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The atomic composition, local structure and coordination of flash evaporated Ge2S3 films and their changes
induced by laser illumination and thermal annealing in vacuum were investigated by means of high resolution
synchrotron radiation and X-ray photoelectron spectroscopy. The top surface and subsurface layers of the films
are found to be enriched by Ge in comparisonwith the composition of target glass and contain oxygen and a sig-
nificant contribution of physisorbed carbon. The influence of laser and thermal treatments of flash evaporated
Ge–S films in vacuum on their composition is analyzed. The local atomic coordination obtained by curve fitting
of Ge 3d, S 2p, O 1s and C 1s core level spectra is discussed in detail.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Nonlinearities of As2S3 chalcogenide glass are as high as 100× that
for fused silica and can be applied to all-optical switching [1,2]. Replac-
ing of As by Ge atoms raises the linear index of refraction measured at
630 nm from 2.61 (As2S3) to 2.75 (Ge2S3) [3]. In accordance with the
empirical Miller law [4] the enhancement of optical nonlinearity in
such Ge-rich film is expected. This opens up possibilities for their use
as the active element in all-optical switching devices. It is well known
that composition, structure and properties of films are depending
from deposition techniques and condition of condensation. Due to the
lack of periodicity in their structure their density is lower than that of
the corresponding crystals, which contributes to their high sorption.
The dangling bonds occurred in the fresh film that are easy to saturate
when the film was exposed to air and reacted with oxygen. XPS study
has confirmed the presence of As2Ox oxides at the surface of as-
patterned As2S3 waveguides exposed to ambient condition for just a
few hours. These As2O3 crystals can have a devastating effect on propa-
gating light by introducing a major source of scattering loss in submi-
cron optically integrated circuits [5].
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The properties of a-As2S3 film prepared by thermal evaporation,
flash evaporation and magnetron sputtering are different, approaching
to those found in bulk glass in the later two cases. With respect to
optical and non-linear optical applications of Ge2S3 film it is very
important to characterize the local structure and composition at
the surface of the film in order to find the optimal method and con-
dition of preparation and to investigate the possibility of subsequent
modification of the material structure and properties e.g. by thermal
or laser treatments.

Recently during the investigation of oxysulfide GeS2–GeO2 films
[6] it has been found that preparation of 20 nm thick a-GeS2 film
by magnetron sputtering is accompanied by the formation of a thin
layer on top of the film with lower index of refraction with respect
to the bulk. In Ref. [7] we assumed that the visible photoluminescence
(PL) peak at 2.2–2.3 eV might arise from GeOx impurities in the struc-
ture of GeS2-based glasses. In such glasses the main peak in PL spectra
at 1.96 eV was identified with sulfide-dominated dopant sites, while
the shoulder at 2.02 eV was attributed to oxide-dominated sites
[8]. The mechanism of luminescence in Ge-based amorphous and
nanocrystalline materials is still being disputed [9,10]. It is found
that large PL signals correlate with good interface properties [11].
Laser illumination and thermal annealing might be employed in
order to get high quality chalcogenide glassy (ChG) films [12].
Here, we report the surface characterization of Ge2S3 films within
the few top nanolayers. It was carried out with high resolution syn-
chrotron radiation photoelectron spectroscopy (SRPES). Deeper
ated and annealed flash evaporated a-Ge2S3 films, J. Non-Cryst. Solids
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layers up to 3 nmwere investigated by ordinary X-ray photoelectron
spectroscopy (XPS).

2. Materials and methods

The Ge2S3 bulk glass was synthesized using 99.999% elemental Ge
and purified S. The weighted Ge and S mixture then was sealed in
evacuated (~10−3 Pa) dry quartz ampoules and stepwise gradual
heated up to 1223 K in a rocking furnace. At the end of the process
each ampoule was quenched at room temperature. Films were ob-
tained by flash evaporation of glassy powder onto c-Si substrate.
The irradiation of films was carried out in ultra high vacuum (UHV)
at room temperature for ~1 h by a diode laser operating at 532 nm
of 100 mW/cm2 intensity. The photon energy of 2.33 eV (532 nm)
is slightly higher than optical bandgap reported for a-Ge2S3 film
(2.16 eV) [3]. Thermal annealing was performed for 30 min in UHV
at 320 °C (Tg—30°). Although the material treatments (laser irradia-
tion and thermal annealing) have been performed at UHV the sam-
ples have been contacted with air during insertion in experimental
chamber.

