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The influence of air and near bandgap laser irradiation on the surface structure of As40Se60 nanolayers has been
investigated by synchrotron radiation photoelectron spectroscopy (SRPES). 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 films. The experimental data processing and quantification were
performed by analyzing As 3d, Se 3d, C 1s and O 1s core-level components obtained by curve fitting. The relative
contribution of the As, Se, C and O atoms in different chemical states to thewhole As 3d, Se 3d, C 1s and O 1s sig-
nals, its structural origins aswell as their relation to the As40Se60 surface and subsurface nanolayers structure be-
fore and after laser irradiation is analyzed and discussed in detail. An atomicmodel of induced structural changes
on the surface of As40Se60 nanolayers under ambient conditions and after laser irradiation in air is proposed.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Chalcogenide glassy (ChG) materials discovered by N.A. Gorynova
and B.T. Kolomiyets in mid 1950s [1] have a special place among
semiconductors because their fundamental study formed the basis
for a general understanding of electronic phenomena in disordered
structures [2,3]. Amorphous chalcogenides have been of great interest
due to their remarkable structural, electronic and optical properties
and have a wide range of potential applications [4]. Many properties
of chalcogenide glasses show sensitivity to near band-gap light. The
photons may affect electrical, chemical, optical, volume or mechanical
properties of glasses [5,6]. These changes can be transient, metastable
or permanent. On the bases of these phenomena (i.e. light sensitive
properties of chalcogenide glasses and especially their amorphous
thin films) numerous applications have been devised [7,8].

In general, the photoinduced effects are believed to arise from the ex-
citation of electrons across the bandgap (e.g. photodarkening [9,10]) and
consequent atomic displacements (e.g. in photocrystallization [11],
photoexpansion [12], and opto-mechanical effects [8]). Recent studies
on photoinduced effects such as photoexpansion of chalcogenide films
suggest a uniform expansion of the material from photorelaxation, but
other investigations indicate photoinduced oxidation as a main effect
: +38 031 22 32339.
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[13–15]. Therefore, it is important to understand the role of the ambient
conditions in the observed photoinduced phenomena.

Numerous experimental techniques have been used to investigate
and characterize the structure of non-crystalline chalcogenides at the
nanoscale, including conventional diffraction methods, inelastic neu-
tron and Raman scattering [16]. Structural modeling, i.e. molecular
dynamics (MD) simulations and ab initio calculations have also been
applied to the interpretation of the experimental results [17]. For
nonlinear optical devices based on ChGs the propagation loss of the
waveguide is a significant factor determining performance [18]. Ab-
sorption from homopolar and dangling bonds, and surface oxidization
lead to higher light attenuation in films [18,19].

In this paper we report results on the investigation of light-induced
structural changes of amorphous As40Se60 thin films at the atomic scale
(i), determination of the influence of air exposure on surface structure
(ii), and finally comparison the types and concentrations of different
structural units (s.u.) in the As40Se60 film before and after laser irradia-
tion (iii) by means of SRPES.

2. Experimental details

The bulk As40Se60 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 ob-
tain themost homogeneousmelt. All ingotswere quenched by switching
off the furnace. Amorphous As40Se60 thin films with thickness of about

http://dx.doi.org/10.1016/j.jnoncrysol.2012.07.025
mailto:kon_alex@gala.net
http://dx.doi.org/10.1016/j.jnoncrysol.2012.07.025
http://www.sciencedirect.com/science/journal/00223093


