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Abstract: Nowdays Raman and Infrared spectroscopy are well developed tools
for studies of atomie vibrations, chemical bonding and local atomic arrangement
in a sense complementory to X-ray, Elecctron and Neutron diffraetion probes. This
paper gives a physieal picture of the amorphous state, the breakdown of crystal
selection rules and the appearanec of disorder tnduced IR ond Raman vibrational
spectra. Morcover the physical prineiples tneolved in the reception, analysis and
interpretation of IR and Raman specira are prescnted. Applications of these me-
theds are illustrated for prototype tetrahedral Ge, Si, Gads and chalcogenide §,
Se, AsyS,;, GeSe, elemental and compound amorphous semiconductors as well as
for the binary olloys As,_yxSex, Si-H. In addition the vibrational properties of ihe
ferroelectric semiconduetive ShSBr ecompound and [AsSI], - [SbSI]y solid solu-
tton, at the trensition from crystalline to amorphous phase, are discussed.

1. INTRODUCTION

Due to intensive research and new revolutionary technologies glas-
ses and other non-crystalline solids are becoming materials of tremen-
dous technological importance like the other groups of machinable ma-
terials, metals, polymers and ceramics. One-two decades ago the world
knew mainly bottles, lenses, crystal and window glass; nowdays highly
sophisticated materials as glassy waveguides, bioglasses, glassy metals,
semiconducting glasses and various types of glass-ceramics are in great
demand. But unlike crystalline solids, amorphous are materials difficult
to understand and correlate fundamental properties and structure. Stru-
cture determinations of amorphous materials have steadily progressed
since the first application of X-ray and electron diffraction and Infra-
red and Raman spectroscopy methods to the study of liquids and glas-
ses. However, in spite the successive improvements in experimenta
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methods and the increasingly refined models have widened our know-
ledge of the short-range order (SRO) in amorphous materials even
the choice between “continuous network” T1] or "crystallite” [2-3]
hypotheses can not be made and still is debated.

Raman and TR speciroscopy are well developed tools for the study
of atomic vibration and the composition of the structural (chemical)
units forming binary, ternary and even more complex amorphous ma-
terials. They are in a sense complementary probes to X-ray and electron
diffraction. In general, diffraction studies of the radial density {unction
has been the major source of experimenial information on the structu-
re of elemental semiconductors, while vibrational spectroscopy has been
most valuable in studies of compound or alloys whose vibrational re-
sponse can be traced to that ol a basic “molecular” uvnit. The deter-
mination of local order in amorphous semiconductors by TR and Raman
spectroscopy must be considered as indirect when compared with the
standard diffraction techniques. It is not possible to process the mea-
sured spectra with well established algorithms and thus obtain the
desired information about Short Range Order. Ruther, one postulates
a certain model for this order and calculates the shape of the spectra
to be observed. Comparison with the experimental spectra enables one
to decide which model is more likely to correspond to physical reality.
Another useful method consists of comparing the observed spectra with
the spectra ol other materials which contain similar radicals in a well-
known 8.R.0. configuration. While these methods have the advantage
of also providing informalion about the vibrational structure of a given
material in relation to its S.R.0O., the information obtained about the
order itself is at best only of semiquantitative nature. It is also subject
to errors. Different configurations, one of which may not have been
considered in the analysis, could have similar vibrational properties.

It is the purpose of the present paper to give a physical picture
of the amorphous state of the "3-dimension network” and “molecular”
type solids and the physical principles involved in the reception, ana-
Iysis and interpretation of TR and Raman spectra. The methods will
be illustrated for:

I. Prototype elemental Ge, Si and compound GaAs tetrahedrally co-
ordinated amorphous semiconductors (films).

II. Prototype elemental chalogens S, Se and chalcogenide compounds
AssS;, GeSe {Glasses).
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TiT. Binary alloys Asi~xXx, Ger-x%x {X =5, Se) and Ge-H, Si-H. The-
se alloys are currently of great interest for their application in
xerographic photoreceptors the [lirst group and in electronic and
photoelectronic junection devices the last.

IV. Glasses of the ferroelectric semiconductive AYBYCY compounds,
SbSBr, AsSI, AsSI-SbhSI, which we are studying for long time at
our laboratory. These are the most probably ferrvelectric glasses,
they have high diffraction index, low glass ftransition tempera-
ture Tg and their significance for TR devices can be realized
from I'ig. 21.

The experimental procedures, theory and IR, Raman and Neu-
tron spectra for various glass syslems are summarized in a number
of review articles [4-91. Very good sources of information are the proce-
edings of the last Int. confer. on Amorphons and Liquid Semicondu-
ctors [10] and also the Proceedings of the last two biannual Interna-
tional Conferences on the Physics of Semiconductors [11, 12]. The
growth in the number of contributed papers on the subject ol disorde-
red or amorphous semiconductors was such that seven sessions had to
be organized, including laser annealing, at the Kyoto Conference in
1980 [121.

2. STRUCTURAL DISORDER - THE AMORPHOUS STATE.

The amorphous state is characterized by what it is not [13]. It
13 not a form of matter with long range order (LRO), il does not
have large regions in which the atoms are arranged in a periodic way,
there are no crystallites of a size large enongh to give sharp Bragg X-ray
and electron diffraction rings or spots [4]. While a review of the amor-
phous state is beyond our scope here, it ig important Lo give the rea-
ader two warnings.

