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Abstract
We have observed light-induced vector changes in the local structure of As–Se glasses using extended X-ray absorption ﬁne structure (EXAFS) experiments with in situ laser illumination. Local structure around As and Se atoms
was determined for as-prepared as well as annealed a-As40 Se60 ﬁlms, which were exposed to bandgap light of polarization parallel and perpendicular to that of the X-rays. For the as-prepared ﬁlm, the nearest neighbor bond distance
around Se atoms increases, the magnitude of which varies with the polarization of light, thus conﬁrming our previous
observations on a-As50 Se50 ﬁlms. These results give an atomistic indication of a light-induced vector expansion in any
material, and provide insight of the mechanisms of the light-induced atom displacements.
 2003 Elsevier B.V. All rights reserved.

1. Introduction
Many properties of semiconducting glasses
based on chalcogens are known to be sensitive to
the bandgap light [1–3]. The photons may aﬀect
the volume, amorphization, devitriﬁcation, mechanical, rheological, optical, electrical, or the
chemical properties of the glass. In general, such
changes in properties by light can be divided into
vector and scalar eﬀects, depending on whether or
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not the particular eﬀect varies with the direction of
the light polarization. Often the vector eﬀects are a
subset of the scalar eﬀects, and much smaller in
magnitude than the latter [4]. Among the vector
eﬀects, the light ﬁeld-induced mass transport [5],
photo-crystallization [6], and opto-mechanical effect [7] are particularly intriguing, which imply a
change in the atomic structure that depends also
on the polarization of light. For a long time, the
light-polarization dependent phenomena were believed to occur exclusively in chalcogenide glasses.
However, the observation of laser-induced birefringence in silica by Borrelli et al. [8] suggests that
such phenomena are likely to be widespread and
may extend to oxide glasses as well. These authors
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suggest that the birefringence arises from an anisotropic volume change eﬀected by the linearly
polarized light exposure. Even though there are
so many light-polarization dependent propertychanges, the atomic-scale mechanism underlying
these phenomena remains unclear. This lack of
knowledge has been partly due to the fact that
only a small fraction of sites participates in lightinduced changes, and it is very diﬃcult, if not
impossible, to unravel the atomistics from measurements of such properties.
We have been investigating the atomistic origin
of these so-called vector eﬀects (which depend on
the direction of the electric ﬁeld vector of light, EL )
by extended X-ray absorption ﬁne structure
(EXAFS) analysis around Se as well as As atoms in
Asx Se1x ﬁlms. The initial experiments were conducted on a-As50 Se50 ﬁlms [9]; the present paper
reports new results on stoichiometric and As rich
compositions (x ¼ 0:4 and 0.57) in the as-prepared
as well as annealed states. For observing a vector
(or anisotropic) property the probe should also be
anisotropic. The plane-polarized synchrotron radiation (for which the electric ﬁeld (EX ) of the Xrays is parallel to the ground plane) has allowed
the identiﬁcation of the direction of changes in
local structure. Since the photo-induced changes
can be temporary and/or permanent, we determined the structure under in situ conditions such
that the laser and the X-ray beams overlapped on
the sample.

2. Experiment
The amorphous chalcogenide Asx Se1x (x ¼ 0:4,
0.5, 0.57) ﬁlms were prepared by thermal evaporation of appropriate bulk glass pieces produced by
the melt-quench method [10]. The evaporated ﬁlms
of 2 or 20 lm thickness were deposited on silica
substrates (microscopy slides) in a vacuum of 105 –
106 Torr at the rate of 1–2 nm/s. To avoid thickness and/or compositional inhomogeneity of ﬁlms
during deposition, the substrates were rotated in the
evaporation chamber during evaporation. Some of
the ﬁlms were sealed in vacuum and annealed at
10 C below the respective glass transition temperature (Tg ) for 1 h. The experiments were per-

