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Raman spectra and athermal laser annealing of Cre(S„Set „)2 glasses
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We have measured and interpreted the Raman spectra of bulk Cxe{S„Sej )2 glasses for composi-
tions in the range 0&x &0.25, both at low power levels and at sufficiently high power levels to in-
duce thermally reversible {at T & T~/2) athermal microcrystallization. Substitution of Se by S in
Ge{Se&&2)4 tetrahedra produced narrow satellites to the narrow 3

& symmetric breathing mode which
are easily resolved. The splittings of these satellites are compared to those of the corresponding
molecular lines of GeCl„Br4 „and are the basis for the molecular models discussed in the accom-
panying paper of Aronovitz et al. Athermal microcrystallization is achieved near liquid-nitrogen
temperature. Addition of S up to x =0.25 is found to inhibit but not prevent thermal revitrification
at room temperature T, —T~/2 on a time scale of hours.

INTRODUCTION

Two models of atomically disordered solids have been
widely discussed in the scientific and technological litera-
ture, based on clusters or on "randomness. " Diffraction
data have yielded relatively little direct information about
the structure on an atomic scale of disordered solids. The
limitations of this direct approach have led many Western
scientists to adopt "random" models of the atomic struc-
ture of disordered solids, e.g. , random-network models of
insulating glasses and random-packing models of metallic
glasses. '

The most appealing aspect of these models is their sim-
plicity. However, if we restrict our attention to the net-
work materials (such as SiOz and AszS&) which are very
good glass formers, the random models appear to be insuf-
ficient to explain the origin of the glass-forming tendency.
At normal cooling rates of order 10 K/min these materi-
als do not crystallize and their viscosities in the super-
cooled melt may become as large as 10' P or more. It is
natural to associate these gigantic viscosities with the for-
mation of large molecular clusters such as are responsible
for the large viscosities of excellent organic glass formers
such as glycerine or glucose. These clusters may be analo-
gous to the "vitroids" discussed in the literature.

The next step in understanding the structure of inorgan-
ic glasses lies in the construction of specific molecular
models for the glass-forming clusters. The most obvious
choice for the cluster structure is that of the high-
temperature crystalline phase, the first phase nucleated
from the liquid. The problem raised by this choice is that
one must then be able to reconstruct the cluster surface in
such a way that the reconstruction is metastable, costs lit-
tle enthalphy, and at the same time presents a barrier to
crystallization.

Recently great attention has focused on the materials
GeS2 and GeSe2 because it has become apparent that Ra-
man spectroscopy is a simple, direct, and powerful probe

of the molecular structure of chalcogenide glass al-
loys, ' ' and that the spectra of these compounds are
particularly easy to interpret. By extending this work we
were able to show' that all the available data do indeed
point to the presence of large partially polymerized clus-
ters in g-GeS2 and g-GeSe2, and that many of these large
clusters are fragments of the high-temperature layer struc-
tures which are terminated on their lateral edges by chal-
cogen dimers. At the stoichiometric composition, the
chalcogen edge dimer bonds are compensated by Ge—Ge
bonds in ethanelike polymerized clusters'"' whose vibra-
tions are recognizable in the Raman spectra. Many of the
structural details of this model have been clarified and ex-
tended by recent Mossbauer studies. '

Having established the nature of the static structure of
GeS2 and GeSe2 glasses we can now consider possible
dynamic phenomena. The most interesting of these is
athermal (i.e., essentially neither thermal nor nonthermal)
laser annealing which is a very striking and dramatic
phenomenon which should not be confused with conven-
tional laser annealing by heating. (Heating, of course,
takes place, but it is incidental rather than essential. )

Hajto and co-workers were the first to discover evidence
indicative of athermal behavior in optical switching of
GeSe~ films by Urbach-tail laser beams. ' The origin of
this remarkable behavior was explained by us ' in terms
of reversible microcrystallization induced by pumping of
the chemical disorder (like-atom bonds) which is charac-
teristic of the structure of the partially polymerized clus-
ters in these materials. In this process the information on
bond strength carried by the Urbach-tail photons plays a
crucial role. According to our model, similar effects have
not been observed with g-Asq(S, Se)3 samples because the
chemical order cannot be pumped optically, although
similar heating effects accompany photon absorption.
More recently Hatjo and co-workers have discovered that
Urbach-tail photons can induce optical anisotropy in
GeSe2 films. They explained this phenomenon in terms
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of laser-induced orientation of the (dimerized raftlike)
clusters' which in the crystal produces optical anisotro-
py. In this case similar effects associated with reorienta-
tion of layerlike units have been observed in g-As2(S, Se)3
by Malinovsky et al. These reorientation effects are due
to local heating and dielectric anisotropy and are in agree-
ment with raftlike models of molecular clusters in these
materials.

In this paper we continue our dynamic studies of these
glasses by studying the behavior of Ge(S„Se~ „)2 alloys
for 0&x (0.25. We have found, as expected, many simi-
larities between the dynamical behavior of GeSz (not re-
ported here) and GeSez, but significant differences as well
which may be related in part to the existence of two crys-
tal structures in GeSz with a transition temperature
T, & Tz. Specifically, reversibility of quasicrystallization
and microcrystallization is more difficult to achieve in
GeSz.

