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Electron dynamics of a two-dimensional electron gas with a random array of InAs quantum dots
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We show that the presence of InAs dots embedded in a host GaAs quantum well containing a two-
dimensional electron gas dramatically modifies the cyclotron resonance~CR!. Far-infrared CR measurements
show two modes with different dispersions with applied magnetic fieldB. The lower-frequency mode, with a
sublinear dependence onB, is identified as a CR at lowB, developing into a skipping orbit around the dot
perimeters at higherB; this has not been previously observed for a system with randomly distributed scatterers.
The higher-frequency mode is identified as a magnetoplasmon localized by the confining effect of the arrays of
repulsive potentials due to the dots in the well. The linewidths of these modes, despite the broad size distri-
bution of the dots, are narrow, suggesting that Coulombic interactions are important.@S0163-1829~99!02435-2#
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The electrical and optical properties of a two-dimensio
electron gas~2DEG! in the presence of various types of sca
tering centers have been well studied. Novel grow
techniques1 now allow mesoscopic structures such
charged quantum dots with small (;20 nm) radii to be in-
corporated directly into quantum wells~QW’s! containing
2DEGs. The optical properties of the dots themselves, s
as strong zero-dimensional confinement,2 have been exten
sively studied and manipulated for potential devices.3 But,
although scattering by self-organized InAs dots in Ga
QW’s has been suggested as limiting the mobility of a 2D
in the host QW,4 little work has been done on the effects
the dots on the optical properties of the host 2DEG its
Far-infrared~FIR! cyclotron-resonance~CR! spectroscopy is
an excellent probe of many relevant properties, revealing
tinct signatures of confinement in dots,5 antidot behavior,6

impurity bound electrons,7 and other phenomena.
In the absence of impurities or other potential fluctuatio

in or near the QW which destroy its in-plane translation
invariance, a single CR absorption mode is observed,
Kohn’s theorem8—that the collective excitation spectrum
consists of a single mode associated with the center-of-m
motion and which is unaffected by electron-electr
interactions—accurately describes the absorption. Here,
organized InAs dots are introduced into a GaAs QW, bre
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ing the translational invariance of the 2DEG and splitting t
CR mode into two modes with different dispersions w
magnetic fieldB. The effects observed are distinct in impo
tant respects from previous work in which charged impu
ties were placed close to the QW,9,10 in that one mode shows
a clear sublinear dependence onB and the two modes show
strongly different carrier density dependence.

The samples were fabricated on an undoped~100! GaAs
substrate by first growing 600 nm of GaAs at 580 °C, fo
lowed by a 50 nm undoped AlxGa12xAs barrier, a 30 nm
GaAs QW, a 40 nm undoped AlxGa12xAs spacing layer, a
40 nm Si-doped (131018 cm23) Al xGa12xAs layer, and a
17 nm GaAs capping layer. A semitransparent (;7 nm)
NiCr gate on top of the structure allowed control of th
2DEG carrier densityNs . Following the Stranski-Krastanov
technique,1 2.0 monolayers~ML ! of InAs were grown in the
QW, on top of the first 10 nm of GaAs, at 530 °C. A 10 n
GaAs layer was also grown at this temperature to protect
InAs when the temperature was returned to 580 °C to gr
the remaining layers. Several samples~a, b, andc! with dif-
ferent dot densities (Nd) were studied.Nd , averaged over a
large area (12mm2), were measured directly for samplesa
and b using transmission electron microscopy~TEM!:11 for
samplea from the center of a wafer,Nd.5.83109 cm22,
and forb from midway between the center and the edge
7780 ©1999 The American Physical Society
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the wafer,Nd.4.63109 cm22. Samplec was from a differ-
ent wafer which included 2.8 ML of InAs covered with
1-nm-thick GaAs capping layer. This capping layer, thinn
than for samplesa and b, implies that samplec should in-
clude 1-nm-high dots. The dot diameter should also
;30% larger than for samplesa and b because of the 2.8
ML InAs thickness.12 The TEM images of the sam
samples11 show well defined dots;33 nm in diameter in
samplea; a dot height;8 nm was estimated from a cros
sectional TEM image.

