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Abstract
Two-LO-phonon resonant Raman scattering has been performed on pure and doped CdS and ZnSe samples and the
results are analyzed in terms of excitonic theory assuming correlated electron}hole pairs as intermediate states in the
transition process. Good agreement with experimental results is found. The excitons involved in the intermediate
transitions are short lived for the doped samples compared to the pure sample. The resonance pro"le for the doped
samples can be better explained by considering the involvement of excitons with larger magnitudes of k. ( 1999 Elsevier
Science B.V. All rights reserved.
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1. Introduction
Raman scattering from wide band-gap material
provides important information on the critical
physical properties of a crystal [1]. For resonant
Raman scattering (RRS), electronic structure plays
an important role in Raman process [2] since the
photon energy lies in the vicinity of the band gap of
the semiconductor. The intermediate virtual electronic transition becomes real and its strength is
only limited by the "nite lifetime broadening of the
electronic states involved in the excitation process.
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In contrast to many other optical techniques, RRS
provides information about both the lattice dynamics and the electronic structure of the semiconductor at the same time. Furthermore, RRS not only
allows one to study the electron}phonon interaction, but also to di!erentiate between the FroK hlich
and the deformation potential interaction using
symmetry considerations. In direct band-gap materials, "rst-order Raman scattering corresponds to
optical phonons restricted to the center of the Brillouin zone with the condition q+0. In secondorder RRS, on the other hand, phonons can have
wave vectors q and q all over the Brillouin zone
1
2
as long as they are nearly equal in magnitude and
have opposite directions. Therefore, RRS by two
phonons contains more information about the electron}phonon interaction and the q dependence of
the same can be studied.
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Over the past years, RRS by one- and two-phonons has been the subject of many investigations in
several III}V and II}VI binary and ternary compound semiconductors [3}9]. The nature of the intermediate states involved in the scattering process
has remained a subject of discussion. Several models
based on the uncorrelated electron}hole pairs or the
free-electron theory (FET) were developed for RRS
process [10,11], but they were criticized because
they were in disagreement with experimental observations. One reason for the failure of the FET models is that they show only outgoing resonance, and,
second is that they require a lifetime broadening
which is much smaller than the broadening observed
in other optical experiments, suggesting that the
assumption of uncorrelated electron}hole pairs as
intermediate states in the transition process is not
suitable. The failure of uncorrelated electron}hole
pair theory to explain the experimental observations
led to the necessity of including electron}hole correlation. Now the role of excitons in one-phonon
RRS process is well studied [4,8,12,13] and it is
understood that Wannier excitons are the intermediate states in one-phonon RRS process. However,
two-phonon RRS was mostly treated with FET and
there has been only limited [14,15] work on the
two-phonon resonance where involvement of excitons was considered.
The aim of this paper is to interpret the experimental results of 2LO-phonon RRS from pure and
doped CdS and ZnSe samples using the excitonic
model. Good agreement obtained between experimental and theoretical resonance pro"les indicates
that the intermediate states in the transition process for 2LO-phonon are correlated electron}hole
pairs. It is observed that the excitonic widths are
increased due to the presence of impurity atoms in
doped samples. The experimental RRS pro"le for
2LO-phonon in doped samples shows better agreement with the calculated pro"le when intermediate
excitons in the transition process are considered
with larger magnitudes of k.

2. Experimental details
Samples used for the present study are pure
CdS, lithium-doped CdS, lithium-doped ZnSe and

iodine-doped ZnSe bulk materials, which will be
denoted by CdS, CdS : Li, ZnSe : Li and ZnSe : I,
respectively. Apart from ZnSe : I, all samples were
grown from the melt, and, where applicable, impurities were introduced by di!usion. ZnSe : I crystal
was grown by the chemical vapor transport (CVT)
method using iodine as the transporting agent. The
details of growth process and the basic optical
properties of this sample are discussed elsewhere
[16,17]. Raman scattering experiments were performed using Jobin Yvon or Spex monochromator,
CCD or PMT detectors and usual optics and electronics. All samples were investigated at low temperature with the visible lines of an Ar-ion laser.
A tunable cw dye laser operating with stilbene 3
and pumped by the ultraviolet lines of the Ar-ion
laser was also used for CdS samples. For ZnSe samples, resonance pro"les were obtained by a combination of wavelength tuning (where probing
energy is varied at a "xed sample temperature) and
band-gap tuning (where sample temperature is varied at a "xed probing energy) methods. In the latter
method, the resonance condition is achieved by
changing the band gap of the material. However,
the results can be converted into a form which is of
the type of the form used for the former method by
assuming the band gap to be "xed and then calculating an equivalent change in the probing energy.

