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1Departamento de Fı́sica de la Materia Condensada, Facultad de Ciencias, Universidad de Cádiz, Apdo 40, 11510 - Puerto Real (Cádiz), Spain
(Fax: +34-956/834-924, E-mail: emilio.marquez@uca.es)
2Joint Research Center for Atom Technology, National Institute for Advanced Interdisciplinary Research, 1-1-4 Higashi, Tsukuba-shi, Ibaraki 305,Japan
3Department of General and Inorganic Chemistry, Faculty of Chemical Technology, University of Pardubice, Legions Sq. 565, 53210 Pardubice, Czech
Republic

Received: 3 August 1998/Accepted: 13 January 1999/Published online: 7 April 1999

Abstract. Photo-vitrification ofAs50Se50 thin films deposited
onto silicon wafer and glass substrates has been studied using
X-ray diffraction, far-infrared, and differential infrared spec-
troscopies. The optical study of this photo-amorphization ef-
fect has been carried out by two different methods enabling
the determination of the average thickness and refractive in-
dex of a wedge-shaped thin film. The refractive-index be-
haviour of the as-evaporated, crystallized, and photo-vitrified
As50Se50 films is analyzed within the single-oscillator ap-
proach. The optical-absorption edge is described using the
non-direct transition model, and the optical energy gap is
calculated. In the course of the vitrification of anAs50Se50
thin film deposited on a silicon substrate the photo-oxidation
of the film has been additionally detected and arsenic triox-
ide micro-crystals were formed on the surface of the film.
Such oxidation has not been observed withAs50Se50 films
deposited on glass substrates, which demonstrates that the
photo-vitrification phenomenon depends also on the type of
substrate. Finally, it is concluded from the optical study that
a reversible photo-darkening effect accompanies the photo-
induced vitrification phenomenon.

PACS: 78.66.Jg; 78.70.Ck; 78.30.-j; 78.20.Ci

It has been observed that amorphous chalcogenides can
undergo many light-induced structural changes [1]. These
photo-structural changes, when reversible, are only observed
in bulk glasses or well-annealed amorphous thin films, where
they can be removed by annealing near the glass transition
temperature,Tg [2, 3]. On the other hand, except for the metal
photo-dissolution phenomenon, irreversible effects gener-
ally occur in metastable thin films. It has also been shown
that illumination with high-intensity light can lead to photo-
crystallization of amorphousGeSe2 [4].

In the present paper, a systematic study of a novel photo-
induced structural effect in amorphous chalcogenide ma-
terials, namely the athermal light-induced vitrification of
As50Se50 thin films is reported. Such process has only been

observed when anAs50Se50 film is crystallized on a sil-
ica glass substrate [5, 6]. Going one step further, we present
here an investigation of the photo-vitrification process of
As50Se50 thin films deposited onto silicon wafer and sil-
ica glass substrates. This will allow us to demonstrate that
the photo-vitrification is a substrate-dependent process. The
use of silicon enables us to follow the changes of infrared
transmission. The phenomenon is found to be reversible
and we will expound the results obtained for the first two
annealing–illumination cycles. This photo-structural change
will be discussed, not only in terms of X-ray diffraction
(XRD) measurements [5, 6], but also using far-infrared (FIR)
spectroscopy, as well as differential infrared (DIR) spec-
troscopy. In addition, we have carried out the optical study of
this phenomenon, using two different methods of determin-
ing the optical constants proposed both by Swanepoel [7, 8],
which take into consideration the lack of thickness uniformity
of the present thermally-evaporated chalcogenide glass films.

1 Experimental details

Bulk samples were prepared by direct synthesis from high-
purity elements (5N), heated together in an evacuated quartz
ampoule, at a temperature of≈ 950◦C, for about24 h. After
the synthesis the melt was air-quenched, resulting in a bulk
glass of the required chemical composition. The glassy na-
ture of the ingot was checked using X-ray diffraction (Philips,
model PW 1710). Amorphous thin-film samples were pre-
pared by thermal evaporation of theAs50Se50 bulk glass onto
silicon and glass substrates, in a vacuum of≈ 10−6 Torr, in
a coating system (Edwards, model E306A). During evapo-
ration the deposition rate was≈ 1 nm s−1, this quantity hav-
ing been continuously measured by a quartz-crystal monitor
(Edwards, model FTM-5). Electron microprobe analysis of
the as-depositedAs50Se50 thin films indicated that the film
stoichiometry is correct to± 0.5 at.%. The samples were
annealed at≈ 150◦C (Tg ≈ 164◦C) for periods of time of,
typically, 72 h in a≈ 10−3 Torr vacuum. TheAs50Se50 films
were illuminated by use of a500 W high-pressure mercury
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lamp (Oriel, model 6285), through an IR-cut filter, providing
broadband white light (significantly, with a very high UV out-
put), using a light intensity of≈ 50 mW cm−2. The typical
light exposure time was about10 h. X-ray diffraction, using
CuKα radiation (1.54Å), was used to examine the glassy
or crystalline nature of the films. Mass measurements were
made by a microbalance (Mettler, model AE200) to check
possible changes as a consequence of the treatments.

