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Role of elastic exciton-defect scattering in resonant Raman and resonant Brillouin
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We report a detailed resonant Brillouin and Raman study in the wurtzite semiconductor CdSe in the

vicinity of its lowest-energy A exciton. By using a spectrometer and laser system with a combined spectral

resolution of 0.16 cm ' we were able to measure the widths and line shapes of Raman and Brillouin modes.

In a nominally undoped CdSe sample we found that wave vector is conserved in the light-scattering process

only for incident photon frequencies below the longitudinal exciton frequency. For incident laser frequencies

above the longitudinal exciton frequency, scattering processes which do not conserve wave vector became

dominant. We propose that this breakdown in wave-vector conservation is due to elastic exciton-defect

scattering, and our results are in qualitative agreement with the predictions of the elastic exciton-defect

scattering theory of Gogolin and Rashba. In another CdSe sample doped with Li, we found that its Raman

and Brillouin spectra are always dominated by wave-vector-nonconserving modes even for incident photon

frequencies below the A-exciton frequency. From the Brillouin spectra we deduced the following parameters

for the A exciton in CdSe: M, (exciton mass perpendicular to the c axis) = 0.40mo (free electron mass),

M~~ 1.3plo o)T (transverse exciton frequency) = 14713 cm ' (at —10 K), and the splitting between

longitudinal and transverse exciton frequencies is 4 cm

I. INTRODUCTION

The influence of defects on nonresonant Raman
scattering in solids has been investigated ex-
tensively. ' In general defects modify the Raman
spectra of a solid in two ways. Defects introduce
new vibrational and electronic Raman modes which
are absent in the perfect crystal. Such defect-
induced Raman modes are not the subject of this
paper. Defects also change the line shape and in-

tensities of the Raman modes of the perfect crys-
tal. 2 To observe these effects a fairly high defect
concentration (a 10' cm ) is usually necessary.
However, in resonant Raman scattering defect
effects become observable at much lower concen-
trations. 3

Recently the role of impurities in resonant
Raman scattering in semiconductors has been
studied. Several authors have shown that excitons
bound to impurities form resonant intermediate
states in Raman scattering. Yu and Shen showed
that impurities can broaden and shif t the E, reso-
nance peak in the Raman cross section of optical
phonons in InSb. permogorov and Reznitsky have
studied the effect of Ni on momentum conservation
in resonant Raman scattering in CdS. Ulbrich and

%eisbuch7 suggested that impurities are important
in the resonant Brillouin scattering of exciton
polaritons in QaAs. In comparison there are rela-
tively few theoretical studies of impurity effects
in resonant Raman scattering in semiconductors.
Recently Qogolin and Rashba~ showed that defects,
even in low concentrations, can contribute signif-
icantly to the resonant Raman scattering of LO
phonons due to elastic exciton-defect scatterings.

In this paper we report a study of resonant
Raman and resonant Brillouin scattering in CdSe
samples doped with different concentrations of
impurities. By using a cw Aye laser and spec-
trometer system whose combined spectral width
is -0.16 cm ', we are able to observe defect-
induced changes in the line shapes of the Raman
and Brillouin spectra of CdSe when excited reso-
nantly. e obtain for the first time direct evi-
dence of elastic exciton-defect scattering pre-
dicted by Qogolin and Rashba.

The organization of this paper is as follows. In
Sec. II we summarize the theories of resonant
Raman and resonant Brillouin scattering via ex-
citons, both with and without the effect of exciton-
defect scattering. In Sec. III the electronic and
vibrational properties of CdSe are presented, in-
cluding the selection rules for Brillouin and Raman
scatterings. The experimental setup and sample
properties are given in Sec. g7. The experimental
results and their interpretations are presented in

Sec. 7. Section ~ summarizes the results and
conclusions of this article.

II. THEORY OF RESONANT RAMAN AND RESONANT
BRILLOUIN SCATTERING VIA EXCITONS

A. Neglecting defects

The theory of resonant Raman scattering via
excitons in semiconductors, neglecting the effect
of defects, has been treated extensively in the
literature. '0 The corresponding theory of resonant
Brillouin scattering has been studied by Brenig
el al." %'e will briefly summarize these theoreti-
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cal results as an introduction to the theory of
Qogolin and Bashba~ which includes exciton-defect
scattering.

We assume a model system consisting of only
photons and a semiconductor with one single ex-
citon band and several phonon branches (both
acoustic and optical phonons). Furthermore, we
assume the exciton dispersion to be parabolic:

(0) (b)

h&o„(k) =ha„(0) +h ~k~/2M, (1)

where M is the exciton effective mass and h k is
the crystal momentum of the exciton. In the rest
of this paper momentum will always mean crystal
momentum.

In the absence of defects there are only two in-
teractions which are important for light scattering
inside the semiconductor. These are the exciton-
photon interaction (Hz„) and the exciton-phonon
interaction (H~). The different exciton-phonon
interaction mechanisms which can be studied by
light scattering have been reviewed recently by
Yu. Both acoustic and optical phonons interact
with excitons by the deformation potential mech-
anism. In noncentrosymmetrie crystals the
longitudinal-optical (Lo) phonon can couple to
excitons via an additional Frohlich interaction.
In piezoelectric crystals the acoustic phonons have
an additional piezoelectric exciton-phonon interac-
tion. Both the Frbhlich and piezoelectric interac-
tions depend on the phonon wave vector while the
deformation potential interactions are wave-vector
independent.

