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Multiphonon Raman scattering in ZnSe/Zn,, 4,Cd, ,oSe superlattices

W.S.Li% X.W.Fan? B.J. Yang *, D.Z. Shen ?, Y. M. Lu ?,J.Y. Zhang ® L.C. Chen 2,
Y.B.Chi® YM.Li®

* Laboratory of Excited State Processes, Changchun Institute of Physics, Academia Sinica, Changchun 130021, People’s Republic of China
® State Key Laboratory of Superhard Material, Jilin University, Changchun 130023, People’s Republic of China

Received 10 October 1994; accepted 28 June 1995

Abstract

A study of the multiphonon (MP) Raman scattering in ZnSe/Zn, 30Cd, 50Se superlattices has been performed for the first time. Two kinds
of longitudinal optical phonon modes were observed under the excitation of the 457.9 nm (2.71 eV) and 488.0 nm (2.54 eV) lines of an Ar™
ion laser at room temperature. A systematic discussion to distinguish the MP Raman scattering from hot luminescence is presented.
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1. Introduction

Semiconductor superlattices have recently attracted
much attention because of their unique optical and electrical
properties. In particular, the wide-gap II-VI semiconductor
superlattices are potentially useful for blue-light-emitting
diodes, injection laser, and optical bistability devices.
Recently, Raman scattering has widely been used to study
the phonon modes in semiconductor quantum wells and
superlattices. Significant experimental and theoretical
results have been obtained from the study of first-order
Raman scattering. Huang et al. [1] presented a systematic
microscopic theory for optical-phonon Raman scattering
in multi-quantum wells (MQWs). Lozykowski and Shastri
[2] studied the Raman properties of ZnSe/Zn,_,Cd,Se
single quantum wells. Hou et al. [3] studied resonant Raman
scattering in (CdSe),(ZnSe);/ZnSe short-period super-
lattice MQWs and observed two kinds of ZnSe-like longitu-
dinal optical (LO) phonon in barrier layers and well
layers, respectively. Unlike first-order Raman scattering,
multiphonon (MP) Raman scattering in semiconductor
superlattices has received less attention. For II-VI semi-
conductor quantum wells and superlattices, MP Raman scat-
tering has also been investigated in ZnTe/ZnSe, CdTe/
CdMn, _,Te, CdTe/HgTe, ZnSe/ZnSeS, CdTe/ZnTe, and
(CdTe),(ZnTe),/ZnTe [4-9]. In this paper we report the
results of MP Raman scattering in ZnSe/ZnggyCdg 0S¢
superlattices.

0040-6090/95/$09.50 © 1995 Elsevier Science S.A. All rights reserved
SSDI0040-6090(95)06874-0

2. Experiments

The sample used in this experiment was grown at 320 °C
by metal-organic chemical vapour deposition (MOCVD). A
ZnSe buffer layer with a thickness of 1 pm was first deposited
on a (001) GaAs substrate before the superlattices were
grown. The superlattices were composed of one hundred
Zng 5oCdy 205¢ wells of thicknesses L, =4.0 nm, separated
by the ZnSe barrier layers with L, = 6.0 nm.

The Raman spectra were taken using backscattering geom-
etry under the excitation of various lines of an Ar™ ion laser.
The coordinates X, Y and Z were chosen to be parallel to the
crystal axes (100), (010) and (001), respectively. The
scattered light was analyzed with a SPEX-1403 double
monochromator and detected by a RCA-C31034 cooled
photomultiple tube.

3. Results and discussion

Fig. 1(a) and 1(b) shows room temperature (RT) Raman
spectra excited by the 457.9 nm (2.71 eV) and 488.0 nm
(2.54eV) lines, respectively. In the backscattering geometry,
the transverse optical (TO) phonon mode is forbidden and
LO mode is allowed according to the selection rules. So,
phonon modes observed in Fig. 1 can be attributed to the LO
phonon-like mode. Two different phonon modes, LO, and
LO,, were observed, respectively. Under excitation of the
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Fig. 1. Raman spectra of ZnSe/Zn, 5,Cd, 20Se excited by the (a) 457.9 nm
and (b) 488.0 nm lines of an Ar* ion laser, taken at RT.
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Fig. 2. Photoluminescence spectrum of ZnSe/Zng 5oCdg 2S¢ excited by the
488.0 nm line of an Ar* ion laser, taken at RT.

