results in decrease in the film thickness (photo-
contraction), as shown in Table 2. The variation in extinc-
tion coefficient with wavelength for the as-prepared and
irradiated film is shown in Fig. 5. It is clear from this plot
that k decreases with wavelength and also decreases upon
light exposure, which is a consequence of structural and
surface defects caused by light exposure [36].

The dispersion in the material is important for the
photonic and telecommunication applications. Wemple—
DiDomenico model [28] has been used to determine the
dispersion of refractive index [37]. The values of E, and E4
are determined from the inverse synthesis method as fitting
parameter and are given in Table 2. The static refractive
index is calculated from the relation

(M) =1+ (1)
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Fig. 2 EDAX spectrum of the (a)
(a) as-prepared Ge;,SbysSeqs3
thin film and (b) irradiated
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The values of static refractive index (ny) and the high
frequency dielectric constant &, = n3 for both the as-
prepared and irradiated film are given in Table 2. The
single oscillator energy Ej is considered as average energy
gap and therefore related to the average molar bond energy
of different bonds present in the material. The value of E,
for as-prepared film decreases with illumination due to the
decrease in homopolar bonds such as Sb-Sb, Se-Se and
Ge-Ge. It is clear from Table 2 that Ey = 21‘2Eg
(approximate), which is in accordance with the findings

6.00 8.00 10.00 12.00 14.00 16.00 keV

reported by others for different materials [33, 37, 38]. The
dispersion energy E, is associated with the change in the
structural order of the material and is related to the physical
parameters of the material through the following empirical
relationship [39]

Eq = BN.Z,N. (4)

where N, is the effective coordination number of the cation
nearest neighbor to the anion, Z, is the formal chemical
valency of the anion, N, is the effective number of the
valance electrons per anion and f is a two-valued constant
with either an ionic or covalent value. It is observed that
the variation in the dispersion energy E4 results primarily
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Fig. 3 Experimental transmission spectra of the as-prepared and
irradiated Ge,Sb,5Seqs thin film

from changes in the average nearest neighbor coordination
number. So, the increase in dispersion energy E; is usually
associated with evolution of the thin film microstructure to
a more ordered phase for which, it is also treated as mi-
crostructural order parameter [40]. The E4 for irradiated
film is less than that for as-prepared film as shown in
Table 2. This indicates that the irradiated film is less
structurally ordered than as-prepared film. This local mi-
crostructural ordering can predominantly influence the film
density, which in turn can lead decrease in refractive index
for the irradiated film.

The temperature rise during illumination for the present
experimental conditions has been estimated from the for-
mula ATemp = I,¢/kr, where k is the thermal conductivity
of the substrate (~12.6 mW/cm K for glass), r is the ra-
dius of the illuminated light spot (~0.20 cm) and I, is the
absorbed light intensity, i.e., lod. Here d, « and I are the
film thickness, absorption coefficient and incident power at
the spot (~8 mW), respectively [41]. Taking the max-
imum absorption coefficient measured (~4.1 X 10* ecm™)
in the present work, I, has been estimated to be 32.8 mW,
which gives a temperature rise of ~ 13 K. This small rise
in temperature is not large enough to induce any of the
observed phenomena reported in this paper. Hence the
observed changes are not due to thermal effect but mainly
due to photo-induced effects [42].

Table 2 Optical parameters of the Ge;,Sb,sSeq; thin films
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Fig. 4 Variation in n with 1 for the Ge,Sb,5Seg3 thin films
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Fig. 5 k versus A for the Ge;,Sb,5Seqs thin films

The absorption coefficient of amorphous semiconduc-
tors in the high absorption region (« > 10* cm™") follows
an exponential law according to Tauc [43],

oahv = B(hv — Eg)" (5)

where B is the constant (Tauc parameter), E, is the optical
energy gap of the material and m determines the type of
transition (m = 1/2 for direct allowed transition and m = 2
for indirect allowed transition) [43, 44]. The best fit of the
experimental results of as-prepared and irradiated thin
films of Ge,SbysSeqs using Eq. (5), with m = 2, i.e., the
variation curve of (ohv)"/? with photon energy (hv) shown
in Fig. 6 is identical to that of the elemental amorphous