The exciton-photon interaction leads to the
formation of a coupled mode known as the exciton
polariton inside the medium. It has been shown

by many authors that the exciton-polariton disper-
sion is given by

C2y2 ~~i ~~r

f0(d (d r + (hk &d r/M) —co —1,4l I (2)

In Eq. (2), err [ =~„(0)] and ~~ are, respectively,
the transverse and longitudinal exciton frequencies,
qo is the background dielectric constant of the
medium without the exciton contribution, & is the
speed of light, and I' is the damping of the exciton.
If I' is assumed to be zero, Eq. (2) can be solved
easily to give the two polariton branches shown
schematically in Fig. 1(a). These two branches
will be labeled 1 and 2, respectively. For polari-
ton energy well below fur~, branch 2 is photonlike.
For polariton energies well above hcoi branches 1
and 2 resemble, respectively, the uncoupled
photon and exciton. Only in the vicinity of I(d~ and
hei are the exciton. and photon strongly coupled
together.

If I' is not zero the nature of the solutions of
Eq. (2) can change drastically with I'. Tait" has

WAVE VECTOR It

BRILlOUIN SHIFT

FIG. 1. (a) Schematic polariton dispersion curves
showing the four Brillouin-scattering processes (indi-
cated by arrows) proposed by Brenig, Zeyher, and Bir-
man. The broken curves show the dispersion of the un-
coupled photon and exciton. (b) Schematic dependence
of the Brillouin shifts on polariton frequency for the
four Brillouin processes shown in (a) ~ The notation 1

2 represents the Brillouin scattering of a polariton
from branch 1 to branch 2. u& and ul are, respectively,
the transverse and longitudinal exciton frequencies.

defined a value I', by

1,=2 [Mtu (co —cur)/(Mc )]

For I' ~ 7, the polariton dispersion curves are
essentially the same as in the case I =0. How-

ever, for I larger than I', the photon becomes
decoupled from the exciton and the polariton dis-
persion approaches those of the uncoupled exciton
and the photon [ shown as the broken curves in

Fig. 1(a)].
There are many advantages in using the exciton-

polariton concept to describe resonant light scat-
tering in semiconductors. Since the polariton
wave functions are already diagonal in the exciton-
photon interaction, the only interaction Hamiltonian
left is the exciton-phonon interaction. In most
semiconductors this interaction is weak enough to
be treated perturbatively. Since in the polariton
picture inelastic scattering of light becomes simply
inelastic scattering of polaritons by phonons, the
scattering cross section can be calculated easily
using the "golden rule. " The polariton picture is
still valid for p & I', when the exciton and photon
become decoupled.

The theory of Brillouin scattering of polaritons
was first proposed by Brenig et a2. These
authors pointed out that, for a given acoustic
phonon branch, as many as four polariton-phonon
scattering processes are possible in the vicinity of

These four processes are shown by arrows in
Fig. 1(a). These four Erillouin processes can be
distinguished from each other by the different
dependence of their frequencies on polariton energy
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as shown in Fig. 1(b). The widths of these Bril-
louin modes also depend differently on polariton
energy. These polariton-phonon scattering pro-
cesses have recently been observed in several
semiconductors. ~~

Resonant Raman scattering of polaritons has been
studied theoretically by many authors. ' '~ The
optical phonon frequency is usually much larger
than the splitting v~ —co ~ so when the incident
polariton frequency u, is in the vicinity of re~ the
scattered polariton frequency &u, would be well
below ao ~. Therefore unlike Brillouin scattering,

Oz
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O

O
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FIG. 2. (a) Schematic representations of two Raman
scattering processes of polaritons. {b) Schematic rep-
resentation of a two-phonon scattering of polariton in
which a polariton in branch 1 is scattered to branch 2

with emission of an acoustic phonon followed by the
scattering of the branch 2 polariton with emission of an
LO phonon. (c) Schematic representation of Raman and

Brillouin scattering of polaritons involving elastic ex-
citon-impurity scattering. The broken arrows denote
elastic exciton-impurity scatterings. Two Brillouin
processes are shown. In one, the polariton is first
elastically scattered from branch 1 to branch 2 and then
scattered back to branch 1 with emission of an acoustic
phonon. In the second process, the two steps are re-
versed. In the Raman process, the polariton is scattered
elastically from branch 1 to branch 2 and then from
branch 2 back to branch 2 with emission of an LO phonon.

there are only two polariton Raman scattering
processes. These are shown schematically in
Fig. 2(a). Also the optical phonons usually have
very small dispersion compared to the acoustic
phonons, so these two processes cannot be dis-
tinguished by the dependence of their Raman fre-
quencies on polariton energy. However, their
scattering cross sections do have different depen-
dence on, polariton energy. As pointed out by
Bendow and Birman and by Perlan and Qvander"
the 2- 2 Raman process dominates for ur, below

Its scattering efficiency increases with ao,.
approximately as (&o, —&ur) ', for ar,. & ~r, peaks
slightly below ~~, and then decreases for v, & co~.
The decrease above co~ reflects the smaller con-
version efficiency of external photons to branch 2
polaritons above ~~. Qn the other hand, the 1-2
Raman process is negligible for v, ~ v~. Its scat-
tering efficiency peaks around ~~ and dominates
over the 2- 2 process for ur, above co~. If the
exciton-phonon interaction is wave- vector indepen-
dent the maximum scattering efficiencies for both
processes are comparable. But if the exciton-
photon interaction is wave-vector dependent, the
2 —2 process is more favorable than the 1 —2
process. This is because the phonon emitted in
the 2 —2 process has a much larger wave vector
as shown in Fig. 2(a}. Gogolin and Rashba'
pointed out that under such circumstances the two-
phonon (LO phonon plus an acoustic phonon) pro-
cess shown in Fig. 2(b) may become more
favorable than the one-phonon processes because
the LQ phonon emitted now can have larger wave
vectors. The two-phonon process would be par-
ticularly favorable in strongly piezoelectric crys-
tals because the piezoelectric exciton-acoustic
phonon interaction is also wave-vector dependent.
Recently, Koteles and Winterling have observed
these two-phonon modes in CdS when they tuned

~, above ~~. Furthermore, the dependence of the
frequencies of these two-phonon modes on incident
photon energy indicates that the exciton-acoustic
phonon interaction is indeed due to the piezoelec-
tric interaction.