formed at beamline X-18b of the National
Synchrotron Light Source, Brookhaven National
Laboratory, using the experimental setup described
previously [9]. The sample was irradiated with a
He–Ne laser (k ¼ 632:8 nm, energy ¼ 1.96 eV) light
of approximately the bandgap energy (Egoptical  1:8
eV for a-As40 Se60 [11]). The eﬀective intensity of the
beam on the sample is estimated to be 0.3 W/cm2 .
The laser polarization is controlled by a zero-order
half-wave plate (reﬂectivity < 0.5%) so that the direction of laser polarization is either horizontal
(EL nearly k EX ) or vertical polarization (EL ? EX ).
The wavelength of the incoming X-rays is selected
by a Si(1 1 1) channel-cut, double-crystal monochromator. Detuning and glitching shift devices
with piezo-driven picomotors in the monochromator signiﬁcantly improved the wavelength stability
of the incident X-rays. Harmonic rejection was accomplished by detuning the monochromator to
70% of its maximum ﬂux. The X-ray beam size was
adjusted to 1 · 1 mm2 to obtain good energy resolution at both the As and Se K-edges The laser
beam intersected the X-ray beam at the sample,
such that the former completely covered the area of
the latter beam.
The samples were kept in dark before performing in situ laser illumination. For each composition, two sets of experiments were conducted
in diﬀerent regions of the same ﬁlm. Within the
ﬁrst set, at least four continuous EXAFS scans
were obtained at both As and Se K-edges to estimate the experimental uncertainty. Then the laser
was turned on in a given polarization for 5 min
and complete spectra were recorded during illumination. Next, the laser was turned oﬀ for 5 min
before recording the next set of absorption data in
the absence of light. The absorption edges around
particular atoms were calibrated by using a
neighboring region of the same sample as a reference. For the second set, the same procedure was
repeated with the polarization of laser light rotated
by 90.

3. Results
Since As and Se K-edges are next to each other
on the energy scale, their EXAFS spectra could be
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Fig. 1. (a) Typical EXAFS oscillation of a-As40 Se60 ﬁlm at Se K-edge. (b) Fourier transform of (a) gives the PRDF around Se atoms.
The solid curves are experimental data and the Ô·Õ curves (mostly hidden under the solid curves) are the ﬁttings to data.

obtained within the same scan. As an example,
Fig. 1(a) shows the EXAFS oscillation for Se Kedge of an amorphous a-As40 Se60 ﬁlm. After
Fourier transformation, the oscillation is transformed from k space to the real space. Fig. 1(b)
shows the magnitude and imaginary part (solid
curves) of the partial radial distribution function
(PRDF) around Se atoms. The Ô·Õ symbol curves,
mostly hidden under solid curves, are ﬁtting to the
data using standard data analysis programs with
single scattering approximation [12]. Here we assumed the phase shift of scattered wave to remain
unaﬀected by the small changes in the local environment. This is a minor assumption since As and
Se are next to each other in the periodic table, and
we are primarily interested in the relative changes
induced by light. Usually four parameters are allowed to vary during data analysis: coordination
number (CN), mean square relative displacement
(MSRD), bond distance (R), and the absorption
edge energy shift (DE0 ). We ﬁnd that CN has high
correlation with MSRD, but low correlation with R
and DE0 ; R has high correlation with DE0 , but low
correlation with CN and MSRD. Since the correlation between CN and MSRD will increase the
uncertainty, we ﬁxed the CN of Se as a constant of
2.1 during data analysis. By using the as-prepared
ﬁlm as a reference sample, we determined the absorption edge shift around a certain element with
very high precision (e.g. for As K-edge ±0.02 eV
and for Se K-edge ±0.05 eV). Within the experimental uncertainty, we did not ﬁnd any absorption