The optical transmission spectra used in this study were
obtained over the300–2000 nmspectral region by a double-
beam UV/Vis/NIR spectrophotometer (Perkin-Elmer, model
Lambda-19). The spectrophotometer was set with a slit width
of 1 nm. It was therefore unnecessary to make slit width
corrections, since that value of the slit width was much
smaller than the different linewidths. The area of illumi-
nation, over which a single optical transmission spectrum
was obtained, was approximately1 mm×10 mm. The IR
transmission spectra were measured by use of a FTIR spec-
trometer (Perkin-Elmer, model 2000) in the energy region
720–30 cm−1. A surface-profiling stylus (Sloan, model Dek-
tak 3030) was used to determine the thickness of the films for
the sake of comparison with the results derived from the op-
tical transmission spectra: The thickness of the as-deposited
films studied ranged mostly between around700–1200 nm.
The examination of the thin-film samples by scanning elec-
tron microscopy was carried out in a Jeol JSM-820 electron
microscope. All measurements were made at room tempera-
ture and before them, films were kept in the dark.

2 Results and discussion.

2.1 Structural analysis of the photo-vitrification process

2.1.1 X-ray diffraction study.X-ray diffraction patterns of
as-evaporated, annealed, and illuminatedAs50Se50 films, de-
posited onto glass substrates, are shown in Fig. 1, and the
corresponding XRD patterns ofAs50Se50 films, deposited
onto silicon wafer substrates, can be seen in Fig. 2. Note the
presence of the first sharp diffraction peak (FSDP) in the
XRD pattern of the as-evaporatedAs50Se50 film deposited on
a glass substrate, and virgin and illuminatedAs50Se50 films
deposited on silicon wafers. This significant feature of the
diffraction results on amorphous chalcogenides, has been as-
cribed to the influence of medium-range order [9, 10], and
almost invariably occurs at a value of the modulus of the scat-
tering vector of≈ 1 Å−1 in these particular glassy materials.

Although most chalcogenide glasses are certainly quite
reluctant to crystallization,As50Se50 thin films deposited
on either glass or silicon substrates, could be crystallized
by thermal annealing at≈ 150◦C for around 72 h, and
comparison of the XRD patterns of the crystallized films
with powder-diffraction data forAs-Se crystals [11], re-
vealed that the crystalline phase isc-As4Se4. It is import-
ant to note the virtual absence of the FSDP at 2θ = 17◦,
characteristic of the amorphous phase, in the crystallized
products. It is probable that a more prolonged thermal an-
nealing period would lead to a further increase in the frac-
tion of crystallized product, but this annealing was not
attempted.

The fact that the relative peak intensities measured in
our experiments are different from the reference powder-

Fig. 1. XRD patterns (CuKα radiation) of the as-evaporated, crystallized,
and photo-amorphizedAs50Se50 thin films, respectively, on a glass substrate

diffraction data, seems to suggest possible preferred orien-
tational effects in the crystallized films. Such orientational
effects, along with the extent of crystallization, have been
shown to be dependent on theAs50Se50 film thickness, when
glass is the substrate used [12]. Thus, the crystallization
of amorphousAs50Se50 films, evaporated onto glass sub-
strates, exhibits the following characteristics, as reported
in [12]. In thin films (200–500 nm), the crystallization is
very incomplete; in medium-thickness films (1000–2000 nm)
there is only one strongly pronounced peak at27.7◦, which
implies a preferred orientation of the crystallites with re-
spect to the plane of the substrate. In contrast, thick films
(3000–5000 nm) show an XRD pattern where numerous
peaks are resolved, although the most intense peak appears
again at 2θ = 27.7◦. Additionally, peaks at 2θ = 15.1◦, 16.0◦,
28.4◦, and32.7◦ are exhibited in common by both medium-
thickness and thick samples.

Our film thicknesses, in the range700–1200 nm, corres-
pond to the medium-thickness case of [12]. The XRD pattern
of ourAs50Se50 crystallized films on glass substrates (Fig. 1),
present the most intense peaks at 2θ = 27.59◦ and16.20◦. In
addition, less intense peaks are found at 2θ = 15.31◦, 28.58◦,
29.90◦, 32.64◦, and48.05◦. If we compare these data with
those obtained forAs50Se50 crystallized films on silicon sub-
strates (Fig. 2), we observe that many more peaks are re-
solved in the latter case. Apart from the peaks already found
in the former case (except the peak at 2θ = 48.05◦), peaks
at 2θ = 23.36◦, 33.06◦, 34.85◦, 40.45◦, 41.75◦, and46.60◦
are clearly present in the XRD pattern of annealedAs50Se50
films, deposited onto silicon wafer substrates. Thus, we can
certainly assume that the crystallization process, which takes
place upon annealing of medium-thicknessAs50Se50 films, is
somewhat different, depending on the type of substrate in-
volved. Furthermore, the different crystallization behaviour
observed with films on a substrate, on the one hand, and
scraped films and powdered glass, on the other, clearly indi-
cates that there is a very important role played by the film–
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Fig. 2. XRD patterns (CuKα radiation) of the as-evaporated, crystallized,
photo-vitrified, and photo-oxidizedAs50Se50 thin films, deposited onto sili-
con wafer substrates. The inset is a schematic representation of the annealed
sample being illuminated, showing the possible formation of a thin layer of
SiSe2 on the interface of the amorphous chalcogenide withSi

