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Chapter 2

Photo-structural transformations and global
connectedness of network glasses

Fei Wang, P. Boolchand

Department of Electrical, Computer Engineering and Computer Science
University of Cincinnati, Cincinnati, Ohio 45221-0030, USA

Hlumination of chalcogenide glasses and amorphous thin-films by near
band-gap radiation produces charge carriers that recombine producing
local structural rearrangements including switching of covalent bonds.
Under increased illumination, such rearrangements can propagate
globally in networks that are stress-free (intermediate phases)
dynamically transforming a self~organized state (intermediate phases)
into a light-soaked random network state, and leading to pronounced
photo-diffusion, photo-expansion and eventually photo-melting. On the
other hand, in stress-prone networks (floppy and stressed-rigid phases)
structural rearrangements are largely localized where light is absorbed. In
the latter phases, networks are usually found to be de-mixed on a
nanoscale, and photo-polymerization effects abound as free internal
surfaces reconstruct. Raman- and Brillouin-scattering observations
bearing on these results are reviewed.

Light induced effects in chalcogenide glasses

Overview

Light induced effects in chalcogenide glasses and thin-films have
displayed a richness of phenomenology that has attracted widespread interest for
over three decades. Some of these effects include photo-darkening [1], photo-
fluidity [2], giant-photodensification [3], photochemical dissolution [4], anisotropic
opto-mechanical response [5], photocrystallization [6] and phase change [7]. These
effects have stimulated applications and some of these include phase-change
memories, programmable metallization cell memories [8], digital video discs [9],
xerography [10], and x-ray imaging [11] to mention a few.

Two general themes have evolved in understanding the richness of these
phenomena. One has emphasized the electronic origin of these effects [12-14], and
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metastability of local structures formed as charge carriers are produced (by pair-
producing radiation) and eventually recombine. The second theme has emphasized
aspects of global structure, mainly layered structures [15] (in the stoichiometric
As,Se; and As,S; glasses), to understand evolution of photo-darkening and other
photo-effects.

Role of network connectedness

Currently, little is known on how global connectivity of a disordered
network influences the manner in which pair-producing radiation interacts with it.
In this work, we describe recent experiments that underscore the close connections
between light-induced effects and the connectivity as measured by mean-
coordination number ( r) of a disordered network. Network glasses can be broadly
classified [16-18] according to their elastic response into floppy, intermediate and
stressed-rigid atomic structures. Floppy and Stressed-rigid glass compositions
generally form backbones that are stress-prone, in sharp contrast to Intermediate
phase glass compositions that possess backbones that are not only stress-free but
also that character does not change with time i.e., age [19-21]. For the readers
benefit we introduce the ideas that have led to this structure based classification of
glasses in the next section. Intermediate Phase glass compositions when subjected
to increasing flux of pair-producing radiation exhibit photo-structural
transformations; the pristine self~organized state transforms into a light- soaked
random network state. Two examples of systems [22,23] where such effects are
observed will be described latter.

Floppy and Stressed-rigid glass compositions differ from Intermediate
Phase glass compositions in several other somewhat subtle respects. Real glasses,
in these phases are usually demixed on a nanoscale [24-27] into molecular clusters
although exceptions can occur. For example, bulk alloy As,S;, glasses in S-rich
regime (x < 0.25) and S-deficient one (x > 0.40) are known to possess respectively
Sg crowns, and Ass;S; and As,S; monomers. Such segregation can become
pronounced in vapor-deposited thin-films. When illuminated by band-gap
radiation, backbones of bulk glasses usually photo-polymerize reversibly as
concentrations of monomeric species systematically decrease with increasing light-
flux. The process briefly consists of band-gap light serving to reconstruct internal
surfaces of fragmented networks to qualitatively change their morphology and
polymerize them. Several examples illustrating these effects will be presented
towards the end of the chapter. We conclude by providing a brief summary of the
principal results.

Three elastic phases of network glasses
Mean-field rigidity transition in disordered networks

J.C. Phillips was one of the first to formalize [28] the importance of global
connectivity in describing the physical properties of glasses in terms of constraint
theory. Lagrangian constraints due to near-neighbor valence forces (bond-
stretching and bond-bending) are usually intact while those due to more distant
neighbors broken as glass forming melts are cooled to form bulk glasses. The
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essence of constraint theory is the recognition that highly over-connected (r >3) or
under-connected (r < 2) networks do not form glasses, but optimally constrained
ones (r ~ 2.4) readily do. Here r represents the mean coordination number; and the
magic value of r = 2.4 corresponds to the circumstance when the count of
Langrangian constraints per atom n, = 3, the three degrees of freedom per atom in a
3d network. M. F. Thorpe recognized [29] that when the mean-coordination
number of a covalently bonded random network increases to r = 2.40, the network
undergoes a phase transition from an elastically floppy to a stressed-rigid state.
This is the Phillips-Thorpe rigidity transition [30]. The floppy to rigid phase
transition in a random network near r = 2.4 also coincides with optimization of the
glass-forming tendency.

Two elastic phase transitions observed in self-organized
networks

In 1999, it emerged that there are, in fact, fwo rigidity transitions and not
one as predicted by mean-field theory. Using Raman scattering and T-modulated
Differential Scanning Calorimetry, Selvanathan et al.[31] showed the existence of
two distinct elastic phase transitions in binary Si,Se; glasses. Similar results have
been seen in other binary (P,Se;., [27], AsiSe;x [32], Ge Sei [22,33]) and ternary
(As,Ge,Se; .o [34], PyGe, Seiax [21,35]) chalcogenide glasses, thus, underscoring
the generality of the result. Examination of several glass systems has shown that
the solitary rigidity transition (predicted by mean-field constraint theory) is the
exception. The usual behavior consists of opening of intermediate phases between
floppy and stressed-rigid ones as schematically illustrated in Fig. 1. Numerical
simulations [18,36] suggest that these phases can form over a range of global
connectivities near the mean-field rigidity transition. The network backbone
consists of local- and medium-range structures that are isostatically rigid, i.e., rigid
but stress-free, and is described as self-organized.

Floppy — Intermediate Stressed rigid

n.<3 n=3 n>3

under-constrained| optimally constrained over-constrained
"isostatically rigid"
"stress-free”
non-mean-field phase
rigidity stress
trangition(1) transition(2)

(1) and (2) coalesce
in select cases!!