Partial substitution of Se in GeSez with smaller and
more electronegative sulfur atoms to form, for example,
GeSoz5Se175- and GeSeo5Se1 5-alloy glasses can lead to
further complications. On average, in GeS05Se15, one
might reasonably expect that the predominant tetrahedral
structural units in the melt would be GeSe4 and GeSSe3,
analogous to the we11-known GeBr3Cl molecular species.
Drawing such an analogy can be extremely useful in
understanding the formation of transitory products in
chemical reactions occurring in the melt before quench-
ing. It is also a useful starting point for identifying the
nature of the tetrahedral building blocks in the quenched
glass in much the same way as was done earlier by com-
paring the observed vibrational spectra of molecular
GeC14 and GeBr4 with g-GeSz and g-GeSez, respective-

13, 18

The microscopic structures of the GeS Sez
(0.06&x &0.5) alloys are not known at this time nor is
anything known about the chemical constitution and
structural distribution of the tetrahedral building blocks
and wrong bonds in such materials. One might expect
Se—Se, Se—S, and S—S bond types to be present with the
Se-Se cluster-size-limiting dimer bonds predominating at
these selenium-rich glass compositions. Arguments based
on relative bond energies, bond angles, and bond distances
would favor the sulfur atoms being incorporated within
the body of the clusters. To minimize strain, the sulfur
atoms are more likely to assume positions linking tetrahe-
dra at corners rather than at edges. Under such condi-
tions, we may expect that photon-induced microcrystalli-
zation may most probably be initiated at the cluster edges
under laser-flux conditions comparable to that observed
for pure GeSez glass itself.

In the present study of the GeS Se2 „(x=0.063,
0.125, 0.25, and 0.50) glass alloys we shall consider first
the probable chemical reactions in the melt and the chemi-
cal constitution of the system following rapid quenching
(Sec. II). The effect of photon irradiation of the glasses
will be discussed in Sec. III. Experimental details appear
in Sec. IV. A microscopic theoretical model and experi-
rnental results are presented in Sec. V. A summary of the
overall picture which has emerged concerning structure
and phototransformation kinetics is given in Sec. VI.

II. CHEMICAL REACTIONS IN THE Ge-S-Se SYSTEM

By appropriate selection of the a/b ratio, the product dis-
tribution may be directed to favor any of the individual
tetrahedral mixed-halide compounds but not to the ex-
clusion of the others. In pure GeSez and GeSz the basic
tetrahedral structural units are (GeSe4) and (GeS4) which
are bridged to each other to preserve valence and coordi-
nation requirements. Each germanium atom is bonded to
four chalcogenide atoms and each chalcogenide to two
germaniums. For elevated temperatures, the behavior of a
melt containing germanium, sulfur, and selenium is ex-
pected to be similar to a mixture of GeBr4 and GeC14.
Thus, for a composition corresponding to GeSo 5Se1 5

(GeBr3C1), one might anticipate the following processes to
occur in the melt:

4 GeSo ~Se1 5~~3 GeSez+GeSz,

3 GeSo 5Se1 5~~2 GeSez+ GeS1.5Seo.5

2 GeSo 5Se1 5~~GeSez+ GeSSe,

(2)

(3)

where intraspecies bonding would be an important aspect
of the resulting structures. Such bonding would preserve
to a large extent the chemical constitution of the tetrahe-
dra present in the liquid and gas phases. Thus, upon
quenching, the glass may be expected to consist of linked
tetrahedra of (GeSe4), (GeSe3S), (GeSe2S2), (GeSeS3), and
(GeS4) in diminishing proportions analogous to molecular
GeBr4, GeBr3C1, GeBrzClz, GeBrC13, and GeC14 that
would result from heating a mixture of GeBr4 and GeC14.
The initial composition, being selenium rich, would favor
(GeSe4)-, (GeSe3S)-, and (GeSe2Sz)-linked tetrahedra in de-
creasing order. Evidence for such reactions and
tetrahedral species is expected to be found in the Raman
spectra of the quenched glass.

The various tetrahedra proposed above are expected to
link and crosslink in much the same manner as in pure
GeSez and GeSz resulting in a system of weakly coupled
oscillators whose Raman spectrum will be dominated by
the relatively narrow symmetric stretching mode v1 for
each kind of tetrahedron. All of the other Raman-active
modes will be observable, but because each is expected to
be much less intense, broader, and less well defined than
v1, they will be extensively overlapped with each other and
hence less useful as identification tools for specific
tetrahedra. It is already well established that the frequen-
cy ratios v~(GeBr4)/v~(GeSez) =v~(GeClq)/v~(GeS2) are
equal to within about 0.25 fo. Therefore, one may antici-
pate that similar frequency scaling should occur for the
mixed halides and mixed chalcogenides. It will be shown
in Sec. V that this is true and is useful in delineating some
features of the complex Raman spectra of the glasses
under study here.