Photoemission measurements were performed at the Materials Sci-
ence Beamline of the Elettra Synchrotron light source (Trieste, Italy).
The spectrometer was calibrated with the Au 4f7/2 photoemission line
at 84.0 eV from an evaporated gold film. The S 2p, Ge 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 ratios of 2:1 and 3:2 were used for the spin–orbit
split S 2p (2p3/2 and 2p1/2) and Ge 3d (3d5/2and 3d3/2) core level in-
tensities, respectively. Doublet separations of 1.18 and 0.60 eV were
used for S 2p and Ge 3d core levels, respectively. Other details of mea-
surements and curve fittingwere the same as described in our previous
articles [13,14].
Fig. 1. Ge 3d and S 2p SRPES spectra of flash evaporated Ge2S3
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3. Results

In order to examine the vibrational modes of Ge2S3-based films
[15,16] a complementary technique, SRPES and ordinary XPS spectros-
copy,was used to characterize the GeOx andGeSx species on the surface.
SRPES and XPS measurements have been performed on the as-
deposited, illuminated and annealed films. The study was carried out
by analyzing the Ge 3d, S 2p, O 1s and C 1s core levels of Ge2S3 glass
and evaporated thin films. The binding energy values of different ger-
manium sulfide [17–19] and oxide [20,21] compoundswere used as ref-
erence energies during SRPES and XPS data treatment. Fig. 1 shows the
Ge 3d and S 2p SRPES spectra of flash evaporated Ge2S3 films before
(top) and after (bottom) thermal annealing together with the curve
fitting results. As can be seen the intensity of Ge 3d and S 2p significantly
increase after thermal annealing in vacuum while laser irradiation did
not affect the spectra much (not shown). Component analysis shows
that the GeS- and ethane-like, GeS4/2, GeOx and GeO2 species were de-
tected in the Ge 3d spectra of as deposited film. The drastic changes in
the local structure of the material were found after thermal annealing
in UHV. As can be seen in Fig. 1 the Ge 3d spectra of annealed film con-
tain three components only. The GeS-like and ethane-like species with
Ge\Ge bonds disappeared and the intensities of GeOx and GeO2 com-
ponents simultaneously increase. According to S 2p spectra the surface
of both amorphous and annealed Ge2S3 film contains (S2)2− defects,
S\Ge bonds together with Sn species. The thermal annealing in UHV
leads to the formation of addition Sn chains.

The contaminant atoms namely carbon and oxygen were also ob-
served on the top of sample surface. Fig. 2 demonstrates the C 1s and
O 1s core level spectra of Ge2S3 films and their changes due to thermal
annealing. The components obtained from the curve fitting are indicat-
ed in the figure. As mentioned above for the Ge and S atoms the laser
irradiation in vacuum does not change significantly the concentration
films before (top) and after (bottom) thermal annealing.

ated and annealed flash evaporated a-Ge2S3 films, J. Non-Cryst. Solids
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Fig. 2. C 1s and O 1s SRPES spectra of flash evaporated Ge2S3 films before (top) and after (bottom) thermal annealing.
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and chemical bonding of the contaminant atoms. The drastic decreasing
in intensity of C 1s signal after thermal annealing is accompanied with
the increasing of Ge 3d and S 2p signals. Therefore we assumed that
physisorbed carbon desorbs from the sample surface during thermal
processes in UHV. The increase of the O 1s peak intensity after annealing
is in agreement with the increasing Ge 3d and S 2p peak intensities.

4. Discussion

4.1. Atomic composition and its changes

The surface and subsurface composition of the amorphous, annealed
and illuminated Ge2S3 films is shown in Table 1. Compositional analysis
shows that the top surface (measured by SRPES) of as-deposited film is
depleted by chalcogen. In this case the Ge to S ratio is 1.33 which is
relatively high in comparison with the target glass powder (0.67).