2911O. Kondrat et al. / Journal of Non-Crystalline Solids 358 (2012) 2910–2916
500 Åwere prepared by thermal evaporation of bulk glass onto (100) sil-
icon crystal wafer substrates. For the laser irradiation experiment, the
amorphous As40Se60 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 aHe–Ne (632.8 nm) laser of 50 mW/cm2 inten-
sity. The laser intensity and exposurewere 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 thefilmswere cleaned byAr-ion sputtering. Tominimize
possible changes of surface As/Se stoichiometry due to Ar-ion bombard-
ment, low sputtering exposure (500 V, 5 min) was used, enough for re-
moval of only the top impurity overlayer. The photoemission spectra
were taken using synchrotron light with photon energy of 450 eV for
As 3d, Se 3d, C 1s core levels and 600 eV for O 1s core level at normal
emission geometry. Photoemission spectra were recorded using the
PHOIBOS 150 multi-channel hemispherical analyzer, with a step of
0.05 eV and pass energy of 10 eV. The SRPES peak intensities weremea-
sured with accuracy better than ~5% and were normalized to the inci-
dent photon flux. The As 3d, Se 3d, C 1s and O 1s core-level spectra of
as-prepared and laser irradiated As40Se60 films were measured with
total (photon beam+analyser+natural line width) energy resolution
of 0.5 eV. Charging was observed for all samples. For the correction of
this effect, the binding energy (BE) of a surface impurity C 1s signal
(285.0 eV) was used which was crosschecked using the BE of the Se
3d5/2 bulk signal (54.7 eV) [20]. The charging potential was very slightly
(~0.1 eV) different for films before and after irradiation, indicating
a minor change in conductivity. For the amorphous and cleaned
As50Se50 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. The same is true for the measured
As 3d core level of irradiated As40Se60 film. Also, we checked the evolu-
tion 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 are stable with time. To accommodate dif-
ferences in surface potentials between samples, and to determine the
absolute positions of all SRPES core levels, an ultrathin (~3 Å) gold
filmwas deposited on the sample surface just before themeasurements.
Then the experimental positions of the core levels for all the investigated
samples were calibrated by referencing to the 4f7/2 core level peak of
pure Au at 84.0 eV [21]. The gold-deposited sample was used only for
the determination of absolute position and for controlling the studied
core level shapes. Themeasured intensities of synchrotron radiation ex-
cited As 3d, Se 3d, O 1s, and C 1s core level spectra were normalized by
the corresponding atomic photoionization cross-sections [22,23].

The Se 3d, As 3d, C 1s and O 1s 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 3d5/2 and 3d3/2 spin-orbit split Se 3d and As 3d core level in-
tensities. Doublet separations of 0.69 and 0.86 eV were used for As 3d
and Se 3d core levels, respectively. The full-width-at-half-maximum
(FWHM)was set to the same value for each doubletwith the same origin
while it was kept free for all individual components. The binding energy
and the intensity of the 3d5/2 peaks of each doublet were allowed to vary
freely and independently of each other. The standard errors of areas and
BEs of fitted components were ±4% and ±0.05 eV respectively.

3. Results

3.1. Synchrotron radiation excited photoelectron spectra of As40Se60
amorphous non-irradiated and laser irradiated films

The Se 3d, As 3d, C 1s and O 1s core level spectra of amorphous
non-irradiated (a) and irradiated (b) As40Se60 films together with the
results of curve fitting are shown in Fig. 1. It is evident that the peak in-
tensities and shapes are different for non-irradiated and irradiated
samples while the BEs of peak components are nearly the same. De-
tailed analysis of the Se 3d core levels for the non-irradiated sample
shows that the best fit is obtained when three components (spin-orbit
split doublets) were used (Fig. 1, a). The BE of the main Se 3d compo-
nent at ~54.7 eV (peak 1) is connected with the As―Se―As s.u. [20]
and is characteristic of the As―Se―As s.u. in crystalline As2Se3. Two ad-
ditional components observed in the Se 3d spectra of uncleaned sample
were found at ~55.2 eV (peak 2) and ~55.6 eV (peak 3). According to
published data [21], the first one can be assigned to Se-rich As―Se―Se
or/and As―Se―C. The second component situated at 55.6 eV is due to
the Se―Se―Se s.u. Therefore, the analysis of Se 3d spectra of amor-
phous As40Se60 films shows the presence of homopolar Se―Se bonds
(As―Se―Se s.u.) and interface Se―C bonds at the surface. The increase
of the Se 3d component BE up to 55.6 eV indicates that even chain-like
Se motifs can be found in the structure of amorphous As40Se60
(Se―Se―Se coordination geometry).

To obtain a good fit of the As 3d spectra of the non-irradiated sample,
two componentswere used (Fig. 1, a). These componentswere assigned
to arsenic bonded to two seleniumandone arsenic atoms (2Se―As―As,
~42.5 eV, peak2) and arsenic bonded to three selenium atoms (As―3Se,
~42.9 eV, peak 3) s.u. Their BEs are in good agreement with values
reported for known materials with corresponding arsenic chemical
coordination: As4Se4, and As2Se3, respectively [21,24–27]. Thus, two
types of arsenic coordination may be resolved and used to explore the
structure of As40Se60 nanolayers at the atomic scale.

