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cw-laser-induced structural transformations in glassy As,Se; have been studied as a function of
the irradiation time using light scattering techniques. The behavior of the material under the
influence of the laser irradiation is divided into five stages with respect to the irradiation level: (1)
For low intensities (I < 1.0 kW/cm?), the Rayleigh and Raman scattering intensities show a decay
with the irradiation time which is interpreted as due to photodarkening; (2) For irradiation levels
(1.0<I <1.7 kW/cm? the Raman peak position and width show quasiperiodic changes with the ir-
radiation time; (3) At intermediate laser intensities (1.7 <I <1.95 kW/cm?) below the threshold in-
tensity for crystallization additional crystallinelike Raman peaks appear and disappear quasiperiod-
ically; (4) For somewhat higher intensities (1.95<7 <2.1 kW/cm?) close to the threshold for cry-
stallization, the crystallinelike Raman peaks appear and disappear for some time but after that they
increase and saturate; (5) For intensities above a threshold (I >2.1 kW/cm?) the Rayleigh scattering
and the crystalline Raman peaks grow rapidly and saturate after a short time to a height which de-
pends on the intensity. We propose a model based on the existence of different metastable states in
the glassy matrix having different degrees of disorder and on an athermal laser pumping mechanism
of the irradiated material between these metastable states. We start from the photodarkening
phenomenon at very low irradiation levels which correspond to transitions between only two states,
and the enhancement of more atomic transitions at higher pumping rates up to the formation of
submicrocrystalline clusters and their annealing or sequential internal transformations near the
glassy-to-crystalline transition and finally their coalescence to form stable microcrystallites above
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some threshold intensity.

I. INTRODUCTION

Photoinduced structural modifications in chalcogenide
glasses have been a subject of considerable interest both
from fundamental and practical points of view. These
light-induced effects could be divided mainly into three
groups!~? with respect to the irradiation level: (1) at low
irradiation levels up to the order of 100 mW/cm?, (2) at
intermediate irradiation levels up to the threshold energy
required for crystallization, and (3) above the threshold
intensity where crystallization starts.

In the first region' there exists the photodarkening
effect and other related changes in the physical properties
of the chalcogenides such as the increase in the film
thickness, the increase in index of refraction, and the in-
crease in the optical absorption in the band-tail region.*
A decrease of the photoluminescence intensity® and the
infrared absorption® (the appearance of an absorption
band near midgap,” an ESR signal,’ and induced optical
anisotropy) are also seen.® Most of these effects are rever-
sible upon laser annealing and enhanced at photon ener-
gies lower than the energy gap and at low temperatures.

In the second energy region optical bistability and the
oscillatory behavior of the transmittance and reflectance
have been observed? in g-GeSe,. These phenomena occur
in a narrow intensity range and with photon energy less
than that of the absorption edge. In the high irradiation
level range, crystallization could be achieved either by
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pulsed or by continuous-wave laser irradiation. Recently
Balkanski et al.® have studied chalcogenide glasses using
photon energies higher than the band gap at T=300 K as
a function of the laser power and of the irradiation time.
An important result of these studies is that the cw-laser-
induced annealing process may be essentially athermal, as
was suggested by Phillips.!°

In a previous paper, we have reported!! on a new insta-
bility effect in glassy As,Se;. We found that crystalline
Raman peaks appear and disappear quasiperiodically
during the irradiation time in the intermediate irradiation
levels range. In the present work we concentrate our at-
tention on the changes in this range of very low irradia-
tion levels. We observed a decay in the Raman scattering
intensity and in the elastic scattering. Furthermore we
present quasiperiodic changes in the Raman peak posi-
tion and width against the irradiation time for intensities
just below those required for the quasiperiodic behavior
of the crystalline peaks. We analyze more extensively the
oscillatory behavior and propose an athermal laser pump-
ing mechanism. The nature of the metastable states in g-
As,Se; and the possible laser-induced transformations be-
tween them are considered. We start from the various
molecular species which form the glassy state and the
creation of molecular clusters which could be in different
configurations until the small crystalline clusters are
formed. These can then grow to form large microcrystal-
lites at high irradiation levels after a sufficiently long irra-
diation.
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II. EXPERIMENT AND RESULTS

The 0.5-um-thick samples of glassy As,Se; were
prepared by standard evaporation on a quartz substrate.'?
The HH (incident and scattered polarizations parallel)
polarized Stokes-Raman spectra between 150 and 500
cm ™! were measured as a function of the irradiation time
using the backscattering geometry with the exciting
514.5-nm laser line at room temperature, in open air.
The laser beam was focused on the sample surface to a
spot of ~140 ym diameter. The time required for scan-
ning one spectrum is about 5 min. The measurements at
different laser intensities were done on different positions
on the sample in order to be sure that our starting point
was always the glassy state. The spectral resolution of
the Raman system is about 4 cm ™! achieved by a double
monochromator.

