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Multiple-order Raman scattering in crystalline and amorphous silicon
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Raman-scattering measurements have been performed on c-Si and a-Si over a wide range of frequen-
cies, including Stokes and anti-Stokes sides, and up to fourth order. All the features are accounted for
by using the same physical parameters in both phases. In particular, it is shown that multiple-order
scattering processes are not negligible, but rather of the same order of magnitude as first-order processes.
In amorphous materials, light-scattering excess, spurious background, Boson-peak or hot-luminescence
processes, which have been recently put forward, turn out to be mainly caused by high-order Raman-
scattering processes.

I. INTRODUCTION

The simplest way to describe the structure of an amor-
phous material like a-Si consists of considering that
short-range coordination is preserved whereas the ex-
tended atomic network is random. ' In other words, this
means that the local coordination is tetrahedral (sp hy-
bridization) as in crystalline Si (c-Si); the values of the
first-nearest-neighbor distance, coordination number, or
binding energy remaining more or less the same in the
amorphous and crystalline phases.

A1so, the covalent nature of the bonds means that
short-range interactions play a preeminent role. Hence it
is not surprising that the energy spectra of the density of
electronic or vibrational states are similar in amorphous
Si (a-Si) and c-Si. For example, the semiconducting
properties are preserved in a-Si, and the density of vibra-
tional states (DVS) refiects a smoothed version of the
crystalline DVS. As a matter of fact, the greatest
differences are induced by the presence of dangling
bonds. In practice, however, this can be circumvented by
sample hydrogenation of the amorphous material, since
hydrogen is a good terminator for insaturated bonds.
From the theoretical point of view, it has often been
shown that the main features of the density of states can
be accounted for by a molecular description (tight-
binding or valence-force-field models). The effect of the
topological disorder mainly consists of a broadening of
these features.

This work concerns coupling between the correspond-
ing excitations (electron-phonon interaction). Raman
spectra in c-Si and a-Si are compared over a wide spectral
range, namely in the anti-Stokes and Stokes parts, and up
to the fourth order. It is demonstrated that the second-
and higher-order effects are not negligible and that the
overall scattering efficiency is similar in both materials.

The paper is organized as follows. Following this brief
introduction, Raman data are first presented and dis-
cussed in Sec. II for c-Si, and the variation of the total
scattering efficiency versus the scattering order is ad-
dressed. Then in Sec. III, Raman results are given and
reviewed for hydrogenated a-Si. Finally, in Sec. IV, the

accuracy of the proposed model is assessed and the valid-
ity of most of the previous scattering analysis on highly
disordered materials is questioned.

II. RAMAN SCATTERING IN c-Si

Prior to analyzing the Raman effect in a-Si, the impact
on c-Si must be reconsidered. Indeed, although often
researched, this issue contains some areas, often over-
looked, which turn out to be particularly important for
achieving a precise interpretation of the Raman effect in
disordered materials.

A. Experimental results

Figure 1(a) shows the Raman spectrum recorded in
backscattering geometry from a (111)-oriented single
crystal of undoped Si. This record was obtained at room
temperature using the 488-nm line of an Ar+ laser as the
exciting light. This wavelength was selected because (i)
the setup response is roughly frequency independent in
most of the spectral range investigated, and it remains
unchanged irrespective of the polarization of the scat-
tered field relative to the gratings; (ii) the resonance will
slightly distort the spectrum since the corresponding en-
ergy is far from the main electronic transitions in Si.
Scattered light was dispersed through a triple monochro-
mator and detected by a low-noise photomultiplier. To
minimize sample heating, the laser beam was focused
through a cylindrical lens. Importantly, only the dark
noise of the detector (which is obviously frequency in-
dependent) has been subtracted from the rough spectra.

B. Spectrum interpretation

Most of the features depicted in Fig. 1(a) have already
been reported. The first-order Raman spectrum consists
of the two strong peaks located at +520 cm ' (+ for
Stokes, —for anti-Stokes) and ascribed to the creation
(+) or annihilation (

—) of the triply degenerated long-
wavelength optical phonons 0( 1 ).

