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We measured resonant Raman scattering by intersubband electronic excitations in GaAs/AlAs single quan-
tum wells (QWs) with well widths ranging from 8.5 to 18 nm. In narrow(less than,10 nm) QWs with
sufficiently high electron concentrations, only single-particle excitations(SPEs) were observed in intersubband
Raman scattering, which was confirmed by the well-width dependence of Raman spectra. We found charac-
teristic variations in Raman shift and line shape for SPEs with incident photon energy in the narrow QWs.
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Intersubband electronic excitations in quantum wells
(QWs) are strongly affected by many-body Coulomb
interactions.1 In electronic Raman scattering in doped QWs,
two types of intersubband collective excitations have been
confirmed by many researchers2 since the first reports by
Abstreiter and Ploog3 and by Pinczuket al.4 in 1979: a col-
lective charge-density wave(CDW) appears if the polariza-
tions of incident and scattered lights are parallelsid, whereas
a collective spin-density wave(SDW) appears if they are
crosseds'd.

The CDW and SDW excitation energies are given by1,5

ECD < E10 + sa − bdNS, s1d

ESD < E10 − bNS, s2d

based on the local-density-functional theory,6–8 whereNS is
the sheet electron concentration in a QW,E10 is the intersub-
band energy separation that includes static many-body cor-
rections, andaNS andbNS are dynamical many-body correc-
tions (called the depolarization shift and excitonic shift) due
to the direct and exchange-correlation intersubband Coulomb
interactions, respectively. In the crudest approximation,8,9 the
depolarization shiftaNS is proportional toNSdeff and the ex-
citonic shift bNS is proportional tosNS/deffd1/3, wheredeff is
the effective thickness of the two-dimensional electron gas.1

Experimentally,aNS can be determined from the measured
value ofECD−ESD; bNS can be estimated only when there is
information aboutE10.

Later, in 1989, Pinczuket al. reported10 that not only
CDW and SDW but also single-particle excitations(SPEs)
are observed in intersubband electronic Raman scattering
and their transition energy isE10, for modulation-doped
25-nm GaAs/Al0.3Ga0.7As single QWs with NS=s1.5–3d
31011 cm−2. SPEs are observed for both the parallel and
crossed polarizations and seem to become stronger10,11 at
higher values ofNS.

There are many other reports on intersubband electronic
Raman scattering for wide(more than,20 nm) GaAs QWs.
It will be interesting to measure Raman scattering also in

narrower QWs, consideringb /a,sNSdeff
2 d−2/3. However,

there are only a few reports for narrower GaAs QWs12,13

because interface roughness makes Raman peaks broader
and more difficult to observe. Such an experiment has not yet
been reported for a single QW.

In this paper, we report resonant Raman scattering by the
lowests0→1d intersubband electronic excitations in a set of
modulation-doped GaAs/AlAs single QWs with well widths
ranging from 8.5 to 18 nm. We found unexpected results that
parallel- and crossed-polarization Raman spectra of narrow
QWs had only a single peak at almost the same energy,
though electron concentrations in the QWs were high enough
that the theoretical values of the depolarization shift were
more than 10 meV. On the other hand, spectra of a wide QW
had a typical feature in that CDW, SDW, and SPE peaks all
appeared clearly. In an intermediate-width QW we found no
SDW peak, a very small CDW peak, and large SPE peaks,
which led us to conclude that the peaks observed in narrow
QWs correspond to the SPEs. Moreover, characteristic varia-
tions in Raman shift and line shape with incident photon
energy were observed commonly in the narrow QWs. They
were found to have a correlation with resonance strength and
can be qualitatively understood by considering relaxation of
the in-plane wave-vector conservation rule.

The samples used in this study weren-type modulation-
doped GaAs/AlAs single QWs grown by molecular-beam
epitaxy on(001) GaAs substrates:N1, N2, W, andM. Their
well widthsL ranged from 8.5 to 18 nm, as shown in Table I.
The QW structure of sampleN1, for example, consisted of a
Si-doped Al0.33Ga0.67As layer, a 4.0-nm undoped
Al0.33Ga0.67As spacer layer, a 6.0-nm undoped AlAs barrier,
a 10-nm undoped GaAs QW, a 6.0-nm undoped AlAs barrier,
and a Si-doped Al0.33Ga0.67As layer. The other samples had
similar QW structures. The samples were designed such that
calculated values of the depolarization shifts1 were more
than 10 meV, which is larger than the linewidths of intersub-
band transition14 and large enough to see in Raman spectra.
The electron concentrations were controlled mainly by the
thickness of spacer layers. Exceptionally, In0.1Ga0.9As alloy
was used for the QW layer of sampleN2 in order to raise its
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electron concentration sufficiently. The sheet electron con-
centrationsNS and and mobilitiesm at 4.2 K are also shown
in Table I. The values of NS were confirmed by
Shubnikov-de Haas measurements for samplesN1, W, and
M, and by Hall measurements for sampleN2.