2.1 The symmelry of amorphous

First the term “disordered” is more general than “amorphous” and
can refer to crystals as well as glasses. Substitutional disordered systems
(Fig. 1a) are crystals (mixed or solid solutiong) in which the disorder
arises from impurity atoms substituted for a host atom. Usually the
crystal can be treated as if the atom positions still maintain a regu-
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{0
Fig, 1. Schematic represenictions in twoe dimensions of disordered sysiems (a) sub-
stitutional disorder {(mized erystel) (b) Structural disorder, random network. Tri-
gonal SRO s retained in the ARy, groups [15].

lar periodic array and the principal perturbation is only one of a mass
change. Experimentally, such erystals show fairly sharp X-ray and
electron diffaction lines. In the structural digsorder material or amorphous
(Fig. 1b) the disorder affects the periodic arrangement itsell. In Fig.
1b is shown the widely quoted representation of amorphous state pro-
posed by Zachariasen [1] The figure schematically depicts a two-di-
mensional A:Bs; structural disordered solid, with ne LRO. Differing
bond lengths and bond angles can cause a loss of both SRO and LRO
which would have been present in crystalline A:Bs. In the two -dimensio-
nal network representation of Fig. 1b one can identify always an ADB;
triangle unit as a “molecular” unit but it depends on the relative soft-
ness of the bond bending force constanls associated with the B atoms,
which bridge together the supposed strongly bonded ABs groups, if
the solid can be considered as a suitable candidate for “molecular”
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type analysis. The Zachariasen picture has been criticized since its
inception, but not single model has taken its place. The key to the
definition of the "“amorphous” is the distinction between long and
short range ordering. In practice, simple amorphous materials have
strong short range ordering for distances out to three or four bond
lengths. Longer range correlations are not observed except in erystals.
There appears to be a lower limit on crystallite size {30-40 A for Si)
and an upper limit on the correlation length in amorphous semicon-
ductors (12-15 A for Si).

2.2 The glass transifion and T, temperature

In this article and the literature some authors use the terms a-
morphous, non-crystalline, glassy and vitreous synonymously. Others de-
fine a glass as an amorphous solid which can be prepared by superco-
oling a melt. By its very nature ordinary melt-quenched plass is ther-
modynamically unstable and can transform with time or on heating,
first towards a metastable (supercooled melt) above the glass tran-
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Fig. 2. Differential Thermal Analysis (D.T.4.) thermograms of the unstable SbSBr

glass, showing the successive phases; metastable supercooled melt above the glass

transtiton Tg, stable ceramic glass above the erystallization temperature Ter and
melt above the melting point Ty, [Unpublished daia].
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sition temperature Tg and then to a stable phase {crystalline or glass-
ceramic) above the crystallization temperature Ter (Fig. 2). Different
preparation techniques from solid, liquid or vapour phases by fast pro-
cesses, which essentially cause an excess of free energy to be more or
less temporarily “frozen in'’ to the material, may yield differsnt amor-
phous forms of the material. Amorphous AseSs [14]e.g. may be precipi-
tated from a solution of As:Os in a ditute hydrochloric acid solution
by passing HaS gas and similarly, amorphous SksSs from an acid solu-
tion of SbCla. In both cases the amorphous precipitates show (Fig., 3)
typical glass transition behavior on heating with Tgs very close ta
those observed for a melt-quenched As:Ss sample (Tg ~ 480°K) and a
sublimed SbsSs sample (Tg~ 4959K). Tt also appears from spectroscopic
studies that the major spectral peaks are insensitive to the details of
sample preparation in many cases.
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Fig. 3. Differential Scanning Calorimetry (D.S5.C.) thermograms for chemically
precipitated and quenched from the melt As,S; end preeipitated and sublimed
§,8,.f14).
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3. DISORDER INDUCED IR AND RAMAN VIBRATIONAL SPECTRA

In crystals, the long-range order allows one-phonon absorption or
gcattering processes only for K-vector close to K= 0. Disorder makes
it possible to couple light to K-vectors far from the origin and the spe-
ctra probe in an indirect way, through the density distribution function
g(w), the phonon dispersion relations [71, [16-18].

Infrared spectroscopy is associated with an absorption process.
The absorption depends on the formalism of an electric dipole of mo-
ment M by the vibration. In a cryslalline solid, the tesultant |ﬁ—]§|
can be non-zero only if the K-vector of the incident electromagnetic
radiation K is equal to the K-vector of the vibration c_f From energy
conservation it follows that the frequency wi of the absorbed radia-
tion is equal to the [requency Q of vibration. So [or the crystals the
conservation rules lor infrared absorption are

wi= 0 (1)
Ki=q @)

The frequency Q of the phonon (quantum. of vibration energy) varies
with momentum throughout the Brillouin zone edge determined by a
wave vector (max = 2mja~ 108 cm~! for typical values of the crystal
lattice constant o. As Ki = 2x/i~ 105 em-t, for a visible photon, is very
small compared 10 (max, the radiation practically couples to gq= 0
Raman, or inelastic scattering of light, is produced by the modu-
lation of the electrical polarizability by vibration. As for all scaftering
processes we have conservation of the K-vector and energy

@a:mi+Q (3)
Ki=Ki+ q (4)

where the + sign refers to anti-stokes, —sign to stokes lines, and s,
K, refers to scattered Raman light. From eq. (%) it follows again that
in a erystal we couple practically to phonons with ¢ = 0.

In addition to eqs. (1)-{4) there are other selection rules for TR
and Raman activity that pertain to the symmetry of the vibrational
modes. The basic differences belween the TR and Raman spectra are
associaled with the difference of the symmetry which is described by
a vector (dipole moment) for the absorption process and by a symme-
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trical tensor (Raman tensor) for the scattering. The difference is most
pronounced if the crystal (or the molecule) has a center of symmetry.
Then the vibrations can be classified as either even or odd. The dipole
transitions are forbidden for even symmetry, the scattering for odd
symmetry. Therefore the TR spectra show the odd vibrations, the Ra-
man spectra the even vibrations, and both spectra ave complementary.
If there is no center of symmetry, the selection rules are more compli-
cated. But still the most intensive lines of the TR spectrum are weak
in the Raman spectrum, and vice-versa.