The second-order spectrum is composed of much
weaker structures (about two orders of magnitude less)

0163-1829/93/48(9)/6024(9)/$06. 00 48 6024 1993 The American Physical Society



MULTIPLE-ORDER RAMAN SCATTERING IN CRYSTALLINE ~ . . 6025

a-Stokes Stokes c-Si a-Si

Loi /

LA

4th

x8000 3ld

x20

I—
CO
Z', a-Stokes Stokes
I—
Z'

Z',

(a)

10
2TO

2TO+TA

Si-H

c-Si

I—
0)
Z',
LLI
I—
Z'

Z,'

CC

3fd

x4000

2lld

x100

2nd

x10

10
x1

2TA

x1

50

3TO

4TO 500

1st order

X1

200 400 600 0
WAVE NUMBER (cm ')

I I I I

200 400 600
WAVE NUMBER (cm ')

1000 2000
WAVE NUMBER (c~ ')

FIG. 1. EExperimental Stokes and anti-St okes Raman spectra
crystalline silicon and (b) hydro enated a

silicon, obtained with the 488 nm excitin

FIG. 2. Multiple-order Raman
a-Si. Fre uenc

aman scattering in (a) c-Si and (b)
a- i. Frequency scales have been multiplied b h
order.

'p ie y t e scattering

cess, namely

spread over the 0—1040
It has been observed that the overtone

cm range on the Stok es side.

ing to the to 11e ota y symmetric I corn on
a t e overtone scattering belong-

second-order Ram
ponent dominates the

yn -or er aman spectrum in all tetrahe

anti-Stokes scattering rapi vanish
uc ors. igure 1(a) also showsws that the

i co iI increases, accordin to o
ff t ( b 1o ).

Moreover, Fig. 1(a) shows third-order
1

er e ects are more clearly evidenced in F
where the second-, third-

e in Fig. 2(a),
ir -, and fourth-order s ectr

reported on scales multi 1' d b
The overtones are thu

' ic
u ip ie y 2, 3, and 4 res

are us superimposed. In articular
an arnplification factor of 80QQ, 4 TO rp o

ig e as shown in Fig. 2(a).

C. Differential cross sections and population eff'ects0

Due to the wwave vector selection rule and the 1

of incident and scatt d
e an t e low value

ca ere wave vectors (k; and k res
tively), it is well kno th

,- an „respec-
nown t at only the lon-

po anza i ity is efBcient in a Raman pro-

d2 (n)

dO dco g C(
Im I

' p=i ~p

(2)

where the sumsummation is restricted to sets m
frequencies satisfy the

o sets Im„I whose

y e energy conservation law

CO; CO~
—CO—

and whosehose wave vectors satisf the
servation law

y e quasimomentum con-

X qp=kds-=o.
p=1

(4)

Inn a crystalline material, each ei en
(i.e. each hp onon labeled m is char

'a, eac eigen vibrational mode

vecto, yr q, ener y fico an
c aracterized by its wave~y, an eigenvector symmet I

is set of characcteristics is simply denoted t m
e ry

'
g, e i erential cross section for n-or

man scattering can th bn en e written as
or n-order Ra-



6026 A. ZWICK AND R. CARLES 48

n( —co)+ I
( —~)

n (co)

Note in particular that in Eqs. (2) and (3) the value of co

is either positive (Stokes side) or negative (anti-Stokes
side). In these relations the value of co is likewise posi-
tive (creation) or negative (annihilation), and thus in Eq.
(2) all the n-order processes (additive, subtractive, com-
binations and overtones) are taken into account with the
appropriate population factors.

Parameter A depends on the optical properties of the
sample and accounts for the co scattering law. In this
study, the selected exciting wavelength and the small
variation of both optical properties and scattering fre-
quency cu, allows us to disregard its variation versus co.

Indeed, the experimental variation of parameter A does
not exceed a few percent and is therefore below the ex-
perimental uncertainties.

In addition, the ratio of the total Stokes scattering
efficiency Is versus the anti-Stokes I,s at a given Raman
shift cu) 0 is given by

The coefficient CI I
accounts for the Raman selection

rule reflecting the electron-(n-phonon) interaction. Then
it depends on the wave-vector value and the symmetry of
the n phonons involved.