B. Including effect of defects

Defects can affect resonant light scattering in a
semiconductor in several ways. Defects can trap
excitons to form bound excitons. These bound ex-
citons then form resonant intermediate states in
the scattering process. 4 Defects can also scatter
excitons elastically or inelastically. These scat-
tering processes contribute to the exciton damping
I . As pointed out in Sec. IIA, the polariton dis-
persion depends on I so the Brillouin spectra
which are sensitive to the polariton dispersion are
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effected by defects. In inelastic exciton-defect
scattering the exciton loses energy in exciting the
defect into an electronic or vibrational excited
state. This results in new peaks in the Raman
spectra. In elastic scattering the exciton energy
is unchanged but its wave vector is altered. If
these elastically scattered excitons emit a phonon
before radiative recombination, momentum is not
conserved in the resultant Raman or Brillouin
process because the momentum of the scattered
phonon is no longer equal to the momentum dif-
ference between the incident and scattered photons.
The extra momentum is taken up by the defect. In
this paper we are interested mainly in the elastic
exciton-defect scatterings. Inelastic scatterings.
which produce defect-induced Raman modes will be
the subject of a sepa, rate paper. '

The theory of elastic scattering between impuri-
ties and excitons has been studied by several
authors. ' ' Recently, Gogolin and Rashba ap-
plied these theories to resonant Raman scattering
of LQ phonons. Here we will present some of the
important conclusions of their theory. Gogolin
and Rashba pointed out that if the exciton-phonon
scattering is wave-vector dependent, such as for
LQ phonons, the 1 —2 scattering process in Fig.
2(a) is not very strong because of the small phonon
wave vector involved. In the presence of defects
the polariton in branch 1 can be scattered elastical-
ly into branch 2 by collision with defects. Qnce the
polariton is in branch 2 it can emit an LQ phonon
with much larger wave vector, as shown in Fig.
2(c). This process is similar to the two-phonon
process shown in Fig. 2(b) except that exciton-
defect scattering replaces the exciton-acoustic
phonon scattering. In fact, the two processes
compete with each other with the defected induced
process dominating in heavily doped samples. Al-
though Gogolin and Rashba applied their theory to
LQ-phonon scattering, their theory is valid also
for the piezoelectric acoustic phonons. The cor-
responding Brillouin processes including elastic
exciton-defect scattering are shown. also in Fig.
2(c). To distinguish these Brillouin and Raman
modes, which result from elastic exciton-defect
scattering, from the ones not involving defects
we shall denote them as LQ, LA, a,nd TA .

The defect induced modes have several features
which distinguish them from the normal modes not
involving defects. First, momentum is not con-
served in the scattering processes involving defect
scattering in the sense that the phonon wave vector
q is not equal to the difference between the incident
and scattered photon wave vectors. From Fig.
2(c) it is clear that the phonon wave vector is ap-
proximately equal to the wave vector of the branch
2 polariton which is the resonant intermediate

state. This breakdown in momentum conservation
affects the Raman and Brillouin modes differently.
In the case of the LQ mode, the effects are usual-
ly not very prominent. In case the exciton and I Q-
phonon dispersions are isotropic as in a cubic
crystal, the LQ~-phonon band is no different from
the LO-phonon band except in intensity. In anisot-
ropic crystals such as CdS and CdSe, the break-
down in momentum conservation can modify the
selection rules and cause drastic changes i.n the
LO-phonon line shape. The Brillouin modes are
affected to a greater extent by momentum non-
conservation because of the linear acoustic phonon
dispersion. In general, we expect the TA and
LA" bands to be broader (depending on the anisot-
ropy of the exciton dispersion). Their peak posi-
tions will vary with the incident photon energy as
in the case of Brillouin scattering by polaritons in
the absence of defects. However, their frequencies
will not be the same as the moment-conserving
modes. Second, the momentum- nonconserving
modes are important only when the incident photon
frequency is above ~~ when branch 1 polaritons
are excited. Also, we expect the intensity of these
defect- induced modes to increase with defect con-

centrationn.

Vfe should also point out some differences be-
tween the momentum-nonconserving modes LQ~,
TA, and LA discussed here and the momentum-
nonconserving modes discussed in Ref. 2. In Ref.-
2, the samples studied have such high defect con-
centration that momentum is no longer a good
quantum number. In those cases, phonons with
a large range of wave vectors are excited and the
resultant Raman peaks tend to be very broad and
reflect the phonon density of states. These phonons
do not necessarily have a wave-vector dependent
exciton-phonon interaction and they can be ob-
served in off-resonance. In the present case,
only phonons with a limited range of wave vectors
are observed because they are selectively en-
hanced by the resonant exciton intermediate state.
Thus the LQ, LA, a.nd TA modes are best
studied in samples which are lightly doped with
impurities. That is, the concentration of impuri-
ties is high enough to make exciton- impurity scat-
tering significant but not high enough to cause
complete breakdown in momentum conservation.
Theoretically, it is possible to calculate the opti-
mal concentration of impurities for observing the
LO, LA, and TA modes if the impurity poten-
tial is known. ~ In practice, it means the sample
should have an exciton damping I' & I',.

Resonant light scattering via bound excitons has
also been studied by Gogolin and Rashba by as-
suming that the impurity-exciton potential contains
one bound state. Due to the localization of the ex-
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citon around the impurity, the emitted phonon can
have a range of wave vectors. Hopfield, ~4 for
example, showed that for piezoelectric acoustic
phonons, the bound exciton couples most strongly
to phonons with wave vector given approximately
by (r, +r„) ', where r, and r„are respectively the
distance between the impurity and the electron and
between the impurity and the hole. Thus momen-
tum is not conserved also in resonant light scat-
tering via bound excitons, the phonon momentum

being determined by the localization of the bound

exciton around the impurity. Resonant Raman
scattering at bound excitons has been studied in

CdS by Colwell and Klein and by Damen and Shah.
Resonant Brillouin scattering at bound excitons
has been reported by us in CdSe.