Ge,SbysSeqs  Film Band gap E, Tauc parameter B'"? Urbach Dispersion Oscillator Static refractive
thin film thickness eV) (crrf”2 evY 2) energy energy E4 (eV) energy Ej (eV) index (ng)

(nm) (meV)
As-prepared 1045 £ 3 1.35 £ 0.001 683 £3 112 £1 28.08 £ 0.001 3.1 £0.01 3.17 £ 0.002
Irradiated 1028 + 4 1.4 £0.001 713 £2 100 £ 2 28.01 £ 0.002 3.34 £ 0.01 3.06 £ 0.001
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Fig. 6 (ochv)l/2 versus (hv) plots for the Ge;,SbysSees thin films

semiconductor [45]. This indicates that the absorption in as-
prepared and irradiated thin films of Ge;,Sb,sSeq; is due to
non-direct transition. By plotting (ahv)'’? versus (hv) and
fitting the distinct linear regime, which denotes the onset of
absorption, with straight line fitting, intercept on X-axis
gives the value of optical band gap as shown in Fig. 6. The
optical band gaps of the as-prepared and the illuminated
films are found to be 1.35 + 0.001 and 1.4 £ 0.001 eV,
respectively, with 0.05 eV increase in the optical band gap,
which shows photo-bleaching mechanism in the film. Since
the optical absorption depends on the short-range order in
the amorphous states and defects associated with it, the
increase in optical band gap may be explained on the basis of
“density of state model” proposed by Mott and Davis [45].
According to this model, the width of the localized states
near the mobility edges depends on the degree of disorder
and defects present in the amorphous structure. In particular,
it is known that unsaturated bonds together with some
saturated bonds are produced as the result of an insufficient
number of atoms deposited in the amorphous film [46]. The
unsaturated bonds are responsible for the formation of some
of the defects in the films, producing localized states in the
amorphous materials. The presence of high concentration of
localized states in the band structure is responsible for the
increase/decrease in optical band gap in the case of the
amorphous films. The shift in Fermi level, whose position is
determined by the distribution of electrons over the localized
states, is also responsible for the increase/decrease in the
optical band gap [47]. A decrease in the density of such
localized states may enlarge the band gap leading to the
blueshift of the electronic absorption edge [48]. The disorder
in the as-prepared film is mainly due to the wrong Ge-Ge,
Se-Se or Sb-Sb homopolar bonds and Ge(Se) dangling
bonds [49]. Therefore, the intrinsic structural change in
photo-bleaching process has been proposed as the increase
in the Ge-Se, Sb-Se bond density and its subsequent
increase in the structural ordering. The intrinsic structural
changes are ascribed to the following photoreaction

Ge—Ge + Se—Se + Sb—Sb > Ge—Se + Sb—Se (6)

The illumination process creates local structural ordering in
the Ge ,Sb,sSeqs thin films with homopolar bonds Ge—Ge,
Se—Se or Sb-Sb being converted into Ge-Se and Sb-Se
heteropolar bonds. This observation is in agreement with
the fact that the latter bonds are stronger than the former
bonds and are more favored as the glass tries to reach the
thermal equilibrium of the lowest free energy [31]. The
increase in optical band gap (E,) with laser irradiation
(photo-bleaching) can be attributed to the decrease in the
density of tail states adjacent to the band edge. The in-
crease in structural ordering due to minimum number of
homopolar bonds causes the increase in optical band gap
since the state of band tails in the glasses is mainly induced
by the homopolar bonds [50]. Generally speaking, an in-
crease in the band gap (blueshift in the absorption edge) is
accompanied by decrease in the refractive index according
to Moss’s rule (Egn4 ~ constant) [51], which we have seen
in Fig. 4.