In Eq. (2), n is the temperature-dependent Bose-
Einstein factor which verifies the useful relation

where g, (o~) is the one-phonon density of states in c-Si.
Figure 3(a) depicts the one-phonon density of states

calculated by Weber using a bond-charge model. Figure
3(b) shows the comparison between the second-order Ra-
man spectrum and the DVS with a frequency scale obvi-
ously multiplied by 2. The whole second-order spectrum
is remarkably well described. Certain slight discrepan-
cies on the high-frequency tail of the first-order line are
due to combination bands. In addition, the experimen-
tal data exhibit a continuous scattering excess which un-
derlies the whole second-order spectrum [see dotted line
in Fig. 3(b)].

Figures 4(a) and 4(b) depict the first-order range experi-
mental intensity on the Stokes (0 and 600 cm ') and
anti-Stokes sides (

—600 and 0 cm '). The anti-Stokes
scattering efficiency O.,s can be derived from that of
Stokes os, following Eq. (6). Indeed, this can be checked
experimentally, as shown in Fig. 4(f), and yields an excel-
lent result using T=320 K and taking into consideration
the whole signal at a given frequency. In other words,
the continuous "background" underlying the first- and
second-order features is due primarily to inelastic light
scattering. This aspect has been always ignored. The
present data clearly show that the true background level
(i.e., dark noise of the photomultiplier) is efFectively

Is
=exp(PAco) .

Ias
(6)

c-Si
2TO

Worthy of note is the fact that this relation originates
from general thermodynamic considerations and is
therefore independent of the harmonic approximation
and scattering order.

The differential cross section for second-order Raman
scattering is given by
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(7)
Following Eq. (4), the summation is restricted to phonons
belonging to the same point in the reduced BriHouin zone
(q, = —qz). As already mentioned, and contrary to previ-
ous work, this equation can be applied to describe either
additive or subtractive modes, either Stokes or anti-
Stokes scattering.

In fact, since most of the spectrum features are as-
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reached at high anti-Stokes wave numbers, when inelastic
light scattering is negligible (co (—600 cm ). Hence the
structureless "background" signal can be regarded as the
signature of multiple-order Raman processes: It will
therefore be governed by relation (6). The identity be-
tween spectra (a) and (fl in Fig. 4 is efFectively observed
for the first-order peak or the 2TA band. Moreover, in
the very low-frequency range, the signal (hatched area)
follows relation (6) and is therefore also ascribed to
Raman-scattering processes.

From Eq. (6), one can define a reduced scattering
efficiency Iz as follows:

D. Second- snd higher-order scattering eSciencies

It is often claimed that the second-order Raman
efficiency is very low relative to the first order. In fact,
this is only supported by the scaling change between the
corresponding two spectra. Indeed, in Fig. 2, the
second-order spectrum has been multiplied by 100. Nev-
ertheless, due to the q-selection rule (4), the first-order
signal originates only from the intense peaks located at
+(520+2) cm ', whereas the second order spans from
—1040 to +1040 cm '. Thus the corresponding in-
tegrated scattering cross sections were evaluated as

n+1
I.s =IR

n
(10)

der" d 0"=f" d~', i=1 or 2. (12)

I~ can also be derived experimentally from the follow-
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FIG. 4. Low-frequency Raman spectrum of c-Si. (a) Experi-
mental Stokes spectrum. (b) Experimental anti-Stokes spec-
trum. (c)—(fl Reduced spectra.
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These two equations support three distinct methods of
determination of Iz. The corresponding checks are re-
ported in Figs. 4(c)—4(e): Again the similarity between
the spectra is obvious. Unlike the first check [Figs. 4(a),
4(b), and 4(fl], the reduced intensity Iz vanishes at co=0
due to the exponential variation of the Bose-Einstein fac-
tor n.

As we are only interested in the ratio o.z&, of these cross
sections, the co, dependence of factor 3 in Eqs. (2) and (7)
is discarded. Also, a deconvolution of the rough spectra
is not needed to take into account the response function
of the experimental setup, since it can be easily demon-
strated that at constant resolution the two integrated sig-
nals are equally affected.