III. ELECTRONIC AND VIBRATIONAL PROPERTIES
OF CdSe

The electronic properties of CdSe have been
studied extensively by ref lectivity, absorptivity, 6 "
and photoluminescence. 3 It is well established
that the lowest conduction-band minimum in CdSe
occurs at the Brillouin-zone center with symmetry
I', (a discussion of the irreducible representations
in wurtzite crystals can be found in Ref. 33). The
valence-band maxima also occur at the zone center
and have symmetries I'„ I',„and l, in the order
of decreasing energy. The excitons formed by
these three valence bands and the conduction band
are known as the A, B, and C excitons, respec-
tively. In this paper we are concerned mostly with
the lowest-energy A exciton. The 1s ground-state
symmetries of the A exciton are I', and I'6. The
I"6 state is electric-dipole forbidden and therefore
is not important in this work. The I'5 exciton is
electric-dipole allowed for radiation polarized
perpendicular to the crystal's c axis (to be denoted

by E l c) and gives rise to an exciton polariton.
The dispersion of this polariton in CdSe has been
determined by Kiselev et al. " using ref lectivity
measurements in very thin CdSe samples. The
exciton parameters, in Eg. (2), they obtained
are' &0=8.4+0.3, M, =0.41+0.02mo (m, being
the free-electron mass), ~~ —co~ =7.7+1 cm ',
~~ = 14 722.2 crn ', and I' = 0.5 ~ 0.2 cm '.

Bound excitons in CdSe have been studied by
Henry et al. in photoluminenscence. The fre-
quencies of the A exciton in CdSe bound to neutral
donors and acceptors are, respectively, 14694.8
cm ' (known as the I2 bound exciton) and 14 657
cm ' (known as the I, bound exciton).

The large absorption cross section of Cd atoms
for thermal neutrons has impeded the determina-
tion of the phonon dispersions in CdSe by neutron
scattering. Only the frequencies of its zone-

center optical phonons have been reported recently
by plotnichenko et al. 35 Their room-temperature
results are listed in Table I. The acoustic-phonon
velocities in CdSe calculated from the elastic
constants36 are 1.54 x 10~ cm sec ' (transverse
mode) and 3.57x 105 cmsec ' (longitudinal mode).

The selection rules for Raman and Brillouin
scattering in CdSe have been reported by several
authors. ' For small phonon wave vectors (q-0)
the nonzero elements of the Raman tensors are
(the z axis is chosen to coincide with the c axis)

I'6 l, (z) I', (&,y)

d d 0 a00 00'
d —d0 Oa0 00c

IV. EXPERIMENTAL SETUP AND SAMPLE
CHARACTERISTICS

The Rarnan and Brillouin spectra of {„dSehave
been obtained with a conventional Raman scat-

TABLE I. Results of Plotnichenko et al. (Ref. 35) for
the frequencies of zone-center optical phonons in CdSe at
room temperature.

Mode Frequencies (cm )

I 6 or E2
1"& or E& (LQ)
r, or Af (LQ)
I'5 or Ef (TQ)
r, or&, (TQ)

34
211
209
169
166

0 0 0 LOOBY cc0
In our experiment we use a backscattering

geometry with both incident and scattered photon
wave vectors parallel or perpendicular to the c
axis (k II c or kl c). The photon polarizations are
always perpendicular to the c axis in order that
the A exciton is the dominant intermediate state.
The allowed Raman modes in CdSe deduced from
the above Raman tensor are I ~, I', (TO) for
klc, and I'6, I'& (LO) for kllc. It is well known

that in resonant Raman scattering via excitons,
wave-vector-dependent scattering of the LO phonon
can be important. ~o This will result in the I'5 (LO)
phonon being present in the kL e configuration.

The selection rule for Brillouin scattering in
CdSe can be deduced from its elasto-optical ten-
sors. For both klc and kll c the allowed Bril-
louin mode is the LA phonon. In piezoelectric
crystals such as CdSe, the possibility of wave-
vector-dependent Brillouin scattering has to be
considered. As has been shown in CdS, the TA
phonon can be observed in the kl c configuration
due to wave-vector-dependent scattering. '

In summary, the phonons which can be observed
in our scattering geometries are listed in Table II.
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TABLE II. The allowed Raman and Brillouin modes in CdSe when effects of elastic exciton-
defect scattering are neglected. The scattering configurations are incident and scattered
photons polarized perpendicular to the c axis; the photon wave vector k is either parallel or
perpendicular to the c axis.

Configuration
Wave-vector-independent

scatter ixg

Wave-vector dependent
scattering

k))c
k&c

t, ering setup with slight modifications. The ex-
citation source is a Coherent Radiation Inc. Model
590 dye laser (dyes: Cresyl violet or Rhodamine
B) pumped by the 514.5-nm output of an Ar-ion
laser. The dye laser linewidth is narrowed to
less than 0.1 cm ~ by a 0.5-mm-thick intracavity
btalon. Because the overall resolution of the sys-
tem is limited by the spectrometer rather than by
the dye laser, no attempt was made to make the
dye laser single mode. The unwanted fluorescence
from the dye laser is removed with a holographic
grating. The dye laser beam is focused onto the
sample with a spherical lens in a backscattering
geometry. Using a spherical lens rather than a
cylindrical lens results in some sample heating.
With a smaller focus on the sample it is easier
to find a smooth spot on the sample which scatters
less light elastically. The sample is cooled by He
exchange gas. Sample heating is minimized by
keeping the dye-laser power below 3 mW. The
sample temperature at the laser focal spot is
estimated to be ~10 K by comparing the lumi-
nescence spectra with those measured at -2 K
by immersing the sample in superfluid He. The
scattered radiation is analyzed by a 0.87-m Spex
double monochromator with 1800-lines/mm
holographic gratings. W'ith a slit width of 25 p, m,
the spectral width of the spectrometer is deter-

SL IT

SLIT r, (LO)

A
11

I i
I

I I
I I

I
I

mined to be 0.16 cm '. The scattered photons are
detected by a cooled photomultiplier and a photon-
counting system.