The thermally activated reactions of gaseous and liquid
GeBr4 with GeC14 leading to a redistribution of Ge—Br
and Ge—Cl bonds have been studied extensively. ' The
appropriate generalized equilibrium can be expressed as

a GeBr4+ b GeC14+~x GeBr3CI+y GeBrzClz+ z GeBrC13
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As in the case of GeSez, rapid quenching of the melt is
expected to freeze in the composition of the tetrahedra.
Because chemical reorganization is inhibited by the time
scale of the quenching, some wrong bonds are expected to
form of which Se—Se, Se—S, S—S, and Ge—Ge are
representative. The number of broken coordination con-
straints (departures from the 8 —X rule or simply broken
bonds) is assumed negligible.

Given that such bonds occur as they do in GeSe2 glass,
it is another matter to detect them in the spectra of the
mixed-chalcogenide alloys. Both mass and force-constant
considerations suggest that Raman bands due to chal-
cogenide wrong bonds will occur in the same spectral
range as the v& modes of the mixed-chalcogenide tetrahe-
dra and may be completely masked. The Ge—Ge wrong-
bond vibrationa1 modes may be identifiable, however, be-
cause they will occur on the low-frequency side of the v&-

band profile of the linked GeSe4 species. Moreover, the
Ge—Ge bond-stretch symmetry coordinate involves main-

ly an oscillating motion of the GeS„Se3 „(n =0—3) units

away from and toward each other so that the masses of
the chalcogenides will have a much smaller effect upon
the frequency than on those modes involving motions
mainly of the chalcogenide atoms themselves. Thus the
frequency of the Ge—Ge wrong-bond stretching motion
will not be affected as strongly by the sulfur substitution.

Lowering the sulfur content to GeSo 2&Se] 75 is
equivalent to changing the a/b mole ratio in Eq. (1) from
4 in GeSO &Se& z to 7. The effect on the overall vibrational
spectra will not be so much on the observed frequencies of
the bands arising from motions within specific linked
tetrahedra as on the relative strengths of the same bands.
This will also be true when x is reduced further to 0.125
and 0.063.

III. EFFECT OF PHOTON IRRADIATION

Quenching the well-mixed high-temperature system ini-
tially containing elemental germanium, sulfur, and seleni-
um, and subsequent mixing of complex chemical species
capable of extensive bond linking and crosslinking, is ex-
pected to produce considerable anion disorder as discussed
in Sec. II. The mixed-chalcogenide alloys are strongly ab-
sorbing with band edges closer to that of GeSe2 than to
GeS&, reAecting the selenium-rich initial composition.
Therefore, like GeSe2, absorption of photons with energies
outside the absorption edge in the Urbach tail can break
wrong bonds preferentially, thereby allowing more order-
ing to occur at the short- and intermediate-range level.
This is expected to reduce the initial randomness present
in the as-prepared glass by allowing highly strained
mixed-chalcogenide tetrahedra to rearrange into polymeric
clusters with substantial intermediate-range order. The
resulting material, however, will still maintain the macro-
scopic properties of a glass containing loosely coupled
tetrahedral structural units such as (GeSe3S), (GeSe2S2),
and (GeSeS3). Such tetrahedra, when they form in the
melt or link and crosslink as a result of photon-induced
reorganization in the glass phase, should be identifiable
from their Raman spectra. The symmetric stretching vi-
brations for each species will dominate by virtue of their

expected strong intensities, narrow-band contours, and
mass-dependent frequencies. Thus, the order of frequen-
cies for the individual v&-type modes is expected
to be (GeSe4) & (GeSe3S) & (GeSezSz) & (GeSeS3) & (GeS4)
based on data already available for the germanium bromo-
chlorides.

When the laser power is increased further, more exten-
sive structural reorganization is expected, much as in the
case of GeSe2, ' ' ultimately leading to microcrystalliza-
tion. Whether the initial intracluster reorganization of
tetrahedra, which increases intermediate- and short-range
order, or the microcrystallization process, which involves
an increase in long-range order, will be reversible or not,
cannot be predicted with confidence for the mixed-
chalcogenide system. It will be shown in later sections,
however, that the initial photon-induced structural rear-
ganization is not reversible largely because it involves pro-
cesses mainly occurring at short range and that the
photon-induced long-range ordering to form microcrystal-
lites is indeed reversible, albeit with more difficulty than
for pure GeSe2, upon removal of the photon flux. The
latter depends in part on the fraction of the irradiated
volume that has been converted to microcrystallites.

IV. EXPERIMENTAL

A. Preparation and characterization of glasses

In a typical synthesis, powdered germanium (99.999%
purity), previously vacuum-melted selenium (99.999%
purity), and sulfur (99.999%%uo purity) were weighed
(+0.0001 g) in appropriate mole ratios and sealed under
vacuum in a 6-cm fused-silica tube (6 mm i.d. ) Mixtures
of compositions GeSO 25Se& 75 and GeSo &Se~ 5 were heated
at 1025 and 905 C, respectively, for 3 h with intermittent
rocking of the sample tubes to ensure mixing before
quenching directly from the furnace into water. The heat-
ing temperature for GeSo o63Se~ 93' and GeSo ~25Se~ s7& was
905 C but the former was held at that temperature for 16
h before quenching. Clear red glasses resulted in all cases.

