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a  b  s  t  r  a  c  t

Chalcogenide  films  attract  broad  interest  due  to  their  use  as optical  components  like  narrow  band-pass
filters,  omnidirectional  reflectors  cladding,  all-optical  signal  processing  devices  or  optochemical  sen-
sors. Ge15Sb20S65 and  As30Se50Te20 chalcogenide  amorphous  films  were  deposited  by electron  beam
deposition  (EBD)  using  their corresponding  bulk  glasses  as  targets.  The  structure  of  both  bulk  and  thin
film  has  been  studied  by  far-IR  and  Raman  spectroscopy.  This  study  investigated  an  ordinary  aging
behavior  of  the  chalcogenide  films  by  exposing  them  to  natural  light  under  atmospheric  conditions
for  a  period  of six  months.  Both  films  were  found  to be photosensitive  as  manifested  by the  shift  of
their  optical  band-gap  to shorter  or longer  wavelength  depending  on  chemical  composition.  Aging  was
vaporation
ging
hotosensitivity
oating
ptical waveguide

found  to  induce  also  morphological  changes,  most  notably  the  likely  growth  of  arsenic  trioxide  micro-
crystals  on  the  surface  of  As30Se50Te20 films.  Such  effects  were  discussed  in  terms  of  photo-oxidation
and  photo-hydrolysis  phenomena,  the extent  of which  was  found  to  be  relatively  limited  for  Ge25Sb10S65

films.  The  larger  stability  of  the  latter  films  against  crystal  growth  at  the  surface  was  associated  with
the  ability  of  germanium  to  bond  to  diffusing  oxygen  atoms  in  germanium-oxysulfide  tetrahedral
arrangements.
. Introduction

Chalcogenide (Chg) films are the subject of numerous studies
ecause of their possible applications in the field of optical coat-

ngs – such as manufacturing of narrow bandpass filters (NBFs) in
he near infrared and mid-infrared region or special applications
n the infrared range [1,2] – or omnidirectional reflector cladding
3,4] and in opto-chemical sensors [5,6] while all-optical signal pro-
essing involving the control of light by light through nonlinear
ffects [7,8] can be foreseen for such films. In this work, we  are
nterested in the evolution with time of chalcogenide films devel-
ped by electron beam deposition. This technique is known to be
uitable for manufacturing thick and homogeneous films that can
ulfil size requirements set by special applications.The two chalco-
enides glass compositions selected for this study, Ge15Sb20S65
2S1G) and As30Se50Te20 glass (TAS), combine remarkable prop-

rties of chalcogenide materials; (i) direct evaporation from a glass
arget with retention of the initial stoichiometry, (ii) large optical
indow covering the spectral region from 500 nm to 11 �m for

∗ Corresponding author.
E-mail address: virginie.nazabal@univ-rennes1.fr (V. Nazabal).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.04.054
© 2011 Elsevier B.V. All rights reserved.

2S1G film and from 1 �m to 18 �m for TAS film, (iii) high refrac-
tive index at 1540 nm (2.425 for 2S1G, and 2.871 for TAS films
with thickness of 1.55 �m)  [9],  and (iv) photosensitivity [2,10].
Chalcogenide materials are known to be photosensitive, as well as
sensitive to oxygen and humidity, all these phenomena leading to
changes in optical properties and film morphology. Evaporated Chg
films can manifest shifts of their optical absorption edge toward
longer or shorter wavelengths (photodarkening and photobleach-
ing, respectively), and modifications of their refractive index under
light irradiation with appropriate energy and intensity [11]. Such
photoinduced effects on physicochemical properties of chalco-
genide glasses and films can be related to modifications of their
electronic/atomic structure. Additionally, chalcogenide films and
fibers with a surface to volume ratio higher than that of bulk mate-
rials can exhibit surface alterations due to crystallisation induced
by oxidation. This behavior depends strongly on the type of chem-
ical system, the specific composition and the employed deposition
method. The formation of As2O3 microcrystals at the surface of
As2S(Se)3 based glass has been reported by many authors [12–15].

Consequently, the optical property control of chalcogenides thin
films, which is necessary for technological applications, requires
a better understanding of their glass network structure and
the assessment of a natural aging effect on their optical and

dx.doi.org/10.1016/j.jallcom.2011.04.054
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Table 1
Chemical composition by EDS of 2S1G and TAS bulk glass and EBD films.

