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Abstract. Resonant Raman scattering of excitonic polaritons at LO phonons in ZnCdSe/ZnSSe
superlattices at room temperature reveals strong spatial dispersion effects near the transverse
excitonic resonance frequencyωT. For incident photon energies belowωT, the LO phonon anti-
Stokes frequency shifts exceed the Stokes shifts, while the inverse relation holds aboveωT. All
experimental results can be well described in the excitonic polariton formalism in terms of exciton
branches with positive and negative excitonic masses above and belowωT, respectively, and an
additional damping parameter.

1. Introduction

Raman scattering is expected to be resonantly enhanced when the energy of the incident or
scattered light approaches the energy of an electronic or excitonic transition in the medium [1].
Over a wide energy range around the excitonic resonanceωT, the exciton admixture with the
propagating light is almost complete, and the region of the resonance frequency is determined
not by the longitudinal–transverse splittingωLT, but by [2]

ωc = √ωLTωT. (1)

The polariton wave function with the frequencyωi has a mixed character in the region
|ωi − ωT| 6 ωc, while its dispersion appears almost unperturbed beyond|ωi − ωT| > ωLT.

Raman scattering nearωLT is usually well described by a positively bent polariton
dispersion, i.e. a positive exciton mass. In the case whereωi < ωT, where exciton branches with
positive excitonic mass are absent, excitons may in principle also exist that are theoretically
described by a negative mass [3], i.e. a negatively bent dispersion branch. Large negative
masses of holes were especially proposed for II–VI semiconductors. Corresponding Raman
resonances have, however, not yet been reported. If a negative branch exists, resonances are
expected for scattering with phonons of sufficiently large wave vector. In pure bulk samples and
at the low measuring temperatures usually used, the observed phonons have small wave vectors,
because only phonon contributions near the0 point are excited. To observe possible resonances
of a negative-mass branch, the temperature must thus be raised. At∼100 K, phonons with
sufficiently large wave vectors for the phenomena described below to be observable already
exist. At temperatures exceeding the Debye temperatureTD ' 1.44ωLO (TD ' 350 K for
ZnSe crystals), phonons can be found over the entire Brillouin zone.
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Since excitons in bulk samples dissociate at increased temperatures, layered structures with
quantum wells (QWs) are more suitable. The confinement potential allows the observation of
free excitons even at room temperature [4]. The localization in QWs strengthens the electron–
hole Coulomb interaction, resulting in an increased binding energy and oscillator strength of
QW excitons [5]. Confinement effects also change the selection rules for phonons [6], and
phonons with larger wave vectors are involved in the exciton–phonon interaction. In addition,
spatial dispersion effects may appear, as reported for resonant scattering at acoustic phonons
[7–9] and at two-phonon states involving an acoustic and an optical phonon [10, 11]. We
therefore investigated superlattices of II–VI semiconductors by means of resonant Raman
scattering at room temperature.

2. Experimental conditions

The samples investigated were grown on GaAs(001) by low-pressure MOVPE using DMZn-
TEN, DTBSe, tBSH, and DMCd precursors. The structures consist of tenfold ZnCdSe/ZnSSe
superlattices each grown on a 5 nmZnSe buffer and covered with a 10 nm ZnSSe cap which
has the same sulphur content as the barriers. The periodicity and composition of these
superlattices, as determined by x-ray diffraction, are as follows: 2.9 nm compressively strained
Zn0.79Cd0.21Se quantum wells are strain compensated by ZnS0.14Se0.86 barrier layers 15 nm
thick under tensile strain. The remaining lattice mismatch of the whole stack is less than 0.1%
with respect to the GaAs substrate.

The Raman spectra were recorded at room temperature in the backscattering geometries
z(yx)z̄ (allowed) andz(xx)z̄ (forbidden), with the incident and scattered light nearly perp-
endicular to the (001) sample surface (z ≡ [001], x ≡ [110], y ≡ [11̄0]). The spectra
presented were recorded in thez(xx)z̄ geometry. Identical phonon frequencies were observed
in z(yx)z̄ geometry. The scattered light was analysed by a Dilor-XY spectrometer which was
calibrated using a Si monocrystal before each spectrum was taken. The spectral resolution
was better than 0.5 cm−1. We used lines of Ar+ and Kr+ lasers with a typical power density at
the sample of 5× 103 W cm−2.