Floppy Stressed rigid

"Mean-Field result”
Phillips-Thorpe Rigidity
Transition 1979,1983
Fig. 1. Intermediate phases bounded by rigidity- (blue) and stress-(red)
transition open between floppy and stressed rigid elastic phases in real
glasses. In random networks the two transitions coincide and one expects
a solitary rigidity transition as predicted by mean-field theory.
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How does one recognize whether a glass composition belongs to an
intermediate phase? Examination of glass transitions (T,) using T-modulated DSC
(MDSC) has made it possible to separate the reversing enthalpy from the non-
reversing enthalpy (AH,,) associated with T, as discussed elsewhere [19,32,37].
The latter endotherm is a signature of ergodicity breaking events when structural
arrest of a glass forming liquid occurs near T,. Fer glass compositions that reside in
intermediate phases the AH, term is found to nearly vanish. Experiments on
several families of glasses [21, 31-34] have shown that the endotherm (AH,) has
a square-well like variation with walls near r.(1) and r.(2), and the glass transition
becomes thermally reversing in the rJ1)<r<r(2) range (thermally reversing
window) Raman — active mode of select local structures in the backbone, is found
to display vibrational frequencies (v,) that show a power-law dependence on r-r..
One such mode in question is the strongly active symmetric breathing mode of
corner-sharing tetrahedral units (GeSe, as for example). One observes distinct
elastic power-laws in the composition regimes r(1) < r < r(2) (the window), and
above (the window) r > r(2). Thus r{1) and r«2) not only represent the onset and
end of reversibility windows from thermal measurements, but also the rigidity-
(r(1)) and stress- (r(2)) transition phase boundaries in Raman optical elasticities
[20,34,35]. Theoretical justification for these elastic phases has emerged from
numerical simulations on self-organized networks as described [18,36] elsewhere.

Intermediate phases are special

Network backbones for glass compositions in inrermediate phases display
rather exceptional mechanical, thermal and optical properties. The atomic scale
organization of a network backbone that leads to this unusual physical behavior is
also quite special. These glass compositions usually form space filling networks
displaying the smallest molar volumes [38]. At a local structural level, network
building blocks possess a count of Lagrangian constraints/atom (n.) due to bond-
stretching and bond-bending forces of 3. Such units are rigid but stress-free, i.e.,
isostatically rigid [39] and their presence lowers free energy of backbones. At a
medium-range structural level, rigidity is traced to rings of specific size. In 3
dimensional networks, rings possessing 6 atoms represent the marginal case [39],
i.e., larger-sized rings (n > 6) are floppy while smaller-sized ones (n < 6) are
stressed-rigid. Population of such local and medium range structures lowers the
free energy of intermediate phases.

Intermediate phases have now been observed in several glass systems.
Fig. 2 provides an overview of results in which the range of mean-coordination
number r spanned by these phases is shown in red. In multi-component
chalcogenide glasses containing equal fractions of group III and V elements, in
general, intermediate phases span a wide range of mean-coordination number 7. On
the other hand, in chalcohalide glasses these phases occur over a much narrower
range of r for reasons discussed ahead.
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Fig. 2. Trends in intermediate phases observed in indicated chalcogenide
and chalcohalide glasses taken from refs.21,22,27 32-35.
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The large width of intermediate phases in chalcogenides glasses is related
[21, 34, 37] to the fact that there are several As-centered (r = 2.28, 2.40) and Ge-
centered (r = 2.40, 2.67) isostatic local units that form building blocks of their
backbones and together these local units span a range of r contributing to widths of
intermediate phases. The sharp reduction in widths of these phases in the two
chalcohalide glass systems in Fig. 2 comes from replacement of bridging selenium
(sulfur) sites in the backbone by one-fold coordinated iodine sites randomly
[23,37]. The replacement of iodine by Se rapidly narrows the range of r wherein
isostatic rigidity can be nucleated. In these chalcohalides there is only one isostatic
local structure populated [40] as we shall see later. The sharp reduction of T, in the
two chalcohalide glasses as a function of increasing jodine for sulfur or selenium
replacement is in excellent accord with the molecular structure of these glasses
probed in Raman scattering [40]. Furthermore, these observations are in harmony
with the interpretation of glass transition temperature as a measure of network
connectedness as suggested from stochastic agglomeration theory developed by
R. Kerner and M. Micoulaut [41,42].

Photo-structural transformations and intermediate phases

The unusual response of intermediate phases to illumination by near band-
gap radiation was first noted in Raman scattering measurements performed as a
function of laser illumination power. In this section we describe results on a
prototypical chalcogenide and chalcohalide glass system that highlight the
underlying photo-structural transformations.
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Chalcogenide glasses: Ge,Seq.x

Two types of Raman scattering setups were used to carry forward these
experiments [22,33] on the binary Ge-Se glass system. A conventional {macro-
Raman) setup wherein typically the laser beam is bought [22] to a loose focus (50
um spot size) and a micro-Raman set-up {33] in which the exciting laser beam is
bought to a tight focus (1 pm spot size) using a microscope attachment. In both set
of experiments about a mW of 647 nm radiation from a Kr' ion laser was used. In
the macro-configuration the laser beam flux is low ( 10* mW/ pm?), and one
observes [22] the intrinsic elastic phases of glasses described earlier. These phases
include a floppy phase at x < 0.20, an intermediate phase extending in the 0.20 < x
< (.25 range, and the stressed-rigid phase at x > 0.26. Compositional trends in the
frequency of the corner-sharing Ge(Se,»), tetrahedra (shown in Figs. 3a ) reveal an
elastic power-law in the swressed-rigid phase at x > 0.26 with a value of
p = 1.54(10) that is in excellent agreement with numerical predictions [43,44].