Samples (70+0. 1 mg) were characterized by their dif-
ferential thermal-analysis patterns using a model-990 Du-
pont thermal-analysis instrument fitted with a high-
temperature (1600'C) differential-thermal-analysis (DTA)
cell. This was heated at a constant rate of 10'C/min
under argon. Data for two samples are shown in Fig. 1

and are listed for all samples in Table I.

B. Raman experiments

Irregularly shaped samples were available from the sili-
ca preparation tubes. A piece was mounted on the copper
cold finger of an evacuated (10 Torr) liquid-nitrogen-
cooled Air Products cryostat via thermal grease (Air
Products) in such a way that the very smooth external
curved surface shaped by the original sample tube was
presented to the incoming laser beam. The beam at 647
nm from a Spectra-Physics 164 krypton-ion laser entered
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V. RESULTS

A. DTA results

T(=534 t:

200 400
T( C)

1

500

FIG. 1. DTA patterns for (a) GeS05Se15 and (b) Ge025Se175
glass alloys. Glass transition temperatures Tg and crystalliza-
tion temperatures T, are marked.

The glass transition temperature Tg and the crystalliza-
tion temperature for stoichiometric GeSe2 glass are
Tg —392'C and T, =533'C, respectively. These may be
compared with the crystalline melting point T =740'C.
Corresponding values for GeS2 are listed in Table I. T, is
strongly dependent on the [Se]/[Ge] ratio. When the glass
is only slightly germanium rich, a weak high-temperature
endotherm occurs at 570& T„(575'C in the DTA pat-
tern. The presence of this endotherm appears to arise
from a solid solubility of minute amounts of GeSe in
GeSe2 and may cause a drop in T, .

In the present work, materials had the nominal compo-
sitions GeS„Se2 „(x=0.063, 0.125, 0.25, and 0.5) having
T, values of 518, 521, 534 and 528'C, respectively (see
Fig. 1 and Table I). The GeSO 5Se~ 5 sample also showed a
small endotherm at T =570'C of the type discussed
above. The presence or absence of such an endotherm,
provided it is small, will have a negligible effect on the
Raman scattering results. . The sharpness of the T, exo-
therms indicates the absence of compound separation
(GeSe2 and GeS2) on crystallization and that the chal-
cogenide to germanium ratio is very close to 2. Thus, the
samples are homogeneous glasses and not intimate micro-
scopic mixtures of GeSe2 and GeS2.

B. Raman spectra

TABLE I. DTA data for GeS Se2 „glasses.

Sample
stoichiornetry

GeSe2 0

GeS0 50Se1 50

GeS0.25Se1.75

GeSO. 125Se1.875

GeSO.063Se 1.937

GeS2 0

T.'
(C)

533
528
534
521
518
511

Tg
(C)

392
402
394
396
390
463

740

850

'Crystallization temperature.
Glass transition temperature; note that the transition is broad

and weak (Fig. 1).
'Melting point.

the sample at about 70' to the surface normal and scat-
tered light was collected at 90 to the incident beam. The
electric vector of the laser beam was either in the plane of
incidence (0 polarization) or perpendicular (V polariza-
tion) to it. Most experiments utilized FS polarization so
that penetration of the beam was favored over reflection.

Scattered light was analyzed using an Instruments S. A.
Ram anor HG-2S spectrophotometer equipped with
photon-counting electronics. A Data-General Eclipse S-
I30 minicomputer was used to control the experiments
and collect data. Except where noted all data were digital
and sample temperatures were nominally —196 C.

