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ABSTRACT 

The present paper highlights the optical properties change in thermally evaporated As40Sb15Se45 amorphous film of 800 nm 
thickness with laser irradiation. The as-prepared and illuminated films were studied by X-ray diffraction, Energy dispersive X-
ray analysis. The optical properties were calculated from the transmission spectra obtained from Fourier Transform Infrared 
Spectroscopy. The band gap is decreased by 0.22 eV due to photo induced effects causing photo darkening. The refractive 
index is found to be increased due to increase in structural disordering. These optical properties changes are due to the change 
of homopolar bond densities which can be seen from the core level peak shifting in XPS spectra. The optical constants such as 
refractive index, band gap of the material plays a major role in the preparation of the device for a particular wavelength. 
Selecting suitable pairs of chalcogenide glasses with different optical gaps, one can modify the parameters of the light sensitive 
layers and use them for optical recording. Copyright © 2015 VBRI Press.  
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Introduction  

The semiconductor is an essential material in electronic 
device fabrication such as diodes, laser diodes (LD), light 
emission diodes (LED), sensors, solar cells, thermoelectric 

devices, etc. [1-3]. The band-gap energy is a very important 
property of the semiconductor and depends greatly on the 
material. The optical band gap of the material plays a major 
role in the preparation of the device for a particular 
wavelength. The band-gap energy value is modified by 
photo induced effects which is prominently observed in 
chalcogenide semiconductors based on S, Se, and Te.  They 
have many unique optical properties, which can be used for 
a wide variety of application like solar cells, antireflection 
coating, optical limiting, and manufacture of filters, 
infrared power delivery, IR emitter, optical rewritable data, 

IR detector, gratings and optical recording media [4-8]. 

Chalcogenide based films are used for low power 

consumption phase change memory applications [9].  
The photo induced effects are prominently visible in the 

class of amorphous chalcogenide materials due to the 
flexible structure which are instantaneously affected by the 
external stimuli like heat, laser light, e-beam, pressure, etc. 
The lone-pair character of the valence tails lead to very rich 
behavior under the influence of light. These create different 
metastable states and related changes of the optical, 
electrical parameters. Such changes could be reversible or 
non-reversible, directed from crystalline to amorphous state 
or from amorphous to crystalline one, depending on the 
composition, structure, technology or type of excitation 

[10].This processes offer the possibility of using 
amorphous chalcogenide semiconductors for high-density 
information storage, high-resolution display devices and 
fabrication of diffractive optical elements ,direct structure 
fabrication by electron lithography and single-stage 

information recording [11,12]. 
Furthermore, the broad range of photo-induced effects 

that the chalcogenide glasses exhibit, often accompanied by 

large changes in the optical constants [13,14] and, 
particularly, shifts in the absorption edge (i.e., photo 
darkening or photo bleaching). Photo induced changes of 
optical transmittivity and reflectivity, index of refraction, 
changes of reactivity, rates of diffusion and inter-diffusion, 
viscosity and the state (phase) have been observed in many 
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materials. The optical properties like extinction coefficient 
(k), absorption coefficient (α), optical band gap (Eg) and 
urbach’s energy Eu are important parameters and can be 
utilized from absorption spectra, transmission spectra and 
reflection spectra. Large number of research groups 
throughout the world are trying to change the material 
properties (optical, structural, electrical etc.) for enhancing 
the device performance by using different techniques such 
as different deposition techniques, irradiation techniques 
(laser irradiation, swift heavy ion irradiation, gamma-ray 
irradiation etc), doping techniques etc. All investigated 
changes in optical parameters are irreversible, due to which 
these type of materials can be used for archival memory, for 
creation of optical, integrated optical elements, which need 
high local changes of optical parameters. Selecting suitable 
pairs of chalcogenide glasses with different optical gaps, 
one can modify the parameters of the light sensitive layers 
and use them for optical recording. 