202 AP Ty 202 perry B A e R
L mﬁ] i : micre-Raman
- X %;{2) 1
200 = 0.20 g = 0.26 ] 200 F
g S .
198 a g s 198 ©
i s flOp Py -t ) r - i
. : ppy E - floppy—s~ .
s 196 - 18 16| Ry st
b 4 (4 3 -
£} e 18 . =023
194 Igiochastic ST 164 |
i ] ; e - rigicd
B R @ (b)
: stochastic 1
180 : ! : : i 4 L . 160 - i L i adad I
0 5 10 15 20 25 30 35 40 0 & 10 15 20 25 30 35 40
Ge Composition (%) Ge Composition (%}

Fig 3. (a) Variations in frequency of CS mode, ves(x), of Ge(Sen)y

tetrahedra in (a) macro-Raman and (b) micro-Raman experiments on

Ge,Se,.; glasses revealing presence of the intermediate phase (0.20 < x

< (.25} in the former and its collapse in the latter experiments. The

collapse is thought to be a photostructural effect leading to light-induced
melting of the infermediate phase. See ref 22,

In the micro-Raman configuration the laser beam flux (ImW/ um?) is
nearly three orders of magnitude higher than in the macro-Raman one, with the
consequence that one observes the light-modified state of these elastic phases. The
intermediate phase is found to collapse at its centroid (near x = 0.23) (Fig. 3b), and
the siressed-rigid phase commences at x > 0.23 already. In the micro-Raman
measurements, near band-gap radiation produces electron-hole pairs leading to
formation of metastable local defect configurations that serve to mediate rapid
switching of normal covalent bonds [12]. The first step of light soaking is photo-
diffusion and with increasing light flux, the final step consists of a random nerwork

20



which replaces the virgin self~organized state. The virgin- and light-soaked-state
represent respectively the two extremes [18, 29] of rigidity onset in network
glasses predicted by theoretical simulations (Fig. 1), one giving rise to the presence
of an intermediate phase when a network self~organizes, and the other to absence
of it when a network acquires a random atomic structure.

Chalcohalide glasses: GeyySeyq,d,

The intermediate phase in binary Ge-Se glasses [22] is narrowed
dramatically by chemically alloying iodine [23]. This was revealed by examining
ternary GeyySesuyl, glasses in Raman scattering and MDSC experiments
systematically as a function of y. A count of Lagrangian constraints in the present
ternary shows that the elastic phase boundary between stressed rigid (y < y.) and
Hoppy (y > y.) glasses occurs at y, = 1/6 [45]. Taking the coordination number of
Ge, Se and | to be respectively as 4, 2 and 1, one obtains the mean coordination
number of the ternary glass as,

ro= 41/ +2C-y)+y (1

For a glass network containing a n,/N fraction of dangling ends (iodine
atoms) to be optimally connected, one requires [46]

r=24-04(n/N) (2a)
or 1+15-y = 24-04y
or y=y.= 1/6 (2b)

In Raman scattering experiments performed at low power (ImW), one
observes modes of mixed Ge(Se ;)s.mly, tetrahedral units with m =1, 2, 3 and 4
iodine near-neighbors. As the concentration of iodine in the alloys is increased, the
m = 1 units grow at the expense of m = 0 units as shown in Fig. 4. Of special note
is the step in the concentration of m = 1 units (N/N) inthey, =0.155 <y <y, =
0.164 range. The m = 1 units are rather special. A count of Lagrangian constraints
per atom shows [37, 47] such units to be isostatically rigid (n, = 3).

MDSC experiments on these ternary glasses have independently served to
confirm the intermediate phase through a measurement of the non-reversing
enthalpy near T, [23]. The enthalpy term displays a minimum in the same 0.155 <
y < 0.164 iodine concentration range as illustrated in Fig 5. For the reader’s
convenience, we have included in Fig. 3, a plot of the concentration of m = 1 units
from the Raman scattering results. We note that the linear step in N1/N coincides
with walls of the thermally reversing window, and both sets of measurements
independently reinforce the notion that the intermediate phase extends in the 0.155
<y < 0.164 iodine concentration range. The sharp linear increase in concentration
of the m = 1 units (N;/N) at the expense of the m = 0 units in the intermediate
phase is an intriguing result. The m = | units are isostatically rigid structures while
the m = 0 units stressed-rigid ones. The sharp increase in Ny/N in the narrow
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thermally reversing window can thus be viewed as a structural reorganization that
serves to minimize backbone stress, and represents a feature of self-organization in
the ternary.

1.0
GepsSeys.yly
2 D) 1 (2)
= . ye(1)
z 0.8 yc HVC Po=1mW
£ =0 H
° N n= It
E 0.6 N |
k= v
@ — ———
‘g’ 04+ . ——
o m=1 P ;
g 02 ,-"/ i i m=3 *
IS / m=2—s P
IR s - ey &
0.0 . ——
0 10 20 30

| contenty (%)

Fig. 4. Variations in the concentration of pure and mixed Ge(Se;3) 4-mlm
units as a function of iodine concentration, y, deduced from
deconvolution of Raman lineshapes studied at Po = 1 mW of 647 nm
radiation. The thin-lines give prediction of m-unit concentrations based
on combinatorics (ref. 45). The thick-lines give present experimental
results. In the macro-Raman setup the exciting beam is brought to a loose
Jfocus and penetrates through the bulk of the sample contained in a quartz
tube. Thermal effects in such a setup are expected to be minimal. Fig is

taken from ref. 23.
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Fig. 5. Variations in non-reversing enthalpy AH,(y) near T, (open
circles) and concentration of m = 1 units, N/N (y) (red triangles),
illustrating the onset (y. (1) = 0.155, red arrow) and end (y.(2) = 0.164,

blue arrow) of the intermediate phase in the Ge;sSe;s. 1, ternary.
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The influence of increasing laser excitation power, Po, in the
1 mW < Po < 15 mW range has also been examined, and the results appear in Figs.
6 and 7. Upon increasing the power Po to 15 mW the N/N -step vanishes as shown
in Fig. 6. The essential changes in Raman lineshapes as a function of Po are
included in Fig. 7 and include a reduction in the N;/N step height as Po increases.
The intermediate phase in Ge;sSesuly glasses observed at low Po (=1 mW)
apparently transforms into a random network state as laser power increases to Po =
15 mW. These observations are parallel to those encountered earlier on the Ge-Se
binary [22] in Fig. 4 and 5. In both cases, the self-organized state of glasses
prevailing at low Po is transformed as the illuminating power Po is increased. The
sub-bandgap radiation penetrates deep in the samples and one expects the observed
changes to be bulk and not surface effects. In these macro- Raman scattering
measurements the excitation radiation serves as a pump to effect photo-structural
transformations as well as a probe of the ensuing structural changes of the
backbone. An attractive aspect of these measurements is that the transformed
sample volume along the laser beam (several mm thick bulk glass sample
contained in a quartz tube) is also the region that gives the Raman signal.

