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The influence of near bandgap laser irradiation on the structure of the AssoSesq thin film has been investigated by
synchrotron radiation photoelectron spectroscopy. The As 3d and Se 3d photoemission peaks of the irradiated
sample show significant differences in shapes and positions in comparison with those obtained for
non-irradiated amorphous film. The experimental data processing and quantifications are performed analyzing
As 3d and Se 3d core-level components obtained by curve fitting. The relative contribution of the As and Se atoms
in different chemical states to the whole As 3d and Se 3d signal, its structural origins as well as their relation to
the AssoSeso nanolayers structure before and after laser irradiation is analyzed and discussed in detail.
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1. Introduction

Amorphous chalcogenides represent a class of disordered semicon-
ducting materials obtained by the combination of one or more chalco-
gen elements (typically S, Se, Te) with other elements typically As, Ge,
Sb etc. They have been of great interest due to their remarkable struc-
tural, electronic and optical properties and have a wide range of poten-
tial applications [1]. Since their discovery, amorphous chalcogenides
have stood out as the materials of choice for infrared (IR) optics because
of their excellent optical transparency. Chalcogenide glasses (ChG) are
also known for being sensitive to near-bandgap light, which pro-
duces several types of photoinduced changes in structure and prop-
erties [2,3]. These changes can be permanent, metastable or temporary
depending on light exposure. Numerous interesting applications have
been developed and designed based on the light sensitive properties
of non-crystalline chalcogenides, especially in amorphous thin film
form [4-7]. Also, we note that due to surface effects the processes of
the photoinduced structural changes in thin films can be significantly
different from those occurring in bulk glasses [8]. Photosensitivity is a
key feature of chalcogenide glasses for phase-change memory, direct
waveguide and grating writing. The high IR transparency of ChG
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based fibers can be used for transmitting high power IR light. Large re-
fractive indices and third-order optical nonlinearities exhibited by chal-
cogenide glasses make them attractive and among the best candidates
as photonic devices for ultrafast all-optical switching and data process-
ing [9]. The effect of reversible anisotropic volume change induced by
polarized light, discovered by Krecmer et al. in AssoSeso thin films, can
also be used for direct opto-mechanical transformations [10]. The ob-
served peculiarities in amorphous chalcogenides are first of all related
to their structure at the nanoscale. Therefore they are interesting as
model objects too, and have been intensively studied for better under-
standing of ordering and self-organization in amorphous materials.
Numerous experimental techniques have been used to investi-
gate and characterize the structure of non-crystalline chalcogenides
at the nanoscale, including conventional diffraction methods, inelas-
tic neutron and Raman scattering [11]. Structural modeling, i.e. mo-
lecular dynamics (MD) simulations and ab initio calculations have
also been applied to unambiguous interpretation of the experimen-
tal results [12]. For instance, Raman spectroscopy used together
with ab initio calculations elucidated the structure of glassy As—S
and Ge-S chalcogenides at the atomic scale as well as to study
photo-induced transformations [13]. Theoretical and experimental
investigations during the last few years have shown that two- and
three-component chalcogenide glassy semiconductors, produced as
continuous media, contain a considerably wider variety of basic
structural units (s.u.) than their crystal analogs. The majority of s.u.
consists of medium-range ordered groups or clusters with different
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geometry, depending on the concentration of additives and fabrica-
tion method [14]. The ordering geometry of these groups in bulk
glasses and films determines their physical properties [15].

The structural information obtained from the Raman spectra of the
binary As—Se system is limited. This is due to the similarity of the As
and Se atomic masses, resulting in overlapping of the Raman active
modes characteristic of As— As, As— Se and Se — Se stretching vibrations.
On the other hand, the local structure of amorphous and glassy chalco-
genides in the first coordination sphere (i.e. short range order) can be
investigated by using high resolution X-ray photoelectron spectroscopy
[16,17], because the core level binding energy gives direct information
on the chemical state of the atom, and therefore its bonding. The
obtained direct structural information could be extremely useful for fur-
ther theoretical ab initio and MD structural modeling and interpretation
of spectroscopic results, extending our knowledge about s.u. to larger
scales (i.e. medium range order).