3. Experimental results

The ZnCdSe/ZnSSe superlattice exhibits a strong exciton luminescence under UV excitation,
peaking near 2.7 eV at low temperatures; see figure 1. The structure of the luminescence band
is thought to originate from thickness fluctuations of the ZnCdSe QWs. The two peaks denoted
a and b agree well with electron–heavy-hole transition energies calculated for Zn0.79Cd0.21Se
QWs 10 and 12 monolayers thick, respectively. With increasing temperature, both peaks show
a bandgap-related red-shift which can be well fitted by Varshni’s relation [12]. The excitonic
resonance observed at room temperature appears atωT = 20 935 cm−1 (477.7 nm).

Raman spectra excited at different frequenciesωi are given in figure 2. To assign
the observed phonons, we compared the LO phonon frequencies of ternary alloys for the
compositions given in the superlattice Zn1−xCdxSe QWs (x = 0.2) and ZnSxSe1−x barriers
(x = 0.14) with reported data. In bulk ZnCdSe crystals withx = 0.2 Cd content, the
ZnSe-like LO phonon appears atωLO = 246 cm−1 [13]. In ZnSxSe1−x layers with a sulphur
contentx = 0.14, a frequencyωLO = 249 cm−1 has been reported for ZnSe-like LO phonons
[14]. In our measurements, the position of ZnSe-like LO phonons isωLO = 244.7 cm−1 for
non-resonant conditions (λi = 515 and 501 nm) andωLO = 251.7 cm−1 at resonance. The
additional weak peaks marked in figure 2 can be assigned to CdSe and ZnS lattice vibrations
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Figure 1. The excitonic luminescence of the ZnCdSe/ZnSSe superlattice, excited at 3.81 eV. The
temperature dependence of the two maxima is shown in the inset; the solid traces are fits according
to Varshni’s relation.
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Figure 2. Raman spectra of the ZnCdSe/ZnSSe superlattice, recorded for different excitation
wavelengthsλi in z(xx)z̄ geometry at room temperature. The vertical line near 250 cm−1 is a
guide to help one to recognize differences in the 1LO phonon energies.

resulting from the one-mode behaviour in the wells [13] and the two-mode behaviour in the
barriers [14], respectively. In addition, a weak CdS-like phonon is observed under resonant
conditions. This mode is thought to originate from Cd diffusion into the barrier material due
to the high diffusivity of Cd [15].

The phonon modes which appear in addition to the ZnSe-like mode in figure 2 are not
assigned to confined phonon modes of the superlattice. The respective frequencies do not
coincide with the observed frequencies. This is thought to be connected with an insufficient
quality of the interfaces between the ZnCdSe QWs and the ZnSSe barriers, because the
appearance of such modes depends sensitively on the interfaces being sufficiently smooth.
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Since the superlattice is transparent for a non-resonant excitation, we observe away from
resonance only Raman spectra originating from the ZnSSe layers which are thicker (10×15 nm)
than the quantum wells (10× 2.9 nm). The frequency of the ZnSe-like phonon in the ZnSSe
is, however, observed at 244.7 cm−1 instead of the frequency 249 cm−1 reported for thicker
layers [14]. To explain the apparent shift of the ZnSe-like LO phonon, the influence of strain
in the layers has to be considered. If we assume the compressive strain in the superlattice to
be completely confined to the ZnCdSe QW layers and all of the tensile strain to the ZnSSe
barriers, we can apply the standard approach for strain-induced Raman shifts [16, 17] given
by ωLO(ε) = ωLO(0)[1 − (2.35± 0.4)ε] with the material constants of ZnSe. We obtain an
in-plane strainε = −1.0% for the QWs andε = +0.7% for the barriers. This is in good
agreement with the results of our x-ray measurements.

Table 1. 1LO phonon frequencies in quantum wells and barriers of a ZnCdSe/ZnSSe superlattice
at room temperature, in comparison with the results for Zn0.79Cd0.21Se and ZnS0.14Se0.86 bulk
mixed crystals. Strains calculated from the superlattice phonon frequencies are given in the first
and last columns.

Strain ωLO (cm−1) in Zn0.79Cd0.21Se ωLO (cm−1) in ZnS0.14Se0.86 Strain
in well in barrier
(%) Quantum well Bulk Barrier Bulk (%)

−1.0 251.7± 0.5 246a 244.7± 0.5 249b + 0.7
ZnSe-like ZnSe-like

−0.9 198± 2 194a 302± 2 307b + 0.8
CdSe-like ZnS-like

294± 2 304c + 1.4
CdS-like

a Reference [13].
b Reference [14].
c Reference [19].

