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The author develops theoretical methods applicable to light scattering in dispersive absorbing
crystals. Special attention is paid to scattering with widely different absorption at incident and
scattered frequencies that generates frequency shifted radiation (hyperresonance). Different
types of scattering are considered: Raman scattering, hyper-Raman and hyper-Rayleigh
scattering, and stimulated Raman scattering. Experimental data on scattering in crystalline
powders, films, single crystals, and near-surface crystal layers are analyzed.

TABLE OF CONTENTS

1. Introduction 181
2. Opposing fluxes 182

2.1 Raman light scattering. 2.2. Hyper-Raman and hyper-Rayleigh scattering.
2.3. Stimulated Raman scattering.

3. Resonance conditions for different types of scattering 185
4. Crystalline powers 186
5. Films 188
6. Single crystals 190
7. Near-surface crystal layers 192
8. Conclusion 194

References 194

1. INTRODUCTION
The general problem of nonlinear optical phenomena in

dispersive media is of undoubted interest. A number of stud-
ies treated nonlinear processes in connection with the cre-
ation of optical quantum generators in a dispersive active
medium, with scattering from medium inhomogeneities
serving as a nonresonant feedback mechanism. Several ex-
perimental and theoretical investigations addressed stimu-
lated Raman scattering (SRS) in crystalline powders and
turbid liquids.'""

This review is devoted to the study of nonlinear
processes—hyper-Rayleigh (HRLS) and hyper-Raman
(HRS) scattering, as well as spontaneous Raman scattering
(RS) and SRS—in crystals, which in practice are always
macroscopically inhomogeneous and absorptive. This is par-
ticularly true of the near-surface layers in crystals after some
form of technological processing. In the course of process-
ing, various types of inhomogeneities are created in the near-
surface layers. These inhomogeneities can markedly influ-
ence the processes occurring in such layers. The study of
various types of light scattering in near-surface semiconduc-
tor layers is of special interest since these layers are used in
microelectronics.

In recent times, picosecond and femtosecond probe
pulses have been successfully employed to study processes in
near-surface layers that evolve quite rapidly under the influ-
ence of strong laser radiation (see Ref. 12). These research
methods are based on the analysis of intensity and polariza-
tion of the second optical harmonic generation (SHG) in the
surface layer of the crystal. Because of the greater or lesser
dispersion in the near-surface layer it is useful to consider
HRLS in addition to SHG. These two processes are essen-
tially different, although both produce radiation at the fre-

quency co' = 2co, where co is the frequency of the incident
radiation. Second harmonic generation is a coherent process
and therefore the amplitudes of the generated secondary ra-
diation at frequency 2co are added to the wave of frequency co
passing through a thin, plane-parallel layer of a nonlinear
crystal. These amplitudes are proportional to the thickness /
of the layer (at small /) and the intensity of SHG is propor-
tional to I2. In contrast, in a dispersive medium the coher-
ence of 2co radiation is destroyed by the random phase jumps
of waves whose direction changes repeatedly. Accordingly,
the intensities of the waves add and the total intensity of
scattered radiation at the same frequency 2co is proportional
to the thickness / of the scattering layer (rather than / 2 ) . "

Hyper-Raman processes, SRS, as well as spontaneous
RS, exhibit this same dependence on the thickness of the
scattering layer. Consequently these problems can be con-
sidered within the same framework, using a common math-
ematical apparatus.

Light scattering is often studied near the intrinsic ab-
sorption band of a crystal. Then the absorption coefficients
for the incident and the frequency-shifted radiation are une-
qual. In the case of spontaneous RS and SRS this difference
is generally small and can usually be neglected. But even a
small difference in the absorption coefficients at frequencies
co and co' is significant in some light scattering processes. For
this reason in both the experimental and theoretical sections
of this article we systematically take into account the differ-
ent properties of the medium at incident and scattered fre-
quencies when analyzing inelastic light scattering.

Different absorption of radiation at co and co' is typical
in HRLS and HRS, where the frequency shift of scattered
radiation is large. When studying these processes research-
ers often fall into the opposite extreme and unjustifiably ig-
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nore absorption of the incident radiation co. The general ap-
proach developed in this article allows us to analyze the true
role of incident frequency absorption in HRLS and HRS
processes.

A sizeable difference in light absorption at incident and
scattered frequencies is often also observed in the spontane-
ous RS and SRS near the intrinsic absorption band of the
crystal. We shall lump these different light scattering mech-
anisms into a single category of "hyperresonant" light scat-
tering. Whether a given type of scattering should be consid-
ered "hyperresonant" depends on the particular
experimental parameters.

2. OPPOSING FLUXES

In order to solve the general problem of light scattering
in dispersive media we must derive and analyze the transport
equations. Because of the great complexity of these equa-
tions we employ approximate methods of analyzing light
propagation in dispersive media that are based on crude but
graphic models of the associated phenomena.

First, let us simplify the geometry of the problem. We
treat the scattering medium as an infinite plane-parallel lay-
er of thickness /. Then we assume that the entire surface of
this layer is uniformly irradiated by a diffuse light source. In
practice a laser beam is usually employed and only a limited
region of the scattering layer's surface is irradiated by a par-
allel or weakly focused beam. It is the case, however, that in
strongly dispersive media a flat surface element of thickness
dx located at a not-too-large depth x can be considered as
irradiated by diffuse light, regardless of the illumination
method.

We define a plane parallel to the layer boundaries at a
distance x from the irradiated surface (Fig. 1). Because of
scattering this plane will be illuminated both from above and
below. Let n,(x) and n2(x) be the numbers of excitation
photons of frequency co that propagate up and down respec-
tively, and let nj (x) and n2 {x) be the numbers of photons of
shifted frequency co' that propagate in those same directions.
Light is absorbed and scattered in the layer dx, and frequen-
cy-shifted co' light is generated there. Consequently the pho-
ton numbers nt,n2,n[,n2 change.

The medium is question can be described by a constant
s, which characterizes the flux reflected by an infinitely thin
layer, an absorption coefficient2' k and a nonlinear suscepti-
bility x (or scattering cross-section x). If we consider the
photon balance in our dispersive layer under the assumption
that the light intensity of frequency co' is much smaller than
the intensity of the original co radiation, we arrive at the
following system of equations for «,(*) and n2(x):

n'(0)

d n ,
—(s-t-k)nt-rsn2,

-= — ««,-)- (s + k) n,.

(1)

(2)

The above system of equations has a general solution of the
form

ni = Cle
Lx + C!,e-Lx, (3)

n2 = R->Cle
Lx + RC2e-''x; (4)

where L= (k2 + 2ks)U2, R = (s + k-L)/s. We assume
that n, (x )4 n0, n2 (x) 4 n0, where n0 is the initial photon flux
of frequency co incident upon the layer.

t I t
n,(0)

n'f (I) n,(l)

FIG. 1. Photon flux diagram in a flat layer of crystalline powder.

Given the boundary conditions

«i (0) = n0, w2 (I) = 0

we have

(6)

The measured photon flux in the "transmission"
scheme is «,(/); in the "reflection" scheme it is «2(0). For
these quantities we obtain

n (1\ — C <\ R2\ p-Ll (1)

(8)

It follows from (7) and (8) that R represents the reflec-
tion coefficient appropriate to an infinitely thick layer of the
medium and L is the effective damping coefficient. The ef-
fective parameters L and R can be easily extracted from ex-
perimentally measured values of n, (/) and «2(0) for several
layer thicknesses /; the constants s and k can be evaluated
accordingly. We note that these parameters can change
strongly depending on the experimental conditions, particu-
larly if the sample is heated or a phase transition is ap-
proached. In such experiments the properties of the medium
should be systematically controlled.