Element Bulk (±0.5 at.%) EBD film (±0.5 at.%)

1.5 �m 5 �m

2S1G
Ge 15.0 15.3 14
Sb 21.2 22.5 25.6
S  63.9 62.2 60.4
Te 20.3 19.8 21.5
F. Charpentier et al. / Journal of Alloy

orphological characteristics which could be detrimental for a
ariety of applications.

. Experimental method

.1. Glass target synthesis

Chalcogenide glasses of composition Ge15Sb20S65 (2S1G) and As30Se50Te20 (TAS)
ere prepared in the form of rods from the appropriate amounts of high-purity

ommercial elements (99.999%). Chemical elements like Ge and Sb are used as such
ithout additional purification by selecting pieces without traces of surface oxida-

ion. While elements as As, S, Se, and Te were specially purified to remove oxygen,
olecular water, carbon and silica. These impurities introduce absorption in the
id- and far-IR ranges, as well as bulk scattering losses due to micro-inclusions.

he  chemical reagents S and Se were purified by vacuum distillation with a low rate
f  evaporation. The synthesis reactor was evacuated in an oil-free vacuum (10−2 Pa).
hen, the sealed silica ampoule containing the reagents was  placed into a rocking
urnace heated at 850 ◦C for 12 h for 2S1G (650 ◦C for 8 h for TAS) and quenched in
ater. In a final stage, the prepared chalcogenide samples were annealed for 4 h at

emperatures close to glass transition temperature and then cooled slowly to room
emperature. The glass samples were obtained as rods with diameter of 18 mm and
ength of approximately 50 mm.  Several glass cylinders were obtained from the
ame batch, allowing great reproducibility between successive EBD depositions.

.2. Deposition method

Typical equipment of electron beam deposition (EBD) used for the preparation
f coatings was a Balzers BAK 600 evaporation plant with a 60-cm stainless steel
ell  jar and two electron beam guns with water-cooled crucibles. TAS and 2S1G
aterials were placed in graphite crucibles of 4-cm3 capacity. An x–y sweep could

e  used to increase the film uniformity. The film was deposited on fused silica or
ilicon substrates, having all both surfaces optically polished, that were subjected
o  a normal cleaning procedure prior to being cleaned by a discharge in vacuum
hamber. The distance from the source to substrates was around 50 cm.  Controlled
y  a quartz sensor, deposition took place at a rate of 1 nm/s with a pressure of

 × 10−4 Pa. The total thickness of single TAS and 2S1G layer was about 1.5 and 5 �m
onitored by optical transmittance method. After deposition optical constants –

efractive index (n) and extinction coefficient (k), uniformity were determined by
pectrophotometry method at room temperature, in spectral range 0.5–1.6 �m.

.3. Characterisation of bulk glasses and films by Raman and infrared
pectroscopy

Infrared measurements were performed on 2S1G and TAS bulk glasses and EBD
lms at room temperature on a Fourier-transform vacuum spectrometer (Bruker
13v), equipped with two sources (globar and Hg arc), two detectors (DTGS with
Br and polyethylene windows) and five different beam splitters, KBr for the mid-IR
nd four mylar films for the far-IR (with thickness 3.5–25 �m),  to cover the fre-
uency range from 30 to 5000 cm−1. Each spectrum results from the average of 400
cans measured with a typical resolution of 2 cm−1. The infrared spectra of bulk
lasses were recorded in the reflectance mode at quasi normal incidence (11◦), and
he complex refractive index of each sample was  obtained through Kramers–Krönig
nalysis of its specular reflectance spectrum [16,17]. The infrared spectra reported in
his work are in the form of absorption coefficient spectra, ˛(�), calculated from the
elation ˛(�) = 4��k(�) = 2��ε′′(�)/n(�), where n(�) and k(�) are the real and imagi-
ary  parts, respectively, of the complex refractive index, ε′′(�) is the imaginary part
f  the dielectric function and � (in cm−1) is the infrared frequency.

Thin films were deposited on infrared-transparent silicon wafers (1 0 0 orienta-
ion) having both surfaces optically polished. Infrared transmittance spectra of thin
lms were measured at low resolution (10 cm−1) in order to average experimentally
he  interference pattern due to multiple internal reflections in the silicon substrate.

 systematic comparison was  made between the infrared spectra measured for thin
lms and corresponding spectra calculated using the infrared response functions
n,  k) of bulk glassy targets and Si substrate. To this aim, we made use of a model
ased on rigorous expressions for transmittance of a film/substrate bilayer system
hich takes into full account all optical effects occurring in such a system. The model

elevant to the present study is reported elsewhere [18–20].
Raman spectra were recorded at room temperature on a confocal micro-Raman

nstrument (Renishaw) in the backscattering geometry, using the 785 nm excitation
ine  of a solid state laser and typical resolution of 3 cm−1. The spectrophotometer
ncludes a holographic Notch filter for Rayleigh rejection, a microscope equipped

ith a 100× objective, and a CCD air cooled detector.