substrate interface, and mechanical strain is very probably
involved. In fact, crystallization might be enhanced by crys-
tallization centres onSi wafers or by thin layers of formed
SiSe2 on the interface between the amorphous chalcogenide
and silicon.

The crystallizedAs50Se50 films were subsequently ex-
posed, in air, to white light from the mercury arc lamp for
a period of time of about10 h, at room temperature, which
caused the complete disappearance of the crystalline fea-
tures in the corresponding XRD pattern (see Figs. 1 and 2).
This observation obviously implies the photo-amorphization
of the presentAs50Se50 films, whether they are deposited
onto glass or silicon wafer substrates. It is worthy of note
that the temperature increase of theAs50Se50 films during
the irradiation process, as measured by a thermocouple con-
veniently affixed to the surface of the samples, was never
more than≈ 25◦C. This observation gives unambiguous
evidence of the athermal character of the photo-induced
amorphous-state transformation. Interestingly, this tempera-
ture increase represents an advantage because, consider-
ing that the photo-vitrification phenomenon was found to
be thermally activated [5], with∆Eph= 0.15 eV, the illu-
mination time necessary to vitrify the film is reduced by
around35%.

Significantly, one differentiating structural characteris-
tic of the photo-vitrification effect which takes place using
a glass substrate, in relation to that which occurs when a sil-
icon wafer substrate is used, is the total disappearance of
FSDP in the former. In the latter, the FSDP does not dis-

appear, although it becomes somewhat broader in the light-
amorphized state. On the other hand, in [5, 6] a quartz–
tungsten halogen lamp is used, and it is observed that both
XRD patterns of as-evaporated and photo-vitrifiedAs50Se50
films, deposited onto glass substrates, show basically the
same features, including the FSDP. This fact may be due to
the remarkable difference between the spectral irradiances
of the two light sources employed, since the mercury lamp
has a much higher UV light content than the quartz–tungsten
halogen lamp, and so, part of the photons will have higher en-
ergy and will obviously produce a larger degree of disorder
in the chalcogenide material. This observation suggests that
the type of radiation is another factor to be taken into account,
when anAs50Se50 crystallized film is to be light-amorphized.

The crystallization–vitrification process was found to be
reversible, with both types of substrates used in this work.
That means that the photo-vitrified film, could again be crys-
tallized by thermal annealing at≈ 150◦C, and then, vitrified
once more by the corresponding illumination. We have per-
formed three such cycles on a representative sample, with
both types of substrates.

When the time of exposure of anAs50Se50 crystallized
film, deposited on a silicon wafer substrate, was approxi-
mately doubled (around20 h), we found that apart from the
photo-vitrification phenomenon, an additional photo-induced
effect does seem to take place, the photo-oxidation of the
sample. Consequently, new crystalline peaks arise upon ir-
radiation of the annealed film (see Fig. 2), which could be
explained in terms of a photo-oxidation of theAs50Se50 film
and the formation of arsenic trioxide. Thus, the XRD pat-
tern of the overexposedAs50Se50 film shows two peaks at
2θ = 14.02◦ and 28.04◦ (see ASTM card 36-1490). These
findings are, at first sight, in agreement with the appearance
of As−O chemical bonds, as indicated by well-resolved vi-
brational bands at around620 cm−1 and 800 cm−1, in the
infrared transmission spectrum of the overexposed sample,
and will be discussed further below. This behaviour has cer-
tainly not been observed before, during the athermal photo-
vitrification process, when glass substrates were used and,
apparently, is a characteristic of such a photo-induced phe-
nomenon, when the layer is deposited, instead, onto silicon
wafers. The presence of chemical instability in amorphous
As2Se3 films has already been reported by Trubisky and Ney-
hart [13]. The decomposition of this chalcogenide glassy ma-
terial was considered to proceed by an oxidation reaction at
the surface of the film, such as:

As2Se3+3/2O2→ As2O3+3Se. (1)

In fact, the oxidation process represented above is highly
favourable, if we consider the calculated heat of that particu-
lar chemical reaction,∆H =−124 kcal/mole. As2O3 micro-
crystals were identified in this case and, thus, that reac-
tion seemed to describe the source of chemical instability
in a-As2Se3 films. However, the possible effect of light was
not studied in those particular experiments. Comparison of
a-As2Se3 films that were stored in complete darkness with
some that were stored under daylight conditions, showed that
As2O3 micro-crystals were much more numerous on those
that had been exposed to visible white light. This observa-
tion clearly indicates that there is an important role played by
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light in this oxidation process. A similar conclusion was made
in [14].

