
VOLUME 73, NUMBER 22 PHYSICAL REVIEW LETTERS 28 NovEMaER 1994

Single-Particle Kxcitations in Quasi-Zero- and Qusnsi-One-9@ne~isnal Electron SystenL~i

R. Strenz, U. Bockelmann, F. Hirler, G. Abstreiter, G. Bohm, and G. Weimann

Walter Schottky Institut, Technische Universitat AIunchen, D 857-48 Garching, Germany
(Received 19 July 1994)

Resonant inelastic light scattering is used to probe electronic excitations in shallow etched
GaAs/A1GaAs quantum dots and wires. In both types of structures, intersubband excitations are
observed in depolarized scattering geometries. They show significant blueshift with decreasing
confinement length. In dot structures these transitions appear as dispersionless, whereas in wires they
show strong broadening and an intensity dip at the energetic center of the excitation with increasing
wave vector parallel to the wires, as expected for single-particle excitations. Their line shape correlates
with the linear wave vector dispersion of additionally observed intrasubband excitations.

PACS numbers: 71.50.+t, 78.30.Fs

The study of electronic excitations in semiconductor
heterostructures of reduced dimensionalities has attracted
an enormous amount of research activity in recent years.
Resonant inelastic light scattering by electronic excita-
tions has been shown to be a powerful characterization
method. It allows an investigation of the wave vector
dispersion as well as the distinction between charge den-

sity (CDE), spin density (SDE), and single-particle ex-
citations (SPE) by means of polarization selection rules

[1,2]. Apart from extensive studies on two-dimensional
electron systems much work has already been done on
one-dimensional electron systems in the extreme quantum
limit. One-dimensional intrasubband SDE, SPE, and CDE
as well as intersubband CDE in a sample with only two
occupied subbands were investigated by Goni et al. [3].
Recently, the first observation of intersubband SDE was

reported [4,5]. Inelastic light scattering in systems with
several occupied subbands has been performed by Egeler
et al. [6]. They studied the anisotropic wave vector dis-

persion of confined plasmons. Apart from this collective
excitation, SPE are a dominant feature of the excitation
spectrum in this confinement regime [7],where exchange-
correlation contributions to the electron-electron interac-
tion are expected to be very small [8,9]. Intersubband
excitations in quasi-one-dimensional systems have been
observed by Weiner et al. [10]. However, to our knowl-

edge there have been no investigations of the wave vec-
tor dispersion of SPE in quasi-one-dimensional systems
with several occupied subbands nor any publications on
inelastic light scattering by electronic excitations in zero-
dimensional systems at all.

In this Letter, we report on Raman scattering by SPE
in quasi-zero- and quasi-one-dimensional systems. We
observe up to three intersubband peaks in depolarized
scattering geometries which show a clear blueshift with

decreasing lateral confinement length. Nondispersive be-
havior as well as strong dependence of the scattering in-

tensities on the wave vector component in the direction of
confinement have been verified in all dot and wire sam-

ples. With increasing wave vector component parallel to
the wire we find a strong broadening and an intensity dip

emerging in the center of the intersubband peak. The line
shape correlates with the linear wave vector dispersion of
additionally observed intrasubband excitations proving the
single-particle character of the excitations. The intersub-

band modes reflect the lateral quantization of the single-
particle states.

We use holographic lithography and shallow wet
chemical etching to structure n-type modulation doped
GaAs/A1GaAs single-quantum-well (SQW) samples
laterally. The patterning of the samples leads to a
lateral type II superlattice. This method is known to
produce potential modulations up to 50 meV. Sample
preparation and luminescence properties of these systems
are described in more detail in [11,12]. The electron
density and mobility of the unstructured 80 A. wide SQW
obtained from magnetotran sport measurements af'ter

illumination at T = 380 mK are 10.8 X 10" cm 2 and

1.1 X 105 cd/Vs, respectively. The SQW is grown
on a short period GaAs/A1As superlattice and is located
360 A. below the sample surface. The light scattering
experiments are performed in conventional backscattering
geometry with the samples mounted in a conbnuous flow

He cryostat at T = 5 K. We use a dye laser for resonant
excitation in the range of the second allowed heavy-
hole —electron transition of the SQW and a 0.5 m triple
spectrometer with a liquid nitrogen cooled charge cou-

pled device camera for multichannel detection. Typical
excitation power densities are in the range of 50 W cm 2.

Nonzero in-plane wave vector transfer q = 4e sin a/A is
achieved by tilting the sample normal by an angle u with

respect to the linearly polarized incident laser beam of
wavelength A [1].

Figure 1 shows depolarized light scattering spectra of
dot samples for different geometrical dot sizes and wave
vectors. CDE do not lead to inelastic light scattering
in this configuration. The lowest spectrum dispIays the
reference measurement of the as-grown two-dimensional

structure, where we observe an intrasubband SPE with lin-

ear wave vector dispersion. The maximum of the scatter-

ing intensity is close to hqvF, with vF representigg the

Fermi velocity of the lowest subband. The line shape of
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FIG. 1. Depolarized light scattering by interlevel excitations
in quantum dots. The two parameters at each spectrum denote
the geometrical dot size and wave vector. The lowest spectrum
shows the reference measurement of the as-grown sample and a
line shape fit (continuous line). All contributing transitions are
schematically shown in the inset.