.4. Aging study
For each chalcogenide film composition, the influence of natural light exposure
nd  humidity was considered. Thus, some EBD films were stocked under atmo-
pheric conditions while other films were protected from light by keeping them
n  dark, or were protected from humidity by placing them in a glove-box under
rgon atmosphere (few ppm of [H2O]). The 2S1G and TAS thin films deposited on
TAS As 29.4 30.9 29.8
Se 50.2 49.3 48.7

fused silica substrate were used to probe optical alterations in the visible–near-
infrared spectral domain. Transmission curves of one layer for 2S1G and TAS were
recorded just after deposition and after 1, 3 and 6 months using a visible–near-
infrared spectrophotometer for each chalcogenide material. For morphological
studies, chalcogenide films deposited on silicon substrates were analysed by field
emission scanning electron microscopy (JEOL 6301F) at various times of the aging
study.

3. Results and discussion

3.1. Chemical compositions

The composition of EBD films with thicknesses 1.5 and 5 �m
and of the bulk targets is listed in Table 1. The values reported
are undoubtedly representative of compositions of EBD films; the
compositions do not fluctuate much between films with compara-
ble thickness. For 2S1G films with thickness of about 1.5 �m,  the
chemical composition was very close to that of the bulk glass. The
noted sulfur deficiency (2 at.%) is usual for sulfide films, and this
is due to the higher volatility of sulfur in comparison to other ele-
ments. Relative to sulfur, an increase in the antimony content was
observed (1 at.%). For thicker films, the composition changes were
more pronounced. The ratio of S/(Ge + Sb) decreased by 7% (14% for
5 �m film) and the ratio Sb/Ge increased slightly (4%), this effect
being larger for the 2S1G 5 �m film. Considering the EDS accuracy
of ±0.5%, the composition of TAS films was  very close that of the
bulk glass target regardless of film thickness. It is noted that for this
specific composition the melting or evaporation is congruent, and
this leads to film with compositions comparable to that of the bulk
material.

3.2. Structural characterization by Raman and IR spectroscopy

Even if the composition of films is not removed from those of
the bulk counterparts, it is necessary to characterise the struc-
tural organisation of the as-evaporated films which may  differ
from that of bulk glasses. As a matter of fact, after condensation
on a cold substrate of the vapours formed during evaporation,
non-homogeneous films in a very small scale are usually obtained
for as-evaporated films compare to bulk. The chemical reaction
between evaporated molecules and atoms is certainly slow down
under low temperature deposition on substrate inducing an amor-
phous structure highly influenced by the method of deposition. To
describe with confidence the structure of as-evaporated films, two
series of glasses has been studied to identify the changes in rel-
ative intensity and/or shift of the vibrational bands versus their
variations in composition.

3.2.1.1. Structure of Ge–Sb–S bulk glasses and 2S1G films
Fig. 1(a) and (b) presents the Raman and IR spectra of bulk

glasses with composition GeS2, Ge25Sb10S65 and Ge15Sb20S65

(2S1G). Before discussing the vibrational spectra of glass 2S1G it
is useful to review briefly the vibrational characteristics of the
GeS2 glass [21–24].  Considering the structural unit GeS4/2 (tetra-
hedral entities with four bridging sulfur atoms), one can assign the
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Fig. 2. Raman spectra (a and c) of and bulks (black lines) and thin films (dashed lines)
ig. 1. Raman (a and c) and Far-IR (b and d) spectra obtained on bulk Ge–Sb–S and
s–Se–Te glasses.

40 cm−1 band to the GeS4/2 symmetric stretching mode (�1) active
ainly in Raman, and the 370 cm−1 band to its asymmetric stretch-

ng mode (�3) active mainly in the IR. The GeS4/2 bending modes �2
nd �4 are active in both IR and Raman at 115 and 150 cm−1, respec-
ively. The Raman peak at 370 cm−1 is called usually “companion
eak”, �1c, is has been attributed also to germanate tetrahedral
nits linked by edges [21]. The Raman and IR activities at higher
requencies (420–430 cm−1) have been related to vibration of tetra-
edral units linked by S–S bridges [25].