From the present data derived at T=320 K, with
E; =2.54 eV, we obtained az&&=0. 34. This value indi-
cates that the Raman-scattering cross section is only di-
vided by 3 when going from first- to second-order Raman
scattering in this single crystal.

With the help of the same procedure, the relative con-
tribution of high-order processes was also evaluated. In
spite of larger uncertainties, one gets a(„)q) ~, —-—0.3.

The present analysis of the Raman effect in c-Si has
shown exhaustively the advantage of considering both
types of scattering (anti-Stokes and Stokes). In addition
it has highlighted the relative importance of multiple-
order scattering. The latter point is in fact corroborated
by the high value of deformation potentials correspond-
ing to electron —two-phonon processes in this type of
compounds.

III. RAMAN SCATTERING IN a-Si:H

A. Experimental results

In order to compare the Raman effect in a-Si and c-Si,
the spectrum obtained from a-Si:H film was recorded un-
der the same experimental conditions as before. The film
was grown using chemical-vapor deposition. A great
deal of work has already focused on the variation of the
Raman spectra (line-shape analysis) versus the growth pa-
rameters. ' '" However, in this work we do not discuss
the growth procedure since we are primarily concerned
with the general trends of the phenomena. The sample
was only selected on account of its amorphous nature.
Additionally, the presence of hydrogen allows the effect
of dangling bonds and/or microvoids to be limited.
From the lattice dynamics point of view, the presence of
hydrogen manifests itself through bond-bending and
bond-stretching vibrations of Si-H„entities that are easi-

ly identified. '

The Raman spectrum from —600 to 2500 cm ' is re-
ported in Fig. 1(b). Again only the dark noise of the pho-
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IV. MODEL FOR LIGHT SCATTERING
IN AMORPHOUS MATERIALS

A. The proposed model

Since short-range order and short-range interactions
are thought to be essentially the same in the crystalline
and amorphous states, these two systems approximately
present the same energetic density of vibrational states
(DVS). The lack of translational invariance only blurs
the long-range correlation effects. For a-Si, the validity
of these two assertions has been tested either theoretical-
ly ' ' or experimentally through Raman-scattering,
infrared-absorption, or neutron-scattering data. The
experimental results are well accounted for by a local
description of the lattice dynamics and the coupling be-
tween vibrational modes and the probe (bond polarizabili-
ties, local charge transfer, bond-length and bond-angle
distortions. . .). In addition, these local approaches
succeed not only for a-Si but also for c-Si.

Our interpretation of the Raman-scattering data in
amorphous silicon follows the same approach: (i) lattice
dynamics is primarily the same in c-Si and a-Si due to the
same local order and the homopolar nature of the bonds;
(ii) the local distortions of bonds only affect the Van Hove
singularities of DVS; (iii) the lack of long-range order in-
validates all q-selection effects; and (iv) the interaction be-
tween light and vibrational excitations is governed in
both c-Si and a-Si by the same bond polarizability param-
eters.

B. Lattice dynamics in a-Si

Different attempts have been made to calculate the
DVS g, (co) in a-Si. The most reliable ones have been
based on a realistic description of the structure and first-
principles calculations. Phenomenological approaches
rely on the modification of DVS in c-Si induced by the
geometrical disorder. In all cases the accuracy of the
models is discussed by comparing the results with
infrared-absorption, neutron-diffraction, neutron-
scattering, or Raman-scattering data. Unfortunately,
these verifications are disturbed by coupling matrix-
element effects which significantly affect the spectra.
Also, harmonic approximation is generally used and mul-
tiple order mechanisms disregarded.

Hence the use of the simplest DVS determination
which consists of convoluting the crystal DVS g, (co) by a
normalized Gaussian function G(co, I'):

C. First-order Raman scattering

The differential first-order Raman-scattering efticiency
is derived from Eq. (2), in which n equals 1 and the q
selection rule is omitted. Hence,

d'o-'" n+1 gC 5(co—co ).
m

(14)

This analytical relation shows the effect of the
coupling-matrix element C . In their highly accurate
work, Shuker and Gammon assumed that this element
remained constant for each band from which mode I
originates. In more recent works, ' ' C was taken to
be independent of the eigenvector of mode m and chosen
as a monotonic function of co . Based on this assump-
tion, one obtains

d o'~" n(co T)+ I
C( ) ( ) (15)

fl+1
C(co) =const .