In the present study, the effect of laser irradiation on the 
optical, properties of As40Se45Sb15 thin film is presented. 
The study of the optical absorption spectra in chalcogenide 
glasses provides essential information about the band 
structure and the energy band gap. The optical band gap of 
the material plays a major role in the preparation of the 
device for a particular wavelength, which can be modified 

by the addition of impurity [14]. So, the influence of 
metallic additives on the optical properties has been an 
important issue in the case of chalcogenide glasses. The 
ternary Sb-As-Se glasses are formed by adding Sb atoms in 
the As-Se system. The corresponding substitution does not 
alter drastically the basic structure of glass, since both As 
and Sb are isovalent elements. But, the Se amount is 
reduced by substitution of Sb. Optical analysis of the 
present case was carried out by FTIR spectrometer and it 
was found that the optical band gap of the film was 
decreased due to laser light irradiation and the other optical 
parameters changes accordingly. X-ray Photoelectron 
spectra (XPS) analysis gives information about the changes 
in bonding in the films. XRD pattern of both as-prepared 
and light irradiated thin films of As40Se45Sb15 shows the 
amorphous nature. The optical constant which is changed 
due to laser illumination has not been studied for this type 
of material. These new findings can be used for fabrication 
of holographic recording materials, photo lithography etc. 

 

Experimental 

Materials 

High purity As (99.999 % pure), Sb (99.999 % pure), and 
Se (99.999 % pure) were purchased from Sigma-Aldrich 
Chemical Co. and used as received. Bulk glass of 
As40Se45Sb15 was prepared by melt quenching technique. 
Materials of (99.995% pure) As, Se and Sb were weighed 
according to their atomic percentage and after that sealed in 

a quartz ampoule in a vacuum of 10
-5

 Torr. The sealed 
ampoule was kept inside a rotating furnace at 1000 

0
C for 

36 h to make the melt homogeneous. The bulk glass was 
obtained by quenching the ampoule in ice cooled water. 
Thin films were prepared by thermal evaporation method at 
a base pressure of 1 x10

-5
 Torr from the prepared bulk glass 

onto the glass substrates (microscope slides). During the 

deposition process (at normal incidence), the substrates 
were suitably rotated in order to obtain the films of uniform 
thickness. The thicknesses of the films were around 800 
nm.  
 
Methods 

The amorphous state of the film was checked by X-ray 
(Philips type 1710 with Cu as target and Ni as filter, 

=1.5418 Å) Diffractometer (XRD). The elemental 
composition of the as-prepared film was checked by energy 
dispersive X-ray analysis (EDAX) in Sirion XL 40 in which 

EDAX is attached. The scan was done at 20 kV with 40 A 
emission current exposing a sample of 1 cm

2
 size at 2x10

-7
 

Torr pressure. The estimated average precision was less 

than 3 % in atomic fraction in each element (Table 1). To 
study the photo induced changes, we irradiated the film at 
room temperature by a diode pumped solid state laser 
(DPSS) of wavelength 532 nm with a power of 40 mW. 
The film was mounted on a sample holder and the laser 
light was focused into 2 mm wide spot. The optical 
transmission spectra of the as-prepared and irradiated films 
were taken by using the Fourier Transform Infrared (FTIR) 
spectrometer (Bruker Optics (IFS66v/S) in the visible 
wavelength range 600-1200 nm. We have used XPS to 
analyze the new bonds formed due to photo induced effect. 
It is a useful surface analytical technique to study the 
chemical state and local environment of an atom. The XPS 
core level spectra were obtained with monochromatic Mg 
Kα X-rays (1253.6 eV) at a vacuum of 10

-9
 Torr in Multilab 

2000 Thermo Scientific UK instrument. 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. The data were averaged over three scans. 
The reproducibility of the measurements was checked on 
different regions of the investigated surfaces. For insulators 
such as glasses, the charging effect can change the BE of 
the electrons from sample to sample. Hence, the 
measurement of the absolute BE of electrons from a 
specified energy level is not reliable. The C 1s line from 
either adventitious carbon or intentionally added graphite 
powder on the surface has been widely used for charge 
referencing. 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 [15]. The original 
BE data were corrected according to the calibration factor. 
All the measurements were performed at room temperature 
(300 K).  
 