If the excitation energy approaches the exciton resonance, the QW phonons show a
continuous increase of the LO frequency shift in Raman Stokes spectra up toωLO = 251.7 cm−1

for λi = 473 nm, and up toωLO = 248.9 cm−1 for λi = 483 nm in anti-Stokes Raman spectra,
compared toωLO = 246 cm−1 for bulk mixed ZnCdSe crystals. This finding supports our
assumption of compressive strain in the QWs and tensile strain in the barriers. The energies of
CdSe-like, ZnS-like, and CdS-like LO phonons confirm this picture of strain. The frequency
positions of the observed phonons in the QWs and in the barriers with respect to their positions
in bulk mixed crystals and the calculated strains are shown in table 1. The decrease of the LO
frequency of the CdS-like phonons relative to that in bulk crystals indicates that these phonons
belong to the barriers.

Differences in resonant Raman spectra which are excited with energies above and below
the exciton resonanceωT are shown in figure 3. In all of the spectra the maxima of the phonon
lines are resonantly enhanced if the energy of the excitonic peak coincides with the energy of
a LO phonon peak. For an excitation withλi = 458 nm, the Stokes 3LO and 4LO phonons
have thus maximal intensity, because the exciton resonanceωT appears between these peaks
(figure 3(a)). In addition, the weak ZnS-like phonon on the high-energy side of the ZnSe-like
1LO, 2LO, and 3LO phonons is well resolved in this case. Forωi belowωT, anti-Stokes
lines are more intensive than Stokes lines, due to their smaller energy separation from the
exciton resonance; see figure 3(b) and table 2. From the Raman spectra, an exciton resonance
ωT = 20 934 cm−1 is derived. The value agrees well with that from the photoluminescence
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Figure 3. Resonant Raman spectra excited with energies (a) above and (b) below the excitonic
resonanceωT. The excitonic resonance is marked by arrows.

measurements.
Inserting thisωT-value and a longitudinal–transverse splittingωLT = 11.7 cm−1 [8] into

equation (1), resonances between excitons and LO phonons can be expected in a frequency
regionωc = |ωi − ωT| 6 495 cm−1. We studied Raman spectra associated with LO phonons
over a wide frequency range,−793 cm−1 < (ωT − ωi) < +905 cm−1, as listed in table 2.
The observed frequency deviation from the usual, non-resonant position of LO phonons at
244.7 cm−1 increases with the incident excitation energy and reaches approximately +7 cm−1

for λi = 473 nm; see figure 4. It can be recognized that the anti-Stokes frequency shifts
exceed the Stokes shifts for incident photon energies belowωT, while the relation is reversed
aboveωT. Furthermore, the increase of the LO phonon frequency observed at lower excitation
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Table 2. Resonance shifts of the incident laser light (ωi ), Stokes (ωSt), and anti-Stokes (ωaSt)
Raman frequencies (ωSt = ωi − ωnLO, ωaSt = ωi + ωnLO, with the ordern = 1, 2, 3, 4
of multiphonon scattering) with respect to the excitonic resonanceωT. The last four columns
give the resulting deviations of 1LO ZnSe-like phonon frequencies (1ω) from the non-resonant
positionω1LO = 245 cm−1. Computed data were obtained for the parametersm∗+ = 0.65m0,
m∗− = −1.9m0, andγ = 40 cm−1. (‘Res. shift’ stands for resonance shift.)

Laser line Res. shift Res. shift Res. shift 1ωSt (cm−1) 1ωaSt (cm−1)
λi (ωi − ωT) (ωSt− ωT) (ωaSt− ωT)
(nm) (cm−1) (cm−1) (cm−1) Experiment Theory Experiment Theory

457.9 + 905 −75 (ω4LO) 4.5 4.9 2.3 1.3
+ 170 (ω3LO)

472.7 + 221 −24 (ω1LO) + 466 (ω1LO) 7 7.6 1.6 1.0
−269 (ω2LO)

476.5 + 52 −193 (ω1LO) + 297 (ω1LO) 5.3 5.2 3.3 2.4
−438 (ω2LO)

482.5 −209 −454 (ω1LO) + 36 (ω1LO) 3.3 3.2 4.2 4.8
+ 271 (ω2LO)

488.0 −442 −197 (ω1LO) 1.3 1.0 3.3 3.3
+ 48 (ω2LO)

496.5 −793 + 187 (ω4LO) 0.3 0.5 2 1.5
−58 (ω3LO)
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Figure 4. Stokes (circles) and anti-Stokes (squares) Raman frequency shifts as a function of
the excitation energyωi . Full squares and circles represent experimental results (solid lines); the
positions of the open symbols indicate resonance shifts calculated using equation (4) (dashed lines).
The spectral accuracy of the mode frequency determination is±0.5 cm−1.

energies is not continued at the highest excitation energy measured. Thus forλi = 458 nm,
where the laser line is no longer in resonance, the frequency shift of the ZnSe-like phonons is
decreased in comparison withλi = 473 nm.