1.0

Po=15mW

m-Unit Concentration (N, /N)

| content y (%)

Fig. 6. Variations in concentrations of various m-units examined in

Raman scattering at Po = 15 mW. The thin colored lines give the

predicted variation of N,/N units based on combinatorics (ref 45).

Experimental conditions are similar to those used in Fig. 4 and thermal
effects are expected to be minimal.
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Fig. 7. Variation in concentration of m = 1 units in Ge,.Sesu.l, glasses
deduced from Raman scattering as a function of indicated laser excitation
power Po. The N/N step height reduction with increasing power
constitutes evidence for photo- melting of the intermediate phase

in the 0.155 < y < 0.164 range. See ref. 23 for details.

These light-induced structural transformations observed in intermediate
phases of a chalcogenide and a chalcohalide glass serves to demonstrate the
commonality of the underlying effects. In both cases the backbones in the pristine
state are viewed to be self-organized. The absence of global stress in intermediate
phases apparently facilitates underlying photostructural transformations. In both
cases the interaction of band-gap light produces electron- hole pairs that produce
metastable defects that lead eventually to switching of covalent bonds as carriers
recombine. The switched covalent bond configuration leads to photodiffusion as
described earlier by H. Fritzsche [12]. With increasing illumination power
photodiffusion gives way to photomelting as more optical energy is pumped per
unit time in the virgin self-organized state to completely transform it to a light-
soaked random network state. The later state can be viewed as an excited state of
the backbone. And upon lowering illumination power one recovers the virgin self-
organized state showing that the underlying athermal transformation is reversible
in nature.

Intermediate phases and absence of network stress

Stress in disordered networks is a challenging subject because several inter
related factors contribute to it. Some of these factors include (i) atomic size- and (ii)
atomic mass- distributions, and (iii) network connectivity on a local and global
scale. Strain and rigidity in disordered networks are concepts that have connections
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to both elements of local- and global- structure. Although numerical simulations
[18,36] and constraint counting algorithms suggest glasses in intermediate phases
possess stress-free backbones, currently, there is no direct experimental evidence
for such a behavior. We have recently carried forward Raman pressure experiments
that provide the first clues to decode aspects of network stress in glasses. The
system of choice is the Ge-Se binary; in this system atomic masses and sizes are
nearly the same, and furthermore, intermediate phase glass compositions are well
established. Raman scattering is the method of choice to probe these effects
because it permits examining glasses at all length scales.

Raman pressure measurements on Ge-Se glasses

The influence of hydrostatic pressure on Raman scattering from crystalline
chalcogenides, such as As,S; and P,S; has been examined [48, 49] in considerable
detail in the past. A larger blue-shift of inter-planar or inter-cluster modes is
observed in contrast to intra-layer or intra-cluster ones reflecting the weaker
strength of van der Waals forces in relation to covalent forces. Very few such
measurements have been made on glassy chalcogenides. An important difference
between the response of ordered networks (crystals) from disordered ones (glasses)
is the existence of a threshold behavior in the pressure-induced shifts of vibrational
modes in the latter systems, particularly when atom-size and -mass distributions are
nearly the same. Raman pressure measurements on GeSe, glass by K. Murase and
T. Fukunaga [50, 51] have shown that the symmetric stretch mode frequency of
Ge(Seypp)4 tetrahedra does not blue-shift until the applied pressure exceeds a
threshold value; P = P, = 35 kbar. The threshold P, provides then a measure of
internal stress of the backbone.

We have carried out Raman scattering measurements as a function of
hydrostatic pressure over a wide range of network connectedness in binary Ge,Se;.
glasses. These measurements utilized a Diamond Anvil Cell with alcohol methanol
mixture as a pressure transmitting medium, and a micro-Raman set up with a BX
41 Olympus microscope attachment. The pressure was calibrated using Ruby
fluorescence and the hydrostatic nature of the pressure confirmed by fluorescence
lineshapes. Fig. 8 displays the pressure induced shift in vibrational mode frequency
(vcs) of corner-sharing Ge(Se ), terahedra. These units are of interest because they
form part of the backbone in these binary glasses. With increasing x, rigidity first
percolates at the rigidity transition (x,(1) = 0.20), and with a further increase of x,
stress onsets at the stress-transition (x(2) = 0.25) as noted earlier [22, 23] from
MDSC and ambient pressure Raman measurements. The results on the present
glasses reveal rather interesting trends in P, (Fig. 8a and b). One observes the mode
frequency vcs(P) to blue-shift as a function of external pressure but only once
P> P,.
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Note that P-induced changes in vcs first occur near 33 kbars in the stressed
rigid stoichiometric GeSe, glass, but dready near O kbar for glassesat x = 20 at.%
and 22 at.% of Ge. Variationsinthreshold pressures P, display araher interesting
trend: P, steadily increasesat x > X.(2) or a x < X,(1) but dmost vanishesinthe
X(1) < X < X(2) composition range, the intermediate phase. The most natura
interpretation of these trends is that P, provides a measure of intrinsic network
stress of the backbone, and that it nearly vanishes in the intermediate phase but
regppears both in the stressed-rigid and floppy phases of the present binary glass
sysem. The backbones of glasses become increasingly stressed at x > 0.25 as
network globa connectivity progressively increases in the stressed-rigid phase.
This is the expected behavior. However, the present results also demonstrate that
backbones of glasses at x < 0.20 areincreasingly aso stressed as they get floppier,
aresult that is intriguing to say the least. A possible interpretation could be that
presence of floppy or bond-rotation modes serves to localy stress backbones dueto
the strongly repulsive van der Wad s forces that keep Se chains gpart asreflected in
the steadily increasing molar volumes [38] as the chain-fraction increases when x
approaches 0.