The slope of the Eq. (5) gives the constant B, which
includes information on the convolution of the valence
band and conduction band states and on the matrix element
of optical transitions, which reflects not only the & selection
rule but also the disorder-induced spatial correlation of
optical transitions between the valence band and conduc-
tion band [52]. Moreover, B is highly dependent on the
character of the bonding. The B'? for illuminated film
(713 £ 2 em™ "% eV~ "?) is more than the as-prepared film
(683 £3 cm ™2 eVﬁllz), which indicates the presence of
more number of heteropolar bonds due to chemical
orderings in the film. The illuminated film is more ordered
(chemically) than the as-prepared film, i.e., the creation of
heteropolar bonds after photo-induced process, which is
confirmed from the XPS analysis discussed in the present
report.

The degree of disorder of the as-prepared and illumi-
nated film also can be analyzed according to the Urbach
equation [53]

a(hv) = o9 exp <@> (7)
Ee
where o is a constant and E. corresponds to the Urbach
energy (the width of the band tail of the localized states in the
band gap). The above equation describes absorption of the
amorphous materials in frequency range 10° < o < 10* cm™
[54]. In this region, transition between (defect) states in the
gap and the bands takes place. Plotting the dependence of log
o on photon energy gives a straight line. The calculated
value of E., the inverse of the slope of the straight line, gives
the width of the tails of the localized states into the gap at
band edges. Urbach energy E. has been considered as a
useful parameter to evaluate the degree of structural disorder
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[55]. The value of E. for as-prepared and illuminated
Ge,SbysSeq; film is 112 = 1 and 100 + 2 meV, respec-
tively. The lower values of Urbach energy E. of the illu-
minated film over the as-prepared film clearly indicate that
the illuminated film is more structurally ordered than the as-
prepared film, which may be due to the creation of
heteropolar bonds after photo-induced process.

As mentioned earlier, XPS spectroscopic technique is
used to analyze the new bonds formed between the com-
ponents due to photo-induced effect. It is a useful surface
analytical technique to study the chemical state and local
environment of an atom [56]. The chemical bonding is
often realized through correlation with chemical shifts in
XPS binding energies of the corresponding elements.
When the X-ray photon impinges on a sample, photoion-
ization takes place and an electron is expelled from the
sample with a certain kinetic energy. The energy of the
photoelectrons leaving the sample, gives a spectrum with a
series of peaks. The binding energies of the peaks are
characteristic of each element. Since XPS is a surface
analytical technique, most of spectra come from the top
70-100 A layer. All the elements have many photoelectron
and Auger peaks, but we have considered Ge 3d, Se 3d and
Sb 4d core peaks only. For detailed analysis, the spectra
have been deconvoluted into its sub-peaks by the XPS data
analysis software developed by Kwok called as XPSPEAK.
The Shirley baseline has been used for background re-
moval and the deconvoluted peaks have been assumed to
have Voigt line shapes. The parameters have been chosen
by using pure elemental data as reference and fitting opti-
mization. As the parameters are chosen, the spectra have
been then fitted to as few peaks as possible.

The Sb 4d and Ge 3d spectra of the as-prepared and
illuminated films are shown in Fig. 7(a). The Se 3d peak
position for as-prepared and illuminated films is at 54.72
and 54.10 eV, respectively, as shown in Fig. 7(b). This
peak shifting of 0.62 eV toward lower binding energy (BE)
shows the formation of Se—-Sb and Ge-Se heteropolar
bonds due to illumination. Due to spin orbit splitting, Se 3d
consists of doublets corresponding to Se 3ds/, and Se 3ds,»
(intensity ratio 5:3) with a separation of 0.8 eV, which we
have observed from the deconvoluted peaks (1, 2 and 1/, 2)
of the as-prepared samples as shown in Fig. 8(a) and (3, 4
and 3, 4) of the irradiated film as shown in Fig. 8(b). Here,
1 and 2 denote Se 3ds,, states and 1’ and 2’ denote Se 3ds»
for the as-prepared film. Similarly, 3 and 4 denote Se 3ds,
states and 3’ and 4’ denote Se 3ds,, for the irradiated film.
The positions of sub-peaks are mentioned in the
Figs. 8(a) and 8(b). The two doublets of Se 3d;/,, peak for
the irradiated film (54.01 and 55.11 eV) are shifted toward
lower BE by ~0.61 eV from the as-prepared (54.62 and
55.73 eV) one. Similarly, the shift between the doublets of
as-prepared (53.83 and 54.93 eV) and irradiated (53.21 and
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Fig. 7 XPS core level spectra of (a) Ge 3d, Sb 4d and (b) Se 3d of
Gelzsb25$e63 thin films
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Fig. 8 Deconvoluted XPS spectra of Se 3d (a) as-prepared and
(b) illuminated Ge;,Sb,5Seq3 thin films