Typical Stokes-Raman spectra in the range 150-450
cm™! are shown in Fig. 1 in the case of very low irradia-
tion levels (I =0.98 kW/cm?) for different irradiation
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FIG. 1. The HH Raman spectrum of g-As,Se; between 150
and 500 cm™! at low irradiation level I =0.98 kW/cm® at
different irradiation times taken sequentially one after the other.
The laser wavelength is A=514.5 nm. The irradiation times are
measured from the beginning of irradiation until the peak max-
imum at 228 cm ™! is reached. The scale for the scattered inten-
sity is the same, and the spectra were taken under the same ex-
perimental conditions.
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times taken sequentially one after the other. The indicat-
ed irradiation times are measured from the beginning of
the irradiation until the amorphous peak maximum at
228 cm™! is reached. The spectrum of g-As,Se; in the
measured region consists mainly of the broad peak cen-
tered at around 228 cm ™! which corresponds to the an-
tisymmetric As-Se-As stretching mode. The most prom-
inent changes in the Raman spectra of Fig. 1 are the de-
cay of the peak height with the irradiation time. The
scattered intensity in the low-frequency side exhibits a
parallel decay with irradiation time. There are no Ra-
man peaks of g-As,Se; in this frequency range. Therefore
we attribute this scattered light to elastic Rayleigh
scattering. We propose that the decay in the elastic Ray-
leigh and the inelastic Raman scattering intensities are
due to the same process of photodarkening.! In Sec.
III A we shall give a more complete explanation of this
phenomenon. As the pumping level increases, the Ra-
man peak starts to exhibit quasiperiodic changes in the
peak position and width as shown in Fig. 2 when I =1.59
kW/cm? and A=514.5 nm. Here one can observe a re-
duced decay in the elastic and inelastic scattering from
the one observed when the pumping levels are lower.
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FIG. 2. Raman spectra of g-As,Se; at I =1.59 kW/cm? and
A=514.5 nm showing one cycle of the oscillatory changes.
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This is due to the fact that as the laser intensity increases,
the photodarkening process becomes faster and it be-
comes difficult to observe the decay in the scattered in-
tensity from the beginning of the irradiation. The decay
time is about 10 min, which is about the time interval be-
tween two consecutive Raman spectra. Consequently, in
order to measure clearly this decay of the scattering in-
tensities, one has to scan with higher speed and smaller
frequency interval. This is the reason why we did not pay
attention to this decay in our preliminary results.!!

The changes in the Raman peak position and width as
a function of the irradiation time are plotted in Fig. 3.
One observes inverse correlation between the peak posi-
tion and width. As the peak shifts to higher frequency it
becomes narrower, which indicates a more ordered state.

The decay of the scattered Raman intensity against the
irradiation time is plotted in Figs. 4 and 5 for the glassy
Raman peak and the elastic scattering at A=518 nm, re-
spectively. There is no strong intensity dependence, ex-
cept for the fact that at higher intensities, the decay is
faster, and therefore it is difficult to follow the decay
from the beginning of irradiation. However, when the in-
tensity is in the second irradiation level range the amor-
phous Raman peak becomes structured and, when cry-
stallization starts, it disappears. Simultaneously, the elas-
tic scattering increases sharply, as shown in Fig. 5, for
I=1.96 kW/cm? At intermediate laser intensities the
broad amorphous peak shape changes with the irradia-
tion time. Figure 6 shows the temporal evolution of the
Raman spectrum at I =1.85 kW/cm? The most prom-
inent feature is the appearance and the disappearance of
the crystallinelike additional peaks superimposed on the
amorphous band. We follow the evolution of the crystal-
line peak at 260 cm ™!, as a function of laser irradiation
time. This peak is a normal mode of crystalline As,Se;.
The quasiperiod ¢, of the oscillation increases with the ir-
radiation time and the peak height tends to saturate after
a long enough irradiation time. For higher irradiation
levels close to, but still below, the threshold for crystalli-
zation (Fig. 7) the oscillatory behavior exists during some
time interval ¢; which depends on the power level; after
that time the crystalline peaks grow and saturate to in-
tensities which depend on the irradiation level. During
the first 30 min, the behavior is oscillatory; then the peak
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FIG. 3. Raman peak position (solid circles) and width (open
circles), conditions of Fig. 2.
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FIG. 4. Plot of the amorphous Raman peak height of 228
cm ! as a function of the irradiation time for different intensi-
ties showing the decay at low intensities due to photodarkening.
At the relatively high intensity 1.96 kW/cm? (triangles) the peak
becomes structured after 70 min and it starts to disappear due
to crystallization. A=514.5 nm.
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FIG. 5. The Rayleigh scattering intensity measured at 518.0
nm as a function of the irradiation time for the same intensities
of Fig. 4. Laser A=514.5 nm.
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at 260 cm ™ ! starts to rise rapidly and many other crystal-
line peaks start to appear. Up to this stage the Raman
spectrum undergoes several changes as a function of the
irradiation time. The amorphous band splits into two
peaks first, then into three, and finally all of these peaks
disappear, while only one crystalline peak at 190 cm™!
persists. The high-frequency side consists of many peaks
at the beginning of illumination, which appear and disap-
pear during the evolution process.