We have studied several CdSe samples grown by
diff erent techniques at several laboratories. Most
of the heavily doped samples have a strong back-
ground (due to luminescence and elastic scatter-
ing), which masks the Brillouin peaks. We have
observed resonantly enhanced Brillouin scattering
in only two CdSe samples and most of the results
reported here have been obtained from these two
samples.

The first sample is nominally undoped and will
be denoted by CdSe-P. It is a thin platelet grown
from the vapor phase with the c axis contained in
the sample face. The sample surface is mirror-
like and is measured as grown. The size of the
sample (-1x 2 mm2) is too small for impurity
analysis by spark-source mass spectrometry.
The sample quality is estimated from its lumi-
nescence and off-resonant Raman spectra shown,
respectively, in Figs. 3 and 4. The luminescence
spectrum shows a sharp 1, peak (exciton bound to
unidentified neutral donors) at 14696 cm ' and no

tX)
K

V)

UJ iI-
X

TO

I
I
I
I
I
I
I
I

I
I

m-I

I4680
I I

l4700 l4720
PHOTON FREQUENCY (cm ')

l4740

FIG. 3. Photoluminescence spectrum of CdSe-P with
photons polarized perpendicular to the c axis. E2 denotes
a bound exeiton peak.

I I I I I I 1

I67 168 I69 I?0 I7I 2I2 2I3 2I4 215
RAMAN FREQUENCY (cm-I)

FIG. 4. Off-resonant Raman spectrum of Cd'-P. The
excitation frequency is 14 618.3 cm and the scattering
configuration is K &8 and k &P. The broken curve is ob-
tained from the 2LO-phonon spectrum by scaling down
the Raman frequency by a factor of 2 and is meant to
represent the LO-phonon density of states.
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spectrometry analysis indicated that it contains

no known shallow acceptors or donors other than

Na in amounts larger than 10" cm '. Its lumines-
cence spectra is dominated by one broad peak at
14 675 cm ', which is probably due to excitons
bound to some unidentified donor levels. As seen
from Fig. 7, the LO-phonon peak in this sample
is broader than in the other two samples. Fur-
thermore, the line shape of the LO phonon re-
mains unchanged when the excitation frequency is
varied. These results suggest that the amount of
disorder in this sample is so large that momen-

tum is always not conserved in the Haman process.

V. RESULTS AND DISCUSSIONS

A. Resonant Brillouin scattering in CdSe-P

W'e first present the resonant- Brillouin- scat-
tering results in the CdSe- P sample and from
these results determine the polariton dispersion
in CdSe.

In CdSe-P we observed two low-frequency peaks
in the scattered spectra (klc and Etc). The fre-
quencies and widths of these peaks vary with the

excitation frequency +& (as shown in Figs. 8 and

9) similar to what was reported in CdS. Based on

the CdS results we identified these peaks as due

to scattering of the polariton by the TA and LA

phonons in CdSe (crosses and solid circles in

Fig. 8). Using the acoustic-phonon velocities of
CdSe given in Sec. III, we fitted the experimental
points (closed circles and crosses) in Fig. 8 with

Eq. (2) by varying all the parameters except I
which is assumed to be zero. The theoretical
curves which best fit the experimental points are
shown as solid curves in Fig. 8. The A-exciton
parameters obtained in this way are &0=8.4, M,
=0.40+0.05mo, ~~ =14713+1 cm ', and ~L (dT
=4+ 1 cm '. Our value of g, and M, are in good
agreement with those of Kiselev et al. 34 Our value
of or~ is lower than theirs, probably because of
the difference in sample temperatures (their
sample temperature was 1.6 K). Their value of

~~ —(d ~ is almost double our value. There is no

obvious explanation for this large discrepancy.
Kiselev et al. 4 claimed an accuracy of + 0.1 cm
in their determination of ~~ —v~, although we
note that there are disagreements between their
theoretical and experimental curves just between
(d ~ and or~. Also their ref lectivity spectra are
sensitive to the l

&
forbidden exciton and the addi-

tional boundary conditions while the Brillouin peak
positions are not.

Figure 9 shows how the full widths at half maxi-
mum (y) of the TA and LA peaks increase with &o„
as predicted theoretically by Brenig et al. ~ Ac-
cording to this theory, y is determined by the
imaginary part of the incident- and scattered-
polariton wave vectors (denoted by kf and k,",
respectively)
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FIG. 8. Brillouin frequencies of CdSe-P plotted as a
function of the incident laser frequency. The solid cir-
cles and the crosses correspond to the momentum-con-
serving LA and TA modes, respectively. The solid lines
are theoretical fits to the experimental points using the

polariton parameters listed in the text. The open circles
correspond to the momentum-nonconserving modes. The
broken curve is the calculated Brillouin frequency of the
momentum-nonconserving TA* mode assuming that M„
= 1.3mo. The dot-dashed curve is the calculated 2TA
phonon frequency assuming that M„=ma. This curve is
presented to show that the open circles cannot be iden-
tified as two-phonon modes.
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FIG. 9. Full width at half maximum of the TA (cros-
ses) and LA (solid circles) modes in CdSe-P plotted as
a function of the incident laser frequency. The solid
curves are calculated from the polariton dispersion fEq.
(2)] using Eq. (4) and I'=2 cm . The other polariton
parameters in Eq. (2) are given in the text and are de-
termined by the Brillouin frequencies in Fig. 8.

y = 2v, (k,". +k,"),
where v, is the velocity of the acoustic phonon,
and k," and k," are obtained by solving Eq. (2) with
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a nonzero damping l . Since all the exciton pa-
rameters have been fixed by the dispersion of the
Brillouin peak frequencies, the experimental y can
be fitted with Eq. (4) by adjusting only 1'. For
~,- «(d~, the Brillouin widths we measured are
limited by the spectrometer resolution; we have
therefore added to the theoretical y a constant
background of 0.16 cm '. The resultant theoretical
curves for I'=2 cm ' are shown as the solid lines
in Fig. 9. The observed increases in y around m~
are in agreement with theory. We also note that
I' in CdSe-P is equal to I, in CdSe as calculated
from Eq. (2). This justifies our assumption of
using a I' equal to zero in fitting the Brillouin fre-
quencies in Fig. 8.