The main objectives of the present work were: to investigate the na-
ture of light-induced structural changes of amorphous AssoSesq thin
films at the atomic scale (i), to determine the effect of air on surface
structure (ii), and finally to compare the types and concentrations of
different structural units in the AssySesq film before and after laser irra-
diation by means of synchrotron radiation photoelectron spectroscopy
(SRPES) (iii). For these purposes, SRPES spectra of amorphous and
laser irradiated AssgSesq films were measured. The As 3d and Se 3d
core level spectra were deconvoluted into the individual components
using an iterative least-squares fitting procedure. The structural origin,
the contribution of each component to the experimental photoemission
spectrum and its connection to the local structure of the films as well as
their changes induced by air and/or laser irradiation are analyzed and
discussed in detail.

2. Experimental details

The bulk AssoSeso samples were prepared by the conventional
melt-quenching route in evacuated quartz ampoules from a mixture
of high purity 99.999% As and Se precursors. The furnace was rocked
to obtain the most homogeneous melt. All ingots were quenched by
switching off the furnace. Amorphous AssoSesg thin films with thickness
of about 500 A were prepared by thermal evaporation of bulk glass onto
(100) silicon crystal wafer substrates. For the laser irradiation experi-
ment, the amorphous AssgSeso thin film was covered by aluminum
foil with a hole of ~3 mm diameter. The irradiation was carried out in
air at room temperature for ~3 h by a He-Ne (632.8 nm) laser of
50 mW/cm? intensity. The laser intensity and exposure were chosen
based on our previous studies of As-Se glasses by means of Raman
spectroscopy.

Photoemission measurements were performed at the Materials Sci-
ence Beamline of the Elettra Synchrotron light source (Trieste, Italy).
The surfaces of the films were cleaned by Ar-ion sputtering. To mini-
mize possible changes of surface As/Se stoichiometry due to Ar-ion
bombardment, low sputtering exposure (500 V, 5 min) was used,
enough for removal of only the top impurity overlayer. The photoemis-
sion spectra were taken using synchrotron light with photon energy
450 eV for As 3d, Se 3d, C 1s core levels and 600 eV for O 1s core level
at normal emission geometry. The As 3d, Se 3d, C 1s and O 1s core
level spectra of as-prepared and laser irradiated AsseSeso films were
measured with resolution of 0.5 eV. Photoemission spectra were
recorded using the beamline's PHOIBOS 150 multi-channel hemispher-
ical analyzer, with pass energy of 10 eV. The SRPES peak intensities
were normalized to the incident photon flux. Charging was observed
for all samples. For the correction of this effect, the binding energy
(BE) of a surface impurity C 1s signal (284.8 eV) was used which was
crosschecked using the BE of the Se 3ds,, bulk signal (54.7 eV) [16].
The charging potential was very slightly (~0.1 eV) different for films be-
fore and after irradiation, indicating a minor change in conductivity. For
the amorphous and cleaned AsspSeso film we did not observe the usual

signs of significant charging, which are shoulders on the high BE side of
Se 3d core level spectra and broadening of the core level peaks (see
Fig. 1B). The same is true for the measured As 3d core level of irradiated
AssoSesp film (Fig. 2A and B). Also, we checked the evolution of Se 3d
and As 3d core level spectra under X-rays during the time necessary
for recording the spectra and we found that the position and shape of
the spectral features is stable with time. The measured intensities of
synchrotron radiation excited As 3d, Se 3d, O 1s, and C 1s core level
spectra were normalized by the corresponding atomic photoionization
cross-sections [17,18].

The Se 3d and As 3d core level peaks were fitted using a Voigt
function with subtraction of a Shirley type background to yield
peak position and intensity. The statistical branching ratio of 3:2 was
used for the 3ds,, and 3ds;/, spin-orbit split peaks. Doublet separations
of 0.69 and 0.86 eV were used for As 3d and Se 3d core levels, respec-
tively. The full-width-at-half-maximum (FWHM) during the fit was
set to the same value for each doublet with the same origin while it
was kept free for all individual components. The binding energy and
the intensity of the 3ds, peaks of each doublet were allowed to vary
freely and independently of each other.