In the one-dimensional opposing fluxes model equa-
tions similar to (1) and (2) can be derived for the secondary
radiation of frequency co'. This model has been successfully
applied to SRS in Refs. 2-4. If we take into account the
changes in the numbers of photons occurring in a layer of
thickness dx as a result of HRLS.HRS, SRS, and RS pro-
cesses, we find

where s' and k ' are constants [analogous to the .y and k of
equations (1)-(8) ] that describe the scattering and absorp-
tion effectiveness of the medium at frequency co'. Equations
(9) and (10) should be solved with the boundary conditions

nJ(O) = O, n't(l)=0, (11)

where / is the layer thickness. The actual form of the func-
tions cp{(x) and cp2{x) depends on the scattering process.
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Note that in all cases the medium can be described by the
effective parameters

V = 2k's')V\ R' = (*' + *' - U) (s)-\ (12)

In HRS and HRLS processes a large difference between
co and co' (with co' > co) typically ensures that L ' > L. In RS
and SRS processes in the Stokes regime (at large vibrational
frequencies) the opposite inequality, L ' <L, is quite possi-
ble. If either of these inequalities applies we shall consider
the process hyperresonant.

The system of equations (9) and (10) is a system of
nonhomogeneous, linear differential equations with con-
stant coefficients.

We shall present the solutions of this system for RS and
related scattering processes.

2.1. Raman scattering

In this case

q>! = B (n x + «2), (p2 — —B (nx

where B is a quantity proportional to the RS cross-section.
After simple but tedious calculations we obtain the follow-
ing expressions for the quantities n\ (I) and n'2 (0), that de-
termine the measured RS intensities in the "transmission"
and "reflection" schemes respectively:

(14)

„ •

,-Vl_.-U
(15)

If the thickness / of the scattering layer is small (LI 4 1;

K (i) = < (0) =
I3no(\ -4- RR' — R — R')

(1 — / ? ) ( ! - R ' ) -I. (16)

i.e., the RS intensity in both the "transmission" and "reflec-
tion" schemes is proportional to the scattering layer thick-
ness and is only weakly dependent (via the coefficients R
and R ') on the absorption and scattering properties of the
medium. Therefore, when the resonance excitation condi-
tions are approached, the coefficient B, and consequently the
RS intensity, increase sharply. As / increases, absorption and
macroscopic scattering in the medium become more and
more important, but the RS intensity continues to increase
until the thickness reaches / M , which corresponds approxi-
mately to the maximum of the function

l.'f I.I ,,, I/I ,, U

Given optimal conditions for the measurement of RS
intensity in the "transmission" scheme, this quantity equals

IV) (18)

We shall discuss this relation further in the following
section.

When the scattering layer is thick (/-* oo, bulk sam-
ples), n'2 (0) tends towards its maximum value, proportional
to B/L + L ') , whereas n\ (I) falls off exponentially. The
quantity n[{x) has a maximum of depth xM determined by
the condition [see (17)]

b\(L,'L')
I -I.' (19)

Up to this point we have assumed that L'=£L. The
L' = L case requires separate treatment. Here we find

(20)

We ^)-2RLe^].

(21)

(13) If the layer is thin (LI 4 1) we have

In the general case, the condition for n \0 (/) to reach its max-
imum is

1

Thus, approximately

cL.U-

(22)

(23)

Comparing (23) with (18) we find that in the L '~L
case the RS intensity in the "transmission" scheme is smaller
by a factor of e than in the hyperresonance case, given opti-
mal layer thickness.

In bulk samples, i.e., at large /(L/> 1), we can carry out
calculations analogus to those for the L '±L case and obtain

This quantity has a maximum at

(24)

(25)

Comparing this result with (19) we observe that the
effective layer depth for the hyperresonant RS process is
larger by a factor of In (L /L ') than the corresponding quan-
tity for the ordinary RS conditions (i.e., where L'~L).

2.2. Hyper-Raman and hyper-Rayleigh light scattering

Since the intensities of HRS and HRLS processes are
analogously dependent on the intensity of the exciting radi-
ation and both processes are noncoherent, the following re-
sults apply to both of these types of scattering. For simplicity
we shall discuss HRS in this section. We note that the term
"hyper-Rayleigh scattering" is imprecise because macro-
scopic inhomogeneities of the medium contribute to the
scattering. However, if the extent of the inhomogeneity is
small, this process is indeed similar to Rayleigh scattering,
although the generation of secondary radiation within each
microcrystal follows the SHG mechanism.

The expression for the HRS intensity is structurally
identical to the well-known RS intensity formula

' n ' (26)
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n;, rel. units

HRS
.HRLS

1,0

FIG. 2. Radiation intensity dependence in RS, HRS, and HRLS on the
layer thickness of a dispersive medium Ox,, x2, x3 are the effective depths
for light scattering processes indicated in the figure).

where C is a proportionality coefficient; e'a, e^ are the unit
polarization vector components of the incident and scat-
tered electric fields; Bpaa are the HRS tensor components; Io

is the intensity of the incident radiation. There exists an anal-
ogous expression for HRLS. A more detailed analysis of this
expression will be carried out in the next section in connec-
tion with hyperresonace conditions. At this point it is impor-
tant that the HRS and HRLS intensities are quadratically
dependent on the photon density of the incident radiation:

cesses of absorption and RS at L ' s i , in which case leff ~ 1/
L. In Fig. 2 we plot the intensity of radiation scattered by
indicated processes against the layer depth in a dispersive
absorbing medium.

HRLS and HRS obey numerous "selection rules." For
example, HRLS is forbidden in centrosymmetric crystals.
Still, HRLS is observed in such crystals as well. This devi-
ation from the HRLS selection rule is probably due to lattice
deformations which produce noncentrosymmetric regions
in centrosymmetric crystals.

The authors of Ref. 15 proposed quadrupole polariza-
tion as a HRLS source in centrosymmetric crystals. We be-
lieve quadrupole polarization can make but a small contri-
bution to HRLS in a medium with significant optical
inhomogeneities.

2.3. Stimulated Raman scattering

In the SRS case the equations of the opposing fluxes
model have the form (see Refs. 2, 3):

- ^ - = - (s' + k') n[ + B (ra,

(32)

- k') n"2 — B (re, + ni) — An'i (Virei + »«);

(33)

Consequently, for HRS in the opposing fluxes model,
the functions <p, (x) and tp2(x) that appear in (9) and (10)
have the form

(27)

where y is a quantity that characterizes the HRS indicatrix;
the coefficients s' and k' describe the scattering and absorp-
tion properties of the medium at frequency la (HRLS) or
2a> ± o)k (HRS); cok is the vibrational frequency of the crys-
tal).

Calculation of HRLS and HRS intensities are analo-
gous to those carried out earlier for the RS case with L'^L.
Omitting ponderous intermediate steps we only cite the ap-
proximate formulas, where we define

"*~ M'M*

Then we have

(28)

For the optimal thickness /M H in the "transmission"
scheme we obtain

, In (L'j2L)
'MH

which yields

(29)

-f-. (30)

The peak value n[H inside the sample is achieved at

(31)In (L'IZL)
L' — IL

According to (31) the effective hyperscattering depth
/eff is much greater than the effective depth of linear pro-

where A and yx are coefficients that characterize the SRS
process and the rest of the notation is from the preceeding
sections. A general solution of these equations encounters
great difficulties. For this reason we shall restrict our atten-
tion to the approximate solutions valid for n\ 4n0, rij <n0,
i.e., when the conversion efficiency of the excitation radi-
ation to SRS radiation is small. In addition, if we assume
k '>s ' we get

— (s'-{-k')n[ + s'n^- —L'n[, — s'n[+ (s' + k') n't = L'n'2.

