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Raman Scattering Resonant with Quasi-Two-Dimensional Excitons
in Semiconductor Quantum Wells
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Raman scattering resonant with quasi-two-dimensional excitons in GaAs-(Al Ga& „)As
heterostructures shows enhancement profiles in agreement with exciton structure meas-
ured in other optical spectra. The profiles have characteristic asymmetries in the in-
coming and outgoing resonances that are specific to the exciton-Optical-phonon interac-
tion in quantum wells. Direct evidence of the degree of exciton confinement appears in
the Raman spectra.

PACS numbers: 71.38.+i, 71.35.+z, 73.40.Lq

Excitons in multiple-quantum-well (MQW) GaAs-
(A1Ga)As heterostructures are formed by electron-
hole pairs which are, to a variable degree, con-
fined in the GaAs layers. This reduction in di-
mensionality results in a pronounced enhancement
of exciton behavior. Measurements of the optical
properties of MQW's' ' have shown several sharp
transitions which are characterized as excitons
constructed from particle-in-a-well eigenstates.
A number of recent papers have focused on vari-
ous aspects of the physics as revealed by such
quasi-two-dimensional excitations. ' '

In this paper we report the observation of Ra-
man scattering resonant with excitons in GaAs-
(A1Ga)As MQW heterostructures Alth. ough sever-
al previous Raman studies of GaAs-(A1Ga)As
heterostructures have been reported, ' "the work
presented here is the first in which exciton be-
havior is observed. We find resonant Baman scat-
tering (RRS) to be extremely effective as a probe
of exciton properties in such systems of reduced
dimensionality. The unique aspects of the quasi-
two-dimensional exc iton-optical-phonon inte rac-
tion are revealed. New information on the degree
of exciton confinement within the quantum wells
is also obtained.

The selection of material parameters has an
important effect on the quantum well potential and
the degree of confinement of the exciton. The po-
tential well depth is determined by the energy dif-
ference between GaAs and (Al„Ga, „)As band gaps.
For GaAs well thicknesses in excess of the bulk
exciton diameter (-300 A), the exciton is essen-

78.30.Gt

tially three dimensional. On the other hand, if
the GaAs thickness is less than -50 A inhomogen-
eous broadening due to imperfection of the inter-
face smears the exciton feature. ' A GaAs well
thickness of -100 A insures both lower dimen-
sionality and a sharp exciton. The width of the
(A1Ga)As barrier determines the coupling between
electron and hole states in adjacent wells. When
the barriers are wider than -100 A, coupling be-
tween the low-energy states of different wells is
negligible for x ~ 0.15. Thus excitons formed
from these states are quasi-two-dimensional.
However, for the highest levels, penetration of
the wave function into the (A1Ga)As layers can re-
sult in coupling between wells. Conduction- and
valence-band states have been calculated in both
the single-well and the Kronig-Penney coupled-
well models. For our sample parameters the
lowest-energy levels are essentially independent
of which model is used since overlap between ad-
jacent wells is minimal. Levels are labeled by
the confinement quantum number n, with the low-
est state being n =1. The exciton energies are
estimated by means of the calculated quantum-
well energy levels and the binding energies ob-
tained by Miller et al. '

Two MQW samples grown by molecular-beam
epitaxy were investigated„Sample A consists of
65 periods of 96-A-GaAs-98-A-(Al», Ga, »)As.
Sample B has 77 periods of l. 02-A-GaAs-207-A-
(Al, »Ga, »)As. All measurements were made
with the sample immersed in liquid helium at T
~ 2 K. Tunable cw dye lasers pumped by a Kr-
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FIG, 1. Resonant Raman profile for a 102- p MQW
heterostructure (sample B). The arrows indicate ex-
citon energies calculated with the single-quantum-well
model.

ion laser served as the source of excitation. LD-
700 dye was used in the range 685-885 nm" and
Hhodamine-101 for 620-690 nm. The laser light
at frequency co~ was focused by a cylindrical lens
and polarized along (110). It entered the sample

along the (001) direction normal to the layers.
Backscattered Stokes light at frequency ~, and
with polarization parallel to that of the incident
beam was selected for this study. In this config-
uration the Baman spectra are dominated by for-
bidden scattering from Lo phonons. This scatter-
ing is associated with Frohlich exciton-optical-
phonon coupling. ""

Figure 1 shows the resonant Raman profile of
sample B between 1.5 and 1.9 eV. Calculated en-
ergies of the n= 1, 2, an/ 3 heavy-hole excitons
are shown by arrows. The Baman spectra ob-
tained in resonance with the n = 1 and n = 2 exci-
tons show only the LO phonon of GaAs. This in-
dicates that the envelope functions for these ex-
citons are mostly confined to the GaAs layers.
For incident photon energies near the pg= 3 and
higher excitons we also observe the LQ phonons
of (AlGa)As, which is evidence that there is ap-
preciable penetration of the barriers by these ex-
ctions.