Another mechanism has been proposed to explain the
decomposition ofa-As2Se3 films [12]. This mechanism con-
siders a first step in which, as a consequence of the interac-
tion with light, some elemental arsenic would be liberated.
Subsequently, the liberated arsenic would be oxidized in the
following manner:

4As+3O2→ 2As2O3 . (2)

On the other hand, we propose that the oxidation ofAs2Se3
films could also be envisaged by the following chemical reac-
tion:

2As2Se3+9O2→ 2As2O3+6SeO2 . (3)

For As4Se4, we finally suggest the analogous oxidation reac-
tions, which should be:

As4Se4+3O2→ 2As2O3+4Se (4)

or

As4Se4+7O2→ 2As2O3+4SeO2 . (5)

The enhanced oxidation ofAs50Se50 onSi wafers can be con-
nected with the fact that on the interface of the amorphous
chalcogenide withSi, the following chemical reaction (pos-
sibly enhanced by illumination) can take place:

As4Se4+2Si→ 2SiSe2+4As , (6)

and created arsenic is then more easily oxidized, according to
(2). Such a reaction can also proceed during annealing. Ei-
therSiSe2 or Si can form crystallization centres which result
in more pronounced X-ray patterns.

2.1.2 Far-infrared and differential infrared spectroscopies.
Typical far-infrared transmission spectra for as-deposited,
crystallized, and photo-amorphizedAs50Se50 films, onto sil-
icon wafer substrates, are shown in Fig. 3. The as-deposited
film shows a broad band in the spectral region200–250 cm−1

and five more bands at 172, 138, 110, 90, and57 cm−1.
The main infrared feature around240 cm−1 corresponds
to As−Se bond-stretching vibrations [15, 16]. The band at
110 cm−1 has been assigned toAsSe3 and As2Se3 pyrami-
dal molecules [17, 18], whereas the appearance of a band
at 172 cm−1 can be explained in terms of the deformational
As−Se−As vibrations [19]. PolymericSemode is observed
at 138 cm−1 (bond-bending mode of theSe chain) andSe8
rings at90 cm−1 [20, 21]. Additionally, there is a very sig-
nificant, strong absorption band at57 cm−1. Although in
As50Se50 there are prevailingAs4Se4 molecules, it is rea-
sonable to suppose that during evaporation, the following
reactions proceed:

2As4Se4→ 2As2Se3+As4+Se2 (7)

or

3As4Se4→ 4As2Se3+As4 . (8)

Fig. 3. Far-infrared spectra for the as-deposited, crystallized, and photo-
amorphizedAs50Se50 samples, along with those for the crystallized and
photo-vitrified As50Se50 samples, corresponding to a second cycle. There
is a box showing how the main chalcogenide stretch peak has increased as
a consequence of the first thermal annealing process

Se2 can then be polymerized toSen chains. From those chem-
ical reactions, it is clear that there should be excess ofAs
or As plus Se, which would lead to the presence ofAs−As
bond vibrations in the corresponding IR transmission spectra.
The vibrations ofAs−As bonds inAs−S system glasses can
be found near235 cm−1 and vibrations ofAs-rich structural
units in the region of130–260 cm−1 [22]. The fundamen-
tal broad band ofAsS3 pyramids vibrations can be found
near345 cm−1. In As−Sesystem, due toSe, which is heav-
ier thanS, the fundamental vibrations ofAsSe3 pyramids are
shifted towards lower frequencies,≈ 240 cm−1, as pointed
out before, while theAs−As vibration frequencies are prob-
ably unchanged. Due to large overlapping of both bands, the
As−As bonds cannot be seen. There is another difficulty with
the As−Sesystem spectra interpretation. The difference be-
tween atomic weights ofAs andSeis low and the vibrations
frequencies ofAs−As, As−Se, andSe−Sebands in similar
structural units are very close. The overlapping of their vi-
brations can be strong, especially in amorphous solids with
broader IR bands, and, therefore, it is difficult to separate
them and assign the vibrations to the individual modes.

The IR spectrum of the crystallizedAs50Se50 film shows
the existence of bands at wavenumbers very close, indeed,
to those already found in the spectrum of the as-deposited
sample. Nevertheless, there is an outstanding difference be-
tween those IR transmission spectra: the complete disappear-
ance of the vibrational band at57 cm−1, as a consequence of
the thermal annealing process. In addition, the main chalco-
genide stretch band seems to increase (see Fig. 3, in which
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a box has been drawn to highlight this observation), indicat-
ing an increase in theAs−Sebond density, as a result of the
ordering of the film, induced by the corresponding thermal
annealing. It is well known [23] that virginAs2Se3 glass films
contain substantial density of homopolar bonds, which is no-
tably reduced by annealing. Considering the short-range bond
arrangement, it means that during annealing, the following
reaction proceeds:

As−As+Se−Se→ 2As−Se. (9)

A two-step mechanism has been proposed for that particu-
lar reaction [23]: (i) A first step, namely excitation, in which
cleavage of homopolarAs−As andSe−Sebonds is produced
to yield the rather reactive, excited states,As∗ andSe∗:

As−As→ 2As∗ and Se−Se→ 2Se∗ . (10)

(ii) A second step, namely interaction, which proceeds by re-
action of the above excited states, as represented below:

As∗ +Se∗ → As−Se. (11)

Illumination of the crystallizedAs50Se50 sample with
a Hg arc lamp, gives rise to the presence again of the absorp-
tion band at57 cm−1 in the IR spectrum of the corresponding
exposed sample. The absorption bands assigned toAs−Se
bond vibrations, and those attributed toSen chains andSe8
rings, which were observed in the spectra of both, the as-
deposited and crystallizedAs50Se50 films, are also present in
the photo-vitrified sample spectrum. Next, theAs50Se50 film
was subjected to a second annealing, followed by a second il-
lumination treatment. The vibrational bands observed in the
FIR spectra for the crystallized and photo-vitrified layers, cor-
responding to the second annealing–illumination cycle, are
also displayed in Fig. 3. From the above results, we can con-
clude that there is a very clear change in the vibrational band
at 57 cm−1, whereas the other bands remain practically un-
changed. This vibrational band could be connected with some
intramolecular or lattice (blocks in amorphous solids) vibra-
tions, although the first reason is more probable. The bending
vibrations can not be excluded either.

As mentioned above, when the irradiation was prolonged
up to≈ 20 h, photo-oxidation of theAs50Se50 layer occurred,
as shown by X-ray diffraction analysis. This is further sup-
ported by the appearance of IR transmission bands, at around
620 cm−1 and 800 cm−1, characteristics ofAs−O bonds in
a-As2Se3 thin films. As also indicated before, this photo-
oxidation effect during the course of the vitrification process
has not been observed previously, and could be characteris-
tic of the photo-vitrification phenomenon ofAs50Se50 films,
when silicon is the substrate used. On the other hand, it has
been shown recently that optical illumination of arsenic se-
lenide glass layers produces arsenic trioxide [23]. However,
rather long-time and intense illumination was needed, which
seems to indicate thata-As2Se3 films are not so much sensi-
tive to oxidation. During the illumination of thin-film arsenic
chalcogenides, not only crystallineAs2O3 can be formed, but
also amorphousAs2O3. The former can be obviously iden-
tified by X-ray diffraction and, also, by the presence of an
intense IR absorption band at approximately800 cm−1, in the
corresponding IR transmission spectrum; the latter presents

an IR absorption band at around620 cm−1. In the experiment
using an illumination time of≈ 20 h, oxygen atoms can also
be involved in the photo-induced changes, so that the excited
state,As∗, formed in a previous stage, as pointed out before,
could undergo the following pathway:

As∗ +1/2O2→ As−O . (12)

Differential infrared spectroscopy has also been performed,
so that individual spectra were transformed into absorbance-
frequency coordinates, then the spectra were subtracted, and
the results were, finally, transformed back into transmission-
frequency coordinates. In this way, the spectrum of the over-
exposed film (OE) was compared to the spectrum of the an-
nealed state of that film, and marked with the symbols, OE-A.
The DIR spectrum OE-A displayed in Fig. 4, shows the in-
crease of absorption at around620 cm−1 and800 cm−1 due
to the photo-oxidation effect, and the simultaneous decrease
of absorption around240 cm−1, indicating a clear decrease of
theAs−Seheteropolar chemical bonds, in the course of ox-
idation. At the same time, the vibrational band at57 cm−1 is
present, which, as seen previously, appears in the IR transmis-
sion spectra of the as-deposited and photo-vitrified thin-layer
samples.

Finally, the crystalline structure of the annealedAs50Se50
film is composed ofAs4Se4 molecules. These molecules have
a cage-like structure, in which a square ofSeatoms bisects
a distorted tetrahedron ofAs atoms. The averageAs−As
bond length inAs4Se4 is 2.57Å and theAs−As−Se bond
angle subtended at either one of theAs atoms comprising
the As−As bonds is101.2◦. If one compares those values
with the corresponding bond distance and bond angle ina-As,
2.49Å and 98◦, respectively, it is found that they are larger
in the case of theAs4Se4 molecule. The intermolecular dis-
tances, less than3.70Å, are shorter than the predicted van der
Waals distance of4.0Å, which could be associated with rela-
tively strong intermolecular interactions. Since the present
light-induced amorphization phenomenon is athermal, the ac-

Fig. 4. Differential infrared spectrum of the overexposed film (OE) against
the crystallized sample (A)
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tion of the photons must certainly be to cause chemical bond
breaking.