For ~, in the vicinity of ~~, we found that the
lower-frequency TA Brillouin peak started to
broaden very fast and it persisted even for u,
more than 20 cm ' above e~, while the LA peak
disappeared. A careful examination of the Bril-
louin spectra in this region (shown in Fig. 10) re-
veals that the low-frequency peak probably con-
sists of at least two overlapping peaks

I
see, for

example, curve (d) in Fig. 10]. We no longer identi-
fy the lower-frequency Brillouin peak in this region
as due entirely to scattering of the TA phonon,
which we did in a previous short communication
(Ref. 25). This is the reason why Fig. 9 shows no

data points for the TA mode above co, = 14715 cm ',
unlike Fig. 3 in Ref. 25. In Fig. 8, these new un-
identified low-frequency peaks are shown as open
circles, as distinct from the crosses for the TA
mode.

In CdS, broad Brillouin peaks whose frequencies
vary with ~, for ~, well above ~~ have been re-
ported by both Winterling and Koteles 2 and by Yu
and Evangelisti. 4~ In CdS these peaks have been
identified as two-phonon Brillouin modes. In order
to test whether these broad peaks in CdSe-P are
two-phonon modes or not, we have repeated the
calculation of Yu and Evangelisti43 using the CdSe
polariton parameters derived from the one-phonon
Brillouin modes. We found that for M„~ mo all the
two-phonon peaks in CdSe have frequencies much
higher than that of the observed peak. As an il-
lustration, we show in Fig. 8 the calculated fre-
quencies of the 2TA mode in CdSe for I„=m, (dot-
dashed curve). If we force the 2TA mode to have
the same frequency as the observed peak, we have
to assume that M„=0.2mo, which is not consistent
with the result of Wheeler and Dimmock nor with
the result of the k p calculation. 44 As a result,
we propose that these broad dispersive Brillouin
pea~a are the TA or LA modes due to elastic
exciton-defect scattering. This identification is
supported by the fact that the properties of these
peaks agree with those predicted by the theory of

Cl
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I 2 5 4 5
SRILLOUIN FREQUENCY tcm ')

FIG. 10. Brillouin spectra of CdSe-P showing the
appearance of the broad, momentum-nonconserving
modes for incident photon frequencies above the longi-
tudinal exciton frequency (14717 cm+). The laser fre-
quencies for the six curves are, respectively (a)
14714.6, (b) 14715.1, (c) 14717.S, (d) 14719, (e)
14723.7, and (f) 14725.7 cm . In curve (a) the two
sharp peaks are the TA and LA modes. These two peaks
decrease in intensity with increase in co&, while new
broad structures appear. In curves (c) and (d) the lower-
frequency peak consists of two unresolved peaks which
became separate in curves (e) and (f}. The lower-fre-
quency peak at around 1.8 cm in curves (e) and (f) is
identified as TA* (see text). The higher-frequency peak
is difficult to identiy because it is much weaker.

Gogolin and Rashba discussed in Sec. II B. For
example, these peaks are broader than the one-
phonon Brillouin peaks not involving defect scat-
tering. They appear only for v, ~ v~. Further-
more, with this identification the dependence of
their peak frequencies on ~, can be quantitatively
explained. Although curves (c) to (f) in Fig. 10
indicate that there are two broad, dispersive
peaks, we will concentrate on. the stronger lower-
frequency peak which we identify as TA . From
Fig. 2(c), the wave vector q of the TA phonon scat-
tered is determined by e, through
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cos28 sin2 9
4'» = ~.*(0)+ k&e' +

II J.

where 6) is the angle between q and the c axis. In
CdSe, as in CdS, the piezoelectric exciton-
acoustic phonon interaction tends to be strongest
for q almost parallel to the c axis, 3' ' so the fre-
quency of the TA mode is determined mainly by
M„. The broken curve in Fig. 8 is obtained by
adjusting M„ to be 1.3m„a value consistent with
the result of Wheeler and Dimmock~' and with the
result of the k p band calculation. 44 The agree-
ment between the theoretical curve and the ex-
perimental points is good. From the piezoelectric
constants of CdSe, we expect the LA~ mode to be
comparable in intensity to the TA mode. Thus it
is not obvious why we do not observe the LA
mode. If we identify the lower-frequency peak in

Fig. 8 as the LA mode instead of the TA mode,
we will have to adjust MII to be 0.85m„a value
too small to be consistent with the result of
Wheeler and Dimmock. ' Although there is
another broad peak at higher frequency in curves
(e) and (f) of Fig. 10, its position does not agree
with that of the LA~ mode. We have not been able
to identify this peak.

B. Resonant Raman scattering in CdSe-P

Figure 11 shows several Raman spectra of
CdSe-P for v, in the vicinity of v~ and u~. In

curve (a) &o, is slightly below &or and the LO-
phonon spectrum is quite similar to the nonreso-
nant spectrum shown in Fig. 4. However, when
~, is exactly resonant with &ur [curve (b)], a
fairly sharp peak appears at the I'& (LO) phonon
frequency of 212.3 cm '. This peak increases
rapidly in intensity with increase in &u, [curves
(c) and (d)l, while the I'5 (LO) peak becomes
weaker. The intensities of the I, (LO) phonon
and the 212.3-cm ' peak are plotted as a function
of ur, in Fig. 12. Other than the peak at the bound
exciton, the enhancement of the I', (LO) phonon
for v, &~~ agrees qualitatively with the predic-
tions of the polariton theory of resonant Raman
scattering discussed in Sec. II A. This enhance-
ment is also similar to what was observed by
Koteles and Winterling in CdS. However, for
~,. a~~, significant differences show up between
our CdSe result and the result of Koteles and
Winterling. 20 In CdS, as the I', (LO) Peak de-
creases in intensity, various two-phonon peaks
due to an Lo phonon plus an acoustic phonon ap-
pear and dominate the Raman spectra. In CdSe
we do not observe any two-phonon peak but only
the fairly sharp peak at 212.3 cm '. This peak
cannot be identified as a two-phonon peak because
its frequency does not change with v, . Instead,
we find that the behaviors of this peak are all
consistent with those of the momentum-noncon-
serving I', (LO ) mode.