488.0nm (2.54 eV) line of an Ar* ion laser, the ZnSe barrier
layers were transparent for the incident light of the 488.0 nm
(2.54 eV) line, which is in near-resonant conditions with the
photoluminescence of the ZnggCdy,0Se well layers. The
frequency of LO, was 249 cm~'. Recent investigations of
the Raman spectra of Zn, _,Cd,Se bulk mixed crystal have
shown that LO phonon spectrum versus crystal composition
is the one-mode type [10]. The LO phonon mode shifted
monotonically to the lower energy side from w, o =252cm ™!
for pure ZnSe (x=0) to w =245 cm™! for x=0.25
(Zny45Cdy ,5S¢). Assuming that the LO phonon frequency
in the well layer with x=0.20 is the same as in bulk mixed
crystal, according to Valakh’ result, we can give the
Zng goCdg z0Se-like frequency wy =249 cm™'. Thus, it is
reasonable to attribute LO, in Fig. 1(a) to Zng g,Cdg 20S€-
like LO phonon modes from the Zng g;Cdg 20Se well layers.

The frequency of LO, is 252 cm ™!, 3 cm ™! greater than that
of LO,. At RT, the incident photon energy of the 457.9 nm
(2.71 eV) line of an Ar™ ion laser was quite near to the
bandgap of ZnSe barrier layers, leading to resonant Raman
scattering through band-edge transitions of electrons. Thus,
LO, modes are reasonably assigned to those of the ZnSe
barrier layers.

Fig. 2 shows the photoluminescence (PL) spectrum of
ZnSe/Zny; 3,Cdg 0S¢ superlattices excited by the 488.0 nm
line of an Ar™ ion laser at RT. The PL spectrum exhibits one
peak E; . ZnSe barrier layers are transparent for the incident
light of the 488.0 nm (254 eV) line, so the incident light
directly excites the Zng 3;Cdy 0S¢ quantum wells. In TI-VI
wide-gap superlattices, the enhancement of the exciton bind-
ing energy and the large oscillator strength make it possible
to observe photoluminescence of the n = 1 heavy-hole (HH)
exciton recombination of ZnygCd,,oSe well layers at RT,
so the emission peak E,y in Fig. 2 can be attributed to the
free exciton transition between the n=1 electron subband
(Eg) and the n=1 heavy-hole subband (E) of the
Zng goCdy 50Se wells [11].

Fig. 3 shows polarized and depolarized multiphonon
Raman scattering spectra of the LO,, line under excitation of
the 488.0 nm line of Ar* ion laser at RT. The Zng oCd, 20Se-
like LO phonon located at 249 cm ™! and its overtones were
observed. There is no difference in the polarized Raman spec-
trum and depolarized Raman spectrum except for the inten-
sity.

Fig. 4 shows the MP Raman spectra with excitation by the
lines of (a) 476.5 nm (2.60 eV), (b) 488.0 nm (2.54 ¢V),
and (¢) 514.5 nm (2.41 eV) of an Ar* ion laser. The fre-
quencies of the LLO overtones are listed in Table 1. The LO
frequencies excited by 514.5 nm line are smaller than those
excited by 476.5 nm and 488.0 nm lines. The reason for this
is not yet clear. In Fig. 4(a) and 4(b), LO phonons appear
superimposed on the PL band from n=1 HH exciton emis-
sion. Overtones up to the 4th order were observed. It can be
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Fig. 3. Polarized and depolarized Raman spectra of ZnSe/Zng 5,Cd, 505€¢
excited by the 488.0 nm line of an Ar™ ion laser, taken at RT.
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Fig. 4. Stokes and anti-stokes Raman spectra of ZnSe/Zn g,Cd, ,oSe excited
by the (a) 476.5 nm, (b) 488.0 nm and (c) 514.5 nm lines of an Ar™ ion
laser, taken at RT.