After these simplifying assumptions we obtain the photon
flux in the "transmission" scheme:

M {
exp |(aba—/,') '1 — exP ( — Ll)

L — L' + abi

flexp[(ata — 2L— L')l) — j?exp( — Ll)
(34)

where a - Anoe -Ll/M, b2 = (1 - R) (1 - yt). Consider
two typical cases:

(35)

The maximum photon number n\ (/) is achieved at thickness
/M which obeys the condition

(36)

2) At hyperresonance L'4.L, ab24,L we have
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In this case the optimal layer thickness is determined by

(37)
"

(ePr)l) (e 'Pn r

L L An0b2

We note that the optimal layer thickness decreases as
the excitation intensity increases.

Consider a bulk sample, where we are interested in SRS
by a thin, near-surface crystal layer. In this case the opposing
fluxes model equations have the form:

- p - •-- — 7 / ; ? ; + b e L x - r a , " ^ " * - * ,

where we define

(38)

(39)

- Bn0

In the "transmission" scheme the photon beam is

(40)

The depth xM at which the beam n\ inside the crystal
peaks is

Thus we find that as the excitation intensity increases
the position of the peak SRS intensity moves deeper into the
crystal. Recall that these relations are only valid if n\ 4n0,

Let us return to equation (39). Letting the multiplier of
«2 in this equation go to zero and settingx = 0we obtain the
following formula for the SRS threshold in the "transmis-
sion" scheme (bulk sample):

(42)

As resonance is approached, the RS cross-section,
which is proportional to A, increases. But the effective ab-
sorption coefficient L ' increases also, and as a result the SRS
threshold decreases only slightly. The hyperresonance case
of L ' 4,L is an exception. There, the effective absorption co-
efficient L ' remains small in the resonance region, whereas
the quantity A increases. Consequently the SRS threshold
falls considerably. At the same time, the measured compo-
nent intensity, proportional to the ratio A /L, remains con-
stant as resonance is approached.

3. RESONANCE CONDITIONS FOR DIFFERENT TYPES OF
SCATTERING

It is helpful to consider the resonance conditions for RS
and SRS, and to compare these with the hyperresonance
conditions for these processes.

A large number of studies have focused on resonant RS
spectra, developing the theory of resonant RS and reporting
a wide range of experimental data. We shall only quote some
recent review articles.16"18 The theory of resonant HRS is
developed in Ref. 19. According to Ref. 17 the following
expressions hold for the absorption coefficient k and RS line
intensity:

"/> K ( u r > , — o i l - - • • I ' ; ) (43)

(44)

where
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(45)

In the above e and e' are the unit polarization vectors of
the excitation and scattered electromagnetic waves, Prk and
Pnr are the dipole transition matrix elements for the k-* r
and r-+n transitions respectively (Fig. 3), and hcork is the
energy of electron state r. In Ref. 19 we find a more compli-
cated expression for {Snk )H R S in HRS (transitions involve
two intermediate levels r and s):

V
- ZJ

(ePr,r)(e'Pr8)(eP»ft)

) (dim -\

(e'Pn,)(cPsr)(ePrk)
(46)

The RS intensity is resonantly enhanced as co->o)rk, where r
is one of the intermediate electron levels of the system. The
HRS resonance correspondingly occurs when 2a> -• cosk. If
the co~(ork condition is fulfilled simultaneously, double
HRS resonance occurs and the intensity is further enhanced.
In Ref. 19 it is estimated that if T/2irc = 50 cm"' HRS in-
tensity is enhanced by a factor of 106 at resonance and 10'2 at
double resonance.

Unfortunately such optimistic estimates of RS and
HRS resonant intensity enhancement are largely illusory,
for according to (43) the system absorption also increases as
the excitation frequency is tuned towards the resonance. In
the simplest and probably most common case, when among
the various intermediate levels r, s,. . . the one that is impor-
tant in scattering is where the system ends up after absorbing
an hco photon (RS) or two such photons (HRS), there is a
simple connection between scattering and absorption spec-
tra. It follows from (43), (45), and (46) that the scattering
cross section and the absorption coefficient are mutually
proportional. But then, as we have seen in the preceeding
section, given ideal measuring conditions, tuning the excita-
tion frequency towards resonance does not enhance the ob-
served intensity of scattered light. This follows from the fact
that if the experimental conditions are propertly selected
(the scattering layer thickness, in particular), the RS and
HRS intensities in "transmission" and "reflection" schemes
are proportional to B /L (RS) or£ /L ' (HRS), where B and

T /

- * ! 3

I
<:J

T
si

FIG. 3. Stokes transition diagrams in resonant RS (a) and resonant HRS
(b).
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0 are proportional to the scattering cross section, and L, L '
are related to the absorption coefficient at frequency m (RS)
or co' = 2a ± ak (HRS) by formulae cited in Sec. 2.

The real gain in scattered light intensity achieved by
tuning the excitation towards resonance in RS and HRS can
occur in two ways.

1) In many cases it is quite difficult to achieve ideal
measuring conditions indicated by the opposing fluxes mod-
el theory. For example, a sufficiently thick sample of a weak-
ly absorbing crystal or a sufficiently thin strongly absorbing
film may not be available. Then a proper choice of excitation
frequency makes it possible to approach ideal measuring
conditions. Another method, employed in the early work on
resonant RS,20'21 is to dilute solutions of strongly absorbing
dyes, leading to reduced absorption but leaving unchanged
the scattering layer thickness.

2) In dispersive media with small absorption coeffi-
cients k, the parameters L and L ' grow more slowly than k as
resonance is approached. This also yields a real gain in the
scattered light intensity.

Additional intensity gain can be achieved by satisfying
the hyperresonance condition. In Fig. 4 we schematically
plot the scattered light intensity (proportional to photon
flux n\) against layer thickness / in the "transmission"
scheme. Given ideal measuring conditions, according to for-
mulas (18), (23), and (30), the intensity at hyperresonance
is enhanced by a factor of e. Let us note that the hyperreson-
ance condition is easy to satisfy in HRLS and HRS measure-
ments.

In the general case, RS line intensity depends on the
position of several intermediate levels and there is no simple
connection between absorption and Raman scattering. This
results in different RS line intensity ratios for lines of differ-
ent symmetry or lines involving different intermediate lev-
els. Some examples of RS and HRS spectra taken under dif-
ferent excitation conditions are cited below.

4. CRYSTALLINE POWDERS

Thin, plane-parallel layers of crystalline powders can be
used as models of experimentally more difficult systems,
such as films and near-surface crystal layers. In powders it is
easy to change the dispersion of layer thickness and to deter-
mine the system parameters L,L',R,R'. This approach was
used in Refs. 22-24 to study the behavior of RS and measure
the RS cross-sections in dispersive media.

The authors of Ref. 22 used stilbene powder, which has
a fairly strong and conveniently measured RS line
Av = 1593 cm"1. Stilbene powder was divided into four

TABLE I.

Fraction
number

1
2
3
4

Material parameters for different stilbene powder fractions.

Grain size, mm

From 0.1 to 0.2
From 0.2 to 0.3
From 0.3 to 0.4
From 0.4 to 0.5

L, cm"1

11.8
11.5
9.9
7.2

R

0.30
0.25
0.20
0.10

fractions of different grain size (Table I). Each powder frac-
tion was loaded into plane-parallel cells of 12 and 30 mm
diameter and 1, 2, 3, 4, and 5 mm thickness.