To aid in understanding the behavior of the mixed-
chalcogenide glass alloys of germanium under photon ir-
radiation, it is useful to correlate the observed Raman
spectra of the various mixed molecular halides
Gear„C14 „,which are well understood, with those of the
pure GeSez and GeS2 glasses in terms of symmetry coordi-
nates. This is possible in a qualitative way because of the
relatively weak coupling between linked (GeSeq) and
(GeS4) tetrahedra in the glasses. A detailed correlation di-
agram is shown in Fig. 2 in which the various vibrational
energy levels for all the fundamental modes of the
GeBr„C14 „(x=0—4) molecular species appear as solid
horizonta1 lines. Spectra of the pure GeSez and GeS2
glasses appear along the left- and right-hand margins,
respectively. (The low-frequency "Bose" peaks near 20
cm ' are not shown. ) In the weak coupling limit, the to-
tally symmetric breathing modes of the (GeSe4) and
(GeSq) units are easily identified by their relatively
narrow-band contours, large scattering strengths, and low
depolarization ratios. These glass modes correspond to
the v~(a~) modes found in molecular GeBr4 and GeC14,
respectively. Solid arrows in Fig. 2 show this correlation
which has been discussed earlier by Kumagai et a/. ' For
the degenerate modes, corresponding to the v2(e), v3(f2),
and v4(f2) normal modes in the molecular tetrahalides,
the correlation is less convincing because the weak cou-
pling limit begins to break down. The appropriate bands
in the glasses are in general much broader. Those corre-
sponding to v3 appear at a lower frequency while those
corresponding in a rough way with v2 and v4 appear at
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FIG. 2. Correlation diagram for mixed molecular chlorobro-
mogermanes and GeS„Se2 „glass alloys. Solid line denotes vi-
brational energy levels for the chlorobromogermanes listed at
the bottom. Dashed line denotes energy levels for the
(GeS„Se4 „) components of the glass alloys. Representative
spectra of pure GeSe2 and GeS2 glasses without their Bose peaks
are along the left-hand and right-hand margins, respectively.
Solid arrows at the left and right show the approximate correla-
tions of vibrational modes between GeSe2 and GeBr4 and be-
tween GeS2 and GeC14. Dashed arrows reconnect the spectral
bands of GeSe2 and GeS2 with the observed bands in the
GeS„Se2 „glass alloys (left-hand side) and for convenience with
pure GeS2 (right-hand side). Wrong-bond Ge—Ge, Se—Se, and
S—S bands are labeled. Wavy lines connect energy levels at the
left-hand and right-hand sides for cases where no specific as-
signments are practical. Mode numbering follows the Herzberg
convention. Note specifically that in the mixed-anion case, v&

corresponds to v& of pure anions, etc.

to the mixed chlorobromides and sulfur selenides, one
may predict the energy values of the corresponding v&-

type modes to be at 222.4 (GeSe3S), 243.1 (GeSezSq), and
266 (GeBrC13) cm ' (Table II). The measured values,
which are shown (dashed levels) in Fig. 2 and Table II and
will be discussed below, are in reasonable agreement with
predictions. As the [S]/[Se] composition ratio in the
tetrahedra increases, agreement becomes progressively
worse. This would suggest increasing intratetrahedral
coupling in the more sulfur-rich tetrahedral units. Broken
arrows show the correlations in Fig. 2. The other bands,
because of their breadth, are less informative; wavy con-
necting lines join the extremes for vz and v4. The v3
modes are left unconnected for clarity.

The bands due to wrong bonds, Ge—Ge, Se—Se, and
S—S, which have no counterparts in the spectra of the
molecular chlorobromides, are also identified in Fig. 2.
The Ge-Ge band is connected with a wavy line but the
Se-Se and S-S pairs are not connected. It is not practical
to discuss these modes in detail because it is obvious that
their identification is pseudobinary spectra is highly un-
likely. The Se-Se, S-Se, and S-S ones will be masked by
the v&-like modes of the (GeS„Se4 „) tetrahedra and the
v3-like modes of all species. For low-sulfur-content ma-
terials of the kind under study here, the Ge—Ge wrong-
bond band should be readily identifiable on the low-
frequency side of the main band system starting near 200
cm '. The extreme breadth of the v3-like mode in GeSe2
glass and its double-maximum contour has already been
noted.

Four compositions of glass alloys were studied,
GeS„Seq „(x=0.063, 0.125, 0.25, and 0.5). The first two
and the fourth were quenched from 905 C and the third
from 1025 C. A priori, the most probable tetrahedral
units for the last three alloys are GeSe4 and GeSSe3. In
the region near 200 cm ', A of Fig. 3 shows for the
x =0.5 alloy two relatively prominent and narrow bands
at 203 and 181 cm ' corresponding to v~ of a (GeSe4)
tetrahedral unit and the Ge—Ge wrong-bond stretching
mode. The balance of the spectrum consists of broad
bands including several unresolved peaks between 210 and
260 cm ' reflecting considerable structural disorder and a
low-frequency Bose peak characteristic of a glass. The
spectrum, although it contains elements of similarity to
that of GeSe2, also contains several important differences.
The 212-cm companion line of g-GeSe2, if it exists in

equal or higher frequencies. These correlations are also
shown by solid arrows. Because of the reduced scattering
strengths and extreme breadths of the modes correspond-
ing to v2, v3, and v4, as contrasted with the narrow-band
contours and strong intensities of the A

&
modes, the spec-

tra of the latter are likely to be much more informative in
glass alloys containing both sulfur and selenium and con-
comitantly the mixed (GeS„Se4 „) linked tetrahedra. Ex-
tending the empirical frequency scaling relationships' for
the so-called v~ mode where

Species

(GeSe4)
(GeSe3S)
(GeSe2Sq)
(GeSeS3)

GeSp sSel s

Observed

204
218
232
248

Glass
GeSo.2sS 1.7s

Observed

203
218
232
244

Calculated

202
222.4
243. 1

266

TABLE II. Rarnan frequencies (cm ') of vl modes of linked
(GeSe S4 „) tetrahedra.
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FIG. 3. Analog Raman spectra of GeSp5Se] 5p glass alloy.
Experimental parameters: sample temperature, 25'C; scan rate,

cm '/min; sensitivity, 2 and C, 1500 c/s full scale, B and D,
3000 c/s full scale; time constant, 1 sec; and spectral slit width,
2.5 cm '. Laser power (in mW) (647.1 nm): 3, 11 and B, 69;
sample allowed to relax overnight at room temperature in the
dark before recording; C, 11 rnW; power raised to 80 mW for 1

h before recording D at 11 mW.