Carbon and oxygen were detected in the surface region of amor-
phous non-irradiated chalcogenide As40Se60 nanolayers exposed to air
under ambient condition. Fitting results of the measured C 1s core
level spectra of amorphous As40Se60 films are shown in Fig. 1, a. As
can be seen three components were used to obtain a good fit: C bonded
to Se (at ~284.5 eV, peak 1), C bonded to C (at ~285.0 eV, so called gra-
phitic peak, peak 2) and C bonded to O (at ~286.5 eV, peak 3). The pres-
ence of the C―Se peak is consistent with the presence of the
corresponding component in Se 3d core level spectra and was also ob-
served in Ref. [28]. The C―C and C―O component BEs are in accordance
with published data [21].

The detailed analysis of the O 1s core level spectra revealed one
component only which is located at ~532.0 eV and related to the pres-
ence ofO―C bonds [29]. It correlates well with the corresponding C―O
component (peak 3) found in the C 1s spectrum.

Similar spectra of laser irradiated As40Se60 films are shown in Fig. 1, b.
The peak fitting was done using similar components as for the air-
exposed sample. Simple comparison of Se 3d, As 3d, C 1s and O 1s core
level spectra of amorphous (a) and irradiated (b) films shows that
laser irradiation of As40Se60 film leads to changes of the peak shape
and redistributions of the peak component intensities while the number
of components in each peak and their positions are nearly the same. Peak
2 in Se 3d core level spectra became the most intensive and its energy
position shifts to ~55.1 eV in comparison with the ~55.2 eV for the
non-irradiated sample (Fig. 1). Peak 3 in the As 3d spectrum became
more intense. A redistribution of intensity between peaks 1 and 2 in
the C 1s spectrum is detected while no significant changes of the shape
and position are detected for O 1s core level spectra.

3.2. Synchrotron radiation excited photoelectron spectra of Ar-ion
cleaned As40Se60 amorphous non-irradiated and laser irradiated films

Additional measurements were performed on Ar-ion cleaned
As40Se60 films before and after laser irradiation. Fig. 2 shows Se 3d,
As 3d, C 1s and O 1s core level spectra of amorphous non-irradiated
(a) and irradiated (b) Ar-ion cleaned As40Se60 films together with
the results of curve fitting. In contrast to Fig. 1, the Se 3d core level
of the non-irradiated Ar-ion cleaned sample is described by 2 compo-
nents located at ~54.7 eV (peak 1) associated with the As―Se―As
s.u., and at ~55.2 eV (peak 2) associated with the As―Se―Se and/or
As―Se―C s.u. [20] (Fig. 2, a). Also an essential change was observed
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Fig. 1. Se 3d, As 3d, C 1s and O 1s core level spectra of amorphous non-irradiated (a) and irradiated (b) As40Se60 films (black solid line) together with the results of curve fitting (red
dots). Se 3d peak components were identified as As―Se―As (1), As―Se―Se, As―Se―C (2), Se―Se―Se (3); for As 3d – 2Se―As―As (2), As―3Se (3); for C 1s – C―Se (1), C―C
(2), C―O (3); for O 1s – O―C. Continuous and dotted lines denote 3d5/2 and 3d3/2 peaks, respectively. Photon energies: 450 eV for Se 3d, As 3d and C 1s; 600 eV for O 1s core levels.
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in the As 3d core level spectra of the non-irradiated Ar-ion cleaned
samples in comparison with the uncleaned one, and three compo-
nents were obtained by fitting the As 3d spectra. The structural origin
of two of them, peaks 2 and 3, is identical with the corresponding
peaks detected for the uncleaned sample. We assign the additional
peak at ~42.1 eV (peak 1) to As in As-rich 2As―As―Se s.u. (arsenic
bonded to one selenium and two arsenic atoms). The C 1s signal
from the cleaned sample was very weak and only one peak (at
~284.5 eV, peak 1, C―Se bond) is resolved, and only a negligible ox-
ygen contribution was detected.