54.31 eV) Se 3ds, peak is ~0.62 eV. This trend of
shifting of BE toward lower energy levels is due to the
photo-induced changes in the film, which caused the for-
mation of more number of Sb—Se and Ge—Se bonds rather
than the homopolar bonds as suggested by Eq. (6). The
shifting in BE of Se 3d peak position toward lower BE due
to thermal induced effect in Ge—-As—Se system has also
been reported [19, 57]. This excess heteropolar bonds in
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the irradiated film can change the local microstructure as
well as grain morphology, which leads to decrease in film
packing density, thus decreasing refractive index. The Sb—
Se—Ge film structure can be attributed as being made up of
completely cross-linked structure of Sb,Se; and GeSes.
The electronegativity of Se (2.55) is much more than that
of Sb (2.05) and Ge (2.01) [58]. So, the shifting toward
lower BE shows the formation of more number of Ge-Se
and Sb-Se heteropolar bonds.

From the Sb 4d and Ge 3d core level XPS spectra for the
as-prepared and irradiated film as shown in Fig. 7(a), it is
noted that the BE is shifting toward higher energy side for
the irradiated sample. The Ge 3d peaks are located around
30-35 eV with a separation of ~0.6 eV between Ge 3d;/,
and Ge 3ds,. Sb 4d peaks are located around 30-35 eV with
a separation of 1.2 eV between Sb 4dz,, and Sb 4dsp. As
both the core level peaks are situated close to each other, we
have deconvoluted the peaks to distinguish from each other
as shown in Figs. 9(a) and 9(b). The Sb 4d;/,, and Sb 4ds,,
are corresponding to regular Sb atoms within SbSes,,
pyramids and Ge 3ds,, and Ge 3ds/, are corresponding to
regular Ge atoms within GeSe,), tetrahedral. From the
spectra of Ge 3d peak, it is found that due to irradiation, the
peak is shifting toward the higher BE due to the formation
of Ge—Se heteropolar bonds because of the higher binding
energy of GeSey, and SbSes, than Ge—Ge- and Sb—Sb-
related structure [S0]. The Ge 3d peak position for as-pre-
pared and illuminated films is at 33.22 and 33.91 eV, re-
spectively, as shown in Fig. 7(a). The Ge 3d;/, and Ge 3ds,,
peaks for the as-prepared film are at 33.12 and 32.55 eV,
respectively. After the irradiation process, these two peaks
are shifted to 33.43 and 33.99 eV with a shift of around
~0.87 eV. There is also shift in the position of Sb 4d peaks
due to illumination process. The peak positions of Sb 4d
core level spectra in Fig. 7(a) for as-prepared and illumi-
nated films are at 33.90 and 34.85 eV, respectively. The
deconvoluted peaks of Sb 4d core levels of as-prepared and
illuminated films are shown in Figs. 9(a) and 9(b). The Sb
4ds, and Sb 4d;3,, peaks are situated at BE of 33.92 and
35.12 eV with a gap of 1.20 eV. The BE of both the peaks is
increased to 34.85 and 36.05 eV, respectively, due to photo-
induced process. This peak shifting toward the higher BE is
due to the formation of more Sb—Se heteropolar bonds as
the electronegativity of Sb is much less than that of Se
(2.55). We can also see the peak corresponding to Ge—Se is
at 32.55 and 32.98 eV in the as-prepared and irradiated film
as shown in Figs. 9(a) and 9(b). The intensity of this peak is
more in case of irradiated film, suggesting more number of
Ge-Se bonds. Thus, the formation of more number of
heteropolar bonds, reduces the disorderness inside the band
gap region and increases the optical band gap.