From this experimental result, for co) 0 one derives

In Fig. 3(c), the calculated DVS g, (co) is directly com-
pared to the experimental Stokes spectrum. Following
Eq. (13), convolution was performed using I =25 cm
and the phonon density of states g, [Fig. 3(a)] calculated
by Weber. In all previous works, an arbitrary back-
ground was subtracted from the experimental spectrum
to verify: I(co=0)=0 and I(co) co~o)=0. Following
such a procedure [see dotted line in Fig. 3(c)], the overall
data trend is well accounted for, particularly the relative
heights of the TA- and TO-like bands. Hence the experi-
mental features are well accounted for, except for the
"background. "

Some comments have to be made. Slight discrepancies
still remain in the line shapes. Particularly remarkable
are the sharp cutoffs of the TA- and TO-like bands in the
experimental spectrum. Indeed, the convolution pro-
cedure (13) has likewise blurred all DVS singularities.
Importantly, the preservation of these sharp discontinui-
ties in the disordered material DVS is equally observed in
the neutron-scattering data. These observations sup-
port the computational effort required to obtain realistic
models of the amorphous structure dynamics: As a
matter of fact, the spectra thus derived better reflect such
discontinuities.

The agreement between calculated and first-order ex-
perimental spectra implies that the coupling matrix ele-
ment C(co) follows rather well the relation

g (co)= g 5(co co )=g, (co—)e G(co, I ) . (13) C(co)a =co 1 —exp
n(co, T)+ I COp

(17)

The broadening parameter I accounts for the reduction
of the coherence length of the phonons, induced by the
structural disorder. Although convolution broadens the
bands and removes the Van Hove singularities of the
crystal DVS, it preserves the type of modes (TA, LA, LO,
and TO) and their relative contribution.

In the low-frequency range (co ((coo), Eq. (17) becomes

C(co)aco

Thus the expected squared frequency variation of the
coupling factor for Debye phonons, which has already
been verified experimentally for 20 & co & 65 cm, is
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recovered. In the high-frequency range (co))coo), rela-
tion (17) yields C(co)ace. For T= 320 K, the calculation
gives coo-——20D cm. Indeed, this critical value roughly
coincides with the gap between acoustical and optical
phonons in Si, more precisely between propagative and
nonpropagative modes. The coupling factor is therefore
different for high-frequency modes corresponding to opti-
cal and zone-edge acoustical phonons in c-Si. For these,
the Einstein approximation or a molecular description
would be more appropriate. Many attempts have been
made to calculate the frequency dependence of the cou-
pling factor. Numerous semiempirical relations have
been obtained and consistently predict a slower variation
than in the low-frequency range. More significant are the
experimental measurements of C(co) in a-Si, which can
well be accounted for by Eq. (17). Our assumption is thus
supported both theoretically and experimentally.

Equation (15) includes both Stokes (co)0) and anti-
Stokes (co (0) processes by defining g, ( —co) =g, (co) and
taking into account the identity of the matrix element in
both processes: C( —co)=C(co). Using this equation, the
anti-Stokes part of the spectrum has been calculated and
is depicted in Fig. 3(c). The relative intensities of the two
main bands are well reproduced. However, the subtrac-
tion of a constant background is now in total discrepancy
with the experimental result. As already mentioned,
higher-order effects have to be considered.

translational invariance of the electronic susceptibility.
The following analytical expression can therefore be for-
mulated:

C =C'(co, )C'(co~), (21)

and one gets

d2 (2)

dQ dc'
n)+1=A gC',

CO)
1

5(co —

cubi

)

n2+1
g C2 5(co —co&)

C02
2

(22)