First, in our scattering geometry of k j.c, the
I

&
(LO) phonon is not allowed by momentum con-

servation. Since the I', (LO~) mode is much
stronger than the momentum-conserving I', (LO)
mode, one may argue that a strong disorder
oriented along the c axis may be responsible for
this breakdown in momentum conservation. For
example, breakdown in momentum conservation
in resonant Raman scattering due to stacking

ri&LO) r5(LO)

, I I

2IO 2I2 2I4 2I6
RAMAN FREQUENCY (cm ')

FIG. 11. Raman spectra of CdSe-P for four incident
photon frequencies: (a) 14704.9, (b) 14712.8, (c)
14 716.5, and (d) 14 719 cm ~. Curve (d) has been dis-
placed upwards for clarity. The bar on the right-hand
side marks its baseline. For all the curves, the scat-
tering geometry is E&c and k&c.
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FIG. 12. The peak intensity of the I'5 (LO) phonon
(solid circles) and the 212.3 cm ~ peak {crosses) in
CdSe-P plotted as a function of incident photon frequen-
cies. The broken curves are for guidance of the eye
only.
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faults has been reported in GaSe. ' However, GaSe
tends to form polytypes and is known to possess
stacking faults, 46 while stacking faults are not
known to exist in CdSe. Instead, the relative
strength of the I'& (LQ*) and I

& (LO) peaks can
be explained within the theory of Gogolin and
Rashba by the wave-vector dependence of the
Frohlich interaction and the anisotropy of the
exciton mass in CdSe. From Fig. 2(c), the LQ-
phonon intensities are determined essentially by
the rate of emission of I 0 phonons by the exciton-
like branch 2 polariton. If f,(e,) denotes the scat-
tered intensity and F(q) is the Frohlich matrix
element, for &o,.& &u~, I,(ur, ) is given approximate-
ly by

&,(&,)~ g +(q)6(~» ~, —~ o(q)) ~ (6)

It is imports. nt to include in Eq. (6} the anisotropy
in the j 0-phonon dispersion. The summation over
q in Eq. (6) is subject to the condition imposed by
Eq. (5). Since E(q) ~q' and M„» M, the I', (LQ")
mode with q II c is much stronger than the I'5 (LO)
mode with q i &. Using the value of M, = 1 3~p
deduced from the Brillouin data and assuming that
the phonon density of states are approximately
equal for the I

&
and I'& modes we obtain f, (I'&}/

I,(I',) should be -3.6 for ~, »u&~. This value is
in reasonable agreement with the experimental
value of -5

I
curve (d) in Fig. 11].

The relative sharpness and enhancement of the
212.3-cm ' peak are also consistent with the be-
havior of the momentum- nonconserving I 0
phonon predicted by the theory of Gogolin and
Rashba. Finally, we note that the appearance of
the 212.3-cm ~ peak occurs approximately at the
same incident photon frequencies as the TA mode
in the Brillouin spectra when ~,. becomes larger
than &u~. This is expected from Fig. 2(c).

To summarize our results in CdSe- P, we ob-
serve that for v,. ~~~ momentum is conserved in
the Brillouin and Raman scatterings of polaritons.
Vixen co, is larger than v~ we found that momentum
is not conserved in both Brillouin and Raman scat-
tering. This occurs as a result of elastic scat-
tering between defects (presumably donors) in the
sample and the polariton. The defects scatter
polaritons in the photonlike branch 1 into the ex-
citonlike branch 2. Because of the large exciton
mass parallel to the c axis (M„) in CdSe, the
polaritons propagating parallel to the c axis have
much larger wave vectors. Since the Frohlich and
piezoelectric exciton-phonon interactions are both
strongly wave-vector dependent, the q ll c excitons
scatter more strongly with phonons than the ql c
excitons. As a result, the scattered spectra are
dominated by phonons with q parallel to the c axis

and momentum is not conserved in the light-scat-
tering process. The behaviors of these momen-
tum-nonconserving modes are all consistent with
the theoretical predictions of Gogolin and Rashba,
thus providing strong evidence that elastic exciton-
defect scattering is important in resonant Raman
and Brillouin scattering in our CdSe sample.

C. Resonant Raman and Brilliouin scattering in Cd'-L

From the high impurity concentrations in CdSe-L
and the absence of polariton effects in its reflec-
tivity spectra, we do not expect to observe reso-
nant Brillouin scattering in CdSe-L. However, we
do observe two low-frequency peaks in CdSe-L and
one of them we identify as a Brillouin peak.

Figure 13 shows several Brillouin spectra of
CdSe-L at 2 K excited at laser frequencies in the
vicinity of the A exciton: (a) 14700.1, (b) 14720.8,
and (c) 14722.0 cm '. The peak intensities and
frequencies of the two modes in Fig. 13 are plotted
as a function of incident laser frequencies in Fig.
14. From these figures, we observe that the low-

Vl
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0 I 2 3 4 5 6
SRILLOUIN FREQUENCY

FIG. 13. Brillouin spectra of CdSe-L for three differ-
ent excitation frequencies: (a) 14 700.1, (b) 14720.8,
and (c) 14722.0 cm . The higher-frequency peak in
curves (b) and (c) is the one of interest in this paper.
The sample temperature in this case is 2 K.
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FIG. 14. Intensity and frequencies of the two peaks in
the Brillouin spectra of CdSe-L plotted as a function of
excitation wavelength. The solid circles and the crosses
correspond respectively to the high- and low-frequency
peaks.

frequency mode at -1.8 cm ' does not depend very
much on the excitation wavelength. At the present
time, we do not have a positive identification for
this mode. Its frequency is very close to the p
mode in Ref. 25 so it is probably an impurity-in-
duced mode also.