The other conseqnence of the different symmetry of both effects
is the different averaging in disordered systems. The TR absorption of
a powdered anisotropic crystal or of molecules in a gas, does not depend
on light polarization. The Raman spectra are sensitive to the local as-
symrmetry in the seattering material and we can obtain some information
[19) by measuring the depolarization ratio of the scattered light

p == Lyy/lyn {5)

with the polarizations of the incident and scatfered beams in parallel
(Tvy) or at right angles (Iym).

The conservation (or selection) rules expressed by egs. (2) and
(4}, involve crystal momentia and therefore in the amorphous solid
are relaxed or brokendown. In some systems all the energy-allowed vi-
brational modes can become optically active, at least as far as the mo-
mentum selection rules are concerned. If the short-range order is the
same in the amorphous and crystalline case, one can try to use the pho-
non dispersion curves Fig. 12, of the crystal, and assume that phonons
with fhe K-vector in the whole first BZ contribute. If we further as-
sume that the K-dependent weighting factors and the matrix elements
are approximately constant than the TR and Raman spectra should
be continuoua in the first approximation similar to the one-phonon
density of states g(w) which may be a broadened wversion of ge(w)
in the crystal (Fig. 12). In addition, there should be a similarity be-
tween the TR and Raman spectra because the disorder tends to make
ineffective the selection rules imposed by the crystal symmetry. Actual-
Iy the TR and Raman spectra of amorphous semiconductors are mo-
dulated by matrix element dependent terms which reflect the sym-
metry of the local atomic environments. This dependence on an one-
phonon density of states, g{w) and matrix element effects can be in-
cluded in generalized expressions for the ir-ahsorption, «(w) or the
Raman scattering.
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4 REDUCED RAMAN AND INFRARED SPECTRA

The above crude reasoning explains the main qualitative features
of the TR and Raman spectra of tetrahedrally bonded amorphous semi-
conductors elemental St [20-227], Fig. 11, Ge [23,21.22], and eompo-
und GaAs [23,22]. For a meaningful comparison of the measured Ra-
man spectra I1(Q) and infrared spectra to the density g(w) of vibra-
tional states, one must reduce the measured Raman spectra T(Q)
by a factor which is related to the populatlion of the vibrational states
by phonons. Tn 1970 Shuker and Gammon [16] presented a caleulation
for the Raman effect according to which the reduced intensity Ig(Q)
of stokes lines 1is

Tp(€2) = Q- )1 n{)+-1 12} Stokes (6)
where

n(Q) = [exp (hQ/KkT)-1 1

is the Bose-Einstein distribution funection al the temperature T. The
anti-stokes component is similarly

Tr{Q) = Qw2 4n (2)(Q) Antistokes {7)
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The reduced Raman Ir (Q)involves matrix elements, (selection rules)
but does not contain any temperature dependent statistical factors.
For first-order TR absorption, there are no statistical correction fac-
tors. A temperature dependent Tg (Q) or infrared absorption is indi-
cative of higher order mulfiphonon or other type anharmonic proces-
ses. Here again, we note that w; is the frequency of the inctdent laser
light, & = wj+ Q is the [requency of the scattered light in the Stokes(-)
and Antistokes (-) spectrum and Q is the Raman shift. Experimenta-
lists have found the SG result extremely useful for producing reduced
Raman spectrum free of spurious structure due to thermal population
effects, espessially in the very low [requency region 0-100 cm-1. A pi-
cture ol a direct trace on the vecorder paper of a typical room tempera-
ture spectrum of SbSBr glass is shown in Fig. 4. The stokes and anti-
stokes unpolarized spectrum, free of any plasma or ghost line, was o-
btained in a 900 transmission scattering geometry with 70 mW of a
6471 A Kr laser line on a Spex Ramalog 5 double monochromator.
Since at room temperature most molecules are in the vibrational gro-
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Fig. 6. Experimenial I{w) and redueed I(p) Raman speetra of SbSBr gluss. In
the middle spectrum I' (g} the factor {wg-w)* has not been used but I’ (g) and
I{o) are almost the same.

und state, the antistokes lines, which originate from higher energy sta-
tes, are typically much lower in intensity than the corresponding sto-
kes lines. The experimental spectrum I(w) has been reduced, in Fig.
6, with the factors of eq. (8) and eq. (7) whose relative contribution
is plotted in Fig. 5. Tt is easily seen the very small contribution of the
extra radiation factor of (wi+Q)* [in the figures is written (or-o)*]
and in most cases can be neglected. In the reduced Raman spectrum
of Fig. 6, free from the spurious low frequency (below~150 cm-?) stru-
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cture, all the nine bands can be seen.
Tn Shuker and Gammon calculations [16] they have considered

Ta(Q) ~ 2 C2 gy (es) (8)

the polarization-dependent coupling C§ in various vibrational subbands
b as constant. Recently Galeener and Sen [24] have proposed new ex-
pressions with which Raman and IR spectra of amorphous solids can
be compared on an equivalent basis by contrasting the reduced Ra-
man spectrum

(@) ~ 2, G (0) &) (@)
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Fig. 8. The eifw) and wefw) spectra of As.;8b.yST derived from K-K analysis of
refleeticity date. (Unpublished data).

with the infrared derived quantity (IR conductivity, s==cws,)
weg(@) ~ bz Dy () go(o) (10)

where the coupling coetficients cv and Dy with which one must mul-
tiply gn(w) to obtain the IR and Raman spectra can be strognly fre-
quency dependent and different for both cases.

Galeener and Sen extension of Shuker and Gamon results from
Raman to Infrared responce relates the first-order Raman and IR spe-
ctra of an amorphous solid to a common set of vibrational densities
of states g(w).

Galeener and Sen [24] have also remarked thal while ws, is the
appropriate measure of the response of the amorphous system to tran-
sverse electromagnetic wave, the quantity -wIm(1fe), (IR resistance),
is the analogous measure of response to longitudinal wave. Fig. 28
and Fig. 29 illustrate the comparison of Raman, TO- and LO- IR re-
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K K analysis of reflectivity spectra. (Unpublished data).

sponse for the vilreous SbSBr and AsSI. Similar comparison for vi-
treous oxides GeQ,, As,O; and As,S; and As,Se;, are reported in
ref. (25).

