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Quantum dot electrons as controllable scattering centers
in the vicinity of a two-dimensional electron gas
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Self-assembled InAs quantum dots can be controllably charged with a defined
number of electrons per dot. We report on conductivity measurements of
AlxGa1�xAs/GaAs heterostructures, where such quantum dots are embedded in
the direct vicinity of a two-dimensional electron gas (2DEG). We demonstrate the
controlled enhancement of the scattering rate in the 2DEG induced by charging
the quantum dots with additional electrons. The resulting transport lifetimes are
in good agreement with theoretical values for Coulomb scattering in two
dimensions.
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1. Introduction

Almost immediately after the first fabrication of uniformly sized InAs quantum dots
on GaAs [1], it was realized that these islands can be used as controllable scattering
centers for a two-dimensional electron gas (2DEG). The first experiments showed a
drastic reduction of the 2DEG mobility with decreasing distance between the dots
and the 2DEG [2]. Since then, several authors successfully used self-assembled
quantum dots for novel transport experiments in the quantum Hall regime of highly
disordered 2DEG [3–5]. However, the reason of the strong scattering by self
assembled quantum dots is still unclear. One of the main candidates for the origin
of the reduction of the mobility are the quantum dot electrons and their associated
Coulomb potential. However, by comparing capacitance and transport data,
Zhukov et al. and Kawazu et al. demonstrated that the charging of the quantum
dots can even lead to an enhancement of the mobility [6, 7]. Zhukov et al. argue that
in these experiments the quantum dot electrons are not the dominant source of
scattering and in certain cases effectively screen other potential inhomogeneities.
Here, we report on capacitance and conductivity measurements which show a
reduction of the mobility whenever additional electrons are charged in the quantum
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dot layer. The results compare favorably with calculated mobilities if the quantum

dots are modelled as a sheet of Coulomb scatterers.

2. Samples and experimental setup

All samples were grown by solid-source molecular beam epitaxy on GaAs (100)

semi-insulating substrates. The active part of the structure starts with 150 nm

Al0.34Ga0.66As, a Si-�-doping, a 40 nm Al0.34Ga0.66As spacer and 40 nm GaAs.

On top of the GaAs layer the InAs quantum dots were grown, followed by another

40 nm GaAs and an insulating AlAs/GaAs superlattice. Finally, the structure was

capped with 5 nm GaAs. The resulting conduction band profile is depicted in figure 1.

The 2DEG resides at the Al0.34Ga0.66As/GaAs interface and is coupled to the

quantum dots by a tunneling barrier of 40 nm GaAs. In our experiments, the

resistance of the tunneling barriers can be neglected.
Gated Hall-bar devices and large area gates were prepared on the same sample

using standard photolithographic techniques. All measurements were performed in a
He-cryostat at a temperature of 4.2K, using a low frequency lock-in technique.

3. Results

Figure 2 shows the capacitance of the structure as a function of the gate voltage Ug.

Starting from low gate voltages, at first the 2DEG is charged (Ug ¼ �1:0V) and the

capacitance reflects the geometric position of the 2DEG. On top of this background

capacitance, several charging peaks associated with the self assembled quantum dots

(SAQD) can be resolved. In a simple, intuitive picture, this enhancement of the

capacitance whenever a quantum dot state is filled results from the smaller distance

of the quantum dots to the gate electrode (figure 2). For a more in-depth treatment,

see Russ et al. [8] and references therein.
The first pair of maxima around Ug ¼ �0:6V can be attributed to the charging

of the lowest spin degenerate quantum dot state, which, in analogy to atom physics,
is labelled as the s-shell. The difference in gate voltage between these two s-states

Figure 1. Calculated conduction band edge of sample studied in this work.
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results from the additional Coulomb energy for the second electron. Around
Ug¼ 0V, the SAQD p-shell is charged with four electrons. Because of the different
orientations of the relevant wave functions, these electrons are separated by a smaller
Coulomb energy than the s-electrons. Therefore, the four peaks of the p-shell are
usually not resolved in capacitance measurements (e.g. [6]). At a gate voltage of
(Ug ¼ 0:4V) each SAQD is occupied with six electrons and a further increase in
gate voltage leads to a charging of the InAs wetting layer surrounding the dots.