Raman spectra were measured at 12 K in a geometry of
backscattering normal to QW layers such that in-plane wave-
vector transfer from an incident photon to an electron was
less than,104 cm−1. Typical values of incident laser power
and spot size were 30 mW and 0.3 mm2, respectively. Find-
ing a suitable resonance condition is crucial for electronic
Raman experiments, particularly for those on narrow single
QWs, in order to make Raman signals intensified and avoid
their overlap with the strong photoluminescence(PL) from
the GaAs QW or AlGaAs layers. In our experiments, the
incident photon energiesEinc were probably resonant with
the energy gap between the electron first-excitedsE1d sub-
band and the heavy-hole second-excitedsH2d subband in a
GaAs QW.15 This was the only resonance condition that
made intersubband Raman scattering observable in the en-
ergy range between the PL peak positions for the QW and
AlGaAs layers in samplesN1, N2, andM.

Figure 1(a) shows typical intersubband Raman spectra of
sampleN1. The backgrounds of the spectra were due to PL
from the QW. The parallel- and crossed-polarization spectra
have only a single peak at almost the same energies of 134.2
and 134.0 meV, respectively, while the theoretical value of
the depolarization shift calculated after Ref. 1 was about 11
meV for the QW withNS=1.231012 cm−2. A similar polar-
ization dependence was observed in sampleN2, as shown in
Fig. 1(b), whereNS=2.031012 cm−2 and the calculated de-
polarization shift was 14 meV. Apparently, these experimen-
tal results do not correspond to the conventional interpreta-
tion for wide QWs that CDW and SDW peaks are in the
parallel- and crossed-polarization spectra, respectively, and
their energy difference is the depolarization shift. We as-
signed the Raman peaks in Fig. 1 to SPEs, which were con-
firmed by the well-width dependence of Raman spectra as
discussed in later paragraphs.

The resonance condition for sampleN1 had an allowable
range of about 70 meV in the vicinity ofEinc=1.80 eV, due
to the electron Fermi distribution and the relaxation of the
in-plane wave-vector conservation rule caused by interface
roughness or other scatterers. In this range, we measured
Raman spectra of sampleN1 and found peculiar variations in
Raman shift and line shape with incident photon energy.
Similar characteristics were also found in sampleN2.

Figure 2 shows the spectra of sampleN1 at various inci-

dent photon energiesEinc: (a) 1.790,(b) 1.807,(c) 1.817, and
(d) 1.835 eV. In Fig. 2(a), the parallel- and crossed-
polarization spectra have almost the same peak positions. In
Fig. 2(b), however, the crossed-polarization spectrum has a
slightly higher peak position than the parallel-polarization
spectrum. In Fig. 2(c), on the other hand, the parallel-
polarization spectrum has a slightly higher peak position
than the crossed-polarization spectrum. In Fig. 2(d), the
parallel-polarization spectrum again has a slightly higher
peak position than the crossed-polarization spectrum, and
their line shapes are very asymmetric. Note, on the whole in
Fig. 2, that the polarization dependence of the peak position
at eachEinc is small compared with the theoretically ex-
pected depolarization shift of 11 meV, and that the Raman

TABLE I. Main parameters of the samples.L is the well width,NS is the sheet electron concentration, and
m is the mobility at 4.2 K. Theoretical values of the depolarization shift are calculated after Ref. 1.

Sample Well/barrier
L

snmd
NS

s1012 cm−2d
m

s104 cm2/Vsd
Calculated depolarization shift

(meV)

N1 GaAs/AlAs 10 1.2 4.3 11

N2 In0.1Ga0.9As/AlAs 8.5 2.0 2.8 14

W GaAs/AlAs 18 0.63 44 9

M GaAs/AlAs 13.5 1.1 5.6 12

FIG. 1. Intersubband electronic Raman spectra of(a) 10-nm
GaAs/AlAs(sampleN1) and(b) 8.5-nm In0.1Ga0.9As/AlAs (sample
N2) single QWs at 12 K. Thei and ' marks mean that incident-
and scattered-light polarizations were parallel and crossed,
respectively.
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shift of the peak position for the parallel polarizations be-
comes larger asEinc increases from 1.790 to 1.835 eV.

Figure 3 shows the Raman shifts of peak position(circles)
and the Raman integrated intensities(squares) versus inci-
dent photon energies in sampleN1. Open and closed sym-
bols correspond to the values for the parallel and crossed
polarizations, respectively. In Fig. 3, there is a correlation
between the Raman shift and the integrated intensity: the
Raman shift becomes smaller as the resonance gets stronger.
Near Einc=1.81 eV, where the Raman shift is larger for the

crossed polarizations than for the parallel polarizations, the
resonance curve for the crossed polarizations has a dip. At
Einc=1.83–1.85 eV, where spectra have larger Raman shifts
and very asymmetric line shapes as shown in Fig. 2(d), the
resonance is weaker for both the parallel and crossed polar-
izations.