Giant photo-elastic response of Ge-Se glasses in Brillouin
scattering

The role of network connectedness in light-induced effects in glasses has
emerged in an egant fashion from recent Brillouin scattering (BS) measurements
[52]. BS serves as a complementary vibrational spectroscopy to Raman scattering
in glasses. Raman scattering permits probing optical excitations, while Brillouin
scattering permits accessing acoustic excitations in solids. Relaxation of the k = 0
sdlection rule in glasses permits vibrational modes of locd units such as tetrahedra
or pyramids to be observed in Raman scattering. Furthermore, variaions in
frequency of these loca units examined systematically as a function of mean-
coordination number, r, has served to probe the global dastic phases [22,23] of
network glasses. Thus, Raman scattering permits probing disordered networks both
a alocal and also at an extended length scale. It is fundamentally because of these
considerations that non-mean-fid d effects such as  intermediate phases in glasses
can be detected in Raman scattering.

Wave engths of acoustic excitations such as longitudina or transverse
modes generaly accessible in a typica BS setup are usualy about 200 nm or
longer. BS servesintrinsicaly as an extended length-scal e or mean-field probe of
vibrational excitaions in glasses. The method is not expected to be sensitive to
e ements of medium range structures consisting of small rings (< 1.5 nm) wherein
rigidity in disordered systems is nuclested. Thus, in sharp contrast to Raman
scattering, Brillouin scattering is unlikely to detect the presence of non-mean-field
effects such as intermediate phases in glasses.

BS measurements on binary GeSe;« glasses at room temperature were
performed over the 0.15 < x < 0.33 composition range. In these measurements the
scattering was excited using 647.1 nm excitation, and one observed the
longitudind acoustic (LA) mode near 20 Ghz. Since the exciting photon energy is
somewhat |ess than the energy bandgaps of the glasses, the radiation penetrates the

27



samples and one probes bulk- rather than surface-effects. From a measurement of
the LA mode frequency, refractive index and mass density, variations in the
longitudind dastic constant Cy;(X, Po) were established as a function of glass
composition x and illumination power Po. The principal results appear in Fig. 9. At
low power (Po = 2mW), one observes the intrinsic variation of Cy;(x) in the
glasses. It consists of a nearly monotonic increasein Cy; as afunction of x or mean
coordination number r = 2(1+x). Such a behavior was noted earlier in ultrasonic
acoustic moduli measurements [53-56]. With increasing Po, a softening in Cy; is
manifested, amounting nearly to 50% near the critical composition, x. = 0.19(1),
close to the mean-fidd rigidity transition x, = 0.20 or r, = 2.40 in the present
glasses. The giant softening as a function of Po near x; is found to be reversible at
Po < 7 mW. The softening of C;; due to an increase of sample temperature
(thermal effects) was dso independently established [52], along with sample
temperature rise due to laser irradiation. These results have permitted separating
therma (< 10%) from athermal (> 90%) contributions to the observed softening.
Fig. 9 displaysthelight-induced (athermal) component to the softening in Cy;,
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Fig. 9. Variations in longitudinal elastic constant, Cy,(X) , in binary
GeSe,.« glasses as a function of x from Brillouin scattering excited using
647.1 nm radiation. Each curve was obtained at a specific laser
excitation power, Poin mW, indicated with each curve. Herer= 2(1+Xx),
where X is expressed as a decimal fraction (seeref. [52]).

In these BS measurements the maximum in light-i nduced softening of Cy;
cdose to the meanfidd rigidity transtion highlights the importance of the
backbone. A glass network near the rigidity transition is globally stress-free
because it is optimally connected. These observations suggest that absence of
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network stress near x = 0.19 serves to aid light-induced softening of glasses.
Furthermore, the softening is centered near the mean-field rigidity transition
because BSisintrinsicaly a mean-field probe of vibrational excitations in glasses.

Photo-structural transformations of Floppy and stressed-rigid
networks

Glass compositionsin intermediate phases are generaly fully pol ymerized.
Such is generally not the case in the stress-prone floppy and stressed-rigid glass
compasitiong[24,25,57,58]. In chal cogenide glasses profound light-induced effects
are observed in systems that are actualy partially polymerized or segregated on a
nanoscale. These trends are suggestive that in stress-prone networks light a low
power is usually absorbed at free cluster surfaces, where bonding configurations
can be altered without invoking large scale structural rearrangements of the
backbone, and thus large cost in strain energies. We provide examples of both
floppy and stressed-rigid systems where photo-polymerization of backbones is
observed. In these Raman scattering experi ments the exciting radiation serves both
as apump and a so as a probe of light-induced effects.

Floppy networks (Ge-Se-1 and Ge-S)

Méts of dementa Se can be readily cooled to form glasses that consist
largely of polymeric Se, chains. On the other hand, melts of elementa S upon
cooling yield molecular crystals composed of Sg crowns that can exist in two
polymorphs. Addition of cross-linking cations such as Ge (or As) in binary aloy
melts of (Ge or As)y S;.x composition will form glasses with varying concentrations
of Sg crowns present dong with network forming (Ge or As),S;: backbones.
Binary GeS;.« glasses a x < 0.20 represent exampl es of floppy glasses [33,59] that
are segregated on a nanoscal e having varying concentration of Sg crown species. It
is generaly known tha the concentration of S; monomers increases as the Ge
concentration x of the binary glasses decreases. The S; ring concentration can be
rdiably ascertained in MDSC measurements[60] that show a polymerization
transition [61], T, near atemperature of about 155° C. At T > T,, S crowns first
begin to open to form S, chain-fragments |leading to a pronounced increase of met
viscosities.

One may aso track the presence of Sg monomers and the backbone
forming units in Raman scattering as is illustrated for a bulk glass sample of
Gey7Ss3 composition in Fig. 10. Continued illumination of the glass sampl e with the
514.5 nm excitation leads to photo-structura changes that can be observed by
recording Raman spectra of the glass sample after illumination for different time
intervals of 5, 10, 15 and 20 minutes (Fig. 10). The evolution of lineshapes with
illumination time shows that the scattering strength of the narrow Sg mode near
219 cm* steadily decreases, whilethe frequency of the main A; band due to the
symmetric stretch of corner-sharing GeS, terahedra systematicdly red-shifts. We
have extracted the normalized scattering strength of the 219 cm™ mode and
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frequency of the A; mode by deconvoluting the Raman lineshapes and the results
appear in Fig. 10b. These results show a linear correlation between the two
observables at low integrated doses but the onset of a saturation as illumination
times exceeds 15 minutes. These results have a rather straightforward
interpretation.
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Fig. 10. (a) Raman scattering from bulk Ge;;S; glass excited using
514.5 nm radiation under micro Raman setup (3.05mW on sample) taken
immediately after excitation (O min), and after continuous irradiation for
timeintervals, t = 5, 10, 15 and 20 minutes as indicated on the observed
lineshapes. (b)normalized scattering strength of the 219 cmi* mode due to
S monomers plotted as a function of the mode frequency of the A;
symmetric stretch of Ge(Sy,), units near 340 cm™ .