Experimental results were compared with the theory of
formula (20), which can be conveniently rewritten as31

"T2-i= -f = «/(R, LI). (47)

Only two variable quantities, R and Z,/, enter into (47),
together with the scattering coefficient x. The quantity L can
be independently determined by measuring the dependence
of the excitation line intensity on cell thickness according to
(7). Quantities R and LI were calculated from the measured
/ / / values at several /, and the dependence f(R, LI) was
calculated for each stilbene fraction. The calculated system
parameters L and R are listed in Table I. In Fig. 5 we com-
pare the experimental data (various kinds of points) and
calculated curves. The scattering coefficient x of a given RS
line can then be determined from the scattering medium pa-
rameters and the calculated f(R,Ll) function. The scatter-
ing cross section is then

X = -J-- (48)
Conventional measurements of RS line cross sections

require the highest quality transparent crystals of sufficient-
ly large size. For this reason RS cross sections are currently
known for only a small number of crystals. Subjecting dis-
persive absorbing media to similar measurments will signifi-
cantly extend the range of available systems, as well as en-
able us to compare the RS cross sections in various states of
aggregation, in a wide range of temperatures, in crystals that
easily become turbid, and so forth.

As an example, in Table II we cite the measured data on
the dependence of the RS cross section on temperature in
benzene (Av = 992 cm ~') and the temperature and state of

FIG. 4. Dependence of the number of scattered light photons n\ on scat-
tering layer thickness / in the "transmission" scheme (I—in absence of
hyperresonance; 2—at hyperresonance).

LI

FIG. 5. Experimental (points) and theoretical (curves) dependence of//
/ on LI in different fractions of stilbene powder (1-4 are fraction
numbers).
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TABLE II. Raman scattering cross sections of benzene and stilbene.

Temperature
Material State of aggreg. K. ^,10~:Rc

Benzene, Av = 992cm

Stilbene, Av = 1593 cm"

Solid

Liquid
Solid

Liquid

101
172
252

293
293
420

46
55
55

2.05
460

26

aggregation behavior of the RS line in stilbene (Av = 1593
cm- ' ) .

In these measurements the source was a low pressure
mercury lamp {A = 435.8 nm line). The light was focused
by a lens into a nearly parallel beam directed at a cell con-
taining the power or liquid being studied (sometimes the cell
was inside a cryostat). Light scattered into the aperture an-
gle fl was collected in spectrometer slits. The integrated in-
tensities of the RS line and the excitation line being studied
were measured. In the case of liquids and pure single crystals
the RS cross section (per molecule) was calculated from the
formula

*~w- <«>
where n is the index of refraction; fl is the solid angle sub-
tended by the crystal; Io is the measured excitation line in-
tensity; N is the number of molecules per unit volume.

There is a notable difference between the RS cross-sec-
tions in liquids and crystals (see Table II). This difference is
discussed in Ref. 25.

The above technique was also employed in the study of
a more complex crystal -> liquid crystal -> liquid phase tran-
sition. The studied materials were 4,4'-azoxyanisole and ani-
saldazine, excited by the A = 514.5 nm line of an Ar laser.

A hollow teflon disk capped with quartz windows at
both ends was used to hold the material. The cell was filled
with filtered crystalline powder of 0.2-0.3 mm grain size.
The 1 mm thickness of the cell was chosen to correspond to
ideal RS measurement conditions in the "transmission"
scheme [see formula (22) ]. Complementary measurements
were performed on 1, 2, and 3 mm thick cells in order to
calculate the material parameters L and R. Raman scatter-
ing spectra of liquid and liquid-crystal phases were mea-
sured in the same cells. A detailed description of the mea-
surement techniques is available in Ref. 24. Experimental
results are sumamrized in Table III. As in the preceeding
case, the RS cross section decreases sharply as the system

changes from crystal to liquid. In the liquid crystal the RS
cross section is higher than in the liquid, but much lower
than in the crystal.

The studied materials belong to the nematic liquid crys-
tal type, characterized by the pronounced elongation of con-
stituent molecules. For example, the 4,4'-azoxyanisole mol-
ecule

C H , - 0 — ;

O

looks, in the first approximation, like a "rod" of 2 nm length
and 0.5 nm diameter. During the crystal -»liquid crystal
transition the long-range order in the location of the molecu-
lar centers of gravity is destroyed, whereas the orientation
order persists. During the liquid crystal -»isotropic liquid
transition the long-range molecular orientation order also
disappears, but the short-range order remains. The data of
Table III indicate the important effect of long-range order in
the scattering medium on the RS cross section.

In the solid phase the studied materials are colored
powders of bright yellow (4,4'-azoxyanisole) and reddish
(anisaldazine) color. They absorb strongly in the blue-green
spectral range, which includes the excitation line A = 514.5
nm. Therefore the data correspond to resonant (and possi-
bly even hyperresonant) RS excitation. The high measured
values of RS cross sections reflect the resonant character of
the excitation.

As an example of studies of crystal phase transitions
using the HRLS method, consider the data on barium tita-
nate. The most interesting transition in this crystal is the
tetragonal (ferroelectric) ->cubic (paraelectric) phase tran-
sition at T= 393 K. In the cubic phase HRLS is forbidden
by the selection rules. In the ferroelectric phase the nonlin-
ear susceptiblity tensor components dtj are related to the
spontaneous polarization Ps and change with temperature in
proportion to Ps .

26 In the paraelectric phase all d^ should
equal zero. We note that in Ref. 26 the second harmonic
intensity was measured in a single-domain BaTiO, crystal in
the tetragonal modification. Since the crystal becomes
multi-domain when heated above 100 °C the actual phase
transition region (near 120 °C) was not studied.

The HRLS intensity in a wider temperature range was
studied in Refs. 27, 28. The source was a Nd3 + :YAG laser
(generation line A = 1.06 /im). Laser radiation was directed
into the cell containing barium titanate powder of ~ 1 mm
grain size. The cell consisted of two quartz windows enclos-
ing a 0.3 mm thick layer of barium titanate powder. The cell
was placed inside a heater (details of the experimental meth-
od are described in Refs. 27, 28).

TABLE III. Raman scattering cross sections of liquid, liquid crystal, and crystal states.

t,°c

25
144
125
140

4,4'-azoxyanisole, Av =

State of aggreg.

Crystal

Liquid crystal
Liquid

904 cm"1

X, 10 "2l!cm2

200
240

11.4
5.7

Anisaldazine, Av = 1003 cm '

t,°C

25
165
173
185

State of aggreg.

Crystal

Liquid crystal
Liquid

X- 10—cm2

950
1400
110
41
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FIG. 6. Temperature dependence of HRLS intensity in barium titanate
powder,27-2*

The experiments were carried out in the "reflection"
scheme. The measured temperature dependence of the
HRLS line intensity is represented in Fig. 6. It is clear that
the HRLS intensity decreases as the sample is heated and
falls sharply near the phase transition (120 °C). Even after
the phase transition HRLS intensity does not fall to zero,
which probably indicates deviation from cubic symmetry in
some regions of the high-temperature barium titanate phase.
Similar deviation from selection rules after the phase transi-
tion was also observed in the RS spectra.29

In the first approximation /HRLS ' n t n e ferroelectric
phase goes as the square of the nonlinear suceptibility tensor
components d0 and therefore as the square of the spontane-
ous polarization Ps. In the tetragonal phase the relation
^HRLS =AP2

S holds (see Ref. 27). Consequently the tem-
perature dependence of 7HRLS in ferroelecric crystals sheds
light on the changes in their dielectric properties.

The low-temperature phase transitions of barium tita-
nate were also studied by this method. The results are plot-
ted in Fig. 7 in conjunction with the data on spontaneous
polarization.30 The change in /HRLS

 n e a r 273 K accompa-
nied by a well-defined hysteresis is quite evident, as is the
phase transition near T= 190 K. In the low-temperature
phases of barium titanate a decreasing spontaneous polariza-
tion Ps corresponds to an increase in HRLS intensity, which
may be explained by changes in the nonlinear susceptibility
tensor because of the tetragonal -> rhombic crystal phase
transition.