SPE reflects the transition density of states which can be
described by the imaginary part of the corresponding elec-
tronic polarizability [1]. The continuous line is obtained
from a line shape fit, using the Lindhard-Mermin expres-
sion for the 2D intrasubband polarizability [13], which
leads to electron density, single-particle scattering time,
and a carrier temperature of 10.8 X 10" cm, 1.3 ps,
and 10 K, respectively. Going from the bottom to the

top, the next three spectra stem from dot samples with
decreasing geometrical dot size. The size of the nearly
quadratically shaped dots is deduced from atomic force
microscopic (AFM) investigations. The sample with the
largest dots shows structure with an envelope resembling
the line shape of the two-dimensional intrasubband exci-
tation. With decreasing dot size these structures develop
into nearly equidistantly separated peaks showing a sig-
nificant blueshift. The energetic splitting of the modes
is 1.9 meV in the smallest sample of Fig. 1, which is in
the range of the expected single-particle level spacing in
such dot structures. The topmost two spectra are from the
same sample but with different wave vector transfer and
illustrate the dispersionless behavior of all modes. We
assign them to interlevel transitions within the dots as in-
dicated by the inset of Fig. 1. These excitations might
be redshifted with respect to SPE by final state effects.
However, in systems with several occupied subbands this
effect is expected to be very small [8,9]. Therefore we
assume these excitations to reflect the single-particle level
spacing at the Fermi energy. The scattering intensities

of all modes increase systematically with increasing wave
vector transfer. This behavior is very similar to quantum

wires and will be discussed later. A slight anisotropy of
the scattering intensities is observed when turning the di-

rection of the lateral wave vector transfer from the [110]
to the [100] direction. This reflects the anisotropic geo-
metrical shape of the dots.

We now compare our results on quantum dots with light
scattering data obtained from quantum wires. Figure 2
shows depolarized Raman spectra of a wire sample with

600 nm period length and 170 nm geometrical wire width.
The sample is mounted in standing wave geometry,
i.e., transferred momentum perpendicular to the wire
direction. In this configuration we qualitatively expect a
similar behavior as for quantum dots. With increasing
momentum transfer perpendicular to the wire, a strong
gain in intensity of all modes occurs. This is expected
for SPE described by the noninteracting polarizability
function [14,15]

dk
f(&.(k)) —f(~ (k + qadi))

1 R (k + )
—E (k) —ii

x l&ml exp(iqix)ln) (1)

f(E), E(k), q~~, q~, z, lm), and ln) denote the Fermi dis-
tribution function, the free particle wave vector disper-
sion, the wave vector transfer parallel and perpendicular
to the wire, the complex frequency of the excitation,
and the one-dimensional single-particle states of the in-

volved subbands, respectively. For vanishing momen-
tum transfer q& ~ 0 only the even An = 2 transitions are
clearly observed. This is due to parity conservation which
should hold for a two-photon process like Raman scatter-
ing in the case of a symmetric wire potential. We deduce
a lateral subband spacing of approximately 3.3 meV in
this sample, which is in agreement with magnetotransport
measurements. From magnetic depopulation of the one-
dimensional subbands [16] we obtain a subband spacing
of about 3.5 meV assuming a parabolic potential shape.
In contrast to quantum dots, where at T = 0 K, only j
different interlevel transitions across the Fermi energy
contribute to the b, n = j interlevel peak (j = 1,2, . . .) in
the light scattering spectra, in quantum wires all occu-
pied subbands act as starting levels for intersubband tran-
sitions. All these transitions contribute to the scattering
intensity of the corresponding intersubband peak, as is
schematically shown in the inset of tFig. 2 for transitions
with zero wave vector parallel to the wire. As we observe
clearly separated and nearly equidistantly spaced intersub-
band modes we conclude that the confining potential must
be close to a harmonic oscillator potential. The observed
linewidth of the peaks in this scattering geometry is es-
sentially due to inhomogeneous broadening.

We have also studied the wave vector dispersion paral-
lel to the wire. Figure 3 shows depolarized light scatter-
ing spectra with the wire sample mounted in plane wave

geometry for different wave vectors q~~. In this config-
uration, the wave vector transfer is parallel to the wire,
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FIG. 2. Depolarized light scattering spectra of a wire sample
mounted in standing wave geometry for difFerent wave vectors
q&. The inset schematically shows intersubband excitations of
different orders for q~t

= 0.