Magnetotransport and FIR CR measurements~using a
Fourier transform spectrometer! were performed at 3.3 K
using a 4 mm2 Hall bar on a wedged substrate(5°) to avoid
interference effects.Ns at different gate biases (Vg) were
estimated from Shubnikov–de Haas measurements. The
tive FIR transmission@2DT/T512T(B)/T(B50)# mea-
sured for a reference sample containing no InAs dots sho
a single CR peak with a frequency well described byvc
5eB/m* ~with m* 50.070me , e the electronic charge an
me the free-electron mass!, as expected.

Similar FIR measurements were made for samplesa, b,
and c. Figure 1 shows spectra forNs52.631011 cm22 at
variousB for samplea, and Figs. 2 and 3 show the CR pe
position versusB for all samples. A single peak is observe
for B<2.7 T andB.4.6 T for samplea (B<3 T and B
.5.5 T for b, B<4.2 T andB.7.2 T for c!, while at inter-
mediate fields two peaks are observed. The intensities
these peaks—proportional to the number of electrons
volved in each transition—change markedly withB. For
samplea, the higher-frequency mode is first observed atB
53.2 T, and its intensity is;30% that of the lower mode
The intensities become equal aroundB54 T, and at B
54.6 T, when the lower mode is last observed, the inten
of the higher mode is three times that of the lower. Simi
behavior occurs for samplesb andc. The frequencies of the
lower modes in each sample lie below the CR line, and
most clearly shown in samplec, they also vary sublinearly
with B.

The immediate impression from Figs. 2 and 3 is that th
is an anticrossing betweenvc and some optically inactive
modevm . But it is clear thatvm must disperse upwards wit
B with a gradient less than that ofvc . Whatevervm might
be, this would require that the effective electron mass
volved exceeds the usual cyclotron mass~in fact, mm*

FIG. 1. Relative transmission measured for samplea at different
B. Dotted lines are Lorentzian fits.
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50.11me* ). No such mode can be accounted for, and
interpretation of the two branches must be sought elsewh

Because of their lower conduction-band minima, the In
dots, coexisting with the 2DEG, must be negative
charged;13 this results in a repulsive potential around ea
dot,4 and corresponding potential fluctuations in the plane
the 2DEG, for which the InAs inclusions therefore havean-
tidot electrostatic characteristics, and it is natural to look
antidotlike phenomena to explain our observations.

This random array of repulsive centers in the QW c
give rise to two types of electron motion in the presence
B—skipping orbits around individual repulsive centers14,
and a collective motion effectively confined in ‘‘corrals’’ b
the surrounding repulsive centers~Fig. 4!. The latter behav-
ior has been observed for a GaAs-AlxGa12xAs QW with a
nearbyd-doped negatively charged acceptor~Be! layer9 and
discussed theoretically by Merkt15 ~see below!. These behav-

FIG. 2. Measured peak positions vsB for samplesa andb. The
data dot size reflects the energy error bar. The continuous lines
fits with the solutions of Eq.~1! for the low-frequency branches an
with v1 from Eq. ~3! for the high-frequency branches. The dash
line shows the CR measured on the reference sample.

FIG. 3. Measured peak positions vsB for samplec. The data dot
size reflects the energy error bar. The continuous lines are fits
the solutions of Eq.~1! for the low-frequency branches and withv1

from Eq. ~3! for the high-frequency branches. Dots correspond
Ns52.631011 cm22 and squares toNs52.031011 cm22. The
dashed line shows the CR measured on the reference sample
lower-frequency modes have clear sublinear dependences onB.
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iors are in some sense similar, in that the electron or
scatter from repulsive centers, but since no theoretical
scription satisfactorily covers both, we therefore separate
discussion for the lower- and higher-frequency modes
served.