Addition of antimony to GeS2 induces the appearance of strong
ibrational modes around 290 cm−1 in both Raman (shoulder) and
R (main peak) spectra. With reference to reports for Sb2S3 thin film
26,27] and for As2S3–Sb2S3 and Ge–Sb–S glasses [9,28],  the band
t ca. 290 cm−1 can be associated with the asymmetric stretching
ode (�3) of [SbS3/2] trigonal pyramids. The symmetric stretching
ode, �1, of [SbS3/2] pyramids should be related to the strongest

aman peak of glass 2S1G at 318 cm−1 (Fig. 1(a)). Also, the second
trongest IR band 2S1G at 395 cm−1 (Fig. 1(b)) could be attributed
o the asymmetric stretching mode, �as, of mixed Ge–S–Sb bridges.
he low frequency region of Raman and IR spectra associated with
ending modes (80–250 cm−1), appears to become broader and to
ain relative intensity with increasing Sb content.

The Raman and IR spectra of 2S1G thin film and bulk glass are
ompared in Fig. 2(a) and (b), respectively. As noticed in Section 2,

he spectral comparison in the IR is based on a calculated transmit-
ance spectrum which integrates all optical effects occurring in a
ilayer system (film and substrate) [18–20].  Both figures demon-
trate spectral variations between bulk glass and film. The 2S1G
deposited by EBD on silicon substrates. Measured infrared transmittance spectra (b
and  d) for Ge15Sb20S65 (3 �m)  and As30Se50Te20 (6 �m) films (gray lines,). The black
lines show calculated FIR spectra (b and d).

film Raman spectrum presents a slight shift of the most intensive
band to lower frequency (310 cm−1), and an increased intensity of
the low frequency envelope (130 cm−1). The appearance of a weak
band at ca. 208 cm−1 can be also noted, while no change is observed
for the band at 475 cm−1. The IR spectra show change in relative
intensity of the two  principal bands at ca. 290 and 388 cm−1 and a
gain in intensity of the low frequency band (156 cm−1). In line with
the assignments discussed above, we attribute these Raman and
IR trends to an increased content of film in SbS3/2 pyramidal units
relative to the bulk target. This result agrees well with the composi-
tion changes induced by the EBD technique (Table 1), where for the
5 �m film the Sb/Ge ratio is 1.83 as compared to 1.42 for the bulk
glass. The slight deficiency of films in sulfur could be compensated
by formation of homopolar bonds like Ge–Ge and Sb–Sb [26].

3.2.2. Structure of As30Se70−xTex bulk glasses and As30Se50Te20
film

Bulk glasses in the system As30Se70−xTex present an excess of
Se and Te compared to the stoichiometric As40Se60−xTex compo-
sitions [29]. Thus, the interconnection of AsX3/2 pyramidal units
(with X being either Se or Te) should incorporate some Se–Se,
Se–Te or Te–Te bonds. In addition, formation of rings or chains
including both Se and Te could be possible. Fig. 1(c) and (d)
presents the Raman and IR spectra of bulk glasses in the system
As30Se70−xTex from x = 0 to x = 20. For the bulk As30Se70 compo-
sition, we expect a glass network composed mainly of [AsSe3/2]

pyramidal units. According to Lucovsky [30,31],  the IR bands at 230
and 110 cm−1 could be assign to the asymmetric stretching (�3)
and to the bending (�2) modes, respectively, of [AsSe3/2] pyramids,
while the symmetric stretching vibration of [AsSe3/2] pyramids (�1)
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s expected at ca. 225 cm−1 in the Raman spectrum. The excess of Se
ould induce the formation of –Se–Se– bonding in various arrange-
ents including As–Se–Se–As bridges, Se8 rings and Sen chains.
ith reference to previous works of Lucovsky [31,32] and Ohsaka

33] on pure vitreous selenium, Mori et al. [34] on the system As–Se,
nd Iovu et al. on AsxSe(100−x) glasses with x = 0 to x = 40 [35], we
ttribute the high frequency IR components at ca. 260 cm−1 and
he Raman one at 252 cm−1 to Se8 rings. The main mode linked to
en chains is expected at 238 cm−1 in the Raman, and this might
e part of the broad band observed from 200 to 280 cm−1 in the
aman spectrum of As3Se7 glass. Also, a Raman contribution of
s–Se–Se–As entities is expected at ca. 270 cm−1.