GeSp5Se) 5

g-GeSO 5Se~ 5, is masked by the several broad v~ Raman
bands between 210 and 260 cm

At a higher power level (69 mW, B, Fig. 3), the uncer-
tainties in the spectra are clarified through several
drramatic changes. In the very-low-frequency regime the
disappearance of the Bose peak and the growth of the

h
crystallinelike line at 31 cm ' signals the first stag ' f'rs s age ' o
p oton-induced microcrystallization. Coincident 'th
thist 1s change in intermediate-range order is the reorganiza-
tion of mixed-chalcogenide tetrahedra into more easily
identifiable units. The frequencies of the strong bands at
207, 227, and 242 cm ' are readily interpretable as the v&

modes of GeSe4, GeSe3S, and GeSe2S2 tetrahedra, and
their frequencies agree rather well with the predicted
values (see above).

Relaxation of the system in the dark at T & Tz/2 leads
to C, Fig. 3, where features due to long-range order (crys-
tallinity) have disappeared and the system is again glass-
like. Perhaps because of residual stress the GeSe4,
v&-mode-scattering strength is reduced compared to the
virgin glass. Unchanged, however, is the short- and
intermediate-range order due to the existence of mixed-
chalcogenide tetrahedra. The definition of particular
tetrahedra in terms of spectral features is reduced but ves-
tiges of the four peaks seen in the virgin glass in Fig. 3 3
still are observable in Fig. 3 C in the range 207—245—1cm . In this case the band most likely due to GeSeS3 at
247 cm ' is barely discernible.

When the laser power is increased to a higher level (80
mW) than in Fig. 3 B for 1 h and the spectrum recorded
at low power (11 mW), extensive long-range order is re-
vealed through many low-frequency lattice bands, which
signal the formation of microcrystallites [Fig. 3 D]. Com-
parison of this spectrum with Fig. 3 B shows enormous
changes especially at low frequencies. The 31-cm ' band
is now the most intense. The v& region is also well de-
fined, although the full width at half-maximum of each
band is at least 15 cm '. In crystalline CxeSe2, the band-
width is 3.0 cm '. Notably absent in Figs. 3 B and 3 D is
evidence of the bands due to either Se—Se or Ge—Ge
chemically disordered ("wrong") bonds. This disappear-
ance is expected for systems of this kind where long-range
ordering driven by photoinduced chemical ordering begins
to dominate the structure. Ordering to a crystalline phase
is not complete, however. Linewidths are too broad, and
therefore microcrystallites in a glass matrix is a more
reasonable interpretation.

Figures 4—6 show the results of a similar series of low-
temperature experiments in which other features become
more apparent. Spectra were recorded with the samples
cooled to —196'C to inhibit thermally induced processes
and isolate the effects of photon-induced chemical order-

400
I

)00
(cm-~)

FIG. 4. Raman spectra of GeSp 5Se& 5 glass alloy at —196'C.
Experimental parameters: scan step size, 0.2 cm ', except C 0.4
cm '; count time/step (in sec), 2 1.5, B 0.7, C0.1 (seven scans),
D 0.2, E 0.3; spectral slit width, 3.7 cm '. Data smoothing: D
17-point Savitsky-Golav technique; E fast-Fourier-transform
technique using a 15-ps exponential filter. Laser excitation (in
mW) (647.1 nm): A, 4.8; B, 48; C, 72; D, 122; sample allowed to
relax overnight at room temperature in the dark before record-
ing E 16.
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FIG. 5. Expanded view of Fig. 4 from 150 to 350 cm
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FIG. 6. Expanded view of Fig. 4 from 0 to 170 cm

ing more unambiguously. With increasing excitation
power (Fig. 4 A —4C) no obvious spectral changes occur
but in Fig. 4 D several changes are apparent all of which
are reminiscent of the photoinduced low-temperature
reconstruction of pure GeSez. The Ge—Ge wrong —bond
band disappears. The v&-like bands for (GeSe&), (GeSe3S),
etc. shift to higher frequencies and the low-frequency re-
gion becomes rich in narrow Raman 1attice bands charac-
teristic of microcrystallites embedded in a glassy matrix.
Complete phase separation of microcrystallites from un-
stressed glass is not indicated, however. The width of the
v& band of the (GeSe4) tetrahedra is too large (14 cm ')
and a shift of the peak of only 3.4 cm ' between Fig. 4 D
and B is too small for complete phase separation to have
occurred. In pure GeSe2 the corresponding shift was the
order of 9 cm '. The bandwidth increase and the reduced
peak shifts suggest that only poorly defined areas of long-
range order exist in this sample as opposed to that of Fig.
3. Annealing the present sample in the dark at room tem-
perature overnight erases the photon-induced changes in
the structure (Fig. 4 D, microcrystallinity) and the spec-
trurn reverts to its original state as shown in E of Figs. 4,
5, and 6. The relative proportions of the mixed-
chalcogenide linked tetrahedra, however, are not affected
by the irradiation or the annealing steps. The equilibrium
chemical processes in the melt and the concomitant
short-range ordering of nearest neighbors are not affected
by below-band-edge photons. The changes that do occur
appear to originate at the edges of the structural units
(rafts) presumably in the weaker wrong bonds as previous-
ly shown for pure QeSez. ' '