The LO frequency shift pattern cannot be explained solely by strain effects. In QW
structures, strain induces a shift to the high-frequency side, as reported for ZnCdSe/ZnSe QWs
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[17]. The effect, however, is the same for both Stokes and anti-Stokes components. In our
measurements, the positions of Stokes and anti-Stokes lines are not only different, but change
their relative positions according to the position of the incident light energy with respect to the
excitonic resonanceωT.

If light waves propagating in a crystal become in resonance with an intrinsic transverse
polarized excitation such as optical phonons or excitons, waves of mixed light polarization are
formed. The dispersion curve of such waves corresponds to a continuous transition from the
photon dispersion curve in the crystal to the dispersion curve of excitons within an energy range
of about 25 cm−1 around the resonanceωT (a region generally studied by means of resonant
Brillouin scattering). Thus photons in the crystal and excitons form a single dispersion curve,
and excitations corresponding to this dispersion curve result in excitonic polaritons. In the
region of parabolic dispersion, polaritons can be regarded as quasiparticles which have a certain
effective mass and kinetic energy. In the following section we describe our experimental results
in the framework of the excitonic polariton formalism in terms of exciton branches with positive
and negative excitonic masses above and belowωT, respectively, and an additional damping
parameter.

4. Discussion

The experimentally observed dependency of LO phonon Stokes Raman lines on the laser energy
shown in figure 4 can, in the resonance region, be approximated by the parabolic dependence

ω(K) = ωLO +Ah̄(K −K0)
2/2m0. (2)

wherem0 is the free-electron mass, ¯h is Planck’s constant, andA is a dimensionless parameter
describing the parabolic bending.K andK0 are the wave vectors of the phonon and the light,
respectively (K0 ' 0), andωLO denotes the LO phonon frequency away from resonance. We
assume—as was shown to be reasonable in reference [18]—that

KvX = ωLO and m∗v2
X/2= h̄(ωi − ωT) (3)

wherevX is the exciton velocity,ωi the frequency of the incident light,ωT the position of
the exciton peak at room temperature, andm∗ the excitonic mass. Stokes and anti-Stokes
resonances are obtained from equations (2) and (3), yielding

(ωSt(K)− ωLO)/ωLO = A(m∗/m0)(ωLO/(ωi − ωT) + ωLO/(ωSt− ωT ))) (4a)

(ωaSt(K)− ωLO)/ωLO = A(m∗/m0)(ωLO/(ωi − ωT) + ωLO/(ωaSt− ωT ))). (4b)

The subscripts St and aSt stand for Stokes and anti-Stokes, respectively;ωi − ωT gives the
frequency difference of the incident light from the excitonic resonance. According to equ-
ation (4), we obtainm∗+ > 0 andωaSt < ωSt for ωi > ωT, because the position ofωSt is
always closer to the resonance than the position ofωaSt. In contrast, forωi < ωT we obtain (if
this branch exists)m∗− < 0 (ωaSt > ωSt), because the position ofωaSt is always closer to the
resonance than the position ofωSt.

For the superlattice investigated, the bending parameterA of equation (2) can be obtained
from the resonant Stokes shifts, yieldingA = 7.5× 10−2. The exciton resonanceωT at room
temperature is taken from Raman spectra:ωT = 20 934 cm−1. Using equation (4) and the
experimental data listed in table 2, we can calculate the Stokes and anti-Stokes Raman shifts
resulting from exciton polariton scattering at LO phonons. To obtain an optimal agreement
with experimental results, an exciton absorptionγ was taken into account by extending
ωLO/(ωi−ωT) in equation (4) toωLO/(ωi−ωT + iγ ). The results obtained with the parameters
m∗+ = 0.65m0, m∗− = −1.9 m0, andγ = 40 cm−1 agree quite well with the experimental
results; see figure 4.
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Figure 5. Dispersion curves for excitonic polaritons (a) and dispersion curves for ZnSe-like LO
phonons (b) both in a ZnCdSe bulk crystal (biaxially strained like the QWs) with aC-fold-reduced
wave vector (solid curve) and in an unstrained ZnCdSe bulk (dotted curve). The arrows in (a)
represent Stokes (solid lines) and anti-Stokes (dotted lines) transitions measured in Raman spectra.
‘UP’ denotes an upper polariton branch. Open and solid circles and squares in (b) represent
experimental and calculated frequencies of Stokes and anti-Stokes phonons, respectively.