Results and discussion 

Fig. 1 shows the XRD patterns of the as-prepared and 
irradiated As40Se45Sb15 film. The absence of sharp 
structural peaks for both the films confirms the amorphous 

nature of the samples. The width of 2 was from 23
0
-38

0
. 

The diffractograms are very similar to the point that no 
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differences can be recorded between the two films. The 
EDAX analysis carried out on the as-prepared film suggest 
that their compositions are very close to the starting 

materials (Table 1). Fig. 2 shows the presence of Se, Sb 
and as in the as-deposited film with nearly equal chemical 
composition. 
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Fig. 1. XRD pattern of as-prepared and irradiated As40Se45Sb15 thin film. 
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Fig. 2. EDAX spectrum of the As40Se45Sb15thin film. 
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Fig. 3. Transmission spectra of as-prepared and irradiated As40Se45Sb15 
thin film. 

 
The transmittance spectra of both the films are plotted 

in Fig. 3 which shows the ‘non-shrinking’ interference 
fringes at higher wavelength (600–1200nm) that indicates 
the homogeneity and smoothness of the deposited films. 
The optical constants were calculated by using Swanepoel 

Envelope method [16].  
 

Table 1. The measured elemental composition from EDAX for 
As40Se45Sb15 thin film. 
 

Element Wt% At%

Observed Calculated Observed Calculated

As 35.27         35.77         39.65        40

Sb 20.98         21.82         15.12        15

Se 43.75         42.41         45.23        45  
 
The refractive index for the as-prepared and irradiated 

films is shown in Fig 4. The refractive index n can be fitted 

to the Cauchy dispersion relationship [17] 

                                                     







  2

ban                                   (1)                       

 
This can be used for extrapolation of the values of the 

refractive index to shorter wavelength region as shown in 

Fig. 4.  
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Fig. 4. n  vs  for the As40Se45Sb15 thin films. 
 
The decrease in the value of the refractive index with 

wavelength shows the normal dispersion behavior of the 
material. It was also observed that the value of refractive 
index increased with light exposure, which was supported 
by previous studies on various other types of high intensity 

photo exposure [18, 19]. This is an indication of photo 
refraction (optical densification) caused by light exposure. 
Increase in refractive index upon light exposure is a 
consequence of local structural modification, which brings 
the local structure of the film close to bulk glass. The 

absorption coefficient () has been calculated by using the 
equation  
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Td

1
ln

1
                                          (2)                    

where T is the transmission and d is the thickness of the 
film. The variation of absorption coefficient with hν is 

shown in Fig. 5. Whenever any electromagnetic wave 
propagates inside the medium, its loss by absorption or 
scattering process is represented by absorption coefficient. 

It is clear from this plot that  decreases with wavelength 

and increases upon light exposure [20, 21]. It has been 
observed that the absorption coefficient increases with laser 
irradiation. In crystalline materials, the fundamental edge is 
directly related to transitions from the conduction and 
valence band, and associated with direct and indirect band 
gaps, whereas in the case of amorphous material the 
transitions are termed non-direct owing to the absence of an 
electronic band structure in k-space. In the absorption 
process, a photon of known energy excites an electron from 
a lower to a higher energy state, corresponding to an 
absorption edge.  
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Fig. 5.  vs  λ for the as-prepared and irradiated As40Se45Sb15 thin film. 
 

The optical absorption spectrum is the most productive 
tool for developing the energy band diagram. The 
absorption coefficient of amorphous semiconductors in the 

high absorption region (  10
4
 cm

-1
) follows an 

exponential law according to Tauc [22]. 
 

 mgEhBh                              (3)                                                          

 
where B is the constant (Tauc parameter), Eg 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) [22, 23]. The best fit of 
the experimental results of as-prepared and irradiated thin 
films of As40Se45Sb15  using Eq. (3), with m = 2 i.e., the 

variation curve of (h)
1/2

 with photon energy (h) (shown 

in Fig. 6) is found to be identical to that of the elemental 
amorphous semiconductor. This indicates that the 
absorption in as-prepared and irradiated thin films of 
As40Se45Sb15 is due to non-direct transition. Plotting the 

dependence of (αhν)
1/2

 on photon energy (hν) will give a 
straight line and the y intercept gives the value of the 

optical band gap (Fig. 6). 
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Fig. 6. (h)1/2vs(h)plots  for the As40Se45Sb15thin films. 
 