A significant increase in peak intensity of the As―Se―Se or/and
As―Se―C s.u. (peak 2) was observed in the Se 3d core level of the irra-
diated and cleaned As40Se60 film in comparisonwith the non-irradiated
cleaned sample (Fig. 2, b). Also, a small change in BE of this peak is ob-
served. In As 3d core level spectra of the irradiated and cleaned As40Se60
film, peak 1 disappears and peak 3 becomes predominant (similar to the
uncleaned irradiated sample). The C 1s signal increases in intensity and
can be fitted using three components: C―Se (at ~284.5 eV, peak 1),
C―C (at ~285.0 eV, peak 2) and C―O (at ~286.5 eV, peak 3) while
the O 1s signal remains very weak.

4. Discussion

4.1. Peak component analysis

The results for As40Se60films beforeAr-ion treatment are summarized
in Table 1,where parameters of the components and their contribution to
the total core level intensity are given. As can be seen from Table 1 the
main component of the Se 3d peak of the non-irradiated sample is
As―Se―As s.u. (52.8%). Laser irradiation leads to an increase of the inten-
sity of peak 2 and to a small shift of BE from55.2 eV for the non-irradiated
sample to 55.1 eV for the irradiated sample. It can be explained by the
formation of additional As―Se―Se s.u. accompanied by reduction of
the number of As―Se―As s.u. Thus, the peak 2 in the Se 3d spectra of
the irradiated sample indicates the presence of both As―Se―Se and
As―Se―C s.u. It is important to note the significant contribution of the
Se―Se―Se s.u. in the Se 3d spectra of both the amorphous and irradiated
samples.

The assignment of peak 2 in the Se 3d spectra to Se―C bonds is con-
firmed by the presence of an intense C―Se component (peak 1) in the C
1s spectra (see Table 1). Furthermore, the C 1s spectrum contains a gra-
phitic peak at 285.0 eVwhichbecomes themain component in the laser
irradiated As40Se60 film. Also, the C 1s spectra of both non-irradiated
and irradiated films contain C―O bonds (peak 3) which correlates
with the observed O―C bonds in the O 1s spectra.

In contrast to crystalline As40Se60 where only As―Se―As s.u. (in Se
3d core level spectra) and As―3Se (in As 3d core level spectra) s.u. are
expected, in our As 3d core level spectra of amorphous non-irradiated
films two types of structural units were determined: As―As―2Se and
As―3Se (Table 1). Laser irradiation of the As40Se60film leads to a signif-
icant increase in intensity of peak 3 from 58% (non-irradiated sample)
to 81% (irradiated sample).

All these facts indicate that the laser irradiation leads to additional
Se―Se bond formation with a simultaneous decrease of As―As bond
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Fig. 2. Se 3d, As 3d, C 1s and O 1s core level spectra of amorphous non-irradiated (a) and irradiated (b) Ar-ion cleaned As40Se60 films (black solid line) together with the results of
curve fitting (red dots). Se 3d peak components were identified as As―Se―As (1), As―Se―Se, As―Se―C (2); for As 3d – Se―As―2As (1), 2Se―As―As (2), As―3Se (3); for C 1s –
C―Se (1), C―C (2), C―O (3); for O 1s – O―C. Continuous and dotted lines denote 3d5/2 and 3d3/2 peaks, respectively. Photon energies: 450 eV for Se 3d, As 3d and C 1s; 600 eV for
O 1s core levels.

2913O. Kondrat et al. / Journal of Non-Crystalline Solids 358 (2012) 2910–2916
concentration. The redistribution of the components' intensities con-
firms structural changes within the first few surface layers.

To analyze As40Se60 layers below the vacuum interface and the laser
induced effects occurring in the deeper layers of thefilm it is very helpful
to investigate the SR exited spectra of the samples cleaned by Ar-ion
Table 1
Binding energies (BE, ±0.05 eV) and FWHM (±0.01 eV) of individual components de-
termined from curve fitting of Se 3d, As 3d, C 1s and O 1s SRPES spectra of amorphous
non-irradiated and irradiated As40Se60 films before Ar-ion treatment and their contri-
bution (area, ±4%) to the main (3d5/2) peak of each doublet (Se 3d and As 3d are
considered).