Upon substitution of Se by Te, the high frequency components
round 250–270 cm−1 appear to loose gradually intensity in both
aman and IR spectra (Fig. 1(c) and (d)), and this demonstrates the
rogressive destruction of Se–Se bridges. In the Raman spectrum,
wo intensive bands develop at 168 and 205 cm−1 and become the

ain features of the x = 20 glass. The IR spectrum of the x = 20 glass
hows its main band at 220 cm−1. We  attribute the Raman band
t 205 cm−1 to vibrations of Se–Te bonds as observed in the sys-
em Se1−xTex [36] or to As–Se vibration in mixed AsSe3−xTex units
37,38]. The strong IR band at 220 cm−1 would be consistent with
he formation of mixed AsSe3−xTex units, considering that the �3

ode of [AsSe3/2] pyramids is active at 230 cm−1 (Fig. 1(d)). The
aman band at 168 cm−1 could be related to As–Te stretching in
sSe3−xTex entities [37,38].

In Fig. 2(c) and (d), the Raman and IR spectra of TAS thin film and
ulk glass are compared. The Raman spectra show a change in rel-
tive intensity between the two strong bands at 170 and 205 cm−1,
hile the strongest IR band shifts from 220 to 226 cm−1 from the

ulk glass to thin film state. A similar shift from 95 to 105 cm−1

s observed for the infrared active bending modes. Recalling that
he �3 and �2 modes of [AsSe3/2] pyramids appear at 230 and
10 cm−1, respectively, the observed IR trends suggest that the TAS
lm is relatively enriched in As–Se bonds and deficient in As–Te
onds compared to its bulk glass target. Also, the intense IR band
t 226 cm−1 for the film appears broader toward higher frequency
hen compared to the 220 cm−1 band of the bulk. This may  indicate

eplacement of Se8 rings in the bulk glass by new ring arrangements
n the film involving also Se–Te bonds [33]. The observed trends in
he infrared spectra are consistent with the manifested intensity
ariations of the Raman bands at 170 and 205 cm−1 when chang-
ng from bulk to thin film state. As seen in Table 1, the chemical
omposition of the film measured by EDS shows a slight increase
n the Te content relative to bulk glass. This result would be consis-
ent with the observed Raman and IR spectral variations provided
hat the involvement of Te in Se–Te bonding is enhanced upon film
ormation.

To summarize the results for TAS compositions we note that
fter EBD deposition (i) chemical analysis shows a slight increase
n the tellurium content, and (ii) vibrational spectroscopy suggests

 decrease in the number of As–Te bonds in favor of As–Se and Se–Te
onding (with bond energies really close: As–Te = 205 kJ/mol and
e–Te = 195 kJ/mol). Thus, Te atoms are preferentially bonded to Se
toms in the film than in the bulk, and this reduces the proportion of
s–Te–As bonds in mixed AsSe3−xTex entities. Additional analyses
re in progress to confirm these first conclusions.

.3. Optical natural aging effects

Absorption measurements of TAS and 2S1G films deposited on

used silica substrates were performed in the visible–near infrared
egion to probe the evolution of the optical band-gap during a 6-
onths aging experiment. The analysis of the optical absorption

oefficient data, ˛(�), indicates that the optical band-gap, Eopt, of
Fig. 3. (˛h�)1/2 versus (h�) of Ge15Sb20S65 (a) and As30Se50Te20 (b) EBD film
as-deposited and exposed to light and air atmosphere or darkness and Argon atmo-
sphere.

these films obeys the Tauc’s relationship for the allowed indirect
transition [39],

˛(�) = ı
(h� − Eopt)

2

h�
(1)

where h� is the photon energy and ı is a constant which depends
on the transition probability. The extrapolation of the linear por-
tion of Tauc’s plots to (˛h�)1/2 = 0 yields the values of the optical
band-gap [40]. Fig. 3 represents plots of (˛h�)1/2 versus (h�) for the
as-deposited chalcogenide films TAS and 2S1G, after 6 months of
exposure to natural light in air atmosphere, and after staying for 6
months in dark under argon atmosphere. As seen in Fig. 3, measure-
ments of the as-deposited films resulted in Eopt = 1.42 ± 0.01 eV for
TAS and Eopt = 2.30 ± 0.01 eV for 2S1G. After one month, the trans-
mission curve of 2S1G film was  shifted slightly toward shorter
wavelengths while the curve of TAS films was shifted toward
longer wavelength. After 6 months under atmospheric conditions,
the optical band-gap value was  1.39 ± 0.01 eV and 2.47 ± 0.01 eV
for TAS and 2S1G films, respectively. The optical band-gap values
determined for the two  aging experiments are collected in Table 2.
For the protected TAS film (in dark under argon atmosphere), it
was  found that aging leaves practically unaffected the optical band-
gap, while a small decrease of Eopt was  observed after exposure to
atmospheric conditions. We  found that an ordinary aging had a