A possible mechanism to explain the phenomenon would
involve intramolecular bond breaking of covalent bonds
within the As4Se4 molecular units, to yield a cross-linked
amorphous network. Nevertheless, there is another possi-
bility, which would maintain the integrity of theAs4Se4
molecules, although changes in their relative orientation
and spatial distribution would occur, as a consequence of
photo-induced intermolecular bond breaking. It has been sug-
gested [24] that, sinceAs−As distances and bond angles in
As4Se4 are quite different from those in pureAs, as clearly
seen above, one can conclude that such intramolecular bonds
are rather strained.As a result, the electronic states associ-
ated with these particular chemical bonds are likely to be at,
or just above, the top of the valence band. Thus, optical il-
lumination might be expected, preferentially, to involve the
excitation of such electronic states, leading to bond cleav-
age;As−Sebond formation could then occur between closest
atoms of neighbouring molecules, leading to a more cross-
linked and disordered structure. In addition, intramolecular
As−Se bonds may also be broken upon irradiation, giving
rise to intermolecularAs−Sebond formation.

Finally, a comparison of Raman spectra of crystallized
and photo-vitrified layers shows that the spectrum of the for-
mer exhibits many narrow peaks characteristic of a molecular
solid, whereas that of the latter exhibits instead just a sin-
gle broad peak, characteristic of a cross-linked amorphous
solid [24].

2.2 Optical study of the athermal photo-amorphization
phenomenon

The optical study of the athermal photo-amorphization phe-
nomenon has been carried out by two methods proposed
both by Swanepoel, enabling the determination of the average
thickness and refractive index of a wedge-shaped thin film.
The first one is based on creating the upper and lower en-
velope curves of the optical transmission spectrum. In this
particular method, it is assumed that the layer thickness,d,
varies linearly over the illuminated area, so that the thickness
is: d= d±∆d (see Fig. 5). Parameter∆d refers to the ac-
tual variation in thickness from the average thicknessd. The
expressions for the top and bottom envelopes of the transmis-
sion spectrum, in the transparent region, are given as (11) and
(12) from [7]. If the refractive index of the substrate alone is
known, the above expressions are two transcendental equa-
tions with only two unknown parameters: the refractive index
of the thin film, n, and the geometrical parameter,∆d. The
validity range of this equation set is: 0<∆d< λ/4n, λ be-
ing the wavelength of incident radiation. All details about
this first optical characterization procedure can be found
in [7, 25, 26].

Figure 5 shows the optical transmission spectra corres-
ponding to the as-evaporated, crystallized, and photo-vitrified
As50Se50 films, for the first annealing–illumination cycle. The
envelopes were carefully drawn using a computer program
created by McClain et al. [27]. The average film thickness
and thickness variation obtained by this particular optical
characterization method from the spectra shown in Fig. 5,
are given in Table 1. In all cases, the film thicknesses deter-
mined by mechanical measurements on the same film areas,

Fig. 5. Typical optical transmission spectra, in the short-wavelength re-
gion, for the as-deposited, crystallized, and photo-amorphizedAs50Se50
thin films, respectively. The upper and lower envelopes corresponding to
the as-deposited film, are also presented as a representative example. In
addition, a diagram showing a weakly absorbing thin layer with a linear
variation in thickness on a thick transparent substrate

were in excellent agreement with the values calculated by
the optical procedure – the difference being less than2%.
The obtained values of the geometrical parameter∆d show
that it increases with the different treatments. TheAs50Se50
thin films submitted to a second annealing–illumination cycle
show a higher degree of morphological alteration. Thus, tak-
ing into consideration that the applicability of this first opti-
cal characterization method is limited by the aforementioned
condition, 0<∆d< λ/4n, an alternative procedure [8] was
used. This second method is based on the transmission spec-
tra at normal and oblique (30◦) incidence, and allows de-
termining the average thickness and refractive index of the
samples corresponding to the second annealing–illumination
cycle. A detailed explanation, and the results obtained by
the application of this second optical characterization proced-
ure to the thin-film samples that were subjected to a second
annealing–illumination cycle, can be found in our previous
work [28].

The decrease in the average thickness of theAs50Se50
films due to annealing,≈ 5%, is a sign of a thermal densi-
fication process (changes in the mass of the films were not
observed), which leads to a structural compression as a conse-
quence of the crystallization of the films. On the contrary, the
increase found in the average thickness of the films,≈ 4%,
when they were exposed to bandgap light, could be a conse-
quence of the photo-induced scission and weakening of inter-
molecular bonds, leading to an increase in the intermolecular
separations, i.e., to an increase in free volume [29]. A subse-
quent thermal annealing of the thin-film sample would restore
the chalcogen atoms bordering internal surfaces to their ori-
ginal positions, thereby decreasing again the volume of the
sample. It is known that the free volume of amorphous solids
is higher than that of crystalline solids.