Changing the selenium-to-sulfur ratio from 4 to 7 leads
to a glass of nominal composition GeSoz5Se$ 75 and at
this composition GeSe4 tetrahedra are almost twice as
likely a priori as GeSSe3 tetrahedra. This sample was
heated to 1025 C instead of 905 C before quenching to al-
low a better equilibrium of the chemical processes suggest-
ed in Sec. II (short-range order) to occur. Figures 7—9
show the results including the effects of irradiation with
increasing laser power. The most obvious difference com-
pared with Figs. 5—7 is the dramatic drop in the relative
intensity of the peak at 217 crn ' compared to its neigh-
bor at 202 cm '. When this intensity ratio is compared to
that observed in Figs. 4 and 5, it is apparent that our as-
signment of bands in this frequency region to the totally

FIG. 7. Raman spectra of GeSo q5Se& 75 glass alloy at
—196'C. Experimental parameters: scan step size, 0.2 cm
count time/step in sec, 2 1.0, 8—D 0.9; spectral slit width, 4.0
cm '. Data smoothing: A, 19-point Savitsky-Golay technique;
C, 13-point Savitsky-Golay technique. Laser excitation (in m%')
(647.1 nm): A 4, 8 45, C 78, and D 113.

symmetric v&-type stretching modes in (GeSe4), (GeSe3S),
(GeSe2S2), and (GeSeS3) tetrahedra is basically correct. If
the 217-cm ' band, for example, arose only from Se—Se
wrong bonds (companion line), ' ' the present sample,
which is more selenium rich compared to that represented
by Figs. 4—6, would show a 217 cm ' band with
enhanced intensity over that shown in Figs. 4 and 5.

A second feature of interest appears in C of Figs. 7, 8,
and 9. The v&-related bands have shifted to lower wave
numbers and begun to broaden Fig. 8 C, the Ge—Ge
wrong-bond band at 180 cm ' has begun to weaken (C,
Figs. 7 and 8) and at low frequencies the Bose-type band
has virtually lost its definition. All of these features indi-
cate significant changes in the glass structure prior to the
formation of quasicrystallites and microcrystallites. Sirni-
lar effects were observed earlier for pure GeSeq. ' ' In-
creasing the laser power still further leads to the forma-
tion of microcrystallites (D, Figs. 7—9). This is especially
evident in D Fig. 9 at low frequencies. The laser power
was subsequently increased to the point where the sample
cracked into small pieces and therefore it is not known if
room-temperature annealing in the dark would have led to
reversibility to the glass or not. Data for both samples are
summarized in Table III.

As the sulfur content of the GeS„Se2 samples are re-

250

(cm )

FIG. 8. Expanded view of Fig. 7 from 150 to 350 cm
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FIG. 9. Expanded view of Fig. 7 from 0 to 170 cm '. Aster-
isk indicates an experimental artifact.

duced to x =0.125 and 0.063, the intensity distribution of
the v&-like modes should and do change drastically. Those
bands due to (GeS2Se2) and (GeS3Se) tetrahedra drop rela-
tive to the other two, (GeSe4) and (GeSSe3), as can be seen
from the Raman spectrum of GeSO &25Sef 875 shown in Fig.
10. The intensity ratio of the v&-like modes due to
[(GeSSe3)]/[(GeSe4)] do not change so rapidly which re-
flects a tradeoff between two important operating factors.
As the [Se]/[S] composition ratio increases, the
[(GeSSe3)]/[(GeSe4)] species-concentration ratio is expect-
ed to drop. Simultaneously, however, the band due to
Se—Se wrong bonds is expected to increase. Since the en-
ergies of these two are nearly accidentally degenerate,
the intensity ratio of these contributions-
Iv (&esse )+v(se—se) ~lv (Gese ) at 217 cm for the numera-—1

tor and 202 cm ' for the denominator --does not change

FIG. 10. Raman spectra of GeSO»5Se& &75 glass alloy at
—196'C. Experimental parameters: scan step size, 0.2 cm
count time/step, 1.0 sec; spectral slit width, 3.6 cm '; excitation
(647 nm), 100 mW.

nearly so fast as the compositional distribution of
tetrahedral species would suggest. The v~-like bands due
to (GeS2Se2) and (GeS3Se) tethedra are not overlapped in
this way, and therefore their intensities more closely re-
flect their concentrations in the glass structure. Figure 10
shows that the intensities of the bands due to these species
are very much lower than the bands at 217 and 202 cm

This type of information is presented graphically in
Fig. 11. Plotted are the intensity ratios of the v&-like
modes I~o,s s,, ~ /Io, s,, as a function of x in the various

GeS Se2 „glasses. Thus n = 1 represents (GeSSe3), n =2
represents (GeS2Se2), and so on, and the data is normal-
ized to the intensity of the 202-cm ' band of the (GeSee)
tetrahedra. The n =1 curve includes contributions from

TABLE III. Raman spectra of (a) GeSO &Se» and (b) GeS025Se~ 7& glasses and microcrystallites (nu-
merical values are in cm ').