The laser intensity interval where the time ¢, is finite is
very small. In our case, the range is between
1.95<I<2.1 kW/cm?. Above this intensity the crystal-
line peaks grow rapidly (Fig. 8) without oscillatory
changes and reaches a saturation level which is the func-
tion of the incident laser intensity. The saturation time ¢,
becomes very small as the intensity increases. The
definition of the threshold intensity will be the intensity
at which ¢, vanishes. In Fig. 9 we plot the crystalline
peak intensity at 260 cm ™! normalized to the amorphous
intensity background, as a function of irradiation time for
different laser intensities showing the main properties of
the evolution process as described in Figs. 6-8.

Whenever changes occur in the Raman spectrum as a
function of the irradiation time, the system is reversible.
That is—if the light is blocked off for a long enough
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FIG. 6. Raman spectra at intermediate irradiation levels
I=1.85 kW/cm? for different irradiation times showing the ap-
pearance and disappearance of small crystalline peaks.
A=514.5 nm.
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FIG. 7. Raman spectra at intensities just before the threshold

for crystallization at different irradiation times. I=2.06
kW/cm?. A=514.5 nm.
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FIG. 8. Raman spectra at high irradiation levels. The crys-
talline peak grows gradually until a saturation'is achieved after
sufficient time of irradiation. 7 =2.15 kW/cm?, A=514.5 nm.
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FIG. 9. The 260-cm ! crystalline Raman peak intensity mea-
sured with respect to the amorphous background as a function
of the irradiation time. The four stages of crystallization are
shown: (a) 1.85 kW/cm?, (b) 1.96 kW/cm?, (c) 2.06 kW/cm?,
and (d) 2.15 kW/cm?.

time, which depends on the amount of the radiation ener-
gy injected into the irradiated volume, the system will re-
lax back to its initial state. However, if the changes in
the Raman spectrum have reached saturation, the system
will remain in its final state. The Stokes-Raman peaks,
which persist in the final state, are at frequencies 190,
260, 292, 327, 363, 414, 450, 475, and 502 cm~'. This is
in agreement with the reported Raman spectra of crystal-
line As,Se; by Zallen et al.'? in the frequency range up to
275 cm ™ !. The differences between the two sets of results
could be due to the fact that the final state is only a mi-
crocrystalline state, while in the work of Zallen et al., 13
the material was monocrystalline. Furthermore these mi-
crocrystallites are embedded in a glassy matrix and un-
dergo large stresses from the surrounding. In addition,
the effect of the laser is not only to cause annealing of the
material; many other light-induced effects exist, as men-
tioned in the Introduction,! ™ and a chalcogenide glass
may polymerize partially because of photochemical reac-
tions. Here we should note that Cernogora et al.'* have
reported that the high-energy side of Raman spectra of
g-As,Se; grows near 260 cm ™ ! after illumination at very
low temperatures (1.6 K). Their explanation is based
essentially on changes in the local atomic configuration
under the influence of the laser irradiation, which sup-
ports the athermal annealing process. The crystallization
could be achieved either by irradiation for a long enough
time with a power level close to the threshold or by in-
creasing the power level above the threshold for a short
time of irradiation. In Fig. 10 we show that the first
spectrum taken with different irradiation levels on
different virgin spots on the sample surface exhibits a
transition from the glassy state to the crystalline state
when the laser intensity is increased. The determination
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FIG. 10. The first Raman spectra measured with different in-
tensities at different virgin spots on the sample surface.
A=514.5 nm.

of the threshold intensity is achieved by plotting the crys-
talline peak height at 260 cm ! against the laser intensity
as in Fig. 11. It shows a sharp increase above a certain
intensity and it saturates when the intensity is high
enough. The threshold intensity is ~2.2 kW/cm? which
is the value obtained if one plots the saturation time ¢4, as
a function of intensity, and extrapolates to time zero.
The elastic scattering also shows a similar behavior as a
function of the irradiation intensity.