The lower branch can be explained in terms of antidotl
behavior. At lowB, when the cyclotron radiusRc is greater
than the InAs dot radiusRd , a simple CR mode is observe
With increasingB, Rc becomes comparable withRd and the
mode evolves into a skipping mode around a dot~Fig. 4!. As
for the antidot systems in which such skipping orbits ha
been observed,6 the mode energy increases sublinearly w
B ~i.e., with decreasingRc) and decreases in intensity, until
critical value is reached beyond which the mode show
downturn and negative dispersion withB. This value de-
pends onRd as well as onNd , and is characterized by
spatial filling factorf, the ratio between the area covered w
dots and the total sample area, used in effective med
approximation~EMA! calculations of the energy dispersio
(v versusB!.16,17 The mode dispersions for an antidot sy
tem in such an EMA are obtained from16

12
12 f

V~V1Vc!
2

f

V~V2Vc!
50, ~1!

whereV5v/v1 andVc5vc /v1, and

v15A 3p2Nse
2

8m* e0eeffRd

. ~2!

Equation ~1! and other EMA calculations17 give three
branches, the lowest of which disperses initially sublinea
with B as observed experimentally; it eventually shows
downturn and negative dispersion withB expected for edge
magnetoplasmon modes, but the antidot sizes and the m
nitude ofB available here did not allow this to be observe
Equation~1! was used to fit the lower frequency branches
Figs. 2 and 3, and gaveRd525 nm andf 50.03 for sample
a, Rd525 nm andf 50.025 forb, Rd533 nm andf 50.04
for c. These results are consistent with the values ofRd and
Nd obtained from the TEM images for samplesa and b,11

and with the largerRd ~and consequent increase inf ) ex-
pected for samplec because of the thicker InAs layer use
during its growth.12 The larger value ofRd525 nm obtained
by the fits, compared with that observed in the TE
images11 (Rd.17 nm), may be due to lateral depletion e
fects around the edge of InAs dots as well as to a lar
‘‘antidot’’ radius felt by the skipping electrons in the 2DEG
The more pronounced sub-linear behavior observed

FIG. 4. Schematic of the skipping orbits, and a confini
‘‘corral.’’
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samplec is attributable to its larger value ofRd producing
the transition to a skipping mode at lowerB.

The validity of this antidot model is also confirmed b
demonstrating that the lower mode follows theNs depen-
dence in Eq. ~1! and Eq. ~2!. Reducing Ns to 2.0
31011 cm22 markedly reduces the range ofB in which the
low-frequency branch can be observed, as shown in Fig
for samplec. Then a fit with Eq.~1! is too imprecise, but the
lower branch of Eq.~1! can be drawn by using the sam
values of f and Rd obtained forNs52.631011 cm22, but
changing Ns in Eq. ~2!. Figure 3 shows that the low
frequency branch should be roughly unaffected by
change inNs in the observed range ofB, consistent with our
data.

The higher frequency branch of Eq.~1! corresponds at
high B to CR motion between the antidots,14 and at lowerB
shows a negative dispersion withB. This mode has been
observed in square arrays of antidots, and attributed14 to a
one-dimensional~1D! edge magnetoplasmon propagati
along the regular rows. This picture obviously cannot be
plied to our devices, where the InAs dots are irregularly d
tributed; indeed, our experimental high-frequency branc
cannot be realistically fitted with the higher-frequency mod
from Eq. ~1!. However, since the low-frequency branch co
responds to electrons skipping around individual antidots
is relatively unaffected by the irregularity of the antidot di
tribution and can be fitted quite well with Eq. 1.