stronger effect on optical properties of 2S1G film as manifested by
the Eopt increase with aging time. This effect was more pronounced
for the film exposed to atmospheric conditions. The variation
in band-gap energy of as-deposited chalcogenide EBD films
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Table  2
Optical band gap values for intermediary step of aging experiments for 2SG
(1.7 ± 0.1 �m)  and TAS (1.5 ± 0.1 �m)  films.

Exposed to
atmospheric conditions

Isolated from light and
humidity

2S1G
(±0.01 eV)

TAS
(±0.01 eV)

2S1G
(±0.01 eV)

TAS
(±0.01 eV)

t0 – as deposited 2.30 1.42 2.30 1.42
t1 – 1 month 2.36 1.37 2.32 1.42
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films. This formation certainly follows mechanism close to those
t2 – 3 months 2.37 1.39 2.32 1.42
t3 – 6 months 2.47 1.39 2.35 1.42

ubmitted to illumination of xenon arc lamp under air atmosphere
ave been already observed with a photobleaching of Ge15Sb20S65
lm and photodarkening of As30Se50Te20 film [2,41].

Generally for studies concerning the effect on optical properties
f as-evaporated films submitted to light exposure close to band-
ap energy, irreversible photoinduced changes occurs and it is
sually suggested that heteropolar bonds creation and homopolar
ond break are involved. Indeed, the energies of the homopolar and
eteropolar bonds are not removed in the range of ∼50–80 kJ/mol
nabling the coordination changes of atoms [42]. These phenom-
na generally result, for films close to or over stoichiometry with
igher proportion of chalcogen, in a photodarkening effect of the
s-based films and a photobleaching behavior of the Ge-based films

or film rich in chalcogen or close to stoichiometry. From litera-
ure, it is interesting to note that the addition of As into Ge–S films
lters the character of photoinduced changes following a progres-
ive modification of �Eopt from photobleaching to photodarkening
43]. It is reasonable to assume that photo-induced changes like
hose described above are associated with microstructural rear-
angement which can affect the optical band-gap [44]. Therefore,
he photodarkening and photobleaching are usually related to the
ormation or vanishing of defects and localised electronic states in
he tails of conduction and valence bands, which reduce or increase
he energy band-gap, respectively.

The Se and Te chalcogens with a high electronic lone pair den-
ity are usually involved in the coordination change to form new
onds in As based glass system. This ability makes the photo-
ensitive relaxation easiest for As30Se50Te20 films submitted to
atural light leading to photodarkening effect for such composition
�Eopt = −0.03 eV).

In as-evaporated thin films of the system Ge–Sb–S, photobleach-
ng and photodarkening can be observed after exposure [10]. In
ur case as the content of antimony is lower than 2/3, a photo-
leaching effect can be expected considering the relaxation of the
tructure. During the evaporation process of Ge–Sb–S glass target,
eSx (x < 2) and S2 or S8 molecules may  be formed by dissociation of
eS2 vapours leading to some inhomogeneity in the as-evaporated
lms. The relaxation of the film facilitated by exposure may  enable
he formation of GeS2 from these fragments; even if it was  not
learly detectable by Raman or IR spectroscopy. Thus, a shift of
he Eopt band-gap toward shorter wavelengths can be explained
s the Eopt of GeS2 is higher than those of Ge2S3 or GeS getting to a
hotobleaching of the Ge15Sb20S65 as-evaporated film [45].

Additionally, photo-induced phenomena leading to changes of
ptical parameters may  be also caused by photo-oxidation under
he influence of atmosphere. While the mechanism of photo-
xidation of chalcogenides is still under discussion, previous works
46–51] suggest that photo-induced changes may  be due to incor-
oration of oxygen in the glass matrix and to formation of covalent
onds with glass-forming elements, e.g. Ge–O or Ge–OH bonds at

he surface in the case of Ge–Sb–S films. It should be noted that
he formation of oxygen bonds with germanium is mostly irre-
ersible in sulfide and selenide films. As shown in Table 2, the
 Compounds 509 (2011) 7330– 7336

optical band-gap value of the 2S1G changes by �Eopt = +0.05 eV
even after protection in the dark under argon atmosphere. It is
noted that the H2O content was  carefully controlled and limited
around 3–5 ppm, whereas oxygen was not purified in the glove box.
Thus, we can certainly expect a better Eopt keeping by limiting the
oxygen content. As a result, we assume that such a photo-oxidation
mechanism is certainly predominant for the as-deposited 2S1G film
(15 at.% Ge).