The high-energy Raman peaks have not been reported
before in the literature. Some of them could be overtones
of the Raman active low-frequency phonons. Some of
these peaks have been measured by far-infrared absorp-
tion.!> Furthermore, there exists a controversy between
different authors!>~!° on the nature of the normal modes
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FIG. 11. The 260-cm™! crystalline Raman peak intensity as a
function of the laser intensity.
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in crystalline As,Se;. Its structure'® is layered with a

slightly distorted orthorhombic unit cell containing four
molecules, that is 20 atoms per unit cell each. Each atom
is surrounded by three Se atoms which are nearest neigh-
bors and form a slightly irregular pyramid. Each Se
atom is bonded to two As atoms. The pyramids are
linked by the corners to form a sheet structure, in which
the atoms are arranged in 12-membered rings. The ex-
pected number of normal vibrations is 60 of which 30 of
are Raman active. We shall explain in what follows the
decay in the Rayleigh and Raman scattering intensities at
very low irradiation levels due to photodarkening. We
propose the athermal pumping mechanism and explain
the oscillatory behavior at intermediate irradiation levels,
the instabilities near the glass-to-crystalline transition,
and the kinetics of crystallization above a certain thresh-
old intensity. Furthermore, we concentrate more on the
nature of the metastable states in g-As,Se; and the possi-
ble transformations between them induced by the laser ir-
radiation.

III. DISCUSSION

Light scattering is a probe of the structural mod-
ifications in amorphous materials. As the amorphous Ra-
man peak becomes narrower, the amorphous matrix is
more ordered. For the TO-like peaks, this is usually ac-

companied with a shift toward higher frequencies. As-

the order increases, additional peaks may appear which
correspond to new long-range order vibrations. In the
case of amorphous As,Se;, the main contribution to the
Raman spectrum is due to the stretching vibrations asso-
ciated with As-Se, because normal vibrations associated
with long-range order are absent. Changes in the peak
position and width are therefore a result of atomic transi-
tions between different short-range-ordered states in the
glassy matrix. As the laser intensity increases, intermedi-
ate range order is induced which manifests itself by the
appearance of small ordered molecular clusters. For
higher irradiation levels the cluster size increases and
long-range order is built up. These laser-induced
modifications are seen directly by the evolution of the Ra-
man spectrum with the irradiation time at different inten-
sities. We shall discuss these modifications in what fol-
lows starting from the glassy state where photodarkening
takes place at very low irradiation levels up to the forma-
tion of a stable crystalline state above some threshold in-
tensity.

A. Photodarkening probed by light scattering

1. Rayleigh scattering

Rayleigh scattering in glasses yields fundamental infor-
mation about the state of a glass, namely, how the spatial
fluctuations in macroscopic parameters deviate from
those at thermodynamic equilibrium.!” The scattering in-
tensity for small fluctuations in the Born approximation
is proportional to the space-time Fourier transform of the
correlation function {Ae(r+r,t+t'),Ae(r,t)) of the
fluctuations in the dielectric constant Ae(r,t). Rayleigh
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scattering is a result of density fluctuations due to macro-
scopic inhomogeneities which do not exist in perfect crys-
tals (see Fig. 12). The correlation length in this case is
very large, but the fluctuation itself is very small. In
disordered materials the lack of periodicity causes a shor-
tening of the correlation range. That is, the correlation
function C(r') will decay spatially with some characteris-
tic correlation length A. This decay is model dependent.
Here we choose an exponential decay, as in the case of
the Shuker-Gammon'® or Booker-Gordon'® models:

’

C(r')=C(0)exp A

(1

In case of KA <<1, the cross section o for scattering in-
tensity is

o=BK'COAYV, )

where K is the wave number. Hence, the contribution to
the scattering is proportional to the total scattering
volume ¥ and to the correlation volume A®.