5. INFRARED ABSORPTION AND REFLECTIVITY DATA ANALYSIS

The TR-absorption «(w) can be approximated by an expression
of the form

nee(w) = n2 (4xNe2 /M) f(w) g(w) (11)

where f(w) 13 an oscillator strength that includes the frequency depen-
dence of the matrix-elements, N is the density of atemic oscillators,
M is an oscillator mass and n is the index od refraction. If f(w) is slowly
varying, then a{w) reflects the general features in the density of sta-
tes g{w). If the TR-absorption and reduced Raman spectra are very
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Fig. 11. Top: Infrared absorption and reduced Raman speetrum of amorphous

8t Bottom: Density of states (dashed Iine) of erysialline Si from Neutron seat-

tering data. The solid line is the crysialline density of stales broadencd by a con-
volution with a Gaussian factor of helf width 25cml. [20-22].

different, then it can be assumed that {{w) and its Raman counter-
part are strongly frequency dependent and that matrix-element effects
dominate. The bond-stretching modes, the highest frequency bands in
the spectrum, generally vield the most direct structural information
since their frequencies are determined primarily by nearest neighbour
interactions and their relative IR or Raman acrivity by the local mo-
lecular symmetry.
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Theofirst-order~IR-absorption in the elemental amorphous semi-
oolduetors 1s comparatively weak [o{w)~2x10% cm-1] so that transmit-
tance spectroscopy uding relatively thick films, or bulk glasses is very
gouvenientimethod«oAs a consequence of this weak [R-activity, the
index of refraction n is essentially constant over the frequency range
of the IR-absorption. This means that the imaginary part of the die-
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Fig. 13. Raman specira of crysielline and amorphous (liguid) sulfur at 269C and
2139C respectivelly. [45].

lectric function and the energy loss function -Im(i/e) have the same
frequency dependence and it is not observed any LO-TQ splitting as
in the case of molecular crystals.

In contrast, the IR-activity in the compounds is significantly stron-
ger, [emax{w)~ 10%cm 1} so that these materials exhibit observable lat-
tice reflection bands whose analysis provides much more informations
than the corresponding IR-absorption spectra but is time consuming.
The real z1(w) and the imaginary ez(w) parts of the complex dielectric
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Fig. 14. Schematic representation of the molecular structure of As,Sy. The “mole-
eule’ is AsS,f, with bridging § atoms. Three AsS, molecules are indicated {1, II,
IT) in a network econfiguration [47].

1-hs, 4

IR RAMAH

pletlectivel
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Fig. 15. 4 comparison of the reduced Raman spectrum [solid line) of amorphous
AsySq with the IR absorption spectrum (dashed line) w.s, whick also has been u-
sed as effective density of states. [46].

WYnoiakA BiBAI0BAKkN Ogd@pacTos - TuAua MewAoyiag. A.MN.O.



Unilg}

Tuiab,

152893
T=485K

1= 245 min

8
b

Iig
|

\Ehusl

| =187 mn

g B

! Ifﬁ

Iy

07
I

+

K
srrrteanesnant |

i7M

Zf

f 104

200
wiem 1)

2{’2

101

Fig. 16, Changes in the Raman spectrum of As,Se, during crystallization {50].

function <*{w)=z,+1e,, the energy loss function, the TR-conductivity
and IR-resistance and the optical constants «{®), n{w), k(w) can be
obtained, as in the case of crystals, by Kramers-Kronig [25-27] ana-
lysis or by fitting the spectrum with some oscillator model. Lucovski
et al. [28] have [itted successfully the reflectivity spectra of Ge,gS.,
glass with independent Lorentzian oscillators, but Bishop et al. [29] and
Taylor, et al. [307] reported that the reflectivity spectra of ThySeAs,Te,
glass and As,Se; glass are not well approximated by the Lorentzian
shape which is usually observed in crystalline materials. They adopted
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a fitting scheme which assumes a Gaussian (with half width ')} dis-
tribution of Lorentzian (with half width ¥) oscillators. This is the sim-
plest statistical model which is consistent with a disordered structure.
It seems that for narrow bands (I’ » y) the line shape is Gaussian
in the central region {Fig. 8, AssSes, Se) but for vy » I' this model yields
a Lorentzian line shape (Fig. 8, Si0:). We have been always able to
fit the reflectivity spectra of several AYBYIC™™ glasses with Loren-
tzian oscillators, with the same success as the spectra of the correspon-
ding crystals AYB™C but it is true that all the bands are overda-
mped or heavily damped.
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Fig. 17. Schematic dispersion relation for AsySey. [50].

Provided that the reflectivity speetrum is “complete” and of high
accuracy, the mogt convenient approach is the Kramers-Kronig analy-
sis because these integrals are model independent as they have been
derived from a causality argument. But the peaks in the ss-spectrum
and energy loss spectrum correspond to the frequencies op and e
of the vibrational modes, with transverse or longitudinal character re-
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spectively, only for a classical harmonic oscillator. Moreover for a hea-
vily damped mode the peaks of the real part of conductivity spectrum
o{w) = w.z2{w) will correzspond more closely to the op than the peaks
of the ez-spectrum {311 again only for a classical oscillator. Tn Fig. 9
it can be seen that all the higher frequency peaks of the spectra e2(w)
and we2(w), derived from K-K analysis of the reflectivity spectra of
As.55b.;81, coincide but for the lowest frequency heavily damped mode
the corresponding peaks are shilted about 15% while the experimental
error for wr 18 1-29%. According to Galeener and Sen [24] the quantity
w.e2{w) 15 to be contrasted with the reduced Raman spectrum although
most of the experimentalists [25) use the IR quantity sa(w) which line
shape is quite different from that of w.ea{w) (Fig. 9).