To explain the higher-frequency branch, we note th
the CR resonance was split by;20 cm21 for a
GaAs-AlxGa12xAs QW with ad-doped~Be! acceptor layer
nearby.9 These acted as repulsive centers, and the pote
fluctuations in the QW constrained the 2DEG in ‘‘puddles
to produce a confined collective mode. This picture was s
ported by the theoretical discussions of Merkt,15 who noted
that the new CR modes mark a departure from Kohn’s th
rem and have aB dispersion of the same form as for a 2DE
confined in zero dimension.5 A similar interpretation can be
applied to the repulsive centers in the InAs/GaAs syst
here. TEM images11 show that the distribution of InAs dot
is not completely random, but regions of the 2DEG
corrals—are loosely enclosed by more closely spaced d
The high-frequency data can then be fitted using the up
branch~1! of the dispersion relation for the collective mod
of a 2DEG confined in all three dimensions,5 which is also
valid for confinement by randomly distributed centers:15

v6 56
vc

2
1AS vc

2
D 2

1v0
2, ~3!

wherev0 is the magnetoplasmon frequency atB50, given
by5

v05A 0.81Nse
2

2m* e0eeffR
, ~4!

where 2R is the overall size of the corral andeeff (512.5) is
the effective dielectric constant. Fitting the higher-frequen
mode data with Eq.~3! gives v0535 cm21 for samplea,
29 cm21 for sampleb, and 45 cm21 for samplec, corre-
sponding to confinement dimensions 2R5180, 260, and 140
nm, respectively. These agree well with the average co
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dimensions (150– 200 nm for samplea and 250– 300 nm for
b), and with those estimated for samplec from the different
dot dimensions.12

Measurements were also made for variousNs , modified
by Vg . Fitting the high-frequency branches with Eq.~3! gave
values ofv0 which decreased with decreasingNs as shown
in Fig. 3, and consistent with Eq.~4!.

In previous CR studies on 2DEG’s in the presence
negatively charged acceptors,9,10 positively charged donors,9

random potential fluctuations in high mobility samples,18 or
in Si-based systems,19 the observed peaks were ascribed
localized modes arising from the confinement effects of
impurity-induced potential fluctuations as observed here,
the B dispersions explained15 by the v1 branch of Eq.~3!.
The v2 mode of Eq.~3!, corresponding to an edge magn
toplasmon skipping along the inside of the confini
potential—the corral in this case—and which decrease
frequency and intensity for increasingB, was, as here, no
observed. The CR-like mode which was observed may c
respond to the low-frequency branch seen here, but wi
sublinear dependence onB which could not be differentiated
from linear behavior because of the smaller effectiveRd for
charged impurity atoms.

Although two modes have previously been observed
samples with embedded negatively charged impurities9,10

our measurements of the sublinear dispersion of the l
frequency mode, and the differentNs dependence of the two
modes, allow a clear identification of the two modes.

So, we conclude that the overall repulsive potential of
InAs dots results in two modes: skipping orbits around in
vidual dots with antidotlike dispersion and confinement
the collective electron motion by corrals of dots. Figures
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and 3 suggest that their oscillator strengths are n
negligible only when their energies lie close tovc , possibly
because the random array of dots seriously scatters the o
all motion except when the orbits are close to the CR.

Further, the interaction between corrals appears to be v
important. Despite large variations in the overall corral
mensionsR,11 the two peaks observed atB53.7 T have
comparable linewidths~Fig. 1!. Since the broadening of th
low-frequency peak reflects the small variations in the in
vidual dot dimensionRd ,11 this suggests that inhomoge
neous broadening by the larger variations in the overall c
ral dimensionsR due to the irregular spatial distribution o
the dots is also not significant. Merkt15 also noted that strong
Coulombic interactions between adjacent corrals smooth
local potential, resulting in a single narrow peak at a me
value ofv0 in Eq. ~4!.

In conclusion, GaAs QW’s with embedded InAs quantu
dots of different dimensions and densities show two F
absorption modes with different energy dispersions versuB.
The higher-frequency mode behaves like a magnetoplasm
localized by the potential fluctuations introduced by the In
dots. The lower-frequency mode is a CR mode at lowB, and
evolves into a skipping orbit around the dots for increas
B, as previously observed in antidot systems. It appears
InAs dots in ann-type QW act as repulsive centers for th
host 2DEG, and that, for these large diameter (;30 nm)
scatterers, electron trajectories corresponding to both dot
antidot behavior have been simultaneously observed.
importance of Coulombic interactions in mediating localiz
tion and scattering has also been suggested.
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