edge shift during the three sample stages for both
elements. Since absorption edge shift (DE0 ) and the
average bond distance (R) are strongly correlated
while doing the data analysis, we ﬁxed DE0 as a
constant, and only let R vary during the parameter
ﬁtting. Thus, only two parameters are allowed to
vary viz. the disorder parameter (MSRD) and the
average bond distance (R).
The results of data analysis for a-As40 Se60 ﬁlm
are shown in Fig. 2, where the sample stage AP
means as-prepared ﬁlm, ON means laser is turned
on, and OFF means laser is turned oﬀ. Fig. 2(a)
shows the results of nearest neighbor (NN) bond
distance for Se atoms under diﬀerent polarized
light illumination. Here HP means EL is parallel to
the ground (the polarization plane of the X-rays),
and VP means EL ? the ground. Fig. 2(b) shows
the change in local disorder (MSRD) around Se
atoms. The error bars for these parameters represent the actually observed range of maximum
scattering within six consecutive scans during the
AP stage. Similar results were obtained on one
layer of 20 lm ﬁlm, or 10 layers of 2 lm ﬁlms. The
unusually high accuracy of the data is due to the
very high signal to noise ratio within the transmission mode and the fact that there was no
physical change (in sample conﬁguration) within a
given set of experiment except for the change of
polarization of light beam. From Fig. 2(a) we can
clearly see that the NN bond distance increases
during light illumination, and it remains the same
after the laser is turned oﬀ. It is remarkable that
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Fig. 2. (a) Se NN bond distance and (b) Se NN MSRD for diﬀerent sample stages and diﬀerent polarizations of the laser light. AP: asprepared; ON: laser on; OFF: laser oﬀ; HP: horizontal polarization; VP: vertical polarization.

the increase in R also depends upon the polarization of the light: HP light creates greater expansion
than the VP light does. The polarization dependent expansion around As atoms is not discernable
within the experimental error (data not shown).
From Fig. 2(b), we ﬁnd that the light creates
transient disorder around Se atoms, and it is almost completely recovered after the light is turned
oﬀ. It is very interesting to see that during illumination (sample stage ON), the MSRD change
around Se atoms is also polarization dependent,
which means the transient structural disorder
around Se is larger along the direction of the laser
polarization than to the perpendicular direction.
Similar light-polarization dependent photoexpansion was also observed in a-As50 Se50 ﬁlm [9].
However, for a-As57 Se43 ﬁlm, the expansion for the
NN bond distance around As and Se atoms is
much smaller than in the a-As40 Se60 and a-As50 Se50

samples. Therefore, it is diﬃcult to observe the
polarization-dependent eﬀects in this material.
In general, the properties of as-prepared ﬁlms
are not exactly the same as of the annealed ﬁlms,
so it is interesting to compare the light-induced
and heat-induced changes in the local structure.
Fig. 3 describes light-induced structural changes
around Se atoms in the annealed a-As40 Se60 ﬁlms.
It shows the NN bond distance and the local disorder for the as-annealed (AN), as well as the ON
and OFF stages. Instead of the increase shown by
the as-prepared (unannealed) ﬁlms (Fig. 2(a)), for
this case the NN bond distance decreases slightly
during illumination, and is partly recovered on
turning oﬀ the laser. For the MSRD, the light
creates similar eﬀects in the annealed ﬁlm as in the
as-prepared ﬁlm.
We wish to emphasize the error bars as shown
in Figs. 2 and 3. Typically, there are two kinds of

Annealed a-As40Se60 film at Se K-edge

Annealed a-As40Se60 film at Se K-edge
4.8

R (Å)

2

MSRD (10-3 Å )

2.4080
2.4075
2.4070

(a)

2.4065
AN

ON

Sample stages

OFF

4.7
4.6
4.5

(b)
AN

ON

OFF

Sample stages

Fig. 3. (a) Se NN bond distance and (b) Se NN MSRD for diﬀerent sample stages.
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error bars: one is from the diﬀerence between the
true value and the measured value, or the so-called
accuracy; the other is from the diﬀerence between
the average measured value and the measured
value, the so-called precision. In EXAFS, the accuracy is determined by many factors including
theoretical modeling, sample conditions, etc.; the
error bar from such sources is relatively large (e.g.
for bond distance, it is typically from ±0.005 to
). Since we are interested in the relative
±0.01 A
changes during the in situ experiment, precision is
of primary interest to us. It is much smaller in our
experiments than the accuracy. When we use Xrays to probe the same region of the sample for
several continuous scans, the precision in R is ob, with high reproducibility
tained as ±2 · 104 A
between several diﬀerent sets of samples.