Table 1
The peak positions and FWHM of LO multiphonon Raman lines

En -2L0 -1LO 1LO 2LO 3LO 4LO

(eV)

2.71 w 502 252 252 504 753 1003
(em™")
FWHM 19 20 16 15 23 25
(em™)

2.60 w 499 249 249 497 745 997
(cm™)
FWHM 17 15 14 16 21 26
{(ecm™h)

2.54 w 498 248 249 497 743 990
(em™")
FWHM 17 14 17 21 20 24
(em™h)

241 w 492 246 246 492
(em™")
FWHM 17 14 17 20
(em™")

ascribed to the outgoing resonant process [9]. The process
can be described by the equation:

where E;, and E are the incident photon energy and exciton
energy, respectively, iwy o is the phonon energy and X is the
MP order. The equation means that when the energy of the
scattered photon approaches the exciton energy E, the Raman
line becomes strongly enhanced.

Since hot luminescence (HL) and MP Raman scattering
show similar spectral features, it is important to distinguish
them. HL arises from the emission of a photon after one or
more quanta of vibrational energy have been lost through

anharmonic decay. Resonant Raman scattering arises from
the creation or destruction of a phonon in the ground elec-
tronic state following virtual excitation. Martin [12] offered
a much simpler criterion for distinguishing between the two
processes. For the hot luminescence processes, the spectral
widths of the emitted radiation would be expected to decrease
with order. Concerning the line widths, we measured the
linewidths of the overtones in Fig. 3. The line widths are all
about 17 cm ™', and have a few cm ™! broadened. Another
criterion for distinguishing between the two processes is the
definition of Takagahara [ 13], MP Raman scattering can be
viewed as a one-step coherent process where the observed
emission spectrum is precisely correlated with incident light
in terms of the energy of excitation and polarization. Raman
lines remain the polarization memory up to the highest-order
overtones. In order to identify whether the observed over-
tones originate from MP Raman scattering or HL processes,
we measured the depolarization ratios, I;,, which are defined
as the peak intensity ratio of the parallel polarization to the
perpendicular polarization in Fig. 3. The I, are all about 2.
This indicates that the polarization memory is on the whole
not lost and the highest order overtone still remain polarized.
In addition, the observation of anti-stokes Raman scattering
could provide efficient evidence for distinguishing the MP
Raman scattering from HL [14]. The main differences for
these two kinds of processes are in the relaxation feature of
elementary excitations. MP Raman scattering is a relaxation
process through a virtual immediate state accompanied by
both MP absorption and an emission process, while a HL
process is one through a real state accompanied by cascade
emissions of LO phonons. In a Raman scattering process, we
could observe both stokes an anti-stokes Raman scattering
by LO phonons whenever the incident light energies are
higher or lower than the E,,y level. However, it is impossible
to observe a HL process when incident photon energies are
lower than E, y level. In Fig. 4(c) we observed both stokes
and anti-stokes Raman scattering under the excitation of the
514.5nm (2.41 eV) line, of which the incident photon energy
is lower than the E, 4 level. According to the above criterions,
we attribute the features in Fig. 1 and Fig. 3 and 4 to MP
Raman scattering rather than HL.

4. Conclusions

In conclusion, the ZnSe-like LO,, phonons in ZnSe barrier
layers and Zn, goCdg 20Se-like LO,, phonons in the well layers
were observed under excitation of the 457.9 nm (2.71 €V)
line and the 488.0 nm (2.54 e¢V) line of an Ar* ion laser at
RT, respectively. Overtones up to the 4th order of
Zn, goCdy 20Se-like LO,, modes were presented by the 488.0
nm (2.54 eV) line and the 476.5 nm (2.60 ¢V) line of an
Ar™ ion laser excitation. We also provided some methods to
distinguish the MP Raman scattering from HL.
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