The decay which is observed in the Rayleigh scattering
in Figs. 1 and 5 is explained by Eq. (2). The increase in
absorption due to photodarkening results in a decrease in
the penetration depth and consequently in the scattering
volume which is inversely proportional to a. Therefore,
an increase of Aa=1.5X10* cm ! will cause a decay of
about 40% in the scattered intensity. The observed de-
cay in Figs. 1 and 5 could reach 60%. This additional
difference is interpreted as a result of a decrease in the
correlation length A due to photodarkening. As it is well
established today, the photodarkening is accompanied by
the creation of structural defects and by more disorder.
Consequently a shorter correlation range is expected
which results in more decay of the scattered Rayleigh in-
tensity. A more quantitative comparison could be
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FIG. 12. Rayleigh intensity measurement at 518.0 nm as a
function of the laser intensity. Laser A=514.5 nm.
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achieved by calculating the correlation length as a func-
tion of the parameters involved in the photodarkening
process. Such a calculation may yield important infor-
mation about the type and number of defects induced by
irradiation due to the photodarkening process.

As the irradiation level increases, the material crystal-
lizes above some threshold intensity and the Rayleigh
scattering shows a sharp increase at that intensity as
shown in Fig. 11. The difference in the absorption
coefficients between the glassy and the crystalline state is
very small at these photon energies and could not explain
the sharp increase in Rayleigh scattering as the material
crystallizes.

It may be possible that we observe a critical phenome-
na near the order-disorder phase transition. In order-
disorder phase transitions the correlation length diverges
near the transition to the ordered phase and is usually
measured by light scattering. The determination of the
critical exponent for A against the irradiation time and
the irradiation level should yield fundamental informa-
tion on the nature of the laser-induced order-disorder
phase transitions in amorphous materials and the types of
interactions which exist during the crystallization pro-
cess.

2. Raman scattering

The first-order Raman scattering in amorphous materi-
als was shown by Shuker and Gammon!® to be propor-
tional to the phonon density of states p(w), to the correla-
tion volume Ai of a vibrational mode o, and to the
scattering volume V. The scattered intensity for an

opaque material is given by the expression®%?!

RN 88|77, VI,
te} ! w; 2 cosb;
n(w. )+1 _
X3 ————C|¥w, py(w,) . 3)
o wU

The summation is over all the modes o in a vibrational
band b. Here w; and w, are the incident and scattered
photon frequencies, respectively. w =w; —w; is the pho-
non frequency, r; and r; are the transmission coefficients
for the incident and scattered radiation, respectively, n is
the Bose occupation number, and € is the complex dielec-
tric constant. 6, is the incidence angle. 8=a ! is the
penetration depth. S is the illuminated area. {a} is the
polarization configuration. The matrix element factor
Cl¥(w, ), which represents the polarizability modulation
by the modes o in a band b, is referred to as the coupling
parameter and is equal to A[a}Ai where A4, is a con-
stant. The decay in the Raman peak height as observed
in Figs. 1 and 4 due to photodarkening is straightforward
according to Eq. (3). It is proportional to the transmis-
sion coefficients and to the increase of a. Let us assume
that 7,~7,. The decay in the transmission coefficient is
about 70%, i.e., Aa=1.5X10* cm !, therefore the decay
in the factor |r,7,|2/a in Eq. (3) is about 20%. On the
other hand, the observed decay in the Raman-peak
height is between 30-40 %. This difference is attributed
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to a decay in the correlation volume A’ which was ex-
pected, due to the increase in the degree of disorder, as in
the case with the Rayleigh scattering. Again, a calcula-
tion of A, and its dependence on the degree of disorder
could yield fundamental information on the light-induced
photodarkening process.

B. Athermal laser pumping mechanism

At the irradiation levels used, we believe that the
pumping mechanism is mainly athermal. (However,
above a certain intensity the temperature of the irradiat-
ed volume rises rapidly and heating takes place.) The
main fact upon which this assumption is based is that en-
ergy transfer from the hot mobile photoexcited electrons
to the lattice is negligible at these levels. The thermaliza-
tion time for the photoexcited electrons with the atoms
is of the order of 7;=7,M/m,~10"'"-1077 sec
and therefore the effective diffusion length is
[=(D,77)"?~1073-10"* cm which is apparently
greater than the penetration depth §=~10"°-10"* cm
(the diffusion constant, D,, was calculated from the elec-
tronic drift mobility?> and Einstein’s relation). This
means that the photoexcited electrons created by the
laser inside a layer of thickness 6 </ can diffuse out of
this layer without the emission of phonons. Furthermore
the estimated photoexcited electron density in our case is
N,=~10" cm ™, if one takes a relaxation time 7,~10""2
sec, the plasma frequency is thus about w, =30 cm” L,
This is much less than the photoelectrons energy
#iw; —Eg ~0.7 eV and consequently the rate of plasmon
emission is very small. In addition, this plasma frequency
w,, is much smaller than the phonon frequency and there-
fore the rate of phonons emission due to plasmon-phonon
coupling is negligible.”®> In other words, the energy is
stored in the photoexcited electrons system during a time
77~=1071°-107? sec and no energy transfer to the lattice
in the form of heat takes place during this time. After
this time the electrons diffuse out of the interaction
volume. We independently measure the temperature
from the ratio of Stokes to anti-Stokes; it does not vary
during the experiment. Our experimental results con-
cerning the temperature estimation from the Stokes to
anti-Stokes ratio, the existence of the oscillatory behav-
ior, the reversibility effect, and the properties of kinetics
of crystallization support the nonthermal pumping pro-
cess as will be further explained.