The microstructural changes in Ge;,Sb,sSeg; thin films
caused by illumination have been obtained from Raman
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Fig. 9 Deconvoluted XPS spectra of Ge 3d and Sb 4d (a) as-prepared
and (b) illuminated Ge,Sb,s5Seg3 thin films

spectra as shown in Fig. 10(a). It is well known that for Se-
rich Ge-Sb-Se system, the structural model involved is
tetrahedral GeSe,, pyramidal SbSes;, units and cross-
linked by Se chain fragments. A dominant band featured
around 170-200 cm ™' is formed evidently by overlapping
other bands, which can be seen in the deconvoluted spectra
as shown in Fig. 10(b). The main band at 186 cm™ ! can be
assigned to Sb-Se bonds’ vibration in SbSesz, pyramids
[16, 59]. The band shifts toward lower wave number and
the intensity are increased upon light illumination. This is
due to the formation of more Sb—Se heteropolar bonds on
the expense of homopolar bonds at 152 cm™". The band at
152 cm™" is due to vibrational modes of Se,Sb-SbSe, [58].
The prominent peak for the as-prepared one here is mini-
mized due to the formation of Sb—Se bonds. The band at
172 ecm™! is attributed to the stretching vibration of ho-
mopolar Ge-Ge and Sb-Sb bonds in the Ge,(Sei)s
structural units [60]. The vibrational bands at 118 and
205 cm ™' are also connected to the presence of Sb-Se
stretching modes of SbSes,, pyramidal units [60]. The Ge—
Se heteropolar bond breathing vibration of edge-sharing
Ge,Se,Sey,, bitetrahedral is represented by 215 cm™! [61].
The band at 252 cm™' that we have identified with the
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Fig. 10 Raman spectra of (a) as-prepared and illuminated
Ge,Sb,sSegs thin films and (b) deconvoluted spectra of as-prepared
Ge|ZSb2_gse63 thin film

reported band at 250 cm™! is arising from the stretching

vibration of Se-Se bonds [62, 63]. We have observed from
the vibrational peaks that the Sb—Se bond formation is
rather more than that of Ge-Se. The analysis of Raman
spectra of both the film suggests that the film structure is
modified through a conversion of a pair of homopolar
bonds to heteropolar bonds reducing the structural disorder.
It should be noted that the minority Ge—Sb heteropolar
bonds may not be clearly identified in the present sample.

4. Conclusions

In conclusion, we have observed the photo-induced optical
bleaching in thermally evaporated amorphous Ge,Sb,s5Seq3
thin films, when exposed to illumination with 532-nm laser.
This process has changed the optical transmissivity, optical
band gap, B 2, refractive index, extinction coefficient,
oscillator energy, dispersion energy, etc. of the films. The
illuminated film shows lower refractive index and higher
optical band gap than the as-prepared film due to the mi-
crostructural as well as chemical ordering in the film. The
result is verified by the XPS analysis and is attributed to the
creation of heteropolar bonds. The indirect allowed transi-
tion occurs in the film. The change in localized states near to
the band edges causes the photo-bleaching phenomena. The
formation of more heteropolar bonds is realized through the
shift in binding energy of core level spectra, which supports
the increase in optical band gap. The analysis of Raman
spectra of both the film suggests that the film structure is
modified through a conversion of a pair of homopolar bonds
to heteropolar bonds reducing the structural disorder by laser

illumination. The optical changes in the film can be used
effectively for nonlinear optical devices. These types of
materials can be used for creation of optical, integrated
optical elements, which need high local changes in optical
parameters.
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