and two different excitations can be observed. The mode
smaller in energy is only observable for nonzero wave
vector txansfer and reveals a linear wave vector dispersion.
The peak at 6.7 meV stems from hn = 2 intersubband
transitions. Equation (1) shows that these transitions can
only occur for nonzero wave vector components perpen-
dicular to the wire. Grating coupler effects of the etched
sample surface as well as the finite numerical aperture of
the collecting lens system can induce intersubband tran-
sitions even in plane wave scattering geometry. Looking
at the wave vector dispersion of the intersubband peak
we observe nondispersive behavior and strong broaden-
ing. For large wave vectors an intensity dip at the ener-

getic center of the peak emerges.
Both transitions can be understood in terms of a

superposition of different single-particle excitations in the
system. Figure 4 illustrates the different types of one-
dimensional trimsitions for T = 0 K in the absence of
broadening. For intrasubband excitations each subband
contributes a rectangular-shaped peak centered at hqvF,
with vF denoting the Fermi velocity of the subband.
Finite carrier temperature and scattering time lead to
broadening and a slight redshift of the peak. Assuming
a constant subband spacing of 3.35 meV, solving Eq. (1)
for finite temperature T = 5 K, taking into account a
finite single-particle scattering time v. = 1.65 ps by the
Lindhard-Mermin expression [13], and finally sunning
up the intrasubband contributions of all subbands leads
to the line shape shown in Fig. 3 at the left-hand side
(solid line). We deduce 31 meV for the Fermi energy
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FIG. 3. Depolarized light scattering spectra of the wire sample
mounted in plane wave geometrjj for different wave vectors qi.
The continuous lines shoe& calculated spectra of intrasubband
and hn = 2 intersubband excitatioes obtgiee8 Srgm a hanw)sic
oscillator model. The dashed lines shiv the inhm. sebbm@ line
shape if transitions into empty levels are neglected.

of the lowest subband in this system and therefore can
roughly estimate ten occupied subbands. This value is
in good agreement with the camer density we obtain
from confined plasmon excitations observed in polarized
scattering geometry as described in [12].

In the case of intefsubband excitations )n) [m) there
are two different types of transitions as indicated by
Fig. 4. The first type ends at a subband which is not
occupied. For wave vectors small compared to the
Fermi wave vector of the starting level, these transitions
have a full linewidth of 2hquF, „and are centered at
the subband spacing F.„=E„—E [Fig. 4(b)]. If the

upper level is partially occupied, some transitions close
the subband spacing are forbidden because of the Pauli
exclusion principle. This forbidden region becomes larger
with increasing occupation of the upper level. The
result is a splitting of the intersubband excitation into
two peaks [Fig. 4(c)]. An evaluation of the line shape

by summing up all intersubband contributions within a
harmonic oscillator model, using the same parameters as
in the case of intrasubband exritations, is shown m Fig. 3
for different wave vectors q~~ (sohd line). We obtain
one peak centered at the hn = 2 intersubband spacing.
The linewidth of this peak is essentially determined by
the Fermi velocity of the lowest subband and in good
agreement with the experiment. However, ttus model
does not describe the intensity dip observed for large
wave vectors q~~. The dashed line in Fig. 3 shows the
calculated intersubband line shape if transitions that end in
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(a)

(b)

F,n-k
hqvp „

vector dispersion of intersubband and intrasubband exci-
tations has been measured. The systematic variation of
the transitions in energy and shape are explained theoret-
ically, considering single-particle excitations in quantum
wires with several occupied subbands.
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FIG. 4. Schematic sketch of different one-dimensional single-
particle transitions and imaginary parts of their corresponding
polarizabilities for T = 0 K and infinite scattering time. (a)
Describes intrasubband excitations in) in); (b) and (c) show
intersubband transitions in) im) for empty and occupied
levels im), respectively.

unoccupied levels are neglected. Since the initial levels of
these transitions are only weakly occupied, they contribute
predominantly at the center of the intersubband peak
within a purely parabolic model potential. Neglecting
them accounts for an increasing intensity dip in the
center of the intersubband peak with increasing wave
vector qadi. Both models lead to a linewidth of the
excitation which is correlated to the energetic position
of the intrasubband excitations and given by 2hqvF,
which exceeds the linewidth induced by inhomogenous
broadening for wave vectors larger than 7 X 10 cm ' in
our sample. The experimental observation of an intensity
dip for large wave vectors suggests that those transitions
that end in unoccupied levels are slightly redshifted.
This effect can be due to a reduction of the subband
spacing for empty levels which are already close to the
maximum of the lateral potential. The occurrence of the
intensity dip is not only a characteristic signature for
single-particle behavior but also for a deviation from a
strict harmonic oscillator potential. Goni et al. pointed
out the existence of such an intersubband single-particle
gap by studying intersubband plasmons within this gap
[3]. This excitation was observed to be essentially free
from Landau damping for sufficiently large wave vectors.
This shows that either the coupling of the plasmon to the
SPE in the gap is weak or their potential shape reveals
deviations from a harmonic oscillator potential at high
energies similar to the present case.

In conclusion, we have observed interlevel excitations
in zero-dimensional systems by resonant inelastic light
scattering. Increasing confinement energies for decreas-
ing structure size as well as nondispersive behavior have
been demonstrated. In quantum wire structures, the wave
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