4. Discussion
4.1. Photo-induced scalar changes in the local
structure
Before we discuss the vector changes in our
glass ﬁlms, it is necessary to understand the much
stronger scalar changes ﬁrst. We know that As and
Se form a nearly covalent compound, with cova for As and 1.17 A
 for Se [13].
lent radii of 1.21 A
Therefore, it can be expected that the NN covalent
bond distances increase in the order of Se–
Se < As–Se < As–As. In thermally evaporated ﬁlm,
the high quench rate can aﬀect the sample homogeneity with the possibility of As and Se rich regions existing within the otherwise homogeneous
structure. Under light illumination, the photochemical reaction As–As + Se–Se ﬁ 2As–Se may
occur in the ﬁlm, similar to that observed in the aAs40 S60 ﬁlm by Raman spectroscopy [14]. These
photo-chemical reactions can be the photo-polymerization of As4 Se4 and/or As4 Se3 molecules with
excess Se, as proposed earlier by Frumar et al.
[14,15]. The result of such photo-chemical reaction
would be to increase the NN bond distance around
Se and decrease the NN bond distance around As.
In our experiment, an increase of NN bond distance around Se is observed (Fig. 2(a)), but the As
NN bond distance increases instead of decreasing
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(data not shown), which implies a more complex
light-induced change than this particular photochemical reaction.
By comparing the average NN bond distance in
the as-prepared and annealed ﬁlms (Figs. 2(a) and
3(a)), we ﬁnd an increase in the NN bond distance
as a result of annealing. This observation is in
apparent disagreement with the observed densiﬁcation on annealing [16], which would normally
manifest in a concurrent decrease of R. We believe
that the densiﬁcation occurs primarily through the
rearrangement of the intermediate range structure
as proposed by Shimakawa et al. [17]. Note that
the light has the same tendency of increasing the
NN bond distance as annealing. Therefore, we
propose, in addition, a local expansion of bonds
around the two elements by some kind of relief
of strains, which were introduced during rapid
quenching.
For annealed ﬁlms, the NN bond distance
around Se atoms decreases during illumination
(Fig. 3(a)), possibly due to bond breaking and the
formation of light-induced defects.
4.2. Photo-induced vector change in the local
structure
Based on the mechanism of scalar changes discussed above, we propose the following explanation for the photo-induced vector change in the
NN bond distance around Se atoms: the absorption of approximately bandgap light promotes
electrons to low-lying unoccupied conductionband (antibonding) states, which can cause bond
breaking. The electron–hole pair recombination
process can lead to the photo-chemical reaction as
discussed above. For the Se atoms, the lone pairs
are excited and aligned by the light along its polarization direction [18]. When the excited lone
pairs see other excited As atoms, they have an
enhanced probability to form an As–Se bond with
such atoms along that direction. For example,
when we use HP light to illuminate the sample,
there are new As–Se bonds forming parallel to the
ground at the expense of the existing Se–Se bonds.
In analyzing our data we have ﬁxed the coordination number of Se, in accordance with the results of the molecular dynamic simulations [19,20].
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Since synchrotron X-rays are polarized parallel to
the ground, the ejected photo-electrons detect the
neighbors aligned preferentially parallel to the
ground plane. (The photo-electrons have a distribution weighted according to cos2 h, where h is the
angle between the X-ray polarization direction and
the direction of the ejected photo-electrons [21].) It
means that the HP light should produce a larger
increase in bond distance than the VP light, as
observed in our experiment. The reason why excited lone pairs of Se atoms should be aligned
along the polarization of the light is not clear, but
we suspect that the high electronic polarizability of
Se atoms should make such alignment easier. In
any case, the anisotropic formation of bonds under the illumination of diﬀerently polarized light
provides an atomistic view of photo-induced anisotropic mass transport or photo-crystallization.

5. Summary
In conclusion, we have directly observed a lightpolarization dependent elongation of the nearest
neighbor bond distance around Se atoms in aAs40 Se60 ﬁlm. This local expansion eﬀect is very
similar to what we have found earlier in a-As50 Se50
ﬁlms. Anisotropic local expansion around Se atoms
occurs as bandgap light reorients Se LPÕs, and
helps form anisotropic As–Se bonds. Such polarization dependent change in structure is not discernable for as-prepared a-As57 Se43 and annealed
a-As40 Se60 ﬁlms that have more stable local disorder than the as-prepared As40 Se60 and As50 Se50
ﬁlms. Our experiments provide an atomistic view
of photo-induced vector eﬀects in chalcogenide
glasses.
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