SbSBr

eak CRYSTALLISATION PROCESS
Rav-% fRa+ Rb+Rc)
AQr
20F
p4
®
E&O- Crystailizegd Glass
20(
3

4OF ‘

\’\/\/\/\Heaied at 108°C for 20rnm]

20r \/‘\/\/

i’ 3
40{

Glass
20+

L I T T

0 50 100G 150 200 250 320 350
wemh -
Fig. 18. Crystailization process of SbSBr gless. [33].
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Fig. 19. Raman spectre of binary As-Se alloy. [81].
Another interesting aspect of vibrational spectroscopy iz the re-
cently observed large LO-TO splitting of high-frequency modes of the

tetrahedral glasses [26,25] and of the lowest frequency mode of the
AvBuCvr glasses [32-34]. The order of splitting (wp-wr )jwr is~ 20%;
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for the oxides and ~ 509, for the AvBviCv (Fig. 10). This splitting leads
to features in the Raman spectra [35-36] of the compounds (Fig. 28
and Fig. 29) with have been the cause for some confusion and error
in earlier interpretations of the spectra. Sometimes these modes have
been ascribed to unidentified impurities, or defects, or have heen the
reason for postulating unnecessarily complex structures for the glass.
Tt also follows that long-range Coulomb forces should be included in
complete theories of the vibrational properties of glasses.

6. INTERPRETATION OF IR AND RAMAN SPECTRA. MODELS

Tor elemental materials, it is appropriate to compare the features
in the absorption spectrum, «(w). directly with the polarized Raman
response. In the tetrahedrally bonded amorphous semiconductors (Ge,
5i) the w(ew) and the Raman spectra display only small differences in
their relative weighting. In both Se and As, the differences between
the TR and Raman response are more pronounced indicating a more
molecular character.
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Fig. 20. IR transmission spectre of the two types of films deposited from glow

discharge plasma of silane. The upper speetrum is characteristic of a cress-linked

polymerie amorphous sitlicon hydride {(a-SiHy). The lower spectrum is typical of
a retwork of ST atoms with monohydride sites (a-SiHz). f52/.
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For the compounds the TR and Raman spectra are characteri-
stically very different. Features in the depolarization spectrum are also
much sharper. Tt is therefore necessary to compare four spectra ez,
-Im{1/e), the reduced polarized Raman and the depolarization in or-
der to provide a proper structural interpretation of the vibrational
maodes.

Four categories of models have been used to provide a structu-
ral basis for the interpretation of the IR and Raman spectra.

I. Models based on comparison between the vibrational spectra of
crystalline and amorphous solids of the same composition [20,37].

IT. Calculations based on very large clusters containing hundreds of
atoms [38].

IIT. Calculations based on smaller clusters [39] but “properly’” termi-
nated as for example in the cluster-Bethe-Lattice methed [40].

IV. Caleculations based on local molecular clusters that are assurned
to be vibrationally decoupled from other molecular clusters in the
solid [41,42,43]. The application of local cluster models to com-
pound systems must be done with care. It is quite possible, even
though two amorphous solids like GeS: and GeO: may have very
gimilar local atomic structure, here GeX,;,, tetrahedra, aspects of
the network connectivity can play an important role in determining
the delails of the TR and Raman response [43,44].
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Fig. 21. IR iransmisston spectra of AsSI glass in comparison to a commereial si-
lica glass. [Unpublished data].
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7. TETRAHEDRALLY BONDED AMORPHOUS SEMICONDUCTORS

Amorphous Si [20-22] and Ge [21-23] have been studied as the
prototype of the tetrahedrally coordinated semiconductors. There are
two general and important physical implications that can be drawn
from the experimental IR-absorption and Raman spectrum of either
amorphous Si (Fig. 11) or Ge.
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Fig. 22, The phase diagrams of glass formation in several AVBVICVII gysiems:
AsSI [59], S&SI [57], SbSBr [53], ShSel [58].
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(I). The first-order TR and Raman spectra cover the entire vibratio-
nal energy range whereas for the corresponding erystal state only
one zone center optical phonon is Raman active and non Infrared.

(1T). Not only the observed TR and Raman spectra show the gross fea-
tures of the emtire amorphous vibrational density of states, but
the amorphous density of states is very similar to that of the cor-
responding erystal modified by matrix element effects. This con-
firms that for St the crystalline SRO is carried over to the amor-
phous form,

Raman and IR spectra of the amorphous III-V compounds GaAs
[22-23], GaP habe been reported by several groups. To ascertain extent,
the basic results of the Si and Ge are carried over to the TIT-V compound.

W‘[HH@HHW”H*EHHHHWH

K
|
4 5 & /

Fig. 23. (lasses prepared ai our laboratory by quenehing in air stoichiometric
SbSBr melt.
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8. AMORPHOUS CHALCOGENS AND CHALCOGENIDER

Amorphous chalcogenides are of interest because, among other
phenomena, there are many photoelectronic and photogtructural effects
special to this class of semiconductors. Some aspects of the vibrations
in amorphous chalcogenides are interpretable in terms of the general
features of disorder induced activity of a broad density of states, as
in the case of the tetrahedrally bonded semiconductors. However, much
of the vibrational molion can be associated with “molecular’” units
which are in some sense decoupled from the rest of the amorphous
network. T.ocalized modes imply flatter dispersion curves and con-
sequently sharper features in the density of wvibrational states. The
difference between the broad spectra.of tetrahedrally interconnected
semiconductors and most of the lower coordinated chalcogenides is
Hlustrated in Fig. 12.

Elemental rhombic sulfur is composed of puckered 8 atoms rings
{Sg) which are the molecular units. Fig. 13 shows Raman spectra of
Ward [45] for crystals at 259C and liquid {amorphous) S at 2130C.