From the values of the refractive index obtained, using
either of both optical characterization methods, its spectral
dependence is fitted to the Wemple–DiDomenico dispersion
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relationship [30], that is, the single-oscillator model:

ε1(hω)= n2(hω)= 1+ E0Ed

E2
0− (hω)2

, (13)

whereh is Planck’s constant divided by 2π, hω is the pho-
ton energy,E0 is the single-oscillator energy (typically near
the main peak of theε2(hω) spectrum) andEd is the dis-
persion energy. By plotting(n2−1)−1 against(hω)2 and
fitting a straight line as shown in Fig. 6,E0 andEd are deter-
mined directly from the slope,(E0Ed)

−1, and the intercept,
E0/Ed, on the vertical axis. The values of the dispersion pa-
rametersE0 and Ed for the as-evaporated, crystallized, and
photo-vitrified films are listed in Table 1 (two annealing–
illumination cycles). The trend ofE0 is such that it is veri-
fied thatE0 ≈ 2× Eopt

g , Eopt
g being the optical band gap that

will be introduced below (see Table 1) [31], whereasEd ac-
cording to Wemple and DiDomenico obeys the empirical
relation [30, 32]:

Ed= βNcZaNe(eV) , (14)

whereNc is the coordination number of the cation nearest-
neighbour to the anion,Za is the formal chemical valency
of the anion,Ne is the effective number of valence electrons
per anion andβ = 0.37±0.04 eVfor covalent crystalline and
amorphous materials.

According to Wemple, the following relationship was pro-
posed [32]:

Ea
d/Ex

d =
(
ρa/ρx) (Na

c/Nx
c

)
, (15)

whereρ is the mass density (we could instead use the film
thickness), and ‘a’ and ‘x’ refer to the amorphous and crys-
talline forms, respectively.In order to explain the varia-
tion in the oscillator strength observed when an as-deposited
As50Se50 film is annealed, or a crystallized film is illumi-
nated, we have to take into account the thermal densification
process in the first case, and the photo-induced volume expan-
sion in the second. We will now point our discussion to the
first annealing–illumination cycle (although this analysis is
also qualitatively valid for the second annealing–illumination
cycle). As a consequence of the annealing process, an in-
crease of≈ 7% is observed in theEd value. Then, if we
make use of (15), we find that the difference betweenNc,
before and after annealing, is less than2%; therefore, the
small change inNc indicates a rather insignificant change in
the average coordination number in the short-range region.
Additionally, Ed calculated from (14) (consideringNc = 3,
Za= 2, andNe= (50×5+50×6)/50= 11 [32]) was found
to be 24.42±2.6 eV; that is, allowing the corresponding scat-
ter inβ, Ed is certainly close to the experimental values of the

State d/ ∆d/ E0/ Ed/ Eopt
g / B1/2/

nm nm eV eV eV cm−1/2 eV−1/2

As-evaporated 1119±10(0.9%) 18±1 4.07±0.02 24.08±0.1 1.87±0.01 785±1
First annealing 1066±11(1.1%) 28±1 3.92±0.03 25.86±0.2 1.81±0.01 770±1
First illumination 1109±19(1.7%) 34±2 3.64±0.03 19.56±0.2 1.78±0.01 770±1
Second annealing 930±35(3.8%) – 3.83±0.04 24.68±0.2 1.81±0.02 773±2
Second illumination 1030±39(3.8%) – 3.68±0.04 20.59±0.3 1.73±0.02 765±4

Table 1. Values of the average thickness,d,
thickness variation,∆d, dispersion parameters,
E0 and Ed (single-oscillator analysis), optical
band gap,Eopt

g , and Tauc slope,B1/2 (Tauc’s ex-
trapolation), for theAs50Se50 chalcogenide thin
films under study

Fig. 6. Plot of the refractive-index factor(n2−1)−1 vs. (hω)2, for the as-
deposited, crystallized, and photo-vitrified films, respectively;n(0) values
are the refractive indices extrapolated towardshω= 0. The inset shows the
refractive index vs. wavelength

virgin and annealed films. On the other hand, if we compare
the Ed values corresponding to the annealed and illuminated
samples, it is found that there is a very large decrease of
≈ 24% in this particular case, and there is a parallel decrease
of the mass density of≈ 4%. The extra20% reduction in the
Ed value could, in principle, result from a decrease in the ef-
fectiveAs coordination number.