The optical band gaps of the as-prepared and the 

illuminated films are found to be 1.52 eV and 1.30 eV 
respectively. The band gap of illuminated film is found to 
be decreased by 0.22 eV from the as-prepared film which 
shows photo darkening mechanism in the film. Since, the 
optical absorption depends on the short-range order in the 
amorphous states and defects associated with it, the 
decrease in optical band gap may be explained on the basis 
of “density of state model” proposed by Mott and Davis 

[24]. 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. 

The unsaturated bonds are responsible for the formation 
of some of the defects in the films, producing localized 
states in the amorphous solids. The presence of high 
concentration of localized states in the band structure is 
responsible for the decrease of optical band gap in case of 
amorphous films. This decrease in the band gap may also 
be due to the shift in Fermi level, whose position is 
determined by the distribution of electrons over the 

localized states [25]. The decrease in optical band gap (Eg) 
with laser irradiation can be attributed to the reduction in 
the density of tail states adjacent to the band edge. 
Therefore, the intrinsic structural change in photo 
darkening process has been proposed as the increase in the 
Se-Se, Sb-Sb and As-As bond density and its subsequent 
decrease in the structural ordering. 

The intrinsic structural changes are ascribed to the 
following photoreaction 

 

    Sb-Se+As-SeSe-Se+Sb-Sb+As-As              (4)                                         
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The illumination process creates local structural 
disordering in As40Se45Sb15 thin films with heteropolar 
bonds Se-Sb, As-Se being converted into Se-Se, Sb-Sb and 
As-As homopolar bonds. 

According to Fritzsche [26], the decrease in the optical 
gap in the chalcogenide glasses due to photo-induced 
phenomena results mainly from the interaction between 
lone-pairs and incident photon. It is known that the lone-
pair electrons occupy the top of the valence band. 
Therefore, the irradiation will excite the lone pair electrons 
just above the band-gap energy and subsequent capture on 
localized states somewhere close to the top of valence band 

(charged defects) [27]. This will lead to an upward shift of 
the top of the valence band, thus narrowing the band gap. 
Generally speaking, a decrease in the band gap (red shift in 
the absorption edge) is accompanied by increase in the 
refractive index according to Moss’s rule (Egn

4
~constant) 

[28]
. 

During light irradiation, one of the Se lone pair 
electrons from the valence band gets excited into the 
conduction band, leaving behind the other in the lone pair 
orbital.  The distance between such excited atoms is close 
to the covalent bond length and the spins have opposite 
directions. So, additional covalent bonds can be 
dynamically formed between excited atoms, making some 
of the selenium atoms threefold coordinated. The formation 
of the dynamical bonds causes the displacement of nearest 
neighbor atoms which slip away from equilibrium position, 
resulting in an increase in the total lone pair–lone pair 
interactions. It leads to the widening of the valence band, 
resulting in the reduction in band gap (Photo darkening) 

[29]. The optical parameters obtained from the fittings are 

given in Table 2 which shows the changes due to photo 
darkening process. It shows the variation in optical band 
gap, tauc parameter and urbach energy for the as-prepared 
and illuminated film. 
 