3. Results and discussion

3.1. SRPES spectra of As 3d and Se 3d core levels of amorphous and irra-
diated films

Fig. 1 shows the Se 3d and As 3d core level spectra of amorphous ex-
posed to air (A) and Ar-ion cleaned (B) AssoSes films together with the
results of curve fitting. Comparison of the spectra demonstrates that the
peak intensities and shapes are different for amorphous and Ar-ion
cleaned AssoSeso films while the BEs of peak components are nearly
the same. Detailed analysis of the Se 3d core levels shows that the
best fit is obtained when three components (spin-orbit split doublets)
for the uncleaned amorphous sample and one component for the
cleaned sample were used (Fig. 1, left, A and B, respectively). As
expected, the main component in the Se 3d spectra at ~54.7 eV (peak
1) of cleaned AssgSes, film is connected with As—Se— As s.u. [16]. Two
additional components observed in Se 3d spectra of the uncleaned sam-
ple were found at ~55.1 eV (peak 2) and ~55.6 eV (peak 3) BE with re-
spect to the main one. According to published data, they can be assigned
to Se-rich As—Se— Se and Se—Se— Se s.u., respectively [19]. Therefore,
from the analysis of Se 3d spectra of amorphous AsseSesq films exposed
to air even Se —Se - Se coordination geometry can be realized. Also, the
increases in BE can be attributed to the formation of Se—C bonds at the
interface.

To obtain a good fit of the As 3d spectra, two components for the
amorphous uncleaned sample and three components for the Ar-ion
cleaned sample were used (Fig. 1, right, A and B, respectively). Two of
them were assigned to arsenic bonded to two selenium and one arsenic
atoms (2Se—As-As, ~42.5 eV, peak2) and arsenic bonded to three se-
lenium atoms (As—3Se, ~42.9 eV, peak 3) s.u.; these energies are in
good agreement with values reported for known materials with corre-
sponding arsenic chemical coordination: As,Se,, and As,Ses, respective-
ly [19-23]. We suppose that the peak at ~42.1 eV (peak 1) originates
from a 2As—As- Se s.u. Thus, three types of arsenic coordination may
be resolved and used to explore the structure of AssoSeso nanolayers
at the atomic scale.

The Se 3d and As 3d SRPES core level spectra of laser irradiated
AssoSeso films before and after Ar-ion sputtering and the results of
peak fitting are shown in Fig. 2. For clarity, the labeling of components
with different structural origin was kept identical to those obtained
for amorphous samples. The relative intensity of SRPES peaks shows
significant variations in comparison with the amorphous sample
while their BEs vary only negligibly. In contrast to the data obtained
for the amorphous sample the Se 3d core level of the irradiated and
cleaned AsspSeso film is fitted well using two components with BE at
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Fig. 1. Se 3d and As 3d core level spectra of amorphous exposed to air (A) and Ar-ion cleaned (B) AssoSeso films (black dots) together with the results of curve fitting (red solid line).
Se 3d peak components were identified as As—Se—As (1), As—Se—Se (2) and Se—Se—Se (3); for As 3d — Se—As—2As (1), 2Se—As—As (2) and As—3Se (3). Continuous and dotted

lines denote 3ds,; and 3ds/, peaks, respectively. Photon energy 450 eV.

~54.7 and 55.2 eV (peak 1 and peak 2 in Fig. 2B) corresponding to the
As—Se- As and As—Se- Se s.u., respectively.

An essential change was observed in the As 3d SRPES core level
spectra of the laser irradiated samples. For the irradiated AsspSeso
film, the As 3d spectra were fitted using one component only
(As—3Se s.u.) and no As-rich units (Se—As— 2As, 2Se — As— As) contri-
bution (peaks 1 and 2) was detected (Fig. 2A and B). The analysis of
peak intensities of As 3d, Se 3d SRPES spectra of amorphous and irradia-
ted AsspSesq film before and after Ar-ion sputtering is shown in Table 1.
The detailed analysis of observed changes will be discussed in next two
paragraphs.