Fig. 24, Eleetren-diffraction halos and bright field micrographs obtained by Trans-
mission Electron Micrescope examination to confirm the amerphous state of SbSBr
glass (The photograph has been taken by E. Polychroniadis).

WnoiakA BiBAI0BAKkN OedppacTog - TuAua MewAoyiag. A.MN.O.



110

The crystal vibrational modes with frequencies above about 75 cm™
are intramolecular and are clearly preserved with some broadening,
but with little if any frequency shifts in the liquid. Thus sulfur is an
"ideal'” example of the molecular case.

Consider next the simple chalcogenide compound AseSs which can
be prepared in the bulk form by guenching the meli. The information
that is readily obtainable from an interpretation of their TR and Ra-
man specfra relates to two aspects of the local atomic structure:

I. The distribution of heteropolar and homopolar bonds.
II. The symmetries of the local atomic clusters (Fig. 14).

'b)
Fig. 25. (a) The coordination polyhedron of SbSBr for the full unit shell of D%g
space group [65].
(b) Schematic picture showing the shape (double square pyramid) of
S&SBr molecule tn the simplified unit shell (SUC) of Cgh spaee group.

{e) Anather “"moleeular unit’” a trigonal pyramid, formed only by the
three §b-8 bonds muek stronger than the SbH-Brt) and Sb-Br) bonds.
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Fig. 15 displays the TR and Raman spectra for AssSs [46]. The
dominant features in the ez and Raman spectra occur in two distinet
frequency regimes separated by a region of relativaly low optical a-
ctivity, The features in the high frequency regime, « > 300 em™! are
assigned to vibrational modes characterized by bond-stretching motions,
while those in the low frequency regime o < 200 em~1 are hond-bending
in character. A second important aspect of the spectra relates to the
complementary activity (IR, Raman) of the bond-stretching vibrations.
This type of behaviour is indicative of strong matrix elements effects,
or alternatively of a spectrum that is molecular in character [47]. The
same features are also present in the spectra of GeSs [48). The simplest
model for the bond-stretching modes is then based on the same mole-
cular clusters that characterize the network structure, AsSsfe for AsaSs
glasses (Fig. 14) and GeSy, for GeSe glasses [47]. The model yields the
complementary TR and Raman activity. The success of the molecular
model for the hond-stretching modes is due to an effective decoupling
of these modes at the two-fold coordinated S atom-sites. The coupling
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Fig. 26. The ey-spectrum of ShSBr crustal and glass derived from Kramers-Kronig
analysis of the IR-reflectivity spectrum. [33].
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is small due to the near 90° bond angle at the S-atom sites, (Fig. 14)
as 1¢ demonstrated in the model caleulations of de Fonzo and Taue [41]
and Sem and Thorpe [42].

Another important aspect is that the dominant vibrational peaks
in AssSes still exisls not only above Ty (~ 460 %K) hut also above the
melting point (633 °K) for crystalline AseSes [49). As for Ase:Ses, the
dominant bands ohserved in amorphous Se persist in the liquid state
indicating again the preservation of molecular like units in this state.

9. LASER ANNEALING AND REAL TIME RAMAN SCATTERING

The study of crystallization of amorphous materials by using real
time Raman scattering finds extensive application nowdays [12]. The
recrystallization of AssSes has been studied by Finkman et al. {50].
AssSes 13 an extremely stable glass and does not normally crystallizes
in the dark even at temperatures above the glass transition Ty o 460 %K.
The illumination was provided by the same incident laser beam (5145 A
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Fig. 27. The measured and reduced Raman specira of SbSBr in the crystalline and
ameorphous state. [35].
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Fig. 28. Transverse and Longitudinal IR response (derived from K-K analysis)
in ecomparison to Raman response of SbSBr glass. The complemeniary aetivity of
IR and Raman is indicative of strong metriz element effects. [356].

argon line) used for the scatfering measurements. Fig. 16 shows that
the Raman spectrum gradually converts in time from that of amorphous
AssSes to that of crystal AssSes. Finkman et al. [50], by examination
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of the shift in the weight of the spectrum of Fig. 16 deduced the desper-
sion curves of crystal As:Ses shown schematically in Fig. 17. Recently
we have studied [33] the size dependence of ferroelectric behaviour
during the crystallization process, heating the vitreous ShSBr, for gra-
dually increasing time intervalls, at femperaturss ahbove lhe crystal-
lization temperature Te == 1080C, Tn Fig. 18 it 18 shown that during the
crystallization the IR spectrum gradually converls from that of the
amorphous SbSBr to the average reflectivity spectrum Rav=1/3[Rc+2
{Raty,)] of the single crystal for polarizations Ejjc and E_| ¢ and that
the hard “ferroelectric” mode softens while its strength increases.

10. BINARY ALLOYS

Vibrational spectra have proven to be a particutarly useful tool
m studying the local atomic structure in binary alloy systems and two
examples are given helow.

10.1 As-Se alloy

The general motivation for study of the amorphous chalcogens and
their compounds and alloys has been technological. Xerox’s interest in
amorphous sulfur and selenium dates back to 1938 when Chester Carlson
first demostrated the phemomenon of electrophotography. Addition of
As to Se increased the glass transition temperature and the stability
of the vitreous phase by forming a cross-linked polymer network. Such
consideration emphagized the need to confirm the microscopic origins
of physicochemical correlations, and thus, far-infrared and laser Raman
spectroscopy were activated [51]. Tn Fig. 19 it is shown, as the As con-
centration increases, the shoulder at 239 cm—? in the spectrum of vitreous
Se broadens, increases in intensity relative to the Seg peak at 250 em—1,
and shifts to lower energy. Between 16 and 29 atomic % As the Seg
rings disappear leaving only the broad spectral feature at 227 em-1 as-
soclated with As-Se network polymer. This is the only feature in the
spectrumn of Asy. qS€g-50.