Peak
number

Core level/
component

Non-irradiated sample Irradiated sample

BE FWHM Area,
%

BE FWHM Area,
%

Se 3d:
Peak 1 As―Se―As 54.7 0.85 53 54.7 0.96 37
Peak 2 As―Se―Se(C) 55.2 0.58 30 55.1 0.77 43
Peak 3 Se―Se―Se 55.6 0.50 17 55.6 0.67 20

As 3d:
Peak 2 As―As―2Se 42.5 0.79 42 42.5 0.82 19
Peak 3 As―3Se 42.9 0.68 58 42.9 0.81 81

C 1s
Peak 1 C―Se 284.5 0.99 59 284.5 1.10 41
Peak 2 C―C 285.0 1.00 33 285.0 1.12 47
Peak 3 C―O 286.5 2.08 8 286.5 1.70 12

O 1s
Peak 1 O―C 532.0 1.51 100 532.0 1.53 100
sputtering. Detailed analysis of such data (Fig. 2) was summarized in
Table 2. As can be seen from Table 2 a good fit of the Se 3d core level
spectra is obtained using two components with the dominant contribu-
tion assigned to As―Se―As s.u. (97%). The small contribution (3%) of
component at BE of 55.2 eV is found to be due to presence of
As―Se―C s.u. This statement is consistent with the presence of only
one C―Se component in the C 1s core level spectrum. Also, the absence
in the C 1s spectra of the component connectedwith C―O bonds is con-
firmed by the negligibly small O 1s signal. It might be connected with
the diffusion of carbon into the near surface layers of the sample.

In contrast to the uncleaned sample the As 3d core level spectra of
non-irradiated and Ar-ion cleaned As40Se60 film contain an additional
As-rich 2As―As―Se component. This fact is in a good agreement
with As enrichment found for As–Se films in comparison with the
corresponding glass source [30,31].

The Se 3d core level spectra of irradiated and Ar-ion cleaned
As40Se60 film is dominated by the main As―Se―As component (57%).
Peak 2 become more intensive (from 3% to 43%) and its position shifts
to 55.1 eV. As was pointed out before, this indicates the appearance of
an As―Se―Se s.u. (i.e. the formation of additional Se―Se bonds) in
the structure of the film under the laser irradiation. It correlates well
with the disappearance of the 2As―As―Se s.u. in the As 3d core level
spectra of the irradiated and Ar-ion cleaned sample and increase of
the As―3Se s.u. concentration from 41% for the non-irradiated film to
71% for the irradiated sample. The significant increase of C 1s peak in-
tensity (Fig. 2, b) and appearance of the main component (54%)



Table 2
Binding energies (BE, ±0.05 eV) and FWHM (±0.01 eV) of individual components de-
termined from curve fitting of Se 3d, As 3d, C 1s and O 1s SRPES spectra of amorphous
non-irradiated and irradiated As40Se60 films after Ar-ion treatment and their contribu-
tion (area, ±4%) to the main (3d5/2) peak of each doublet (Se 3d and As 3d are
considered).

Peak
number

Core level/
component

Non-irradiated sample Irradiated sample

BE FWHM Area,
%

BE FWHM Area,
%

Se 3d:
Peak 1 As―Se―As 54.7 0.79 97 54.7 0.92 57%
Peak 2 As―Se―Se (C) 55.2 0.41 3 55.1 0.86 43%

As 3d:
Peak 1 2As―As―Se 42.1 0.65 17 – – –

Peak 2 As―As―2Se 42.5 0.60 42 42.5 0.78 29
Peak 3 As―3Se 42.9 0.62 41 42.9 0.70 71

C 1s
Peak 1 C―Se 284.5 1.21 100 284.5 1.00 41%
Peak 2 C―C – – – 285.0 1.20 54%
Peak 3 C―O – – – 286.5 1.96 5%

O 1s
Peak 1 O―C – – – 532.0 1.78 100
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characteristic of C―C bonds and minor component (4%) originated
from C―O bonds were detected. The intensity of the latter component
correlateswell with the small intensity peak at ~532.0 eV characteristic
of O―C bonds in the O 1s core level spectra. This indicates laser stimu-
lated carbon diffusion into deeper layers of the As40Se60 film.