3. Review of theory
In order to explain our experimental results, we
will use the theoretical model discussed by GarciD aCristoH bal et al. [14], which was successfully used by
the authors to interpret their experimental results
on some of the III}V semiconductors. It is therefore
useful to present a review of this theoretical model
in the form which will be used to interpret experimental results of the present work. In Ref. [14], a
rigorous calculation is presented for 2LO-phonon
Raman scattering e$ciency (RSE) for a direct bandgap material. The scattering process was treated
with perturbation theory in the framework of the
e!ective mass approximation by considering Wannier excitons (correlated electron-hole pairs) as intermediate electronic states and the FroK hlich
interaction between excitons and phonons. It is
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usual to express the measured Raman intensities in
terms of RSE, ds/d), which is related to the scattering amplitude, = , by [2]
FI
ds
< ugu3g3 1
4 4
(u)"
+ D= D2,
(1)
FI
d)
(2p)2 c4 (+u)2
F
where u (u ) and g (g ) are frequency and refractive
4
4
index of the incident (scattered) light, < is the
crystal volume, and c is the velocity of light. The
scattering amplitude = is the transition probFI
ability from the initial state I to the "nal state F of
the scattering process, which can be given as [14]

3

tering amplitudes over all transition sequences. The
"nal expression for 2LO-phonon RSE can be written as [14]

A
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where the summation runs over di!erent contributions among discrete and continuous states, and the
integrand is dimensionless with Q"qa, q being
phonon wave vector and a the exciton Bohr radius.
The constant term S includes the exciton binding

C
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,
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where a is the initial state of the intermediate exciton, b and c are the excitonic states after emission
of the "rst and the second phonons, respectively,
E and C are the energies and the widths of the
corresponding excitonic states, +u is the energy
0
of one-LO-phonon, and C can be treated as a normalization constant, which includes the matrix
elements for the exciton}radiation and the exciton}lattice interaction Hamiltonians. The samples studied in the present work have three valence
bands corresponding to the j "$3 holes, the
2
z
j "$1 holes and the split-o! holes, and therefore
2
z
three di!erent excitonic branches are expected to
participate in the scattering process. For wurtzite
CdS, however, the average mass of heavy and light
holes is the same, therefore, heavy and light holes
need not be considered separately. In the resonant
conditions near the fundamental gap, contribution
from heavy holes is much larger than the other two,
so that only one contribution to the scattering
amplitude may be considered for ZnSe samples as
well. However, we found that it was necessary to
include the contribution from light holes for doped
ZnSe samples.
The intermediate states discussed in Ref. [14]
include the discrete (d) and the continuum (c) states
of the excitonic spectra. RSE has several contributions depending upon the sequence of intermediate
states (e.g., cPcPc, dPdPd, cPdPc, etc.),
where each transition contributes to the scattering
amplitude, and hence, RSE includes a sum of scat-

(3)

(2)

energy, the FroK hlich coupling constant and the
interband matrix element. It is shown in Ref. [14]
that the most important contributions to the RSE
comes from the sequences cPdPd, dPdPd
and cPcPd. We therefore consider only these
sequences under the summation in Eq. (3). The
detailed expressions for various contributions in
= were obtained from Ref. [14], and Eq. (3) was
FI
"rst solved analytically and then RSE was calculated numerically to obtain "ts to the experimental results.

4. Results and discussion
The absolute value of RSE in experiment is obtained from the raw data by using a sample substitution method with the LO-phonon line of a Si
sample as a reference [18]. The measured scattering
rate R in the raw data and the absorption coe$cient a of the semiconductor are related to Raman
e$ciency by [2,8]
ds
aH(u) R(u) dsH
(u)"
(u),
dX
a(u) RH(u) dX

(4)

where quantities with the asterisk refer to Si. The
absolute values of RSE for Si are obtained from the
empirical relation [8]
dsH
(u)"(7.75]10~5)(+u!3.4)~4,
dX

(5)

4
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with +u in eV. Eq. (4) was used to calculate the
experimental absolute value of RSE for all samples.
In the present work, we do not calculate the theoretical absolute value of RSE and focus attention
only on the shape of the RSE pro"le. Therefore, in
order to have a comparison, both theoretical expression and experimental values of RSE are normalized to one.
Fig. 1 shows the values of 2LO-phonon RSE for
a pure CdS bulk sample measured in the z(x, x)z6
back scattering con"guration from the S1 0 0T surface, where the electron}phonon FroK hlich interaction is selected by the symmetry. Experimental
data, which are presented by full circles in Fig. 1,
show both incoming and outgoing resonance at
energies E "E !R and E #2+u , respective1s
'
1s
0
ly, the latter being an order of magnitude stronger
than the former, where E is the band-gap energy
'
and R is the exciton binding energy. The theoretical "t calculated from Eq. (3) is presented by the
solid line in Fig. 1. The excitonic widths were obtained from the experimental pro"le and the other
parameters used in the calculation were obtained

from various references listed in Table 1. Good
agreement between experimental values and the
theoretical "t is obtained, which indicates that
2LO-phonon RSE pro"le for this sample can be
understood by invoking the excitonic model.
Experimental data for 2LO-phonon RSE for
CdS : Li are presented in Fig. 2. Experiments were
performed under the same conditions as in the case
of pure CdS. It can be observed that the positions of
the incoming and the outgoing resonance are not
a!ected by the presence of lithium impurities. We
attempted to "t the experimental data with the
same parameters which were used for pure CdS,
and found that the experimental pro"le shows
larger widths than the calculated ones. The theoretical curve agrees well with the experimental pro"le
when we consider larger widths for the discrete
exciton states. This can be explained in terms of an
increased number of decay channels for an exciton
in a discrete state due to the presence of impurity
states. However, as this sample is only lightly
doped, the band-gap energy is nearly unchanged.
The solid line presented in Fig. 2 is calculated from
Eq. (3) along with the parameters listed in Table 1.
ZnSe samples contain comparatively larger
amount of impurity atoms. In earlier studies performed on these samples using Raman scattering,
absorption spectroscopy and photoluminescence
experiments, it was observed that the band edges of