Progressive illumination of the virgin glass by band-gap radiation (514.5
nm) results in opening of Sg monomers and the incorporation of S atoms in the
backbone. The underlying photo-structural transformation drives the backbone to
become S-richer than the starting glass composition. The photo-induced
incorporation of S in the backbone decreases the globa connectedness of the
backbone, since it effectively lowers x < 0.17, and thus r = 2(1 + x). The optica
signature of the underlying change is ared-shift of the A; mode near 340 cm™. The
photo-alloying process can be visudized as the reverse of Ge chemical aloying in
these glasses. In the later experiments a blue-shift of the A; mode was observed as
global connectivity of the network was steadily increased by chemical aloying Ge.
The later approach was used [33] when evidence for existence of the mean-fiedd
rigidity transition near x = 0.23 in binary Ge-S glasses was obtained from micro-
Raman measurements.

Our second example of photo-structura transformations in a floppy glass
system isthat of the Gey4Seya.yly ternary. In this chal cohalide glass system, we had
noted earlier [23] that the intermediate phase resides in the 0.155 < y < 0.164
iodine concentration range. The result suggests that glass compositions containing
an excess of 16.4 molar percent of iodine are, in generd, floppy. In such glasses,
the backbone consists of mixed tetrahedral Ge(Sey2)amlm units havingm=0, 1, 2
and 3 iodine near neighbors with some but not all Se bridging across Ge atoms.
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The m = 4 gpecies, i.e, Gels, is amonomer and it decouples from the backbone.
The narrow width of the vibrational mode near 155 cmi* is the consequence of
segregation of the m = 4 unit from the backbone.

Fig. 11 shows Raman scattering of a ternary glass at y = 0.324 excited
using 647.1 nm radiation and a micrascope attachment. Raman scattering permits
tracking concentrations of mixed tetrahedral species through a measurement of
their mode scattering strengths. The yellow-orange sample is transparent to the
exciting radiation. Spectra were taken at different laser powersin the 1 < Po < 10
mW range, and evolution of lineshapes as a function of power established (Fig.
11). Vibrational modes of different m-species are identified and a rationa e for the
assignments is discussed esewhere [23,40,62]. The centrd result of Fig. 11 is an
increase in scattering strength of them =3, m= 2, and m =1 species a the expense
of the strength of the m = 4 and m = O species as the laser power is steadily
increased from 1 to 10 mW. Table 1 gives a summary of the m-unit concentrations
deduced from analysis of the observed Raman lineshapes. The observed results of
Fig. 11 can be interpreted as follows. The underlying photo-pol ymeri zation process
involves coal escing of m = 4 inthe backbone (m = 0 units) to formm=3and m= 2
units by a pair of reactions,
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Fig. 11. Raman scattering in ternary Gey»Seyayly glasses excited using
647.1 nmline fromaKr* ion laser. Anincrease of laser power in the 1
< Po < 10 mW range leads to systematic lineshape changes that suggest
photo-induced polymerization of the backbone. Upon removal of the
pump radiation the backbone relaxes to its pristine state. In the micro-
Raman setup, light is brought to a line focus on samples contained in
evacuated quartz tubes. Thermal effects are expected to be minimal
in such a set up. Seeref.23 for details.

2AN; + ANo = 2AN; +AN, (33)
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AN; + ANg = AN, + A N; (3b)
with a net result of,
2AN; + 2ANg = AN; + 2AN, + AN; (%)

In equation 3a, for example, A Ny and A Np represent reduction in
concentrations of N4 and No units brought about by the action of light as increases
in N3 units (A N3) and N, units (A N, ) occur and form part of the backbone. In
writing these reactions one conserves the number of iodine atoms on both sides of
the eguations. The first reaction is viewed as two monomeric m = 4 species
converting to two m = 3 species by taking in two S atoms from an m = 0 species
and giving two iodine atoms to transform an m = 0 species into an m = 2 species.
The second reaction (3b) may be viewed as transforming apair of m=3andm=0
units into a pair of m = 2 and m = 1 units by exchanging an iodine atom. The
concentrations of m-units deduced from our Raman results are shown in Table 1.
No corrections for scattering cross-section of the modes were made in arriving a
concentrations of the m-units given in Table 1. The simple mode prediction here
(equation 4) captures the essentids of the observed photo-structura
transformeations. The sign of the observed changes in concentrations of the different
m-units is in harmony with the model . Quartitatively, the left hand side of equation
4 yidds a net change in m-unit concentration of 0.10(2), while the right hand side
yields a net change in m-unit concentrations of 0.05(1). The agreement between
model prediction and our Raman scattering results is most encouraging given the
simplicity of the modd .

Table 1. Concentrations (N, of the mrspecies deduced from Raman
spectra of Fig. 11 taken as afunction of laser power. Nn, represents the
normalized concentration of respective m-units.

Power N() N1 N2 N3 N4
ImW | 14D | 47(1) | .024(10) | 250 | .12(D)
10mW | 11(1) | .50(1) | .029(10) | .26(1) | .10(1)

The results described above on two floppy glass systems carry a centra
message; illumination with near-bandgap radiation leads to photo-pol ymerization
of backbones. In these Raman scattering experiments the light-induced effects are
reversible, i.e, removal of pump radiation eventually relaxes back the network to
its partially polymerized pristine state. Furthermore, in these Raman scattering
measurements irradiation of glass samples was performed in a controlled
environment to avoid surface oxidation effects. These results are quite different in
character from those reported on vapor deposited amorphous thin-films of
chal cogenide systems wherel n nanosca e segregation frozen by virtue of synthesis
isirreversibly changed [63] by the action of light. And in some instances surface
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oxidation effects on thin-films [64] have intrinsically contributed to promoting
photo-structural transformations as samples are exposed at ambi ent conditions.