4.2. Structural modifications of As40Se60 film after the laser irradiation in
air

The analysis of peak intensities of As 3d, Se 3d, C 1s and O 1s spectra
of amorphous non-irradiated and irradiated As40Se60 film and As to Se
ratio before and after Ar-ion sputtering is shown in Table 3. As can be
seen, the main component detected in the surface of As40Se60 film be-
fore Ar-ion treatment is carbon (49%). The laser irradiation leads to a
further increase in the concentration of carbon (58%) and a decrease
the other components.

The As to Se ratio in this carbon-rich structure is found to be 0.41 for
the non-irradiated and 0.40 for the irradiated sample, significantly less
than producted. Similar decreasing of As/Se ratio was observed for
other compopsitions (As4Se4 and As4Se3 films) when the as-prepared
samples were exposed to air [30,31].

In contrastwith the amorphous uncleaned sample the results ofmea-
surements performed on Ar-ion sputtered samples, which provide infor-
mation from deeper layers of the film, show mainly Se (52.8%) and As
(43.3%) signals with a small contribution of impurities (C and O signals)
(see Table 3). In this case the As/Se ratio increases by a factor 2 in com-
parison with the uncleaned film. It should be noted here that the As/Se
ratio for the cleaned filmwas calculated at 0.82which is higher than the-
oretical one, 0.67. This result can be understood from the analysis of
some peculiarities of thermal evaporation process. The arsenic trisulfides
(and triselenides) mass-spectrometry studies show the presence of sig-
nificant amount of As-rich cage like molecules (As4S4, As4S3) in the
vapor in addition to most stable big stoichiometric As6S9 molecules
[32]. In contrast to bulk As2S3 glasses, the structure of amorphous As2S3
Table 3
Atomic concentrations, As/Se ratio of non-irradiated and irradiated As40Se60 film calcu-
lated from SRPES data and absolute change of component concentrations.

As40Se60 sample As, % Se, % As/Se C, % O, %

Before Ar-ion treatment Non-irradiated 12.7 30.8 0.41 49.0 7.5
Irradiated 10.1 24.9 0.40 57.7 7.3

Delta (ir.-am.), %: −2.6 −5.9 +8.7 −0.2
After Ar-ion treatment Non-irradiated 43.3 52.8 0.82 3.1 0.9

Irradiated 24.5 46.9 0.52 26.3 2.3
Delta (ir.-am.), %: −18.8 −5.4 +23.2 +1.4
films prepared by thermal evaporation shows characteristic features of
molecular structure of vapor as suggested by our previous Raman
study [33]. The less clear evidence of the formation of As-rich As–Se clus-
ters in the structure of As2Se3 films is provided by Raman spectroscopy.
Therefore, the formation of such molecules (As4Se4 and/or As4Se3) in
As–Se vapor then this can be one of the reasons leading to As enrichment
of deposited As–Se film since the lighter Se-dimmers and/or small
Sen-rings (nb8) are more effectively removed by vacuum system.

The laser irradiation of the sample shows a significant increase of
carbon concentration (26.3%) with a simultaneous decrease of the As
content (24.5%). The As/Se ratio became 0.52 in comparison with 0.82
calculated for the non-irradiated film.

4.3. Atomic model of induced structural self-organization of the As40Se60
nanolayers

Obtained results and their analysis allow us to describe the pro-
cesses occurring on top surface layer(s) of As40Se60 chalcogenide
due to air exposure and laser irradiation, and construct an atomistic
model.