The question which arises thus is what mechanisms
cause the material in the interaction region to rearrange
in different structural configurations under the influence
of laser irradiation. Recently, we proposed a microscopic
mechanism.?* It is based on the existence of short-lived
large-energy fluctuations of atoms inside the solid.?®
When these fluctuating atoms jump from one metastable
state to another, they stretch and cutoff bonds with
neighbors. This leads to the formation of transient local
electronic levels of lifetime A7, of the same order of mag-
nitude as the fluctuation lifetime A7=10"1-10"1? sec.

~ Then the photoelectrons created could be trapped in

these local electronic levels and release their energy in the
vicinity of the hopping particles, increasing the probabili-
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ty of the transition between the two metastable states
over the energy barrier. These transitions of the atoms
assisted by the interaction with the hot mobile electrons
change the material structure and cause the changes in
the Raman width and position of the absorption edge and
other related parameters. This is the sense of athermal
pumping. The material is pumped athermally from one
metastable state to another more ordered one with a
pumping rate which depends on the incident photon flux
and other characteristic parameters of the material (elec-
tronic effective mass and charge, relaxation times, quan-
tum efficiency, etc.) The pumping rate determines both
the final saturation state, achieved after sufficient irradia-
tion time, and the way the system evolves to reach this
state.

The estimated characteristic time of the atomic transi-
tions was shown?® to play a crucial role in the determina-
tion of the quasiperiod of oscillations, in the case of irra-
diation levels lower than the threshold. When crystalli-
zation occurs, however, the calculation does not hold, be-
cause crystallization in a cooperative phenomenon, where
the interaction between clusters of different sizes takes
place under the influence of laser pumping. Furthermore
for high irradiation levels above the threshold some heat-
ing exists and one must be able to distinguish between
thermal and athermal pumping mechanisms for the
analysis of the laser-induced crystallization phenomena.

C. Structural instabilities and crystallization

1. Mechanism for oscillations at low irradiation levels

The pumping mechanism proposed in the last section
suggests the existence of different metastable states in the
glassy matrix. In the region of low irradiation levels up
to 1.9 kW/cm?, where the material is still glassy, the
metastable states have several structural configurations
with different degrees of disorder. Under the influence of
laser irradiation the material is pumped between these
metastable states resulting in the observed oscillations. A
calculation for the prediction of the quasiperiod has been
given in our previous paper.’*

2. Metastable states in g-As,Se; and the laser-induced
modifications at low irradiation levels

The chalcogenide glasses are believed to be formed into
a fully cross-linked random network connecting the
atomic units. The nature of these atomic units is not well
known, but in the literature various structures are pro-
posed.?’ 33 Since Raman spectroscopy is sensitive to the
local atomic units in the sample, the Raman oscillatory
changes at low irradiation levels (Fig. 2) could be related
to transformations between these molecular species under
the influence of laser irradiation via photochemical reac-
tions.

Hence the exact nature of the small molecular clusters
forming the glass is not known, but at least all the models
propose the existence of molecular species. This fact led
us to propose a statistical model where different molecu-
lar species coexist. Under laser irradiation photochemi-
cal reactions may occur and increase the concentrations
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of the laser-induced clusters. One may consider the
amorphous Raman peak at 228 cm ! to be the result!'>3*
of a broadening of the crystalline Raman peaks at 202,
215, 230, 247, and 272 cm ™. These peaks are known to
be molecular in their nature and fall in the region of the
vibrational stretching modes of As—Se bonds which is
between 150 and 300 cm~!. Therefore changes in the
concentration of one type of As—Se bonds due to pho-
toreactions could result in changes in the peak position
and width.

The primary effect of the light is to break bonds; addi-
tional atomic configurations may be formed if the laser
pumping rate is high enough. As one possibility consider
the following reaction:*

hv
2(As—Se)—>(As—As)+(Se—Se) .

After this reaction, the bond statistics of As,Se; is shifted
from a state which is close to the chemically ordered
model toward a state described by the random network
model. The randomness of the chemical bond distribu-
tion is therefore increased.