10.2 S:-H alloy
Hydrogen is an important constituent of those forms of amorphous

silicon that are currently of most interest for their photoelectronic and
doping properties. Hydrogen plays a role in removing electronic states
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from the semiconductor band gap, thus permitting p-and n-type dop-
ping by trace impurities. Bonded hydrogen in either crystalline or a-
morphous silicon 1s detectable by Raman or TR spectroscopy [12]. I'ig.
20 shows the TR tramsmittance [52] of two structurally different films
of hydrogenated amorphous silicon prepared {rom glow-discharge plasma
of silane (S1H,). The occurence of other than monochydride sites has
important and deterious eflfects on the electronic and photoelectronic
properties of amerphous silicon. For example, poorer quality Schottky
barrier diodes results from those deposition conditions known, by IR-
spectroscopy, to increase the concentration of SiHa Tn extreme cases
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Fig. 29. The three spectra, &, -Im{1/e) and Raman of AsSI glass. Matriz element
effects are clearly present in the high frequency bond-siretching modes. [Unpu-
blished data],
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of predominantly di- and trihydride sites for the H, the silicon network
breaks up [52] and it is no longer appropriate to refer to the material
as amorphous silicon with H («-51:H) but rather as a hydride of Silicon
(«-SiHy ). The upper half of fig. 20 is typical of «-SiHy while the lower
half is typical of «:Si:H.

11. AMORPHOUS FERROELECTRIC Av¥Bv1Cyi1 COMPOUNDS.

We have said already, amorphous materials are difficult to under-
stand and the same is also applied for the crystalline ferroelectric ma-
terials. This explains perhaps why researchers avoid to meet the problem
of “amorphous ferroelectric”, the influence of disorder in the soft mode
and the size dependence of the ferroelectric behavior, although optieal
lattice vibrational spectra have been thoroughly studied for dozens of
ferroelectric crystals. The whole area has been left virgin at the last
4t Furopean Meeting on Ferroelectricity (Porloroz, 197%) where among
three hundred contributions only one paper [33] was concerned to this
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Fig. 30. IR-reflectivity spectra in the pseudobinary alloy amerphous system
[AsSI] - [SbSI]y. [Unpublished data].
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Fig. 31. Comparison of the infraved e,-spectrum in the crystalline (z= .8) [64] and
amorphous {x=.7) form of the system [AsSI]| - [SbSI]x.

subject, reporting for the first time on the vibrational properties of a
ferroelectric compound (ShSBr) at the transition from crystalline to
vitreous phase. It has only recently been shown that glasses of the fer-
roeleclric materials SbSBr [53] [32], LiNbQO: and IaTaOs [54] and
PhyGesO1: [55] can be formed directly by water or air guenching a
melt. Also recently the concept of a ferroelectric glass was explored and
there was found no fundamental objection to the concept [D6].
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Tt is very attractive to fabricate glasses of AsBYC'™ (e.g. AsSI,
AsSBr) and SbBYC™ (e.g. ShSI, SbSBr) semiconductive ferroelectric
compounds from the point of view of optoelectronic applications uti-
lizing their many interesting properties which otherwise cannot be nsed
because of the technical difficulties in growing large crystals. Moreover
due to their very high TR transmittance {in comparison to oxide glas-
ses, Fig. 21) and low T, (in comparisor to As:S; glasses) are of con-
siderable interest for their potential practical use in IR optics.

Tn Fig. 22 we have summarized the known phase diagrams of glass
formation in the ternary systems SbB™C™ (BY =8, Se, C'"" =T, Br)
[63], [57], [58] and AsB“C™. (The phase diagrams of AsSel and
AsSBr are similar to that of AsST [59}).

Generally the glass formation is nol restricted to certam kinds of
materiels. However the differences in the glass-forming tendency, as
between the ShBYC™ and AsBY'C' are enormous. The composition
of the ternary compounds AsSI and SbSBr lie within the glass-forming
region but not, of the ShST and SbSel compounds. In the last system

As, ,Sb Sl

0 a0 80
wlem-1)—
Fig. 32. The eg-spectrum of the amorphous system [AsSI],_x- [SbSI]x derived from
K-K - analysis of Fig. 30 reflectivity spectra, and showing softening of the local
“ferroelectric” mode. fUnpublished data].

WYnoeiakn BiBAI0BAKN Oed@pacTog - TuAua MNewAoyiag. A.lNM.O.



119

ShSel is not included even the eutectic point. It is so small the glass-
forming tendency in the ferroelectric compounds SbSI and SbSel that
even when we cool very small quantities (~1-2gr.} of stoichiometric
melt quickly, by plunging the quartz capsules into liquid Na, always
the resulling material is crystalline. In the opposite case it is impos-
sible to prepare crystals by cooling AsSI melt, but always glass even
under the smallesl possible cooling speed. In Fig. 23 are shown typical
SbhSBr glasses prepared at our laboratory by quenching in air stoichio-
metric melt. Typical signs of vitrification are metallic luster, characte-
ristic eoncoidal fracture, optical uniformity when examined under the
microscope in reflected light and the absence of lines in X-ray diffra-
ction or electron - diffraction patterns. The electron diffraction halos
taken in transmission Electron Microscope examination are shown In
Fig. 24 together with dark field micrographs taken from the same
position of the sample. No crystalline grains are observed.

e
f 10 30
wicm 1y —

Fig. 33. The e-specirum of the amorphous system [AsSI]_«- [SBSI], showing
strong inerease of ef o) due 1o a strong increase of the oscillator strength AL of the
local “ferroelectric” mede. [Unpublished dataf.
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The optical vibrations of the crystalline form of the most AvBwuCv
compounds, in single component crystals [60] - [62] and their solid so-
lutions [63 1, [64] were studied recently. The crystals have a chain stru-

cture with Dy space group containing four molecules per unit cell[65].
To a good approximation one may assume a simplified unit cell (SUC)
that contains only two molecules and has a symmetry of CZ_space group.