The area of the capacitance enhancement is a measure for the number of simul-
taneously charged dots. In our case, we calculate a value of approximately
4� 109 cm�2 for the dot density. Therefore, capacitance measurements enable
us to determine the number Nqd of Coulomb scatterers and their gate voltage depen-
dent charge ZqdðUgÞ. Additionally, the electron density of the 2DEG n2d can be
determined from such capacitance measurements. If no dots were present, this
density would be a linear function of the applied gate voltage. It can be assumed
that the SAQD charging leads to a reduction of n2d due to tunneling of carriers in the
QD layer. This way, also n2d is known for each gate voltage.

In figure 3 the gate voltage dependent conductance and its derivative are
compared to the capacitance measurement. The conductance itself (figure 3b)
shows only a small change in the slope of the gate voltage region where the quantum
dots are charged. Therefore, the quantum dot electrons are not the origin of the
rather short scattering times in samples with embedded self assembled dots.

To further study the origin of the observed minima in the derivative of the
conductance (figure 3b) whenever additional electrons are charged into the quantum
dot layer, the effects of the SAQD on the 2D carrier concentration and on the
mobility have to be distinguished. We have therefore extracted the carrier concen-
tration of the 2DEG from Hall measurements at a magnetic field of B¼ 0.3T,
which has no noticeable influence on the quantum dot charging positions.

Figure 2. Capacitance of a sample with a two-dimensional back contact and embedded
self-assembled InAs quantum dots.
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Using this carrier concentration n2d, the mobility � can be calculated from the

conductance �:

� ¼
�

en2d
ð1Þ

To compare the mobility with theoretical values we use the Stern–Howard model
[9, 10] and calculate the dot induced scattering time � for each gate voltage using

the expression [11]

1

�
¼

1

2��hEF

Z 2kF

0

q2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4k2F � q2

p hUðqÞi2

�ðqÞ2
dq: ð2Þ

Here, the values for the Fermi energy EF and the respective wavevector kF can be
calculated from the actual carrier concentrations. If the quantum dot electrons act as

individual scatterers and are located at a distance d from the plane of the 2DEG the

resulting screened potential U(q) can approximated by [11]

hUðqÞi2 ¼ NqdZqdðUgÞ
2�e2

�q

 !2

Fðq, d Þ, ð3Þ

where � denotes the static dielectric constant of GaAs and F(q, d ) is a form factor
describing the actual position of the scatterers and the extension of the 2D wave

function.
As a second source of scattering we introduce the sheet of ionized Si donors,

which supply the carriers for the 2DEG. The charge of these donors is constant for

Figure 3. Capacitance (a), conductance (b) and derivative of the conductance (c).
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all gate voltages and their density can be calculated from the growth parameters of
the sample. Finally, we use a homogeneous, constant 3D background of scatterers as
a fitting parameter to align our calculated mobility with the measured values prior to
the occupation of the quantum dots (Ug ¼ �0:9V).

Figure 4 shows the resulting calculated mobility and its derivative in comparison
to the experimental data. In our calculation, we achieve an almost perfect reproduc-
tion of the measured mobility (inset in figure 4). Also, the general features of
the derivative of the mobility can be modelled extremely well. The charging of
the quantum dots leads to six distinct minima in the derivative of the mobility.
However, in the calculation a value of 3:2� 1010 cm�2 had to be assumed for the
dot density, which is eight times higher, than the value extracted from the capaci-
tance. We attribute this increased scattering by the quantum dot electrons to the
resonant interaction with the 2DEG, which is well known to enhance scattering in
similar systems [12].

We note that the observed behavior in figure 4 is a justification of our assump-
tion to treat the quantum dot electrons as uncorrelated scatters. If all Zqd electrons of
a single dot would scatter like a single point charge, their total potential would enter
equation (2) quadratically and not linearly as in our calculation. This, however,
would lead to an enhancement of the scattering of the p-electrons with respect to
the s-electrons, which is not observed in the experiment.

4. Conclusion

We have measured the capacitance and the transport parameters of a sample,

which contains a layer of self assembled InAs quantum dots in the direct vicinity

of a two-dimensional electron gas. We have demonstrated that in our samples the

quantum dot electrons can be modelled as uncorrelated Coulomb scatterers using

the Stern–Howard model and the charging of the dots leads to well resolved minima

Figure 4. Measured and calculated mobility (inset) and the respective derivatives.
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in the derivative of the mobility. It can be assumed that resonant interaction of the
quantum dots with the 2D electrons is the reason for the observed enhancement of
the scattering with respect to the Stern–Howard model. To further strengthen this
assumption, samples with smaller tunneling barriers and therefore stronger coupling
should be investigated in future work.
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