3.2. Stoichiometry changes of amorphous AsseSeso surface nanolayers:
effect of air and Ar-ion sputtering

It is evident from Table 1 that in the amorphous uncleaned sample
exposed to air, the stoichiometry is significantly different from that of
bulk AssgSeso glass. The As-to-Se (As/Se) ratio calculated from SRPES
data is 0.29. Other authors reported similar losses of As immediately
after an As-Se sample was exposed to air [24-27]. Antoine et al. ob-
served that the As/Se ratio decreases immediately after the sample
was oxidized (exposed to O,) and further light illumination leads to
only very small changes in the As/Se ratio [28,29]. They pointed out
that the reduced amount of arsenic could be due to preferential subli-
mation of As atoms under ultra high vacuum. Some authors relate the
change of the As/Se ratio to desorption of relatively more volatile arse-
nic oxides i.e. As,03 actively formed on the surface during laser irradia-
tion [29]. Such interpretations, however, do not correlate with the
interesting observation of the As/Se ratio recovering after thermal

treatment of the material [26]. An alternative idea has been proposed
by Krishnaswami et al. who pointed out that light induced changes of
the surface composition could be due to preferential segregation of se-
lenium from the bulk to the surface [24]. Their suggestion is based on
different formation energies for Se and As site defects, resulting in
movement of atoms that easily create defects (Se) to the surface. In
this case, if the surface composition of an exposed to air film is enriched
by Se, then one would expect to observe As-rich layers deeper in the
solid. Therefore, additional investigation is required to provide direct
confirmation of either segregation or other processes taking place dur-
ing exposure to air. Our component analysis for the Se 3d spectra shows
the presence of a large amount of Se — Se-bonds. On the other hand, we
have not detected a contribution of oxidized arsenic (As,0s3) in the ex-
perimental As 3d peak for this sample. Such a contribution is expected
when the As-rich sample is exposed to air [30]. Therefore, the segrega-
tion of Se can be due to evaporation of more volatile arsenic trioxide
resulting in drastic losses of As from the surface.

The concentration of As increases to 45.3% in Ar-ion sputtered amor-
phous AssgSes, film (Table 1) which is still less than the source glass. In
addition there are no defect Se—Se bonds found in the Se 3d spectra of
the Ar-ion cleaned surface (Fig. 1B). The absence of As-rich (x>50)
layers in the bulk leads us to conclude that As,03 volatility is the main
feature causing the decreases of arsenic concentration.

3.3. Component analysis and the laser induced transformations
Additional changes in surface stoichiometry and local chemical co-

ordination were induced by near bandgap laser irradiation. For the irra-
diated uncleaned sample, small increases in As content by about 5% in



0. Kondrat et al. / Thin Solid Films 520 (2012) 7224-7229

7227

25 T T T T T T T T T T A T M T
12t _
Se 3d (A) | As 3d (A)
20 1 10+ 1
z Zg |
S 15 1 5 8f 1
2 g
s S 61 -
=10 1 2 |
2 £ 4t 1
1] 8
£ 5 B [
2L 4
0 0 i
58 57 56 55 54 53 52 46 45 44 43 42 41 40
Binding energy, eV Binding energy, eV
45 T T T T T 35 T T T T T
$4r Se3d(B) ] 3of As 3d (B) -
35 .
230 1 2%
5 5
g 25 T 20 -
o ©
< 20 1 =15l
% > 15
15 1 2
S g 10}
Z10 1 E
5 ] 5r
0 e 0
58 57 56 55 54 53 52 46

Binding energy, eV

Binding energy, eV

Fig. 2. Se 3d and As 3d SRPES core level spectra of laser irradiated AssoSeso films before (A) and after Ar-ion sputtering (B) (black dots) together with the results of curve fitting (red solid
line). The Se 3d peak components were identified as As—Se—As (1), As—Se—Se (2) and Se— Se—Se (3); for As 3d — 2Se— As— As (2) and As—3Se (3). Continuous and dotted lines denote

3ds/, and 3ds,, peaks, respectively. Photon energy 450 eV.