The chains are built of strongly bonded Sb(S:Br:)i/> square pyramids
(Fig. 25). The amorphous form is built practically of the same pyra-
mids. From one point of view one stresses the existence of the remnants
of the chain structure in the amorphous form. From the opposite point
of view, the glass is considered fo be a 3-dimensional inferconnected
network composed of pyramidal Sb(S:Bre)i/: units. Group theory, for
both the crystal SUC and the square pyramid, predicts nine Raman
active modes (six Ag modes and three Bg modes) and six [R active
modes (four Au and two Bu) but only four modes Raman and TR acti-
ve for the trigonal pyramid ShSsf: analogous to AsSsfa in the amor-
phous compound As:Ss (Fig. 14). The observed number of modes in
the TR and Raman spectra is in very good agreement with the prediction
of molecular cluster Sb(3:Bra)y» or remnants of chain structure. Con-
sider first the SbSBr glass.

Figures 26, 27 display the IR (e»-spectrurmn) and Raman (mea-
sured and reduced spectra) for the crystal and glass SbSBr. Tn Fig. 23
are compared the three spectra [z, -Im (1/¢), Raman] of the amor-
phous SbSBr. These spectra clearly show that all the dominant bands
observed in crystalline SbSBr persist also in the glassy state, with ra-
ther strong broadening but small frequency shift, indicating the pre-
servation in the amorphous state of a disordered chain structure with
molecular-like vibrations of the same local structure as in the cryslal-
line state. Only the ferroelectric mode, observed at w =235 ¢~ in the
ShSBr crystal shifts remarkably to w= 70 cm~1 at the transition to
the vitreous phase. The same is also observed in the IR-spectrum of
crystal and glass As.sSb.,SI (Fig. 31). The dominant features in the
g2, -Im (1/e) and Raman spectra of amorphous SbSBr (Fig. 28) AsSI
(Fig. 29) and AsST-ShST mixed glass (Fig. 30, 31) occur i distinct fre-
quency regimes separated by regions of relatively low optical activity.
The features in the high-frequency regime, w>300 cm™, are assigned
to vibrational modes characterized by bond-stretching motions. A se-
cond important aspect of the spectra relates to the complementary a-
ctivity (IR-Raman) of the bond-stretehing vibrations and the lowest
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frequency ferroelectric mode. This type of behavior 1s indicative of
strong matrix element effects, or alternatively of a spectrum that is
molecular in character.

Another important aspect is the observed relatively large TO-LO
splitting for the highest frequency modes analogous to that reported
recently [25] in several oxides {GeQs, 5i0:z) and the very large, about
509%, TO-LO splitting of the lowest frequency band (Fig. 28, Fig. 10,
Fig. 31) observed for the first time. The relative high value of the sta-
tic dielectric constant ei{0), and the oscillation strength accounting
for about 809 of ¢y and the TO-LO splitting of the lowest frequency
mode in ShSBr and (AsSI)x - (Sh8I)i_x glasses indicate that induced
dipolar interaction and long range Coulomb forces play an important
role in the vibrational properties of these glasses and should be included
in complete theories.

Figure 30 displays the room temperature reststrahlen TR-reflecti-
vity bands of the mixed glasses As; ;Sb:ST. Kramers-Kronig analysis
shows, the dominant bands display a one-mode behavior in the pseudo-
binary alloy system [AsSI]i-x - [Sb8T]x analogous to that reported re-
cently for the correspending crystalline alloy system [64] and the
[SbSBrli-x - [ShST]x system. [63]. From Figures 32 and 33 it is easily
seen that the substitution of As by Sb leads to a room temperature
softening of the lowest mode which is the temperalure dependent soft
mode in the ferroelectric SbST crystal. Yts frequency at 85 cm~?, in AsST,
shifts Lo 52 ctu~! in As.28b..5T while its strength Aec increases from
~1 to ~7.5 accounting for about 809% of the lattice contribution to
e (0). This compositional softening is well established in several ferro-
electric erystals [63] but is for the first time observed in amorphous
“ferroelectric’’.
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IEPIAHYH

MEAETH TQN AMOPOON HMIATQTQON ME ©AEZMATOZKOIIIA
TIIEPTOPOY KAI RAMAN

‘Trd
A, L TTATIKA
(" Egyastipie B "Edpac Quowfic Haveruorypion Geooalovinnc)

Zhpepo ¥ ousportosxwomin “Tmegilpou xel Raman slvar ddmied Eminmé-
Sou Zpyohela v THY periTh TOV aropddy Sovicswv, TV ¥y Szopdlv
wal Ty Tommxd) Sweubétrnon TEvV drbuwyv xetd Eve Tpbmo SUUTANPLRTIXG
téwv pebodwy mepliidozwg dxtlvov X, Hhextooviey wul verpoviwy. “H Zpvoacte
mopéyer wlo Quawed) shobve THs duopeng xuTdoTuong, THY HATHOTPOPHG TOV
xovbveov EmhoyFg THG kpusTHAMRTG RetdoTaone el THE tuodvions vEay So-
vtindy pacpxtev TR xot Raman idyve i drabiag. "Emmiéoy mepovotd-
Tovron of quoucds dpyic mobd Jidmouy wiy AMidm, v dvdhven xol Soumveln
w&v puopdroy IR xai Raman. Ol péfcdor doapudlovrar mapedsiypating
sTolg mpbTumous tetpaedoucotg e, Si, Gads, xal e duddug yuixoyevidiow
gpbopny Huleywydv, otoystaxdv val dvaczay xoflitg xat otk Suxdxd wpdu-
uoter Asy—xSex xol Si-H. *Axbuyn meprypdoovral td gdopata Sovhicewy the
aldnponiextpucis fuaywyis Evaong SHSBr wel ol stepeol Sthbparog
[AsST];_x - [SbST]x xard why peterpamh Ths xpuotahhinis xeTdoTears G&
Suoper.
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