Table 2. Optical parameters calculated for the as-prepared and irradiated 
thin film. 
 

sample Band gap

Eg (eV)

Tauc 

parameter

(cm-1/2 eV-1/2)

Urbach

energy

(meV)

As-prepared 1.52±0.001 510±4 198±1

irradiated 1.3±4±0.002 468±3 231±2  
 
The slope of the equation 3 gives the value of constant 

B
1/2 

which includes the 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 k selection rule but also the disorder induced 
spatial correlation of optical transitions between the valence 

band and conduction band [22]. Moreover, B is highly 
dependent on the character of the bonding. The B

1/2 
for 

illuminated film (468±3 cm
-1/2

eV
-1/2

) is less than the as-
prepared film (510±4 cm

-1/2
eV

-1/2
) which indicates the 

presence of more no of homopolar bonds due to chemical 
orderings in the film.  The illuminated film is more 
disordered (chemically) than the as-prepared film, i.e., the 
creation of homopolar bonds after photo induced process 
which is confirmed from the XPS analysis discussed in the 
present report. 

Chalcogenide glasses have been found to exhibit 
highly reproducible optical edges, which are relatively 
insensitive to preparation conditions and only the 
observable absorption with a gap under equilibrium 
conditions account for this process. In amorphous 
materials, a different type of optical absorption edge is 
observed and absorption coefficient increases exponentially 
with the photon energy near the energy gap. This optical 
absorption edge is known as the Urbach edge which also 
gives information regarding the degree of disorderness 

according to the Urbach equation [30] 
 













eE

h
h


 exp)( 0

                            (5) 

 

where 0 is a constant (absorption coefficient at optical 
band gap) and Ee 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 where 10
0 
   

10
4
 cm

-1
 [31]. In this region, transition between (defect) 

states in the gap and the bands take place. Plotting the 

dependence of log (/0) on photon energy (hν) will give a 
straight line. The inverse of the slope of the straight line 
gives value of Ee. This gives the width of the tails of the 
localized states into the gap at band edges. Urbach energy 
Ee has been considered as a useful parameter to evaluate the 

degree of structural disorder [32]. The value of Ee for as-
prepared and illuminated As40Se45Sb15 film is 198 meV and 
231 meV respectively. The higher values of Urbach energy 
Ee of the illuminated film over the as-prepared film clearly 
indicate that the illuminated film is more structurally 
disordered than the as-prepared film, which may be due to 
the creation of homopolar bonds after photo induced 
process. 

The As40Se55Sb5 film was irradiated for 1.5 h by DPSS 
laser of 532 nm wavelength and the film was kept in dark 
condition at room temperature up to the time of measuring 
XPS data. A typical XPS spectrum of As40Se45Sb15 film 
contains many photoelectrons and Auger peaks of As, Se 
and Sb. But, we have considered only the core peaks such 
as As3d, Sb4d and Se3d for the present study.  For detailed 
analysis, the spectra were deconvoluted into its sub peaks 
by the XPS data analysis software developed by Kwok 
called as XPSPEAK1. The Shirley baseline was used for 
background correction and the deconvoluted peaks were 
assumed to have Voigt line shapes. The Se 3d peak position 
for as-prepared and illuminated films is at 53.82 eV and 

54.62 eV respectively as shown in Fig. 7. Due to spin orbit 
splitting, Se 3d consists of doublets corresponding to Se 
3d5/2 and Se 3d3/2 (intensity ratio 5:3) with a separation of 
0.8 eV which we observed from the deconvoluted peaks of 
the as-prepared and irradiated film. The positions of sub 

peaks are mentioned in the Fig. 7. The Se 3d3/2 peak for the 
irradiated film (54.94 eV) is shifted by 0.32 eV from the as-
prepared (54.62 eV) one. Similarly, the shift between the 
as-prepared (53.82 eV) and irradiated (54.16eV) Se 3d5/2 

peak is around 0.34 eV. This shifting of BE towards higher 
energy side is due to  photo induced changes that leads to 
the formation of more no of Se-Se bonds rather than the 
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heteropolar bonds. The increase in refractive index 
observed for irradiated film may be attributed to the excess 

of Se-Se bonds [33]. This excess homopolar bonds in the 
irradiated film can change the local microstructure as well 
as grain morphology, which leads to increase in film 

packing density, thus increasing refractive index [20]. The 
As-Sb-Se film structure can be attributed as being made up 
of completely cross linked structure of Sb2Se3 and As2Se3. 
The irradiation process causes some of the heteropolar 
bond transformation to homopolar bonds like equation 4 

[34]. 
 