comparison with the amorphous sample were observed (Table 1). This
observation is in contrast with other data observed for an annealed
As,Ses sample, illuminated in an inert atmosphere [26]. On the other
hand Antoine et al. [29] observed As enrichment in AszgSeg4 film and
pointed out that this is due to the loss of Se from the surface of the
film. Our results support this interpretation: the comparison of Se 3d
and As 3d spectra of uncleaned AssgSes film shows that the laser illu-
mination led to a relative increase of As 3d peak area (about + 7%)
and simultaneous decrease of the Se 3d peak area by about —21%.
The BE, FWHM and relative areas of individual components obtained
by curve fitting of SRPES data of films before and after Ar-ion sputtering
are summarized in Tables 2 and 3, respectively. The As 3d component
analysis shows that the structure of the amorphous AssgSesg film ex-
posed to air consists of two As-centered s.u. with the main contribution
of As—3Se (53%) and 2Se— As— As (47%) (Table 2). Therefore, even after
exposure of the film to ambient conditions the two structural configura-
tions are possible. This may imply that the pyramidal base AsSes struc-
tures and the so called realgar (r) cage-like As,Se, (isostructural with
r-As4S4) molecules, whose building blocks consist solely of 2Se— As— As
s.u., are the main structural motifs of the amorphous AssgSesq film.

Table 1
Atomic concentrations and As/Se ratio of non-irradiated and irradiated AsseSesq film
calculated from SRPES data.

AssoSesg sample As, % Se, % As/Se

Before Ar-ion treatment Amorphous 223 77.7 0.29
Irradiated 27.0 73.0 0.37

After Ar-ion treatment Amorphous 453 54.7 0.83
Irradiated 36.0 64.0 0.56

SRPES spectra of the Se 3d core level of the amorphous uncleaned
AssoSeso film contain three types of Se core states corresponding to
the As—Se—As (13%), Se—Se—As (46%) and Se—Se—Se (41%) s.u.
(Table 2).

Drastic changes of the contributions of the components in the As
3d and Se 3d core level spectra after laser irradiation of the AssgSesq
film were observed (Fig. 2). Since the BE of the peak components
was only slightly changed after laser treatment their assignment can
be considered as the same.

In the As 3d spectrum of the irradiated AssgSeso film (Fig. 2A), the
As-rich 2Se— As— As component disappears compared with the corre-
sponding spectra of the amorphous sample. Therefore, the surface
layers of the AssoSeso film after laser irradiation contain only one
As-centered building block As—-3Se s.u. as the main component

Table 2

Binding energies (BE, eV) and FWHM (eV) of individual components determined from
curve fitting of Se 3d and As 3d SRPES spectra of AssoSesq films before Ar-ion treatment
and their contribution (Area, %). The main (3ds,,) peak of each doublet is considered.

Deconvoluted Core level/ Amorphous sample Irradiated sample
peak number COMPONENt  pp E\WHM Area, BE  FWHM Area,
% %
Se 3d:
Peak 1 As—Se—As 54.64 0.88 13 5464 088 31
Peak 2 As—Se-Se 55.07 0.89 46 5513 076 43
Peak 3 Se—Se-Se 55.55 0.70 41 5562 0.72 26
As 3d:
Peak 1 2Se—As-As 4242 0.82 47 - - -
Peak 2 As-3Se 4291 0.68 53 4293 0.88 100
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Table 3

Binding energies (BE, eV) and FWHM (eV) of individual components determined from
curve fitting of Se 3d and As 3d SRPES spectra of AssgSes films after Ar-ion treatment
and their contribution (Area, %). The main (3ds/,) peak of each doublet is considered.

Deconvoluted Core level/ Amorphous sample Irradiated sample
peak number COMPONENt  pp EWHM Area, BE  FWHM Area,
% %
Se 3d:
Peak 1 As—Se-As 54.66 0.85 100 54.60 0.89 55
Peak 2 As—Se-Se - - - 55.05 0.88 45
As 3d:
Peak 1 Se—As-2As 42.10 0.73 22 - - -
Peak 2 2Se—-As—-As 4252 0.64 41 4253 076 39
Peak 3 As-3Se 4290 0.64 37 4298 0.69 61

(100%) (Table 2). A similar situation in the As 3d spectra of irradiated
AssoSeso after Ar-ion treatment was observed: in contrast to As 3d
core level spectra of cleaned amorphous sample (Fig. 1B), the As rich
Se—As-2As component has disappeared (Fig. 2B). This indicates that
laser induced As— As-bond breaking is taking place in the bulk too.