Table 1
Numerical values of the parameters used for various samples for
theoretical "ts in Figs. 1}4. The band-gap energies for CdS
samples are at 4 K and that for ZnSe samples are the e!ective
band gaps at room temperature, which include shifts due to the
presence of impurity atoms

Fig. 1. Normalized RSE for 2LO-phonon in RRS from pure
CdS sample measured at 4 K. Full circles present the experimental values and the curve presents a "t using Eq. (3) and
parameters listed in Table 1. Vertical arrows indicate the position of the incoming and the outgoing resonance at energies
E !R and E !R#2+u , respectively.
'
'
0

Parameter

CdS

CdS : Li

ZnSe : Li

ZnSe : I

E (eV)
'
+u (meV)
0
R (meV)
m /m
% )
C (meV)
$
C (meV)
#

2.589!
38.0#
30.2!
0.3!
4.0$
15$

2.589!
38.0#
30.2!
0.3!
4.8$
15$

2.560"
31.4"
19!
0.19!
7.0$
19$

2.556"
31.3"
19!
0.19!
8.0$
21$

!Ref. [19].
"Refs. [16,17].
#Ref. [20].
$From the "t to experimental values in the present work.
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not be explained with Eq. (3) by considering excitons with small magnitude of k. By considering
k with values larger by an order of magnitude in the
calculation of the scattering amplitude = and
FI
by involving contributions from the light holes, we
obtained reasonably good "ts to our experimental
results for ZnSe : Li and ZnSe : I samples. Resultant
pro"les are shown in Figs. 3 and 4 for ZnSe : Li and
ZnSe : I, respectively, which show fairly good agreement with the experimental pro"les. The values of
exciton widths used for these samples are about
50% larger than those listed in literature for pure
ZnSe. These values are obtained from the "t and
are listed in Table 1. This observation indicates that
the intermediate excitons in heavily doped samples
involve larger magnitudes of k, and are short lived
due to the presence of impurity states close to the
excitonic states.
Fig. 2. Normalized RSE for 2LO-phonon in RRS from CdS : Li
measured at 4K. Full circles present experimental values and the
curve presents a "t using Eq. (3) and parameters listed in Table 1.
The positions of the incoming and the outgoing resonance
remain unchanged by the presence of impurity atoms.

these samples are shifted towards low energy due to
the presence of large amount of impurity [16,17].
The observed band edges for ZnSe : Li and ZnSe : I
at room temperature were found at 2.560 and 2.556
eV, respectively. Raman scattering experiments on
these samples were performed in a normal back-scattering geometry, where both the FroK hlich and the
deformation potential interaction could contribute to the electron}phonon interaction. However,
as shown later, we could obtain reasonably good
theoretical "ts for these samples using Eq. (3),
which indicates that the FroK hlich interaction remains the dominating process in the vicinity of
resonance. Since the samples contain larger
amounts of impurity atoms and the experiments
include temperatures which correspond to an energy of the order of exciton binding energy, it is
expected in Eq. (2) that the excitonic widths C will
have larger values and the energies E will involve
the e!ective band gap of the sample. Further, we
found that the experimental RSE pro"les for doped
ZnSe samples, which show nearly equal strengths
for the incoming and the outgoing resonance, can-

5. Conclusion
Experimental results on 2LO-phonon RRS for
pure and doped CdS and ZnSe samples have been

Fig. 3. Normalized RSE for 2LO-phonon in RRS from ZnSe : Li
presented at room temperature. Full circles present experimental data and the curve presents a "t using Eq. (3) and
parameters listed in Table 1.

6
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ples are obtained when larger magnitudes of k for
the intermediate excitons are considered.

References

Fig. 4. Normalized RSE for 2LO-phonon in RRS from ZnSe : I
presented at room temperature. Full circles present the experimental data and the curve presents a "t using Eq. (3) and
parameters listed in Table 1.

analyzed using the excitonic model to explain the
RSE pro"le, indicating that correlated electron}
hole pairs are intermediate states in the scattering
process for the samples discussed. FroK hlich interaction remains the dominant mechanism for the electron}phonon interaction near resonance even
when the deformation potential interaction is also
allowed by symmetry. Presence of impurity atoms
in the doped samples provide additional decay
channels for excitons and the excitonic widths are
increased. It is found that the intermediate state
excitons in the doped samples necessitate larger
magnitudes of k than in pure or lightly doped
samples. Good agreement between calculated and
observed resonance pro"les for heavily doped sam-
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