The oxygen and the significant amount of carbon were also detected
on the film surface. XPS measurements show lower Ge to S ratio (1.00)
and higher concentration of oxygen atoms. Taking into account that the
XPSmethod integrates structural information both from top surface and
deeper layers it can be concluded that the Ge to S ratio in deeper layers
is closer to that found in target material in comparison with top layers
Table 1
Composition (atomic %) obtained by SRPES (615 eV) andordinaryXPS (1486.6 eV) analysis
for the different elements of amorphous films obtained by flash evaporated Ge40S60 glass
powder.

Sample Energy, eV Ge, % S, % C, % O, % Ge/S

As deposited 615 20 15 52 13 1.33
Irradiated 615 19 14 54 13 1.35
Annealed 615 32 25 25 18 1.29
As deposited 1486.6 17 17 40 26 1.00
Irradiated 1486.6 14 14 41 31 1.00
Annealed 1486.6 23 24 24 29 0.95
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which are very affected by surface processes. As can be seen the laser
irradiation in vacuum leads only to small changes in atomic composi-
tion. The minor increase in Ge to S ratio after illumination is detected
only by SRPES i.e. at the top surface layers (see Table 1). Results show
thatmore changes in composition are taking place after thermal anneal-
ing of the sample. The significant increases of Ge 3d, S 2p and O 1s peak
intensities are accompanied with the simultaneous decreases of C 1s
peak intensity. The carbon content is found to decrease approx. twice
upon 30 min thermal annealing in UHVwhich can be related to thermal
desorption of physisorbed carbon from the surface. At the same time the
decrease of Ge to S ratio was observed both by SRPES and XPSmethods.
4.2. Local structure and component analysis

The analysis of the components of Ge 3d and S 2p core level spectra
obtained from the fitting procedure (Fig. 1) and their structural assign-
ment is presented in Tables 2 and 3, respectively. The analysis of Ge 3d
spectra (Fig. 1, Table 2) of Ge–S film shows that the thermal annealing
leads to the increase of concentration of GeOx andGeO2 species. The con-
centration of GeS4/2 s.u. which is the main component found in bulk
Ge2S3 glass (see Tab. 4 in [22]) is decreasing during thermal annealing
of the film. In contrast with the bulk glass the ethane- (S3Ge–GeS3) and
GeS-like s.u. were not detected in the structure of annealed film. On
the other hand, the significant contribution of Ge-oxides at film surface
was detected. It leads to the separation of sulfur-rich (dimmers and
chains) s.u. on the surface (Fig. 1, Table 3). Only negligible small concen-
tration of such S-dimmers was detected by XPS method.

The C 1s signal was associated mainly with the surface and near-
surface region. Carbon is partially removed from the surface and near
surface during the annealing process in UHV at temperature Tg—30°
(Fig. 2, Table 1).

In an earlier XPS investigation of Ge2S3-based films the carbon con-
tamination (an atomic percentage of about 15–20%) has always been
determined but was not taken into account during the consideration
ated and annealed flash evaporated a-Ge2S3 films, J. Non-Cryst. Solids
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Table 2
Individual components determined from curve fitting of Ge 3d spectra as evaporated,
irradiated and annealed Ge–S films (Fig. 1) and their contribution (area, %). The main
(3d5/2) peak of each doublet is considered.