Stressed rigid networks

Stoichiometric GeSe, glass is a mode example of a stressed-rigid glass
with a mean coordi nation number of r = 2.67. Molecular structure of the bulk glass
has been extensivdy examined in neutron scattering [65], Raman scattering
[51,58,66,67], ab-initio molecular dynamic simulationg[68,69], and Mossbauer
spectroscopy[58,69]. Convincing evidence for existence of a smal but finite
concentration of homopolar bonds in the stoichiometric materia has accumulated
from a number of methods [51,58,65-71]. In Raman scattering, for example, a
mode near 180 cm™ is identified with presence of Ge-Ge bonds [51,58, 67]. Such
bonds first appear near a glass composition, x = 0.31 in binary Ge,Se, glasses, a
composition where the slope of T4 with x shows a global maximum [58]. The later
observation is not an accident, but constitutes evidence for the fact that Ge-Ge
bonds once formed in this binary glass system lower the globa connectivity of the
backbone Apparently these bonds must not form part of the backbone but actually
segregate on a nanoscale. The stressed-rigid glass is, thus, an example of a mildly
depolymerized network. In the early 1980s, Griffiths et a.[72] studied Raman
scattering from the stoichiometric glass as a function of increasing laser power,
and were abl e to observe reversible micro-crystallization as sketched in the results
of Fig. 12 taken from their work. In these experiments, a GeSe, bulk glass was
cooled to 78K in a cryostat and illuminated by 647 nm radiation from a Kr* ion
laser serving to pump as well as probe the photo-structural transformations [72].
The results of Fig. 12 show that upon increasing the Kr laser power from 24 mwW
(lineshape A) to 50 mW (lineshape B) to 84 mW (lineshape C) , one observes, (i)
the mode a 180 cm™ to completely vanish, (i) the A; mode to narrow and blue-
shift from 200 cm™ to 210 cm™ and (iii) inter-layer lattices modes inthe 0 < v <
120 cm* range to emerge.  All these observations (i-iii) are consistent with the
patialy polymerized backbone reconstructing with a second nanophase
(containing Ge-Ge bonds) to fully polymerize, and then microcrystallize. In these
investigations the sample was hdd at 78 K, underscoring that structura changes
are opticdly- and not thermaly-driven. The underlying photo-structural
transformations are reversible in character because upon reducing the power to 20
mW (lineshape D), nearly half of the microcrystalized sampl e reverted to the glass
phase as the pump power was reduced by a factor of 4. At this stage, the sample
was dlowed to rdax a an eevated temperature (300K) for 45 min. with minor
changes (lineshape E). However, a complete recovery to the virgin glass state
(lineshape F) occurred after the sample was allowed to relax for alonger period (17
hours) at 300 K.
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Fig. 12. Photostructural transformation in GeSe, glass showing
reversible microcrystallization monitored in Raman scattering. Fig. is
taken fromref. 72.

In summary, GeSe, glass represents an example a stressed rigid nework
possessing a molecular structure that is almost fully polymerized. [llumination by
near bandgap radiation leads to photo-structural transformations as a function of
increasing laser power, and includes internal surface reconstruction of the Se-rich
GeSe,. - backbone with a Ge-rich nano-phase (contai ning Ge-Ge bonds) to result in
a fully polymerized network that can be microcrystallized and which can revert
back to the virgin glass state upon remova of the photon pump. GeS; glass is
another example of a stressed-rigid network whose chemica order is intrinsicaly
broken [73] due to incomplete polymerization of the backbone [57]. Pressure
induced polymerization of the GeS, backbone has dso been observed [74] in
Raman scattering measurements performed using Diamond Anvil Cells.

Photo-darkening and network connectedness

Since the pioneering work of Ka Tanaka [1], a vast literature on the
phenomenon of photo-darkening of chalcogenide glasses and thin-films has
evolved [12, 13]. The subject was recently reviewed by H. Fritzsche [12]. The
narrowing of optical gap (AE) is pronounced [75] in Sulfides, lower in Sdenides
and least in Telluride glasses (Fig. 13). The athermd nature of the effect is clear
from enhancement of AE at low temperatures (T < Tg). And it is most fortunate that
such experiments were reported [76] on thin polished platdets of buk GeSe, «
glassesin the early 1980s, long before the intermediate phase was discovered. The
results of Fig. 14 are taken from the work of S. Mamedov &t &l. [76], who cleverly
tuned sample thicknesses to have the same starting value of transmission at
different x for the 633 nm radiation used in the photodarkening measurements. The
advantage of using bulk glasses over vapor deposited thin-films cannot be over-
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emphasized. One can control chemica composition and homogenety, and
molecular structure in bulk glasses much better than in vapor deposited thin-films
[77]. The bulk glass results show photo-darkening to have a global maximum [76]
near x = 0.25. The maximum in photodarkening overlaps with the intermediate
phase in binary GeSey, glasses rather well. Although results on anneded thin-
films [76] are sparse, the observed trends in photodarkening in films studied by
Mamedov et a. are certainly consistent with their results on bulk glasses.

AspS3
]

GeS»
AspSe3
Se
GeSes
As2Te3
Sb,S3

AE(eV)
®+mr e b o

0 0.5 1
Ti/Tg

Fig. 13. Reduction in optical gap (4E) upon illumination with near ban-
gap radiation at a temperature T, normalizedto Ty in glasses based on
sulfides, sdenides and tellurides. Fig is taken fromref. 75.