As the formation of As and Se clusters involves the ab-
sorption of several photons, the density of As—As and
Se—Se bonds at a given temperature and wavelength de-
pend on the irradiation level. Up to the irradiation levels
where only the photodarkening occurs, the density of the
created As—As and Se—Se bonds is only adequate to
change the Rayleigh and Raman intensities. It is not
adequate to change the Raman peak position and width.
On the other hand, if the irradiation level is higher, the
density of the As—As and Se—Se bonds becomes so high
that they contribute to a weak Raman scattering near 250
cm ™! following Nemanich et al.3® This causes a shift
and a broadening of the amorphous Raman peak at 228
cm~ . However, this chemical reaction is thermodynam-
ically unfavorable (A;>0). The As and Se clusters
formed by illumination can be dissolved and converted
back to As—Se bonds. This could occur spontaneously
due to their instability and their large concentration,
which increases the restoring strain from the surrounding
non irradiated material. This explains why in the photo-
darkening regime they could not be returned to As—Se
bonds without heating. The above back and forth trans-
formation could not explain the saturation behavior of
the oscillations after a very long time of irradiation. For
this purpose we introduce the fact that the homopolar
bonds As—As or Se—Se may allow the existence of units,
such as Se,As—AsSe,, which may undergo the light-
induced reaction:

hv
As,Se, — As,Se;+Se

leading to the rearrangement of interatomic bonds and
the creation of the stable units As,Se; and a saturation is
achieved when a large portion of the less stable units is
transformed into the more ordered units such as As,Se;.
The explanation of the reversibility effect is now
straightforward. Since the created As and Se clusters are
unstable these clusters could be transformed back into
As—Se bonds under the influence of the strain applied by
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the surrounding nonirradiated material. When the light
is blocked before a saturation state is achieved, the sys-
tem will relax back to its original nonilluminated state.

The above-proposed transformation is not the only one
which could occur under laser irradiation. Many other
processes could happen depending on the initial molecu-
lar species which exist in a glassy matrix and how they
react under photon absorption. The intermediate As and
Se clusters themselves could form different configurations
before the final stable atomic unit As,Se; is maintained.
The simplest clusters are those with two atoms As, and
Se, which could dissolve back much more easily than
clusters As, with n >2. Different configurations of the
As, and Se, together must be formed before they trans-
form into the stable unit As,Se; such as the configuration
As,Se, in the above reaction. The existence of more than
two such metastable states is a primary condition for the
quasiperiodic behavior to occur.

3. Instabilities of small submicrocrystalline clusters
at intermediate irradiation levels

By increasing the irradiation level I > 1.9 kW/cm? the
material is pumped faster toward a final stable glassy
state where a large fraction of the different molecular
species converted to As,Se; units or to pyramidal units
AsSe;. The breaking of these units requires higher ener-
gy, since they are stable enough and by appropriate
orientation they form the layered structure of crystalline
As,Se;. It is more favorable now to create small clusters
of these units. Such clusters themselves could then be in
different configurations when their size is very small.
One expects that above some critical size the clusters
tend to have a more crystalline topology. This will allow
the appearance of small crystalline Raman peaks as in
Fig. 8. However, these submicrocrystalline clusters could
be transformed between different configurations and dis-
solve to form smaller clusters of the atomic units As,Se,
under the influence of the strain®’ produced in the
cluster-glass interface and explain the appearance and
disappearance of crystalline Raman peaks.

After long exposure to light, a large fraction of the ma-
terial in the interaction volume is converted and increases
the submicrocrystalline clusters size causing the quasi-
period to increase and a saturation is achieved after very
long time of irradiation, since the pumping rate is below
the one needed to increase the cluster size above the
value it reached. The average critical cluster size where
stabilization is maintained is unknown for the case of g-
As,Se;. In a-Si this critical size is about 30 A; under this
value the clusters in the diamond structure become unsta-
ble with respect to the amorphous state.!”> In the present
case we expect it to be larger, since one unit cell of crys-
talline As,Se; contains 20 atoms. If the critical cluster is
supposed to be a few unit cells in order to contribute to
the crystalline Raman peaks, then one may expect a size
of more than 60 A.

4. Oscillations near the glass-to-crystal transition
and the kinetics of crystallization

When the irradiation level is higher than in the previ-
ous intermediate region, the higher pumping rate allows
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for the creation of larger concentrations of clusters with
crystalline order in a short time which depends on the
laser intensity. After this time interval no more oscilla-
tions occur and the clusters grow gradually. Some of
them may grow by addition of newly oriented molecules
to their surfaces, others—the smaller ones—will aggre-
gate together and form larger clusters with an average
size which increases rapidly. This latter phenomenon is
enhanced now, since molecules can rotate more freely
due to the free volume created by the difference in density
between the glass and the submicrocrystalline clusters.