 

Fig. 7. Deconvoluted XPS core level spectra of Se 3d. 

 
The peak positions of Sb 4d core level spectra for as-

prepared and illuminated films are at 34.44 eV and 33.72 

eV respectively (Fig. 8).  The deconvoluted peaks of Sb 4d 
core levels are shown in fig 8. The Sb 4d5/2 and Sb 4d3/2 
peaks are situated at BE of 33.75 and 35.09 eV with a gap 
of 1.34 eV. The photo induced process lowered the BE of 
both the peaks to 33.10 and 34.39 eV respectively. This 
peak is shifting towards the lower BE due to the formation 
of more Sb-Sb homopolar bonds as the electro negativity of 
Sb is much less than that of Se (2.55).  Thus, the formation 
of more number of homopolar bonds by equation 6 reduces 
the mobility edge inside the band gap region and decreases 
the optical band gap. 

 

 

Fig. 8. Deconvoluted XPS core level spectra of Sb 4d. 
 

The As 3d peak position for as-prepared and 
illuminated films are at 42.85 and 42.67 eVs respectively 

(Fig. 9). Due to spin orbit splitting, As 3d consists of 
doublets corresponding to As 3d5/2and As 3d3/2 (intensity 
ratio 5:3) with a separation of 0.7 eV which we observed 
from the deconvoluted peaks (1-1

/
 and 2-2

/
). Here, 2 and 2

/
 

denotes As 3d5/2 states and 1 and 1
/
 denote As 3d3/2.  The 

two sub peaks (1-1
/
) at 44.38 eV and 45.08 eV in the 

deconvoluted As 3d peak are assigned as As atoms within 

AsSe3/2 pyramidal units at higher BE. The  sub peaks (2-2
/
) 

at 42.28 eV and 42.98 eV are assigned as As atoms within 
units containing As-As homopolar bonds at lower BE 

[35,36]. Because, As (2.18) has a smaller electro negativity 
than Se (2.55), homopolar As-As bond containing units 

contribute the lower BE peak [33]. From the spectra of As 
3d peak, it is found that due to illumination, the peak is 
shifting towards the lower BE due to the formation of As-
As homopolar bonds. The sub peaks (3, 3/) at 44.18 eV and 
44.88 eV are assigned as As atoms within AsSe3/2 
pyramidal units and sub peaks (4-4

/
) at 42.08 eV and 42.78 

eV are assigned as As atoms within units containing As-As 
homopolar bonds at lower BE. These sub peaks show the 
shifting in accordance with the change. 

 

 

Fig. 9. Deconvoluted XPS core level spectra of As 3d. 
 

Conclusion 

In conclusion, we have investigated the photo induced 
microstructural transformation in thermally-evaporated 
amorphous As40Se45Sb15 thin films when exposed to 
illumination. Photo induced process has changed the optical 
transmissivity, optical band gap, B

1/2
, refractive index, 

extinction coefficient, etc. of the films. The laser irradiated 
film shows higher refractive index and lower optical band 
gap as compared to that of as-prepared film. The increase 
in refractive index is because of micro structural 
disorderness and is attributed to the excess homopolar 
bonds. The absorption mechanism in the film is due to 
indirect allowed transition. The decrease in optical band 
gap (photo darkening) is due to the change in localized 
states near to the band edges. The binding energy shift of 
different core level spectra shows the formation of more 
homopolar bonds which supports the decrease in optical 
band gap. As the optical changes occurred due to laser 
irradiation are irreversible, so the material can be a useful 
candidate for archival memory and creation of integrated 
optical elements, which need high local changes of optical 
parameters. Selecting suitable pairs of chalcogenide glasses 
with different optical gaps, one can modify the parameters 
of the light sensitive layers and use them for optical 
recording.  
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