In this way the temperature dependence of HRLS
makes it possible to track crystal phase transitions from one
noncentrosymmetric modification to another.

740 fSO ZZO ISO T,K

FIG. 7. Temperature dependence of 7H R L S and spontaneous polarization
Ps in barium titanate crystals.10

Stimulated Raman scattering in crystalline powders
was first observed by Zubov and co-workers.' Subsequently,
a large number of studies addresed this phenomenon.2"4'7"''
The possibility of studying SRS in dispersive media has con-
siderably expanded the range of available systems. Stimulat-
ed Raman scattering in deeply cooled and frozen liquids, and
molecular crystals, has been investigated in the above stud-
ies and in Refs. 31-35. Resonant SRS has also been exam-
ined.636 We note that the authors of Ref. 35 have observed
low-frequency SRS lines in the 20-100 cm""' range, corre-
sponding to crystalline lattice vibrations.

Most of the research into the variation of SRS line in-
tensity with experimental parameters has been carried out
on stilbene crystals (Av = 1593 cm ~ ' ) . Here we cite some of
the results obtained in conditions of low SRS conversion effi-
ciency.

The dependence of the stilbene line intensity on the
thickness of the crystalline powder layer was studied in Ref.
3. The measured curves clearly indicate the peak intensity
conditions (Fig. 8, a). The dependence of the layer thickness
lM, which maximizes the energy of the first SRS Stokes com-
ponent, on the excitation energy Eo is illustrated in Fig. 8, b.
The solid curve is obtained from formula (36) with the value
L = 10.0 taken from Table I. The parameter (L — L ')/Ab2

which enters into (36) was taken as 0.0315. Taking into ac-
count the approximate nature of formula (36) and possible
experimental error the agreement of experimental data with
calculations is adequate.

The above results were obtained with ruby laser excita-
tion (A = 694.3 nm) of SRS. References 36, 37 reported the
use of this laser's second harmonic (A = 347.1 nm). In this
case the excitation line falls into the region of the long-wave-
length absorption tail and experiences a fairly high absorp-
tion coefficient k = 12.5 cm"' , whereas the absorption coef-
ficient for the first Stokes component of SRS Av = 1593
cm"1 is much lower (Fig. 9). Consequently, the hyperre-
sonance condition is fulfilled. The authors of these studies
remarked on the relatively weak inensity of the studied SRS
line. The intensity of the SRS line excited by the laser second
harmonic was not appreciably different from its countrpart
excited by the fundamental (A = 694.3 nm), although the
expected gain in the RS cross section was a factor of 104.
Absorption of excitation radiation by stilbene was cited as
the factor preventing resonant SRS generation. This conclu-
sion agrees with the estimates of Sec. 3.

5. FILMS

Metallic and semiconducting films on various sub-
strates play an important role in modern technology. The
study of film structure and properties by light scattering
methods is consequently of great interest. In practice most
modern microcircuits are built on silicon crystal surfaces.
Accordingly a major research area in very large scale inte-
gration of electronic devices is the production of submicron
silicon layers and films with controlled properties, the study
of their structure and its evolution in the course of technolo-
gical processing.

Raman spectra of epitaxial films grown on crystalline
substrates were investigated in Refs. 38—47. One of the ex-
perimental conclusions was that RS lines in films are shifted
in frequency from their positions in single crystals. The half-
width and intensity of these lines were also measured.
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FIG. 8. a—Effect of sample thickness on the energy of the
first SRS Stokes component in stilbene powder; numbers
indicate the excitation radiation energy En (in J).3 b—
Dependence of optimal powder layer thickness / M on ex-
citation radiation energy.

Raman scattering in silicon films has been studied by
argon laser (A = 488.0 nm) and copper vapor laser
(A = 510.6 nm) excitation.4142 According to Ref. 44 data
on the absorption spectrum of silicon, these sources should
satisfy the hyperresonant RS condition. The results are plot-
ted in Fig. 10.

In the silicon single crystal spectrum there is an RS line
due to the triple degenerate sublattice vibrations at frequen-
cy 521 + 0.3 cm"1. In the spectrum of a n / = 0.31 fim thick
silicon film on a gallium phosphide substrate this line is fre-
quency-shifted by 5.6 cm"' towards lower frequencies. In
films on other substrates RS lines are shifted towards higher
frequencies. The smallest frequency shift of 1.6 + 0.3 cm"'
is observed in a silicon film (thickness / = 1.0/^m) on a ger-
manium substrate. The shifts for silicon films on spinel
(/ = 0.8 /zm), on sapphire in the [TO 12] orientation
(/ = 0.60^m) and in the [1012] orientation (/ = 0.44/zm)
are 2.4, 3.1, and 4.0 cm" ' respectively.

According to the theory,38'47 RS line frequency shifts in
silicon films are due to the stresses which are created in the
films as they are cooled from growth to room temperature.
When a film sample (or a single crystal) is heated the RS
lines are shifted in frequency and the frequency difference
between the two shrinks. At growth temperatures the fre-
quency difference disappears.

The intensity 7RS of the RS line in thin silicon films is
proportional to their thickness /. As / increases the intensity
increases, in agreement with formula (15), saturating at the
silicon single crystal value. In Fig. 11 we compare the calcu-
lated dependence from expressions (21) (with L = L') and

1,0

0,5

1530

240 SZO 400

(15) (with!, j^L') with experimental results ofRefs. 42,45.
Reference 44 on the optical parameters of silicon furnished
the computational parameters L = 1.43-104,Z.' = 1.19-104,
R=R' — 0.38. Clearly, even though the difference between
L and L ' is small, the "hyperresonance" formula is in better
agreement with experimental data than formula (21) which
neglects the difference between L and L '.

The observed dependence of RS line intensity on film
thickness provides a new method of measuring the thickness
of submicron films.42"45 The "reflection" scheme is used: the
laser beam is alternately directed at the studied film and a
calibration film. In each case the RS line intensity is mea-
sured. Then the thickness of the examined film is established
from a comparison with a calibrated plot of RS line intensity
as a function of film thickness. This method can be used to
measure the thickness of different films on different sub-
strates.4'

Scattered light spectra reflect the evolution of near-sur-
face layers in single crystals and films that are subjected to
ion implantation, laser and thermal annealing, or other tech-
nological operations employed in modern semiconductor
technology.

Silicon films of 0.6/xm thickness on sapphire substrates
have been irradiated by giant laser pulses (ruby laser, 100
MW power).42'45 After irradiation the RS spectrum con-

FIG. 9. Absorption (A) and luminescence (L) spectra and SRS in poly-
crystalline stilbene.'6'7 (Arrow marks the excitation wavelength, SRS
frequency is indicated above its line).

FIG. 10. Spectra of silicon single crystal
(curve 2) and silicon films on sub-
strates:4142 1—gallium phosphide; 3—
germanium; 4—spinel; 5—sapphire in
the [T012] orientation; 6—sapphire in
the [10l2] orientation. Argon laser dis-
charge line is marked with an asterisk.

510 530v, cm" 1
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FIG. II. Dependence ofRS line intensity /on thickness /of silicon film on
a sapphire substrate: I —calculated from (21) with L ^L'; 2—calculated
from (15) with L j=L '. Points are experimental data of Ref. 45. Argon
laser 488.0 nm line was used to excite the 521 cm ' line of silicon.

tained two lines. One matched the frequency of unirradiated
films, the other was shifted towards lower frequencies.