Any of the aforementioned mechanisms proposed to ex-
plain the photo-vitrification process which, involve either
intramolecular or intermolecular bond breaking, would ob-
viously lead to a temporal decrease in coordination. How-
ever, this is also followed by the creation of new bonds
after which the initial coordination may be restored. Thus,
it seems reasonable to suggest that the effective coordina-
tion of the As atoms would not finally decrease, as a con-
sequence of the bond breaking. Furthermore, if some homo-
polarAs−As bonds are broken and new heteropolarAs−Se
bonds are formed, that could change the nature of the chem-
ical bonding towards ionic, which would change the param-
eter β towards the smaller ionic value (in this particular
case,β = 0.26±0.03 eV). Nevertheless, according to Paul-
ings’ electronegativities, the ionicity ofAs−Sebond is only
≈ 4%, so a small part of changed bonds fromAs−As to
As−Se, can influence the ionicity of all bonds only a little.
In addition, it should be pointed out that in ionic materials
the more pronounced s–p splitting leads to s-like bands well
below p-like bands, thus decreasing notably the parameter
Ne [33].
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On the other hand, continuing with the calculation of
the optical constants, in the region of strong optical ab-
sorption, the procedure to obtain the absorption coefficient
of non-uniform films is identical to the case of uniform
films [7]. In this region the transmittance can be written
in terms of the optical absorbance,x, by (22) from [34].
This optical parameter is related to the absorption coef-
ficient, α, by the relationship:x = exp(−αd). Since the
optical absorbance and the average thickness are already
known, the above relationship can be solved forα, thus
yielding the absorption coefficient. The optical-absorption
edges for theAs50Se50 thin-film samples are displayed in
the inset of Fig. 7. A clear shift to lower energies as a con-
sequence of both annealing and illumination is clearly ob-
served. In the high-absorption region (α >≈ 104 cm−1),
assuming parabolic band edges and energy-independent ma-
trix elements for interband transitions, the absorption co-
efficient is given according to Tauc [35] by the following
equation:

α(hω)= B

(
hω− Eopt

g

)2

hω
, (16)

whereB is an energy-independent constant, directly related
to the width of the band tails,∆E(tail). Formally, the optical
gap is obtained as the intercept of the plot of(αhω)1/2 against
hω. This graph is shown in Fig. 7 for the as-evaporated, an-
nealed, and illuminatedAs50Se50 thin-film samples; the cor-
responding values of the Tauc gap,Eopt

g , and slope,B1/2,
are listed in Table 1. The values of the Tauc gap, thus deter-
mined, lead us to the conclusion that a clear reversible photo-
darkening process accompanies the present photo-induced
vitrification phenomenon. This conclusion is clearly sup-
ported by the above-mentioned FIR results. It is well known
that As−As bonds play an important, although not predom-
inant, role in reversible photo-darkening in well-annealed
As-rich chalcogenide samples [3, 29]. An increase in the
As−As bond concentration as a consequence of illumina-
tion, leads to a decrease of the Tauc gap, owing to formation
of electronic states associated with such bonds, at the top
of the valence band. Similarly, the subsequent annealing of
the sample will lead to a decrease in theAs−As bond con-
centration, and therefore, to an increase of the Tauc gap,
because breaking ofAs−As bonds will replace electronic
states in the gap associated with these homopolar bonds,
by non-bondingAs states located near the conduction band
edge.

3 Conclusions

The crystallization of amorphousAs50Se50 thin films is
shown to depend strongly on the type of substrate used. A dif-
ferent crystalline structure has been obtained forAs50Se50
layers, evaporated onto glass and silicon wafer substrates, re-
spectively. With the annealing temperature used in this work,
≈ 150◦C, the crystallization process has been found to be re-
versible, whether a glass or silicon substrate is involved. The
crystalline products obtained at the above temperature exhibit
the athermal photo-amorphization phenomenon. However,
the photo-amorphization process of crystallizedAs50Se50

Fig. 7. Determination of the optical band gap in terms of the Tauc law, for
the as-evaporated, annealed, and illuminated films, respectively, and in the
inset the corresponding optical-absorption edges

films deposited onto glass substrates, differs from that which
takes place when those films are deposited onto silicon
wafer substrates. The XRD patterns of the as-evaporated
As50Se50 films, deposited onto glass substrates, and of the
virgin and illuminatedAs50Se50 films, deposited onto sili-
con wafer substrates, show the significant presence of the
FSDP at a value of the modulus of the scattering vector
of ≈ 1 Å−1.

Comparison of the reversible photo-vitrification phe-
nomenon of crystallizedAs50Se50 layers deposited onto glass
substrates, when those thin-film samples are exposed using
two lamps with different spectral irradiances (mercury and
quartz–tungsten halogen lamps), leads us to the conclusion
that the radiation source is another relevant factor to take into
account with regard to these experiments. Finally, an addi-
tional photo-induced change has been detected when silicon
is the substrate used: The photo-oxidation of theAs50Se50
chalcogenide film, with the corresponding formation of ar-
senic trioxide micro-crystals, and depends strongly on the
time of exposure. No similar behaviour has been observed
with glass substrates.

The morphological changes undergone by the wedge-
shapedAs50Se50 chalcogenide films, because of the succes-
sive thermal and optical treatments, made it necessary to
use two different optical characterization methods for non-
uniform thickness layers. One of them is based solely on the
optical transmission spectrum at normal incidence, whereas
the other is based only on the wavelengths of the tangent
points of the upper and lower envelopes with the transmission
spectrum, at normal and oblique (30◦) incidence. The values
of the optical constants and Tauc optical gaps derived by the
aforementioned useful procedures, clearly evidence that a sig-
nificant reversible photo-darkening process accompanies the
present photo-induced amorphization phenomenon.
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