We are more interested in the higher-frequency
mode because both its frequency and intensity
changes with excitation frequency. The sharp
resonance in its intensity around the A exciton
suggests that it involves the A exciton as a reso-
nant intermediate state in its scattering process.
The variation of its frequency with (d& is very
similar to the dispersive Brillouin modes in
CdSe-P (Fig. 8). We have, therefore, identified
this mode as a resonantly enhanced Brillouin
mode in CdSe-L. We found that there are two
possible Brillouin processes which are capable
of explaining the peak frequencies of this mode.
In one of the theories, this mode is identified as a
2TA mode. The peak frequencies of the 2TA mode
can be calculated using the results of Yu and

/

r, (Lo) r, (Lo)

I I

2I2 2I4 2I6

RAMAN FREQUENCY (cm ')
FIG. 15. Raman spectra of CdSe-L measured in the

configuration E ic and kic for different incident photon
frequencies: (a) 14706.3, (b) 14715.2, (c) 14719.1, and
(d) 14 723.8 cm i.

I

2IO

Evangelisti in Ref. 43. The experimental points
(closed circles) in Fig. 14(b) can be fitted quite
well by the calculated curve (solid curve) by ad-
justing M„ to be equal to mo. However, this theory
is not entirely satisfactory because M„ is smaller
than the value 1.3m, required to explain the Bril-
louin results in CdSe-P. Also, there is no reason
why the 2TA mode is absent in the purer CdSe-P
sample, while present in the dirtier CdSe-L sam-
ple. As an alternate explanation, we identify this
mode as a momentum-nonconserving Brillouin
mode. The larger amount of impurities in this
sample justifies this identification. Using MI
equal to 1.3mo obtained earlier, we found that the
experimental peak frequencies all fall on the cal-
culated curve for the LA* mode [broken curve in
Fig. 14(b)]. Although the agreement between ex-
periment and the second theory is quite good for
the limited number of experimental points, this
theory does not explain the appearance of the TA
mode in CdSe-P and the I,A mode in CdSe-L. One
possible explanation could be that the different im-
purities contained by the two samples account for
this difference.

The Raman scattering results in CdSe-L are
qualitatively different from those of CdSe-P and
can be understood in terms of the higher impurity
concentration of CdSe-L. In Fig. 6, we have al-
ready shown that the Raman modes in CdSe-L, are
broader than in CdSe-P. Furthermore, the mo-
mentum-nonconserving I', (LO") mode is always
present in the k j.c and E II c configuration even
for (d,. below v~. We note that in CdSe-P the I'&

(LO*) mode is not significant for v,. below &or, but
becomes dominant for (d,. above (di. In CdSe-L
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we found that the 1'i (LO~) mode is always stronger
than the I', (LO) mode and its intensity does not

change much with (d, . This is clear from Fig. 15,
where four Raman spectra of CdSe-L for four dif-
ferent ao, 's are compared. The value of ~, for
curves (a), (b), (c), and (d) in Fig. 15 are, re-
spectively, 14706.3, 14715.2, 14719.1, and

14723.8 cm '.
The above results in CdSe-L can be explained

qualitatively by its higher impurity concentration.
'The impurities broaden the I,o phonons by shor-
tening their lifetime and increase the probability
of exciton-impurity scattering. In the purer
CdSe-P sample, exciton-impurity scattering is
important only for m, ) (d~ when real exciton in-
termediate states can be excited. In CdSe-L, the
amount of impurities is presumably large enough

that exciton-impurity scatterings via virtual-ex-
citon states (these states can be free or bound)
are also important. These scatterings account for
the presence of the momentum-nonconserving l,
(LO ) mode for a&& (a&r when only virtual-exciton
intermediate states are excited.

VI. CONCLUSION

We have studied resonant Raman and Brillouin
scattering in CdSe with a dye laser and spec-
trometer system whose combined spectral width

is ™0.16 cm '. We have observed changes in the
Raman and Brillouin line shapes of {dSe with ex-
citation frequency. In a nominally undoped CdSe
sample we found that, for laser frequencies below
the A-exciton frequency, momentum is conserved
in both Raman and Brillouin scattering. Applying
the theory of Brenig et al. for Brillouin scattering
by exciton polaritons, we deduced the polariton
parameters in CdSe. When the laser frequencies

are above the exciton frequency, we found that
both the Brillouin and Raman spectra in our CdSe
sample become dominated by momentum-non-
conserving peaks. We propose that these peaks
are caused by elastic exciton-defect scatterings
and our results are in qualitative agreement with
the theory of Gogolin and Rashba. In a more
heavily doped CdSe sample, we found that mo-
mentum is not conserved in light scattering even
for laser frequencies below the exciton frequency.
This is consistent with the higher impurity con-
centration in this sample resulting in stronger
exc iton-def ect scattering.

Our results in CdSe support the contention of
Gogolin and Rashba that even small amounts of
crystal defects, such as impurities, play an im-
portant role in resonant light scattering. The rea-
son is that elastic exciton-defect scatterings pro-
duce momentum-nonconserving modes whose
resonance enhancements are different from those
of the momentum-conserving modes. In aniso-
tropic crystals, such as CdSe, we were able to
separate the momentum-conserving Raman modes
from the nonconserving ones by their different
frequencies. This is not always possible, especial-
ly in cubic crystals, and the effect of impurities
has to be taken into consideration in analyzing
resonant Raman scattering results.
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