Laser irradiation produced a spot on the sample surface
with uneven fluence distribution over its area. In order to
register the RS spectra of different areas in this spot the sam-
ple was placed in a special holder and scanned across the RS
excitation laser beam. The spectra of different regions (each
0.15 X 1.5 mm2 in area) are plotted in Fig. 12. It is evident
that near the center of the irradiated spot the RS line fre-
quency is broadened and lowered in frequency.

The low-frequency tails of spectra 3-5 exhibit addi-
tional maxima. In the spectrum of region 5 (the center of the
irradiated spot) the additional maximum is at 519.1 cm"1

and the full linewidth is 9.6 cm"' .
Observed changes in RS spectra can be explained as

follows. Laser irradiation of 1 J/cm2 fluence melts the near-
surface layer of the silicon film to a depth of about 0.2 /zm
depth. At the depth of 0.4//m the film layer is in immediate
contact with the substrate and remains crystalline. After ir-
radiation the sample quickly cools and recrystallizes. The
thin silicon layer in contact with the substrate contributes
the intensity peak that matches the line from an unirradiated

520,9 cm -

FIG. 12. Raman spectra of different areas on the surface of a silicon film
on sapphire after laser irradition4245: 1—unirradiated region; 2—border
of the irradiated region; 3—near the border (inside the irradiated region);
4—near the center of the irradiated region; 5— center of the irradiated
region. The dashed vertical line corresponds to the silicon single crystal
frequency. Argon discharge line is marked with an asterisk.

film on a sapphire substrate. The upper, recrystallized film
layer is expanded to a lower density and contributes the fre-
quency-shifted RS line.

We remark that the success of these experiments is due
to the possibility of registering RS spectra from silicon layers
at a depth of 0.5-0.6 ̂ m from the surface.

By this method is is possible to reconstruct the inhomo-
geneity distribution on the film surface from the parameters
of the RS lines. Yet another, more effective means of study-
ing film inhomogeneities is the HRLS method. According to
Ref. 48, HRLS intensity is proportional to \x"] |2, wherex"'
is the nonlinear susceptibility of the crystal. In isotropic me-
dia, made up of molecules with inversion centers, x"' = 0>
i.e, HRLS is forbidden. Accordingly, when a sample in
which regions of forbidden HRLS alternate with HRLS-per-
mitted ones is scanned across the excitation beam, the HRLS
intensity exhibits sharp jumps.

As an example, Fig. 13 illustrates the scanning of two
samples across a laser beam. The films under study were: a
slant cleaved 78 /nm thick GaPO84 As0 16 film on a gallium
phosphide substrate, and a 1.0 /um thick AIN film on sap-
phire. The 578.2 nm line of a copper vapor laser was used for
HRLS excitation in the "reflection" scheme. The HRLS
wavelength was 289.1 nm, falling into the strong absorption
regions of both films.

We see from Fig. 13, a (region a-b) that as we pass from
the free substrate surface to the film the HRLS intensity is
markedly reduced.51 In the slant cleaved region of the film
(b-c) HRLS intensity oscillates more than in the flat region
(c-fi?), since the b-c region of the film was polished mechani-
cally. The thin AIN film (Fig. 13, b) exhibits even greater
inhomogeneity, as evidenced by the HRLS intensity oscilla-
tions.

6. SINGLE CRYSTALS

Many experimental and theoretical papers, as well as
several review articles, have examined resonant RS in single
crystals.6'49"53 In some cases the hyperresonance conditions
were also satisfied. It is helpful to analyze the results ob-
tained in these studies within the theoretical framework de-
veloped in Sees. 1 and 2.

First, let us consider the peculiar RS spectra of cad-
mium sulfide. The bandgap of this crystal is 2.6 eV, which
corresponds to a 452.1 nm wavelength. Therefore, when RS
is excited by a 488.0 nm (that is, 2.39 eV) argon laser line on
the hyperresonance condition is fulfilled, despite the low fre-
quency of RS lines: 232 cm"1 (A,, TO) 301 cm"'(A,, LO),
240 cm"1 (E,,TO),307cm"' (E,, LO).

Indeed, changing from the 480.0 nm to the 496.5 nm Ar
laser line, i.e., changing the frequency by 340 cm"' , changes
the absorption coefficient k from 24 cm"' to 5.8 cm"' at 6
K.54 At room temperature kx 104 cm" ' for the 488.0 cm"'
line.6'

Several "anomalies" in the resonant CdS spectra were
noted in Refs. 54-58. It turns out that the RS lines based on
LO-phonons—ostensibly forbidden by selection rules—
have high intensities in these spectra. As the excitation fre-
quency is tuned towards the bandgap the forbidden line in-
tensity increases sharply. For example, in thex(zz)y geome-
try54 the forbidden LO-phonon RS line manifests itself as a
barely discernible peak on a broad band at 514.5 nm excita-
tion, but 488.0 nm excitation produces a sharp, intense peak.
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FIG. 13. Hyper-Rayleigh scattering by thin film
surfaces.45 a—GaP, ^As,, film on gallium
phosphide, b—AIN film on sapphire. Insets
show film structures.

/, mm

Systematic studies of Raman scattering in CdS at 77 K
(sample placed in liquid nitrogen) and 300 K were reported
in Refs. 54-57. An Ar laser beam was incident at 5° from the
surface of a polished edge in the sample crystal. Measure-
ments were taken on the same side of the crystal at right
angles to the incident beam.5556 In Refs. 54, 57, 58 the "re-
flection" scheme was used. The focus of Ref. 57 was the
different behavior of LO- and TO-phonon RS cross sections
as the absorption band was approached. When photon ener-
gy was raised from 1.7to2.2eVthe A, andE, symmetry TO-
phonon cross sections fell to zero; at higher energies they
increased sharply. In contrast, the LO-phonon cross sec-
tions increased monotonically through the resonance. The
authors explained this effect by the interference of nonreson-
ance terms with the resonance term in the scattering formu-
la. The dependence of RS intensity on phonon wavevector k
was studied in Refs. 58, 59. The most interesting feature was
the comparison of RS spectra taken at kmin and kmax. To this
end, spectra of 0° and 180° scattering (all other conditions
being equal) were juxtaposed in Ref. 59, whence it was de-
duced that LO-phonon RS intensity increased with k.

Interesting results were reported in Ref. 56. The auth-
ors excited the CdS RS spectrum by the 457.9 nm line. Up to
nine replica LO oscillation lines were observed (Fig. 14).
Analogous results were obtained for a number of other crys-
tals (Table IV).

The oscillation frequency of LO replicas are propor-
tional to the replica number with high precision. Their
linewidth is narrow, in contrast to the usual higher harmon-
ics of RS spectra taken far from resonance. This same behav-
ior is exhibited by resonant RS spectra of several other crys-
tals, as well as diphenylpolyenes21 and iodine solutions.
These spectra are superficially similar to SRS spectra, char-
acterized by the large number of Stokes components with
narrow linewidth and frequencies strictly proportional to
the component number.60 As an example, Fig. 15 presents
the SRS spectrum of sulfur,'' which contains 8 components.
The theory of crystal RS spectra in the resonance region is
discussed in Ref. 53.

The hyper-Raman effect was also observed in the CdS
crystal.61"63 These spectra were excited using the Nd3 + :
YAG laser (A = 1064 nm) operating in the Q-switched re-
gime. The z(y, z + y)x geometry was employed in order to
exclude the two-step process of second harmonic generation
followed by RS excitation at frequency 2co. In this geometry
the excitation radiation is directed along the optic crystal
axis (z axis), second harmonic generation is forbidden and
two-step processes are excluded. Scattered light was mea-

sured in directions perpendicular to the excitation propaga-
tion.