Hence the second-order spectrum can be viewed as an au-
toconvolution of a one-order spectrum. The latter
rejects true one order if C' presents the same frequency
dependence as the first-order coupling matrix element C
[see Eqs. (15), (17), and (18)]. As they are smoothly
frequency-dependent, this simplification can be made. Fi-
nally, using Eqs. (15) and (16), one obtains

d (7-(~) d~o(~)
42

dQ de dQ, des

D. Second- and higher-order processes TO

Omitting the wave-vector selection rule in relation (7),
and therefore allowing all combinations of vibrational
modes, the second-order Raman-scattering cross section
for Stokes and anti-Stokes processes is written as follows:

d2 (2)

dA dco
=A g C

n, +1 n2+1
5(ci3 ci)~ co~)

n=1

(19)

The density of two-phonon states including all the
combinations, additive or subtractive (co, and co& being ei-
ther positive or negative), can be written as

g' '(co)= g 5(co—co, —co2) .
m1, m2

(20)

Again, relation (19) shows that the Raman cross section
is not proportional to the density of states, due to the
effect of the coupling matrix element C but mainly

17 2

to population factor effects. In other words, the variation
of the second-order spectrum versus temperature or the
ratio between two different structures must be analyzed
using relation (19). To our knowledge, this area has al-
ways been neglected.

Neglecting selective resonance effects, the coupling be-
tween electrons and modes m, and m2 may be regarded
as depending only on their frequencies ~& and co2. This
dependence will be rather monotonic and similar to that
observed for overtone scattering in c-Si. However, the
coefficient C vanishes for ~co~~0 as a result of

1 2
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FIG. 6. Calculated Raman spectra of a-Si. (a) First order.
(b) Second order. (c) Higher orders. (d) Comparison between
the experimental {dots) and theoretical (continuous line) spectra.
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where superscript " stands for the autoconvolution prod-
uct.

It is then straightforward to demonstrate that the n-
order scattering efficiency can be written as

y~g ~ "~ $2O'[~ ~

dQ den dQ de

Finally, the total Raman spectrum results from the
summation of all the different orders, namely

d'c " d'o'"'
dQdco „, " 'dQdco (25)

Coefficient a„&, accounts for the decrease with n of the
scattering efficiency and a, &, equals 1.

E. Comparison with the experimental result

Figure 6(a) depicts the first-order spectrum (n = 1) us-
ing Eqs. (15) and (16). Figure 6(b) depicts the second-
order spectrum (n =2) using Eq. (23). The autoconvolu-
tion was performed in the [

—1200- and +1200-cm ']
frequency range in order to describe all the combination
processes. The assignments of the main bands are report-
ed in Fig. 6(b). Of particular relevance is the appearance
of a band centered at 0 cm ' which accounts for the vi-
brational difference processes. The scaling factor +2&,
has been chosen equal to that derived from the analysis of
the Raman data in c-Si: a@&&=0.34. The greatest part of
the experimental spectrum is well accounted for with first
and second order only. The choice of the weighting fac-
tors for n & 2 [Fig. 6(c)] is not of prime importance as
they represent only the slightly increasing remaining
background: A single value a„&,=0.17 was used for all
orders. Following Eq. (26), the resulting calculated spec-

trum is calculated and then compared with the experi-
mental one in Fig. 6(d). On the whole, the Raman spec-
trum is very well fitted. Indeed, all the features are
represented, that is, either their frequency location or
their relative intensities. No questionable "background
subtraction" procedure is used. The low-frequency signal
is ascribed to subtractive combinations scattering and the
total recorded signal follows relation (6).

V. CONCLUSION

Raman scattering in c-Si and a-Si has been interpreted
over a very wide range of frequencies. In this paper, it
has been demonstrated that this scattering cannot be
correctly described without taking into account anti-
Stokes and multiple-order scattering processes. In both
a-Si and c-Si, these processes lead to a contribution of the
integrated cross section which is of the same order of
magnitude as first-order processes. The lack of transla-
tional invariance from the crystalline phase to the amor-
phous one can be accounted for by simply removing the
corresponding Raman selection rules.

In our model, the same parameters have been used in
both phases. In other words, the bond polarizabilities
and the potential anharmonicity are virtually the same.
In a local description, this result can be regarded as the
persistence of the chemical coordination, and the co-
valent nature of bonding. In this sense, efforts have to be
made to improve the accuracy of the theoretical descrip-
tions of Raman scattering in highly disordered materials.
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