Vfe have compared the resonant Raman profiles
with excitation luminescence spectra. This is
shown in Fig. 2 for the n=1 excitons of sample A.
In the energy range of the m=1 heavy-hole exci-
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FIG, 2. (a) Resonant enhancement of the Raman spec-
trum from a 96-A MQW heterostructure (sample &) as
the incident laser is tuned near the n =1 heavy-hole ex-
citon. (b) Comparison of the resonant profile with the
excitation spectrum.
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FIG. 3. Comparison of the resonant Raman profile
with the excitation spectrum obtained from a 102-A
quantum-well sample in the energy range of the & =2
exciton. Data points are corrected for absorption. The
solid line is a fit to the resonant profile with Eq. (2) „
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ton peak there is a clear correspondence between
the excitation and Raman spectra. The resonant
enhancement shown in Fig. 2, in which the inci-
dent photon energy coincides with that of the ex-
citon, is termed the incoming resonance. A sirn-
ilar resonant behavior is also expected at the out-
going resonance, where the scattered photon en-
ergy equals that of the optical transition. Strong
luminescence prevents us from observing the out-
going resonance of the n= 1 heavy-hole exciton.
The same luminescence obscures any n= 1 light-
hole exciton resonances.

This difficulty is not encountered for the m= 2

and higher resonances since the major source of
recombination emission occurs at the n= 1 heavy-
hole exciton. Separate incoming and outgoing
resonances for the n= 2 heavy-hole exciton of
sample B can be seen in the results shown in Fig.
3, where we also compare the resonant Raman
profile with the excitation spectrum. The separa-
tion between the two peaks in the resonant profile
is close to the GaAs LO phonon energy (Pi &u „o
= 36.6 meV) as is expected for a double resonance.
In most Raman scattering experiments in semi-
conductors the incoming and outgoing resonances
cannot be separately resolved. " Double resonanc-
es are expected only in the presence of sharp op-
tical structure, and thus are a characteristic sig-!

nature of exciton behavior. ""
The results presented in Figs. 1-3 establish the

applications of BRS to the exciton spectroscopy of
MQW heterostructures. The positions of the in-
coming resonances correspond to the energies of
the optical transitions, while the occurrence of
double resonance indicates that these excitations
are narrow compared to a phonon energy. It is
also possible to monitor the confinement of the
exciton by the presence of (AlGa)As phonons in
the Raman spectra. In the following analysis, the
shape of the resonant profile is used to extract in-
formation on the coupling of optical phonons with
the quasi-two-dimensional excitons.

Most striking in the profile of Fig. 3 is the pro-
nounced asymmetry between the strengths of the
incoming and outgoing peaks. Theories of RBS
for three-dimensional excitons predict an asym-
metric double resonance only when there exists
a large dispersion of the refractive index. ""
This is not the case for our MQW heterostruc-
tures where the variation of the refractive index
near the exciton resonances is of the order of a
few percent. " Thus it appears that there must be
another explanation for the asymmetry of the
double resonance.

Near the g = 2 exciton, the dominant contribution
to the Raman intensity can be written as

(OIP ji) (j Id, ~ I2) (2 I P IO) (OIP l2) (2if1 ~ Ij) (j I P IO)

(E, —R(u~)(E, —tire, ) (E, —A(u, )(E, —ha)~)

where H, is the Frohlich exciton-phonon interac-
tion, (P) represent the matrix elements for the
optical transitions, and E,. is the energy of the
exciton state !j). Within the effective-mass ap-
proximation' " the numerators of both terms in
Eq. (1) are identical. Since the term with E, =E,
can give no asymmetry to the resonant profile,
we focus here on states with jt2. It is clear that
for these states the outgoing resonance, which is
exhibited by the second set of terms, is largest
when E~ & 8,. Thus the observed asymmetry in
the Raman profile suggests that in Eti. (1) the
states with K,. & E, are dominant. In fact the
resonant profile can be interpreted in terms of
the simplified expression

1 l 2

(E, —h~ )(E —k&u, ) (E, —Ii&u )(E—5&v )

(2)
with E & F, as an adjustable parameter. The best
fit is shown as a solid line in Fig. 3. This fit is
obtained for K= 1.85 eV, which is close to the val-

!ue calculated for the n= 3 heavy-hole exciton: E,
=1.81+0.04 eV.

The above analysis indicates that exciton-LQ-
phonon scattering processes in which the exciton
makes a transition to a different quantum-well
state are important. This behavior can be ex-
plained by the quasi-two-dimensional nature of
quantum-well excitons. In the quasi-two-dimen-
sional limit exciton motion in the layer plane,
which includes the relative motion as well as the
translation of the center of mass, is completely
decoupled from the degrees of freedom perpendic-
ular to the layer. In this limit Raman backscat-
tering, in which the LQ phonon dipole moment has
no in-plane component, can only result in a change
in the exciton motion perpendicular to the layers,
i.e„a change in quantum-mell confinement num-
ber n. By contrast, in RRS associated with three-
dimensional excitons wave-vector transfer to the
exciton center-of-mass motion or changes in
hydrogenic quantum numbers can occur.
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In conclusion, resonant Raman scattering yields
new insights into the physics of excitons in semi-
conductor quantum wells. The specific nature of
the quasi-two-dimensional exction-Lo-phonon
interaction is revealed by asymmetry in the
resonant profile. The degree of exciton confine-
ment is monitored by the presence of the (A1Ga)As
phonons in the Raman spectra. As a spectroscop-
ic tool the method is particularly advantageous
in the observation of higher-lying transitions,
which are obscured by background in other opti-
cal techniques.
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