(a)
Glass

(b) (a)
Microcrystallites

(b) Assignments'

180
203.9
217.5
232.4
247.7
312
387
421

19

83

143

180
202.5
217.5
231.9
244.4
312
387
423

18.7
29.0
33.2
50.0
58.3
66.2
76.2
84
95.7

126.0

153.4

207.9
227.3
242. 1

297.7

16.8
27. 1

30.7
47.4
55.4
63.2
73.2
84
95.4

117.0

153.6

207.4
227.7
243.2

300.6

Bose peak

v2 (tetrahedral)

v4 (tetrahedral)

vl (GeSe4)
v& (GeSe3S)
v& (GeSe2S2)
vl (GeSeSe3)

v3 (tetrahedral)

'Assignments are for the glass data.
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tendency decreases precipitously and one obtains com-
pound separation into GeSez and GeS2. Coincident with
this observation, the estimated concentration of Se—Se
wrong bonds goes to zero and thus one of the major
glass-stabilizing influences built into the models of par-
tially polymerized clusters in GeS2 and GeSe2 glasses is no
longer present.

1'
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0.5 0.4 0.3 0.2 0.1

X (GeSx Se2—xj

FIG. 11. Intensity ratios of the &~ modes of I(G,s s, ~l
n 4 —n

I(~,s, ~
as a function of the sulfur content of GeS„Se2 „glass al-

4

loys. Dashed curve is an estimate of the GeSSe3 contribution to
the n =1 curve. Dotted-dashed curve is an estimate of the
Se—Se wrong-bond contribution to the n =1 curve.

the GeSSe3 tetrahedra and the Se—Se wrong bonds. The
n =2 and 3 curves contain no contributions from the
wrong bond and therefore fall off rapidly as the sulfur
content goes toward zero. Based on chemical-equilibria
arguments presented earlier, it is expected that the part of
the intensity in the n =1 curve of Fig. 11 due to the
(GeSSeq) mode would behave similarly and that the contri-
bution to the band intensity arising from the Se—Se wrong
bonds should have a corresponding inverse relationship.
The dashed and dotted-dashed curves in Fig. 11 reflect
our estimate of those functional relationships. There is a
considerable margin for error in these estimates as well as
in the measured intensity ratios because of the difficulty
in accurately estimating the corrections needed for spec-
tral background contributions and overlapping of indivi-
dual bands. Such errors can be large. Nevertheless, the
major trends shown in Fig. 11 appear to be real and follow
expectations.

In support of the estimated curves in Fig. 11 for n =1,
it is worth noting that as x exceeds 0.5 the glass-forming

VI. SUMMARY

The significant points in the present work include
the demonstration (1) of the importance of chemical-
equilibrium processes in the melt which determines short-

range order in the melt-quenched glass, (2) that photon-
induced metamorpheses originate at the edges of structur-
al units (rafts) in the glass, (3) that photon-induced micro-
crystallization in the GeS„Se2 „alloys are reversible, (4)
that the reversibility is most likely driven by strain at the
glass-microcrystallite interface, and (5) that the presence
of Se—Se wrong bonds has a strong influence on the
glass-forming tendency in mixed-chalcogenide GeS Se2
glasses.

The behavior of these selenium-rich alloys under irradi-
ation with below-band-edge laser light mimics that of pure
GeSe2. Thus, although, in the present case, definitive evi-
dence for quasicrystallization enroute to microcrystalliza-
tion was not presented, it is reasonable to propose that
quasicrystallites also occur in the mixed-chalcogenide al-
loys at the same stage of metamorphosis as in pure GeSe2.
Accordingly, we conclude that the ideas presented in more
detail earlier for pure-GeSe2 glass appear to enjoy greater
generality than was initially evident. Other work on
pure GeS2 also supports this contention.

A detailed theoretical analysis of the vibrational split-
tings reported here for the 3 &-like modes has recently been
carried out. One of the interesting conclusions of this
work is that at low S concentrations S preferentially re-
places Se at corner-sharing sites of the outermost
tetrahedral chains. This work also shows that the Se-Se
dimer or companion modes actually involve motions of all
the Se atoms in the outermost tetrahedra at the edges of
the rafts which form corner-sharing chains. This quanti-
tative refinement of our previous analysis' in no way
changes any of its qualitative conclusions. This is the
reason why we continue to refer to these edge-localized
modes as Se-Se modes in contradistinction to the Ge-Ge
modes of polymerized ethanelike chains.
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