However, the same aging conditions in the dark under argon
atmosphere did not affect the optical behavior of TAS with its
optical band-gap value remaining constant within ±0.01 eV vari-
ation. This suggests that film of the system As–Se–Te seems to be
less sensitive to oxygen than that of Ge–Sb–S system. More pre-
cisely, the diffusion of oxygen into the network and reaction at the
surface to form new mixed oxysulfide entities might be more effi-
cient in Ge–Sb–S films. As a result, the band-gap of 2S1G film is
shifted to higher energy as expected considering a transition to
larger band-gap energy like for germanium oxide system concomi-
tantly of the diminution of homopolar and dangling bonds well
known to decrease band-gap energy in Ge based as-evaporated
films. Nevertheless, the natural relaxation of the film can also con-
tribute to the photobleaching and the presence of Ge–Ge and Sb–Sb
homopolar bonds in as-deposited 2S1G films have been confirmed
by vibrational spectroscopies as described previously in structural
approach.

The As30Se50Te20 and Ge15Sb20S65 films were studied after
aging without clear conclusions can be drawn from this analy-
sis. It does not seem that significant changes in the glass network
structure take place during a natural aging at least unambiguously
detected by these techniques.

3.4. Morphological aging effects

TAS and 2S1G films deposited on silicon were cleaved for mor-
phological characterisation by SEM. The surface of these samples
was  observed after one, three and six months of aging under differ-
ent conditions of light exposure and humidity. Fig. 4 presents SEM
images of TAS and 2S1G films as-deposited by EBD (Fig. 4(a)), and
after 6-months exposure to light under air atmosphere (Fig. 4(b)), or
to darkness under argon atmosphere (Fig. 4(c)). Considering cleav-
age effects, Fig. 4(a) shows clearly that the as-deposited 2S1G and
TAS films appear amorphous and smooth with no porous structure
and have neither columnar nor granular microstructure.

The micro-structural characteristics of both 2S1G and TAS films
were found preserved at the beginning of the aging experiments.
The same observations were made also for TAS films exposed
for 6 months to darkness and argon atmosphere (TAS, Fig. 4(c)).
Under these conditions, the surface of the 2S1G film develops
few isolated crystallites (2S1G, Fig. 4(c)). This effect could be
linked to the increase of the optical band-gap value of this film by
�Eopt = +0.05 eV (Table 2) while TAS film did not present a �Eopt

shift in same condition of aging. In any case, the combination of
darkness with argon atmosphere seems to be an effective way  for
preventing chalcogenide films from premature aging.

Indeed, it was  found for both TAS and 2S1G films that exposure
to light and air atmosphere leads to micro-crystal formation on the
surface. As seen in Fig. 4(b), this effect is more pronounced for the
TAS film where a large concentration of micro-crystals has devel-
oped. Similar observations are made in the SEM image of a 1.5 �m
TAS film depicted in Fig. 5. Previous studies on exposed As40S30Se30
chalcogenide layer [52] and Ag(Cu)–As2Se3 films[53] showed the
formation of As2O3 micro-crystals on the surface of the exposed
observed in As2S3 film for which photoinduced breakage of As–As
bonds reacting with water and oxygen occurs at least at the surface
of the film. In case of TAS EBD films, such homopolar As–As bonds
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Fig. 4. SEM images of Ge15Sb20S65 (a) and As30Se50Te20 (b) EBD film as-deposited and e
months.

F
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w
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ig. 5. SEM image of the surface of an exposed to light and air As30Se50Te20 film
ith micro-crystals of As2O3.

ere not revealed by vibrational spectroscopies for which Se–Se
nd Se–Te seems to be the preferential chalcogen-chalcogen bonds.
he sensitivity of many chalcogenides to oxidation and hydrolysis

xposed to light is well known [42]. Analyse by energy dispersive
pectroscopy (EDS) of micro-crystallites on TAS film shows clearly
n increase of oxygen in high proportion and decrease of selenium
nd tellurium compare to film composition, which permit to con-
xposed to light with air atmosphere or darkness with Argon atmosphere during 6

clude to the formation of As2O3 micro-crystals also on the surface of
the exposed TAS films. Both photo-oxidation and photo-hydrolysis
effects could take place and explain the formation of this new As2O3
phase on the film surface.