Our results clearly show a significant decrease of arsenic concentra-
tion on the surface of As40Se60 filmwhen the samplewas exposed to air
and/or irradiated. Similar losses of As immediately after exposure to air
of an As–Se sample were also reported by other authors [34–36].
Antoine et al. observed that the As/Se ratio decreases immediately
after the sample was oxidized (exposed to O2) and further light illumi-
nation leads to only very small changes in the As/Se ratio [37,38]. They
pointed out that the reduced amount of arsenic could be due to prefer-
ential sublimation of As atoms under ultra high vacuum condition.
Some authors relate the change of the As/Se ratio to desorption of rela-
tively more volatile arsenic oxides, i.e. As2O3, which is actively formed
on the surface during laser irradiation [38]. Such interpretations, how-
ever, do not correlate with the interesting observation of the As/Se
ratio recovering after thermal treatment of the material [35]. An alter-
native 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 selenium from the bulk to the surface
[30]. Their suggestion is based on different site defect formation ener-
gies for Se and As, resulting in diffusion of atomswith the lowest defect
formation energy (Se) to the surface. If the surface composition of a film
exposed to air is enriched by Se, then one would expect to observe
As-rich layers deeper in the bulk. 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
(As2O3) in the experimental As 3dpeak for this sample. Such a contribu-
tion is expected when an As-rich sample is exposed to air [39]. The
changes of the surface composition of the chalcogenide film and its sta-
bility in the bulk were supported by our previous studies of Auger spec-
tra of a complex Ge33As12Se55 film [40] where losses of As accompanied
by the enrichment of Ge and Se in the near surface layers were ob-
served. Therefore, the segregation of Se can mainly be due to evapora-
tion of more volatile arsenic trioxide resulting in drastic losses of As
from the surface. The absence of As enriched layers in the bulk allow
us to conclude that As2O3 volatility is the main feature causing the de-
creases of arsenic concentration. As a result we observed surface enrich-
ment by Se atoms and formation of additional Se―Se bonds and
interface Se―C bonds (due to adsorption from the air). This leads to
the formation of a large As gradient concentration from the bulk
(As>40%) to the top surface layer (As→0%) of the film.

It is known that diffusion and interdiffusion processes can be in-
duced by light in multiplayer chalcogenide systems [41–43]. The near
band gap laser irradiation causes the concentration gradient to be re-
duced through bondbreaking anddiffusion of theAs atoms fromdeeper
layers to the surface. At the same time, under ambient conditions the ar-
senic at the surface oxidizes and additional evaporation of arsenic ox-
ides takes place, as seen from the calculated As/Se ratio. As a result,
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Fig. 3. Atomic model of induced structural changes on the surface of As40Se60 nanolayers: a—as deposited film; b—film in air; c—film after laser irradiation in air.
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the near surface layers are continuously depleted of arsenic atoms. Si-
multaneously the carbon partially diffuses into deeper layers. This is
clearly seen from the behavior of C 1s peak intensity together with
changes of As concentration on the surface and appearance of additional
C―Se component in the fitted C 1s spectra (peak 2) of irradiated film
(Fig. 2, Table 3).

Additional support of this interpretation is provided by the calculated
delta parameters (see Table 3) indicating the differences between atomic
concentrations in the non-irradiated and irradiated samples before and
after Ar-ion sputtering. The significant decrease of arsenic concentration
in irradiated and cleaned sample (Δ=−18.8%) is accompanied by a sig-
nificant (Δ=+23.2%) increase of carbon concentration.

Therefore, under laser irradiation in air the photoinduced struc-
tural changes in the bulk already described in detail [36,39] are totally
different from the surface processes which cause significant changes
of surface stoichiometry and bonding properties. The latter processes
are schematically shown in our atomic model of structural changes of
the As40Se60 nanolayers surface (Fig. 3).

5. Conclusions

The local structural changes of As40Se60 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 follow-
ing conclusions:

(1) Formation of Se―C s.u. on the surface of amorphous As40Se60
film exposed to ambient conditions and crucial changes of sur-
face stoichiometry are found to be mainly due to arsenic
oxidization and the evaporation of more volatile As2O3. This
leads to the Se enrichment of the surface layer and formation
of a gradient of composition.

(2) Near bandgap laser illumination of the As40Se60 thin film stimu-
lates the diffusion process of As atoms from deeper layers to the
surface, decreasing the composition gradient. However, subse-
quent oxidization of arsenic at the surface–air interface and
evaporation of As2O3 takes place.

(3) Near bandgap laser irradiation leads to significant redistributions
of concentrations of As- and Se-centered structural units on the
sample surface: the concentration of As―Se―Se and As―3Se
components increases while the As-rich Se―As―2As and
2Se―As―As s.u. in the irradiated sample disappears. Such a
transformation implies an increase of the number of As―Se
and Se―Se bonds and a simultaneous decrease of the number
of As―As bonds in the structure of the irradiated films.

(4) Near bandgap laser irradiation of As40Se60 films stimulates diffu-
sion of carbon into the near surface layers, which significantly
changes the structural,mechanical and optical properties of sam-
ple. Such changes should be considered when using As40Se60
films for different applications.

(5) An atomic model of induced structural changes on the surface of
As40Se60 nanolayers under ambient conditions and laser irradia-
tion in air was proposed.
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