Peak number Core level/
component

As evaporated
sample,
peak area, %

Irradiated
sample peak
area, %

Annealed
sample peak,
area, %

Ge 3d, 615 eV
Peak 1 GeS-like and/

or ethane-like
17 13 –

Peak 2 GeS4/2 33 32 19
Peak 3 GeOx 34 37 51
Peak 4 GeO2 16 18 30

Ge 3d, 1486.6 eV
Peak 1* Ge4/4 – 2 –

Peak 1 GeS-like and/
or ethane-like

25 22 –

Peak 2 GeS4/2 43 46 20
Peak 3 GeOx 30 30 60
Peak 4 GeO2 2 – 20
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of surface composition [23]. It can be noted aswell, that in Auger spectra
of ternary ChG film during long term aging, the tail of carbon and oxy-
gen signals extended up to 30 nm in depth [24], but 10–20 nm are
below the detection limit in the Auger profile. In our case laser illumina-
tion of a thin film in vacuum leads to small changes of Ge/S ratio on the
surface (Table 1). Also, the illumination with energy above the bandgap
results in the breakdown of Ge\S bonds and creation of new Ge\O
bonds in the irradiated area on the top of the film (Table 2). The analysis
of SRPES Ge 3d spectra has shown that after thermal annealing the con-
centration of GeO2 and GeOx on top is reduced. Nearly the same effect is
observed for the deeper layers as confirmed by theXPS peak signal from
3 nm (Table 2). In previous literature for Ge25Ga10S65 glasses studied by
XPS and X-ray absorption spectroscopy (XAS), a similar situation can be
found [20]. XPS data showed that Ge4/4 exists in small quantities in the
deeper layers of the illuminated zone and might be connected with the
fact that part of the germanium oxides decompose into Ge4/4 s.u. after
illumination [21]. As already stated, on the basis of our previous investi-
gations, the Ge4/4 s.u. were found in the illuminated zone too, during
measurement of Raman spectra which confirmed the XPS spectra as-
signment (Table 2) [15]. It is known that the evaporation of Ge-based
glasses is often a non-congruent vaporization process which can lead
to the formation of off-stoichiometry films [11]. In [19] the composition
of the thermally deposited film based on Ge40S60 glass was determined
as Ge46S54 and did not match well with that of the bulk glass. During
fitting of SRPES and XPS spectra of C 1s core level peak (not shown
here) there is no indication of Ge\C bond formation (binding energy
284.3 eV [25]). Apart from the main peak associated with C\C/C\H
bonds (284.8 eV) the only C\S and/or C\O bonds were found at
Table 3
Individual components determined from curve fitting of S 2p spectra as evaporated, irra-
diated and annealed Ge–S films (Fig. 1) and their contribution (area, %). The main (2p3/2)
peak of each doublet is considered.

Peak number Core level/
component

As evaporated
sample, peak
area, %

Irradiated sample
peak area, %

Annealed sample
peak, area, %

S 2p, 615 eV
Peak 1 (S2)2− 37 34 28
Peak 2 S–Ge 46 47 48
Peak 3 Sn 17 19 24

S 2p, 1486.6 eV
Peak 1 (S2)2− – – 11
Peak 2 S–Ge 87 79 70
Peak 3 Sn 13 21 19
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~286 eV. That is why we consider the structural composition of Ge2S3
films on the surface and subsurface asGeS2 × Ge1 − xSx × GeO2 × GeOy

(x b 0.6, y b 2). The ratio GeS2 × Ge1 − xSx/GeO2 × GeOy (see data in
Table 2) on the surface of films before illumination is near 1 and drasti-
cally differs from that found in bulk sample with freshly polished sur-
face [22].

We suggested that oxidation of Ge might play an important role in
radiative recombination processes on the surface of Ge2S3-based films
and it needs further investigations. The results obtained are the evi-
dence that annealing transform the Ge-rich species in both the surface
and subsurface regions. The local coordination in the as-evaporated
Ge\S film is significantly different from the structure of bulk glass, con-
tains the big amount of oxidized Ge species and the thermal annealing
does not lead to the formation of local structure typical to those found
in glass [22].

5. Conclusions

The atomic composition and local structure of flash evaporated
Ge2S3 films and their changes during laser and thermal treatment in
UHV were investigated in detail by means of synchrotron radiation
and X-ray photoelectron spectroscopy. The top surface and subsurface
layers of the films are found to be enriched by Ge in comparison with
the composition of target glass and contain oxygen and a significant
contribution of physisorbed carbon. Laser irradiation of the as-
evaporated Ge–S film in UHV leads to small changes only in composi-
tion and local atomic coordination. However, the thermal annealing of
the sample in UHV leads to drastic changes in the structure and local
coordination: the majority of the carbon contaminant atoms desorbed
from the surface, the concentration of Ge-rich Ge–S species rapidly
decreases with simultaneous increase in concentration of Ge oxides.
Such changes lead to the local separation of sulfur-rich components
and to the formation of Sn chains. Thermal annealing of the as evaporated
Ge–S film at temperature near the glass transition temperature did not
move the surface toward the composition and local coordination of
bulk glass.
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