The maximum in photodarkening in the intermediate phase of Ge-Se
glasses is expected. It highlights the very specia role of host network elastic
response in optimizing the athermal response. Intermediate phases are optimally
constrained phases in whi ch light-i nduced switching of cova ent bonds can globally
propagate, and a dynamic equilibrium between incident light energy and
photod astic response of a network as a whole can occur. The absence of network
stress in intermediate phases |owers energy barriers for local bond rearrangements
to occur, and the backbone as a whole can soften (photo-diffusion) ininitial stages,
and melt (photomelting) a higher illumination flux. The absence of network stress
facilitates light-induced local - and global- chemical bond rearrangements that | ead
not only to photo-darkening but aso to photo-expansion as has been widdy
observed. In floppy and stressed-rigid eastic phases of the Ge-Se glasses photo-
darkening is quditativedy suppressed because light-induced structura
rearrangements are largely localized where light is absorbed. In such networks,
energy barriers to bond switching are much larger because of the intrinsically
higher stresses in these selenide glasses that are generaly better pol ymerized than
their sulfide and ogues. The light-soaked state of an optimally constrained glass
negwork is a dynamic random network state lacking the medium range structure
that prevailed in the virgin self- organized state.
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Recently, first-principles dectronic structure caculations [14,78] on a suitably
terminated AsSH; cluster have been performed to understand the origin of
photodarkening in As,;S;. In these sdf-consistent field Hartree-Fock cal culations
total energies of the dectronic ground state and first excited are evauated as a
function of the S bridging angle. The results reveal [14] opening of the bridging
As-S-As anglein the singlet excited state in relation to the ground state by about
7° that leads to a narrowing of the gap by 0.35(20) €V. The opening of the S
bridging angle upon excitation is confirmed from EXAFS experiments of Lee et
a.[79]. The caculated optical edge shift is in harmony with the observations.
Parald calculations [14] on GeS, lead, however, to a shift of 0.73(30) eV that is
larger than the observed results. And as recognized by Lucovsky [14], the
calculations work wdl for As,S; glass and fail for GeS,; glass because in the latter
substantial network stress must occur. Such cluster calculations, understandably,
are unable to fold in the dastic response of a host network [14, 80]. The
importance of intermediate phases in design of the new high k thin-film gate
didectrics for the next generation of microd ectronic devices has emerged in recent
years by the pioneering efforts of G. Lucovsky [81]. Here we have attempted to
highlight the importance of intermediate phasesto understanding photo-structural
transformeations in glasses.
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Fig. 14. Photo-darkening as reflected in changes of optical density

(4D/D) in glass platelets (¢) and annealed thin-films (o) in the GeSe;«

binary reported by S Mamedov et al. ref. [76]. Notethe maximum in
photo-darkening near x = 0.25 overlaps with the intermediate phase.

Concluding remarks

In this review we have collected sdect Raman scattering and Brillouin
scattering measurements on chal cogenide glasses that highlight the role of network
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connectedness on understanding light-induced effects in glasses and amorphous
thin-films. There are many other experiments that have a close bearing to the issue
a hand, and we mention some of these in passing. In a series of measurements on
obliquely depasited chal cogenide thin-films, K. L. Chopra and collaborators 3,82,
83] discovered giant photo-contraction effects (~ 20%) in the Ge-Se binary
possessing a mean-coordination number r of 2.50. Although presence of columnar
structures in obliquely deposited thin-films is not peculiar to chal cogenide based
materials, the light-induced densification of such films certainly is. These
observations can also be understood as a direct consequence of photo-melting of
theintermediate phase in the Ge-Se and Ge-As-Se systems.

Opto-mechanical effects observed in cantilevers made of binary AsSe; «
thin-films are more pronounced in As-rich compasitions near x = 0.50 and 0.57
than at the stoichiometric composition x = 0.40 as suggested by the work of S. R.
Elliot and collaborators [5]. The intermediate phase in the As-Se binary residesin
the 0.29 < x < 0.37 range [32]. Stressed-rigid glasses & x > 0.45 become
progressively de-mixed as As;Se, monomers begin to decouple from the As-rich
backbone The experimental evidence comes independently from T-modul ated
DSC [32] and Raman scattering [85]. Ts of the glasses begin to decrease once x >
0.40 suggesting that in As-rich glasses the group V additive segregates from the
backbone on a nanoscale. Furthermore, the non-reversing enthalpy in such glasses
instead of progressively increasing with x, begins to decrease once x > 0.50 to
almost vanish near x = 0.60, again pointing to a rapid loss of the connective
backbone tissue. Indastic neutron scattering [84] on a glass a x = 0.60 establishes
this composition to be an exception to the vibration iso-coordination rule,
reinforcing the low effective connectivity of the backbone due to de-mixing. The
view is corroborated from FT- Raman studies that show evolution of sharp modes
on the main vibrational band centered near 250 cm* in the As-rich glasses (x >
0.45), arising from the presence of dusters [85]. Near band-gap radiation serves to
fuse internal surfaces of the fragmented Asys0Senso backbone with increasing
illumination power to dongate films and build tensile stresses. The light
polarization sensitive nature of the mechanicd transformation may ad
understanding how the Asrich dusters reversibly open to become part of the
backbone and close to decouple fromiit [5].

The celebrated case of As,S; glass flakes displaying pronounced low
temperature photo-expansion [2] is a particularly interesting system. As,S; glass
appears to be an example of amildly stressed rigid network [86] in which some de-
mixing on a nanoscale appearsto  be an intrinsic feature of the stoi chiometric bulk
glass [26]. The thermally reversing window in the AsS,.« binary is observed [86]
in the 0.20 < x < 0.27 range, and excludes the stoichiometric glass composition
(x = 2/5). It is likdy that de-mixing of the stoichiometric glass actualy assists
photo-expansion for reasons discussed above in the case of AsSe. The view is
corroborated by recent observations [87, 88] of changes in Raman depol ari zation of
As,S; fibers as a function of tensile stress. The absence of such changesin the S-
richer compasition, As,7Szs, a composition that lies close to the intermediate phase
[86] and is thought to be fully pol ymerized, reinforces the view that photomelting
effectsin As,S; glass are largely promoted because of its de-mixed character.

The conclusions from the present chapter can be summarized as follows.
[llumination of glasses and amorphous thin-films by pair-producing radiation
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results in local structural rearrangements due to the metastability associated with
lone-pair states on chacogens. Such rearrangements propagate globally in
networks that are stress-free as in intermediate phases. A pristine sdf-organized
state is dynamically transformed into a light-soaked random network state |eading
to pronounced photo-diffusion, photo-expansion and eventually photo-melting. On
the other hand, such local structural changes do not propagate globally in stress-
prone networks as in floppy and stressed-rigid dastic phases. In the later phases,
glasses and amorphous films in their virgin state are usualy found to be de-mixed
(segregated on a nanoscale), and photo-polymerization effects abound as free
internal surfaces reconstruct leading amongst other things to photo-el ongation
effects.
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