For a more complete description of the experiments, the phonon wave vectors which
interact with the excitonic polaritons in Raman scattering have to be considered. Using the
dispersion relations for excitonic polaritons [8] with positive (forωi > ωT) and negative (for
ωi < ωT) exciton masses, and frequencies of initial and scattered excitonic polaritons, we can
define the wave vectors of the particles (figure 5(a)). The effects of strain [17], confinement
[20], and the usual conservation law for Stokes and anti-Stokes wave vectors are taken into
account by a dispersion relation for ZnSe-like LO phonons in the form

ω2(K) = B2
ε {a + [a2 − b(1− cos(πCK))]1/2}.

In this relation,K is scaled in units of 2π/a0, a = 3.2× 104 cm−2, andb = 4.5× 108 cm−4.
Bε is a strain-dependent parameter shiftingω at K = 0 from ωε=0 = 246 cm−1 to
ωε=−0.01 = 252 cm−1. The factorC was chosen as confinement parameter in the form
C = 2π×106/(d1 +d2) ≈ 3.51, whered1 +d2 is the superlattice period. Using this parameter,
the experimental Stokes frequencies agree remarkably well with a dispersion curve of bulk
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ZnCdSe (being strained like the QWs) with aC-fold-reduced wave vector. The direction of
the phonon wave vectorK can be derived from figure 5(a). The angle betweenK and the
(001) surface is given byωLO/|K| ≈ 0. This means that the observed vectorKph lies in the
plane of the QW.

The resulting phonon dispersion, and the experimental and computed wave vectors and
frequencies are shown in figure 5(b). We obtain a good accordance between experimental and
calculated phonon frequencies for Stokes processes, and a reasonable agreement for anti-Stokes
scattering.

In non-resonantphoton Raman scattering (in the backscattering configuration), the phonon
wave vector (q ≈ 0) is normal to the surface. In our case we haveresonancescattering
of excitonic polaritons at A1 ‘forbidden’ phonons corresponding to the Fröhlich-interaction-
induced scattering. In this case, the values of phonon wave vectors are defined by the values
of excitonic polariton wave vectors which are identical to the in-plane phonon wave vectors
K‖ = Kbulk/C with C as defined above.

The consideration of an exciton branch with a negative exciton mass as proposed in
reference [3] provides thus a complete description of all experimental findings within the
framework of excitonic polaritons. As to the nature of negative excitonic masses, the
appearance may be connected to the high compressive strain observed in the ZnCdSe QWs.
Studies of the pressure dependence of the exciton binding energy in GaInAs QW structures
[21] led to the conclusion of a pressure-induced negative hole mass. The main criteria allowing
the observation of a negative exciton mass seem to be the following. First, the presence of
resonance effects atωi < ωT. Second,ωSt 6= ωaSt: ωSt < ωaSt for ωi < ωT andωSt > ωaSt for
ωi > ωT. Third, both phonons with sufficiently large wave vectors and excitons must exist at
the measuring temperature.

5. Conclusions

Resonant Raman scattering of excitonic polaritons on optical (LO) phonons can be observed
at room temperatures in ZnCdSe/ZnSSe superlattice structures. Resonance is possible if
either the incident light or the scattered light fulfils Hopfield’s criterion|ωi − ωT| 6 ωc,
whereωT is the transverse excitonic resonance,ωLT the longitudinal transverse splitting, and
ωc = √ωLTωT ' 495 cm−1 for ZnSe crystals. Spatial dispersion effects associated solely
with optical LO phonons have been observed for the first time. The LO anti-Stokes frequency
shifts exceed the Stokes shifts for incident photon energiesωi belowωT, while the relation is
reversed aboveωT. All of the experimental results are well described in the excitonic polariton
picture using just three parameters, namely by branches with positive(m∗+ = +0.65m0) and
negative(m∗− = −1.9m0) excitonic masses above and belowωT, respectively, and a damping
parameter (γ = 40 cm−1).
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