Next, to clarify the origin of the intersubband Raman
peaks observed in samplesN1 and N2, we also measured
Raman spectra in wider QWs with well widths of 18(sample
W) and 13.5 nm(sampleM), and investigated how spectral
features changed with well width. Figure 4(a) shows Raman
spectra of sampleW. The CDW peak at 56.1 meV and the
SDW peak at 45.1 meV are clearly seen in parallel- and
crossed-polarization spectra, respectively, as well as the SPE
peaks at 48.3 meV in both the spectra. The energy difference
of 11.0 meV between the CDW and SDW is in good agree-
ment with the theoretical calculation of the depolarization
shift. This is a conventional result that follows Refs. 10 and
11, and other reports.

Figure 4(b) shows Raman spectra of sampleM, which had
an intermediate well width: the large SPE peaks at 69.5 meV
for both polarizations and the small CDW peak at 81.8 meV
for the parallel polarizations.(Sharp peaks at 72.6 and 69.8
meV for the parallel polarizations are from 2-LO-phonon
excitations in GaAs and AlGaAs layers, respectively.) The
SDW peak is not seen, probably because it is too small or
overlapped by the SPE peak. The change in spectral features
with well width shows that the peaks observed in samplesN1
andN2 should be assigned to the SPEs.

The electronic Raman process for intersubband SPEs is
microscopically described as follows: An electron is excited
from a valence-band state to a conduction first-excited sub-
band statefk1,E10+«sk1dg by an incident photon with the
resonant energyEinc, where «skd="2k2/2mp with k being
the electron in-plane wave vector andmp being the effective
mass. Then, an electron in a conduction ground subband
statefk0,«sk0dg recombines with the virtual hole remaining
in the valence-band state, which produces a scattered photon
with energy Escatt. As a result, an intersubband SPE
fk0,«sk0dg→ fk1,E10+«sk1dg occurs.

In a geometry of backscattering normal to QW layers,
basically, the change in the in-plane wave vectorq=k1−k0 is
0 and the Raman shiftEinc−Escattfor the intersubband SPE is

FIG. 2. Intersubband electronic Raman spectra of a 10-nm
GaAs/AlAs QW (sampleN1) at various incident photon energies
Einc: (a) 1.790, (b) 1.807, (c) 1.817, and(d) 1.835 eV.i: parallel
polarizations,': crossed polarizations.(e) and (f) are schematic
diagrams of intersubband electronic excitations with the relaxation
of the in-plane wave-vector conservation rule at low and highEinc,
respectively.

FIG. 3. Raman shift of peak position and Raman integrated
intensity vs incident photon energy in a 10-nm GaAs/AlAs QW
(sampleN1). Open and closed symbols show the values for the
parallel- and crossed-polarization spectra, respectively.

FIG. 4. Intersubband electronic Raman spectra of(a) 18-nm
(sampleW) and(b) 13.5-nm(sampleM) GaAs/AlAs single QWs at
12 K. i: parallel polarizations,': crossed polarizations.
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E10, since photon in-plane wave vectors are negligible. In
fact, there are some dephasing mechanisms that cause broad-
ening of the in-plane wave vectors of the electron and hole
states involved, or the relaxation of the in-plane wave-vector
conservation rule; soqÞ0 intersubband SPE processes are
also allowed.

Figure 2(e) schematically shows a standard case of
uk1u ,kF for intersubband SPEs, wherekF is the Fermi wave
vector. In this case, variousqÞ0 excitation processes only
cause a symmetric width of Raman spectra aroundE10,
which we think corresponds to the case ofEinc,1.83 eV in
our experiments. Near the higher limit ofEinc for intersub-
band Raman scattering, however,uk1u is more than,kF as
shown in Fig. 2(f). In this case, particularqÞ0 excitation
processes such thatk0·q.0 are dominant andEinc
−Escatt.E10. Thus, Raman spectra have a larger Raman shift
and more asymmetric line shape(with a high-energy tail) at
Einc=1.83–1.85 eV than atEinc,1.83 eV. It is not clear at
present which carrier state was most deeply involved in the
in-plane wave-vector conservation relaxation: the electron
ground state, the electron first-excited state, or the virtual
hole state.

In the above discussions, we have assumed for simplicity
that electron subbands have the same dispersion«skd. Here,
we add a note on the case of their different dispersions due to
band nonparabolicity. In general, nonparabolicity is expected
to make the Raman shifts of intersubband SPE peaks smaller

with increasing incident photon energy, but to have little in-
fluence on their line shapes in resonant Raman scattering,
because only carriers aroundk1, where resonance occurs, are
involved. With regard to our results for sampleN1, the Ra-
man shifts of the intersubband SPE peaks become larger as
incident photon energy increases(Fig. 3), which suggests
that nonparabolicity has a smaller effect on Raman scattering
in narrow GaAs QWs than the relaxation of the in-plane
wave-vector conservation rule.

In summary, we have measured intersubband electronic
Raman scattering in GaAs/AlAs single QWs with well
widths ranging from 8.5 to 18 nm. The change in Raman
spectral features with well width shows that only SPEs have
been observed in narrow(8.5 and 10 nm) QWs for both
parallel and crossed polarizations. Variations in Raman shift
and line shape with incident photon energy have been found
in the narrow QWs and qualitatively explained by consider-
ing qÞ0 intersubband SPEs inside and acrosskF.
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