In order to reach the resonance condition the crystal
was heated to shrink the bandgap.61 The authors studied
resonance HRS based on longitudinal optical phonons E,
(LO) of 307 cm"1 frequency. They discovered that the in-
tensity of both the Stokes and the anti-Stokes HRS compo-
nents first increased with temperature and then fell abruptly.
The authors explained this sharp decrease by absorption of
scattered light within the crystal. The observed HRS intensi-
ty enhancement by a factor of approximately three as the
temperature was raised from 150 to 350 K is in good agree-
ment with the estimates of Sec. 2, which predict HRS inten-
sity enhancement by a factor of e = 2.71 when resonant
spectrum excitation is replaced by hyperresonant excitation.

Nonlinear LiNbO3 and LiTaO3 crystals are of great in-
terest when it comes to comparing the spectra produced by
different types of scattering. These crystals are widely used
in nonlinear optics, particularly for laser frequency conver-
sion—for this reason they were exhaustively investigated in
a number of studies.64"71

The vibrational spectrum of lithium niobate and tanta-
late has the form:

T = 4A, (IR, RS, HRS) + 5A2 (HRS)

+ 9E(IR, RS, HRS).

Vibrations are split into TO- and LO-components. In
the lithium niobate RS spectrum in they{zzx)y geometry A,
(TO) oscillations are allowed: at 300 K the most intense
lines are 1A, (258 cm" ' ) , 2A, (281 cm- ' ) , and4A, (639
cm"1).71 In the x(yz)x geometry E (TO) oscillations are
allowed: the most intense lines are IE (155 cm~ ' ) , 2E (239
cm"1), and 7E (584 cm"1). In the x(yy)x geometry A,
(TO) and E (TO) oscillations are allowed; in the y(xx)y
geometry A, (TO) and E (LO) oscillations are allowed; in
the z(xx)z geometry A, (Lo) and E (TO) oscillations are

^ Excitation line 4579 /
500 K

HO

7L0 5L0

&L0
9LD

FIG. 14. Cadmium sulfide spectrum at 300 K excited by a 457.9 nm line.5"

191 Sov. Phys. Usp. 31 (3), March 1988 M. M. Sushchinskit 191



TABLE IV. Raman scattering LO-phonon frequencies (in cm
p. 561).

') in crystals (data from Ref. 52,

LO-component
number

1
2
3
4
5
6
7
8
9

CdS

302-306
607
910

1214
15211
1819
2118
2417
2716

GaP

403
805

1208

Crystal

ZnTe

210
421
632
843

1055

ZnSi"

253
506
759

ln09
1267

InA-

241
483
730

ZnO

585
1165
1749
2343
2928
3520
4M1
4678

allowed. Among the LO-phonons the most intense RS lines
are 874cm"1 (Ar) and 880cm~' (E); 282 cm"1 (A,) and
338cm"1 (E) lines are less intense but still quite prominent.

According to the data of Refs. 65, 71 the most intense
lines in the RS spectrum of lithium tantalate are A, (TO)
with frequencies of 186 cm" \ 202 cm"' , and 594 cm"1, and
theE (TO) line at 141 cm"'.All LO-phonon lines are weak.

Now let us turn to the HRS spectra. When the 1064 nm
line of he Nd3 + :YAG laser was employed in the accumula-
tion scheme to excite HRS in lithium niobate it turned out
that the most intense lines are: 151 cm~'-E (TO), 784
cm~'-E (TO), and 880"'-E (LO). In the HRS spectrum
the 258 cm" '-A, (TO) line is of medium intensity. Accord-
ing to Ref. 71 the following lines are quite intense in the HRS
spectrum of lithium tantalate: 202 cm"1—A, (TO), 594
c m - ' - E (TO), and 141 cm" ' -E (TO).

A copper vapor laser (578.2 nm line, second optical
harmonic A = 298.1 nm) was also used to excite HRS in
lithium tantalate.64 HRS data were taken in the continuous
registration regime. The use of this laser, which works in the
quasicontinuous regime with fairly low pulse power (20
kW), and of a relatively simple data-taking system was suc-
cessful because of several factors. One of these was the nearly
resonant character of HRS excitation. This conclusion is
corroborated by the fact that attempts to excite HRS in lith-
ium niobate, which has amore distant absorption band,
proved unsuccessful. The "reflection" scheme employed in
Ref. 64 was also more effective than the 90° observation ge-
ometry commonly used in HRS experiments.

2C 6C 8C 1C{H2)

FIG. 15. SRS spectrum of sulfur powder in liquid nitrogen.'' 1-8—SRS
Stokes component series in sulfur; 1C(N2) is the liquid nitrogen compo-
nent; R is the excitation line.

The following intense lines were observed in the HRS
spectrum of lithium tantalate:64 202 cm"' and 594 cm"' A,
(TO) lines; a 355 cm"1 line which corresponds to a very
weak A, (TO) in the RS spectrum; and a 126 cm"1 line
which corresponds to an intense 141 cra" '-E (TO) line in
the RS spectrum. Another interesting HRS line had a fre-
quency — 930 cm"1: this line has no counterpart in the RS
spectrum and can be grouped with the "silent" A2 type
modes.

These data demonstrate that the relative intensity of RS
and HRS lines can vary significantly. This behavior of the
HRS spectra can be explained by the difference in RS and
HRS scattering tensors. In lithium niobate E type lines
dominate the HRS spectrum, whereas in the RS spectrum
A, type lines are more intense. This tendency is not as pro-
nounced in lithium tantalate, however.

The SRS phenomenon in lithium niobate and tantalate
crystals was studied in greatest detail using ruby laser excita-
tion at 694.3 nm.70 The measurements were taken at 300 K.
Laser radiation was focused onto the crystal in a parallel
beam with the crystal inside a resonator; outisde the resona-
tor a weakly convergent beam was used. In the latter case
some vibrational frequencies were shifted slightly because
SRS was due to polaritons and propagated at a slight angle to
the excitation beam.

In LiNbO3 SRS was observed on 1A, (258 cm"1), and
4A, (63 9 cm ~ l) TO-phonons when the excitation propagat-
ed along the x or y crystal axes. When z axis excitation was
used, LO-components of these oscillations—1A, (282
cm"1) and 4A, (874 cm"')—were excited. These data im-
ply a significant difference in the excitation thresholds of
SRS on LO- and TO-phonons. Moreover, they support the
general rule that SRS lines are largely produced by fully
symmetric vibrations,17 usually the most intense one in the
RS sr-'Strum.

We see that all typer of light scattering described in
Sees. 2 and 3 have been - srved in LiNbO3 and LiTaO3

crystals.

7. NEAR-SURFACE CRYSTAL LAYERS

Near-surface crystal layers are the most difficult to
study by light scattering methods and the results of such
studies are difficut to interpret because the state of the layer
and the effective interaction depth /int of light with the layer
are unknown. Often it is assumed that /int = l/k, where k is
the absorption coefficient. We have seen earlier, however,
that this estimate can be seriously in error. In particular, /int
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FIG. 16. HRLS and HRS in KC1 crystals.6471 n a—Observation at 90° to
the incident beam; b—"Reflection" scheme.

can be markedly enhanced at hyperresonance.
The near-surface crystal layer is usually inhomogen-

eous. Even in the absence of extrinsic impurities the crystal-
line structure is deformed, leading to modification of scatter-
ing spectra. To illustrate this, Fig. 16 contains the HRLS and
HRS spectra of the KC1 crystal taken in different ways. In
Fig. 16, a the single crystal spectrum is plotted, with the
scattered light registered at 90° to the propagation direction
of the exciting beam (data from Refs. 71,72). Selection rules
disallow HRLS in KC1 crystals and consequently the ob-
served HRLS signal is due to structural inhomogeneities.
The small intensity of the HRLS signal compared to the
HRS (144 cm"' line) indicates that in this crystal lattice
deformation in the bulk are relatively slight. The situation is
quite different when light is scattered by the crystal surface.
The spectrum obtained in the "reflection" scheme (Ref. 64)
exhibits a much stronger HRLS line (Fig. 16, b). This indi-
cates the deformation of the crystalline structure in the near-
surface layer.