Taking into account that the realgar-like As;Se, molecules
(isostructural with r-As,S4) consist solely of 2Se—As—-As s.u. and
their pararealgar form is constructed from a mixture of As—3Se,
Se—As-2As, and 2Se—As-As s.u., the photoelectron spectroscopy
results do not confirm that a laser induced realgar-to-pararealgar
transformation is taking place. Therefore, there is no direct evidence
for such a photochemical molecular transformation in AssgSesqg thin
film [31], as was established in crystalline As;S4 [32,33] and amor-
phous As,S100 — x chalcogenides enriched by arsenic (x>40) [34,35].

Further analysis of the Se 3d peak components (Table 2) of the irra-
diated film shows the drastic changes in component concentrations in
comparison with the amorphous sample. For the illuminated sample,
the concentrations of As—Se—As, As—Se—Se and Se —Se—Se s.u. were
calculated to be 31%, 43% and 26% (Table 2). As can be seen from
Figs. 1A and 2A, the decreasing concentration of Se—Se— Se s.u. (from
41% to 26%) is accompanied by a simultaneous increase of As—Se— As
s.u. concentration from 13% to 31%. Similar laser stimulated bond break-
ing and new bond formations was shown in [8]. The increase in concen-
tration of As—Se—As s.u. after laser irradiation correlates with the
mentioned stoichiometry changes. Also, the laser illumination leads to
redistribution of intensities between Se-rich components (Figs. 1A
and 2A). Detailed analysis the Se 3d spectrum of the cleaned irradiated
film (Table 3) shows an absence of Se-rich Se—Se—Se component in
comparison with the uncleaned sample, accompanied by an increase
of the As—Se— As concentration. The comparison of Se 3d spectra of
cleaned amorphous and irradiated samples (Figs. 1B and 2B) leads to
the conclusion that laser illumination results in formation of additional
Se—Se— As s.u. in the bulk. However, the composition of irradiated and
cleaned AssgSes film, calculated at 36.0% As, is found to be less than
that calculated for the amorphous cleaned sample (45.3%) (Table 1).
Such observations indicate that the above mentioned photo-induced
enrichment by As cannot solely be explained by the loss of selenium
from the surface.

Our results show that the laser illumination stimulates diffusion of
arsenic atoms from near surface layers to the top (decreasing concen-
tration gradient) through the bond breaking (As—As) and bond
switching (As—Se) mechanisms. This model can explain the difference
of As concentrations in Ar-ion cleaned AssoSeso nanolayers before and
after laser irradiation.

4. Conclusions
The local structural changes of AssoSesq nanolayers induced by air

and near bandgap laser irradiation have been studied in detail using
synchrotron radiation photoelectron spectroscopy. The results,

together with spectral analysis of the photoinduced processes, lead
to the following conclusions. The crucial changes of surface stoichi-
ometry of amorphous AsseSeso film exposed to air are found to be
mainly due to arsenic oxidization and the evaporation of more vola-
tile As,0s. This leads to the Se enrichment of the surface layer and
formation of a gradient of composition. Near bandgap laser illumina-
tion of the AssoSesqo thin film stimulates the diffusion process, de-
creasing the composition gradient. The component analysis of the
As3d and Se3d spectra shows that the induced bond breaking
(As-As) and bond switching (As—Se) mechanism are responsible for
such processes. Near bandgap laser irradiation leads to significant redis-
tributions of concentrations of As- and Se-centered structural units on
the sample surface: the concentration of As—Se—Se and As—3Se com-
ponents increases while the As-rich Se—As—2As and 2Se—As—As s.u.
in the irradiated sample disappears. Such transformation implies an in-
crease of the number of As— Se and Se — Se bonds and simultaneous de-
crease of the number of As— As bonds in the structure of the irradiated
films. Taking into account the structure of realgar and pararealgar
As,Se, molecules and their building blocks, there is no direct evidence
of a realgar-to-pararealgar photostructural transformation after sample
irradiation in air.
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