Compared to TAS film, the oxidation of 2S1G film is less impor-
tant as seen by the growth of small particles on the surface (see
2S1G, Fig. 4(b)). Kohoutek et al. [54] have reported the forma-
tion of As2O3 crystals onto As–S film surface as result of oxidation
after exposure of air, while the introduction of few percent of
Sb allowed preventing such behavior onto As–Sb–S film surface.
Photo-oxidation under irradiation at 633 nm was  observed by Car-
dinal et al. on germanium–sulfide films for which oxygen diffusion
most probably occurs from the top of the film [50]. According
to Tanaka et al. the formation of GeO2 crystals by illumination
could not be expected on the surface of the Ge based films [49].
They suggested that stoichiometric bulk glass GeS2 is almost
entirely constituted of heteropolar bonds in contrast with the
as-evaporated film which the presence of homopolar bonds and
dangling bonds are reported. Following light exposure in air, these
Ge–Ge bridges or dangling bonds in lower proportion lead to for-
mation of Ge–O–Ge bonds and photobleaching in GeS2 films [49].
It is also worth noting that a recent study on oxysulfide glasses in
the system Ge–Ga–As–S(O) has shown a preference of Ga to form
Ga-oxysulfide units. The percentage of Ga atoms bonded to O was
larger compared to that of Ge and As and the weakness of Ga–S
compared to Ge–S and As–S bonds was proposed to explained this
behavior. Nevertheless in our Ge15Sb20S65 film, germanium atoms
might be coordinated with both sulfur and oxygen and the forma-

tion of Ge–O could be related to the presence of tetrahedral units
such as GeO3S, GeO2S2 or GeOS3 in agreement with Maurel et al.
[50,51]. Such a tendency of Ge atoms could provide a mechanism
for incorporating in the glassy network the diffusing oxygen atoms,
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nd, consequently, a way of reducing formation of oxidation crys-
allised products on the aged film surface. The photo-oxidation of
AS film seems to be more important at the surface of the film with
xide crystal grown than diffusion and reaction with the glassy net-
ork how it is suggested by the photodarkening of the film. These
rst conclusions should be study in more detail in order to deter-
ine the diffusion of oxygen into the film or photo-oxidation and

hoto-hydrolysis reaction limited at the film surface considering
omposition variation.

. Conclusions

As chalcogenide EBD films can be used in the field of nar-
ow bandpass filters (NBFs) in the near-infrared and mid-infrared
egion, omnidirectional reflectors cladding, all-optical signal pro-
essing devices or opto-chemical sensors, it is important to explore
lterations of their optical properties and morphological character-
stics during natural aging experiments. For this study, Ge25Sb10S65
2S1G) and As30Se50Te20 (TAS) amorphous chalcogenides have
een synthesised as bulk glasses in sealed silica tubes and as thin
lms by electron-beam deposition. The structure of thin films was
ompared to that of bulk glasses by employing IR and Raman spec-
roscopy. The results showed very similar network organization in
ulk glass and thin film states, with small structural variations in
BD films arising mainly from compositional changes during depo-
ition from bulk glass targets.

The photosensitivity of TAS and 2S1G layers was  studied follow-
ng the evolution of their band-gap during aging. After 6 months
xposure to light and air atmosphere, the transmittance curves
ere found shifted toward shorter (photobleaching) and longer
avelengths (photodarkening) for 2S1G and TAS films, respec-

ively. The optical band-gap values for both chalcogenide films
ave been determined as a function of aging time, and the results
emonstrate the photosensitivity of these chalcogenide films.

Evidence for a photo-oxidation process limited on the surface
f TAS films has been presented by following the evolution of SEM
mages, which show the growth of micro-crystals attributed to
rsenic trioxide. Degradation of 2S1G films by formation of crys-
als on the film surface has been also observed, but the degree of
his phenomenon is much smaller than that found for TAS films.
he photobleaching observed for 2S1G EBD films could be related
o diffusion of oxygen into the film reacting with the glass net-
ork. Therefore, the reaction of oxygen with germanium present

n this sulfide film could lead to formation of oxysulfide composi-
ions in the film, and thus, compared to TAS, to a less pronounced

icrocrystal formation on the surface during aging.
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