The oscillations stop, because the average size and con-
centration of the submicrocrystalline clusters reach
values higher than those required for the reverse transfor-
mations to occur.

After some time interval ¢, the peak height and width
saturate to values which depend on the irradiation level.
The threshold intensity is the one at which the time re-
quired for saturation extrapolates to zero. The increase
of the crystalline peak height and its narrowing indicate
both an increase of the cluster’s size and concentration.
The small clusters can coalesce to form larger ones at-
taining a microcrystalline size after sufficient irradiation.

IV. CONCLUSIONS

The photodarkening process, structural instabilities at
nucleation, and growth up to crystallization of g-As,Se;
driven by midrange cw laser irradiation were studied by
light scattering. The temporal evolution of the system
was found to show five different stages with respect to the
irradiation level.

(1) At very low irradiation levels up to 1 kW/cm? the
Rayleigh and Raman scattering intensities decay with ir-
radiation time. This is explained by the photodarkening
process through the dependence of the expressions for
the Rayleigh and Raman scattering cross sections. We
found that the observed decay is higher than the calculat-
ed one. This difference is attributed to the unknown de-
crease of the correlation length after the photodarkening
process.

(2) For higher irradiation levels in the range
1.0<I <1.7 kW/cm? the Raman spectrum is still that of
a glassy matrix, but it exhibits quasiperiodic oscillatory
changes in the peak position and width function of the ir-
radiation time. In this stage, the explanation is based on
structural transformations of the glassy material inside
the interaction region between different glassy metastable
states having different degrees of disorder. These trans-
formations are driven by the laser irradiation via non-
thermal pumping mechanism. The effect of the sur-
rounding nonirradiated material enters as a restoring
strain, which promotes the backward transformations.
Its action explains the reversibility effect, which exists
when the system did not reach saturation. The different
molecular species which could exist in a glassy matrix are
considered as a basis for the metastable states where the
transition between them occurs until more stable molecu-
lar units such as As,Se; or AsSe; are formed which are
the basic units for building the crystalline state.

(3) At intermediate irradiation levels 1.7<I <1.95
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kW/cm? the Raman spectrum shows additional small
crystalline Raman peaks superimposed to the glassy peak
which appear and disappear quasiperiodically with the ir-
radiation time. In this stage the pumping rate is
sufficiently high to excite the stable molecular units
As,Se; to form small clusters having a crystalline topolo-
gy in their interior where their size have to be larger than
60 A for the associated crystalline Raman peaks to ap-
pear. However, such clusters could dissociate spontane-
ously or under the action of a slight laser heating, and the
restoring strain from the glassy surrounding. The smaller
clusters cannot contribute to the crystalline Raman
peaks. This explains the reversibility effect in this re-
gime.

(4) For intensities just below the threshold for crystalli-
zation 1.95<71=<2.1 kW/cm? the crystallinelike Raman
peaks appear and disappear for some time, but after a
given threshold intensity is reached, saturation occurs.
In this stage the pumping rate is sufficient to form clus-
ters of bigger size and concentration such that after some
time a large fraction of the material is transformed into
the submicrocrystalline clusters. By further input of the
radiation energy the cluster’s size and concentration can
increase and saturate when the pumping rate is compen-
sated by the strain accumulated in the crystallites-glass
interface.

(5) Above the previous region I >2.1 kW/cm? no more
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oscillations occur. The crystalline Raman peaks grow
gradually and saturate to a value which depends on the
laser intensity. Above a certain intensity I =~2.2 kW/cm?
they increase sharply exhibiting a threshold behavior.
The Rayleigh scattering intensity exhibits similar behav-
ior. Here we propose that this threshold behavior is due
to a some divergence of the correlation length near the
disorder-to-order phase transition. Further investigation
of this point could yield much information on the nature
of glass-crystal transition.

The phenomena described in this paper exist in several
disordered materials.>® In our opinion, they are of impor-
tance toward the full understanding of the microstructure
of glassy materials and the effect of irradiation on the
glassy matrix. Correlation of these results with other
types of measurements is required such as electron
diffraction, ESR, photoluminescence, and photoconduc-
tivity for complete characterization of the metastable
states in a glassy matrix. It would also be of interest to
follow the evolution of the system under laser irradiation
at different temperatures for the discrimination between
thermal and athermal laser pumping mechanisms.
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