Scattering spectra of near-surface layers allow us to
study the various processes occurring in these layers during
technological processing. Raman spectra of silicon near-sur-
face layers were reported in Refs. 42, 45: these layers were
subjected to ion implantation with subsequent laser or ther-
mal annealing. Different doses of arsenic, phosphorus, and
boron ions, as well as molecular boron fluoride ions, were
implanted at energies from 50 to 150 keV. The thickness of
deformed layers in silicon varied between 0.03 and 0.1 /urn.
Spectra were excited by the 510.6 nm line of a copper vapor
laser. As mentioned in Sec. 4 this arrangement fulfills the
hyperresonance conditions for RS in silicon.

Silicon single crystal RS spectra contain a 521 +0.3
cm"1 line with 3.6 cm"' half-width. The frequency of this
line is unchanged by implantation, but the line becomes
broader and its intensity decreases at higher doses. This be-
havior is much more pronounced in arsenic implantation
than in boron implantation: arsenic ions have greater vol-
ume and cause greater deformation of the crystalline lattice
in the near-surface silicon layers than the smaller boron ions.
After thermal annealing the intensity of this silicon line is
enhanced, indicating that the lattice is reconstituted; the fre-
quency remains unchanged from the single crystal value.

For illustrative purposes we plot in Fig. 17 data on the
evolution of silicon RS spectra in the course of boron flu-
oride ion implantation followed by annealing at 1000 °c.4245

The molecular boron fluoride ion has an intermediate effect:
it is smaller than arsenic but larger than boron. Clearly the
line intensity in the unannealed silicon sample is quite low.

FIG. 17. Raman scattering spectra of silicon implanted with boron flu-
oride ions of 50 keV (a) and 150 keV energy (b)4 2 4 5: 1—unannealed
sample; 2-6—samples annealed at 1000 °C. Implantation doses: 1, 2, 4—
6.310l4cm-';5—12.5-1014 cm"1; 3,6—31.3-1014 cm~'.

Annealing restores the intensity given moderate implanta-
tion doses, but the lineshape is broadened. Increasing the ion
energy decreases the intensity somewhat and further broad-
ens the lineshape.

Laser annealing of implanted silicon samples leads to
more complicated changes in RS spectra. The line acquires
an asymmetric doublet structure with the asymmetry depen-
dent on the annealing regime. The additional RS line after
annealing was first reported in Ref. 73, where silicon single
crystals were implanted with silicon ions. Silicon crystals in
the [111] orientation implanted with a 43.8- 10'4cm~2 dose
of 50 keV phosphorus ions or a 62.5-1014 cm"2 dose of 75
keV arsenic ions were studied in Refs. 42, 45. A YAG Laser
(A = 532 nm) was employed for annealing.

After the silicon single crystal was implanted with ar-
senic the silicon line disappeared indicating that the near-
surface layer was rendered fully amorphous. After the subse-
quent laser annealing a broad band appeared in the
spectrum. The band had two peaks: the main peak at
531+0.3 cm"1 and an additional peak at 514.8 + 0.3
cm"1. As the annealing laser fluence was increased the RS
lines became more intense and their asymmetry was re-
duced. Analogous behavior was observed in silicon implant-
ed with phosphorus. These samples were also subjected to
combined annealing: first laser and then thermal. It was ob-
served that the additional line disappeared after combined
annealing. The main line had the same characteristics as in
the original single crystal, indicating that the crystalline lat-
tice in the near-surface layer was restored.

A significant shift in RS lines of n-Si samples after P,
As, or Sb ion implantation followed by laser annealing was
observed in Ref. 43. The energies of P, As, and Sb ions were
190, 100, and 350 keV respectively. Frequency shifts as large
as 11 cm"' were observed. This study demonstrated that the
frequency shift depends on the free carrier concentration.
After taking into account changes in the lattice constant, it
was shown that experimental data are in good agreement
with a model in which virtual transitions of free electrons
between A, and A2 conduction bands are induced by phon-
ons.

In addition to providing a diagnostic tool for technolo-
gical processing of crystal surfaces, RS spectra can be used to
solve general problems in the physics of solid state surfaces.
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One such problem is the detection and measurement of sur-
face phonons. This problem is quite difficult because the RS
lines corresponding to surface phonons are of low intensity,
while their frequencies are only slightly shifted from the
more intense bulk phonon RS lines.74 To date RS methods
have only been successful in the study of surface phonons in
thin film samples grown on crystalline substrates.75 Surface
phonon states in bulk samples generally differ from their
counterparts in thin films,74 increasing the physical interest
of this problem.

A 5 X 5 X 10 mm3 gallium phosphide crystal was used in
Ref. 76 to study Raman scattering from the [111] plane,
where the intensity of bulk longitudinal (LO) phonon lines
is markedly lower than from the [ 100] plane. This improves
the possibility of observing surface phonons. In order to
avoid sample heating the laser beam was focused onto the
sample as an elongated spot. The authors used the 510.6 nm
line of a copper vapor laser, which falls into the absorption
band of GaP. Consequently the excitation beam did not pen-
etrate more than 20-30//m into the bulk, enhancing the role
of surface effects.

The observed RS spectra are presented in Fig. 18. Two
intense lines in the spectra correspond to bulk LO- and TO-
phonons. At T = 100 K in air the low frequency tail of the
LO-phonon peak exhibits only a small asymmetric feature
(marked with an arrow on Fig. 18,1). If the crystal is placed
in liquid nitrogen the frequency of this feature is shifted
more (Fig. 18, 2) because of the dependence of surface
phonon frequency on the permittivity of the medium in con-
tact with the surface. In this case the frequency difference
between bulk and surface LO-phonons can be calculated as
4.5 cm"1, while the observed LO-phonon line is 1.8 cm ~'
wide. The ratio of the surface phonon scattering intensity to
the TO-phonon line intensity is 6-10~3.

More favorable conditions for the observation of sur-
face phonon effects can be created by using crystalline
powders, since this increases the total surface area. A gal-
lium phosphide powder with ~ 1 /zm grain size was exam-
ined in Ref. 76. RS spectra of this powder in liquid nitrogen
and in CC14 at 78 K are shown in Fig. 18, 3-4. Clearly the
additional peak corresponding to the surface phonon is quite

prominent in this case. Analogous results were obtained us-
ing ZnSe and CdS powders of smaller than 0.1 //m grain size.

8. CONCLUSION

The experimental material discussed above demon-
strates that various types of inelastic light scattering can be
successfully employed to solve varied physical and applied
problems. The dispersive character of the scattering medium
and the associated absorption prove no hindrance to the ob-
servation and investigation of scattering processes. An ap-
propriate selection of experimental conditions makes it pos-
sible to measure full scattering spectra. An analysis of the
resonance excitation conditions indicates that if the absorp-
tion at excitation and scattered frequencies is significantly
different (hyperresonance) interesting scattering peculiari-
ties come to light. Despite the approximate character of the
"opposing fluxes model," this general approach to light scat-
tering in dispersive media holds promise of determining the
general tendencies and interrelations among the various
types of scattering.

Especially interesting is the successful application of
the methods discussed to the study of near-surface layers in
crystals and thin films.
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FIG. 18. Raman scattering spectra of gallium phosphide.76 1—single
crystal at 100 K inside a cryostat; 2—single crystal in liquid nitrogen; 3—
powder in liquid nitrogen; 4—powder in CC14 at liquid nitorgen tempera-
ture. Arrows mark the peak intensities of surface phonon components.
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