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Abstract

Laterally defined quantum dot structures have been fabricated on the basis of Al,Ga;_,As parabolic quantum wells which
allow the occupation of more than one subband in growth direction. Magneto-Coulomb oscillations allow the determination
of a gate parameter regime where the states of the second subband are occupied in the quantum dot. The occupation of
the second subband in the dot comes along with fluctuations in the conductance peaks at zero magnetic field which we
characterize with time dependent measurements. We discuss the possibility that the fluctuations are an intrinsic property of
the dot at the threshhold to two occupied subbands. © 2002 Elsevier Science B.V. All rights reserved.
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The Coulomb-blockade effect in metallic single-
electron transistors and in semiconductor quantum
dots has been an intriguing topic in quantum trans-
port over many years [1]. Experimental studies
have focussed on Coulomb-blockade in semicon-
ductor quantum dots with a single subband occu-
pied in growth direction (two-dimensional dots)
and on metallic islands where the electrons have a
Fermi-wavelength much smaller than all geometrical
dimensions (three-dimensional dots). Marked differ-
ences exist between these two types of systems. In
metallic dots, for example, conductance peaks are
equidistant in gate voltage while in semiconducting
systems the energy quantization within the dot leads
to statistical fluctuations of conductance peak spac-
ings. The heights of neighboring conductance peaks
exhibit fluctuations in semiconductors while in the
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metallic systems they are nearly constant. In this
paper, we set out to investigate the Coulomb-blockade
effect in a semiconducting parabolic quantum well
structure which has the unique property that more
than one subband can be controllably occupied in
growth direction. This system can be regarded as
being tunable from a strictly two-dimensional to an
almost three-dimensional dot.

The quantum dot samples are based on MBE-grown
parabolic Al,Ga;_,As quantum wells (PQWs) with
x varying parabolically between 0 and 0.1 [2]. The
760 A wide wells are sandwiched between 200 A
thick undoped Aly3Gag;As spacer layers and re-
motely doped with Si on both sides. A three mono-
layer thick Alg¢sGaggsAs layer in the center of the
well leads to a potential spike which is used to mon-
itor the position of the wave functions with respect
to the parabolic confinement [3]. However, this is of
minor importance for the present study. A back-gate
electrode consists of a 150 A thick n*-doped layer
located 1.35 um below the well. Using the back-
gate electrode the density of the two-dimensional
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Fig. 1. Coulomb-blockade oscillations at a backgate voltage
Vpg = —2.5 V. Inset: Atomic-force microscope image of the top
gate electrodes defining the quantum dot.

electron gas (2DEG) in the PQW can be varied
from ng = 1 x 10> m—2, where only one subband
is occupied in the well, up to 5 x 10" m~2, where
three subbands are occupied. Doing this, the mobility
changes from 4 m?/Vs at the lowest to 12.5 m?/Vs at
the highest densities. The occupation of the second
subband starts at n, = 2.4 x 10> m~2.

The inset of Fig. 1 shows the TiPtAu top-gate elec-
trodes fabricated using electron-beam lithography and
a lift-off process. These electrodes define a lateral
quantum dot with geometric dimensions of 600 nm x
600 nm connected to source and drain contacts via the
two quantum point contacts (QPCs) QPC1 and QPC2.
Two plunger gates allow tuning the number of elec-
trons in the quantum dot by varying the voltage V.
DC-conductance measurements were carried out with
an applied source-drain voltage Vsp =6 pV at an elec-
tron temperature of 100 mK in a dilution refrigerator.

At a given back-gate voltage Vy, = —2.5 V the top
gate electrodes were used to pinch off the 2DEG and
thereby to define the quantum dot. With the QPCs in
the tunnelling regime the Coulomb-blockade effect
could be observed as depicted in Fig. 1. From an ana-
lysis of the Coulomb-blockade diamonds measured
in the Vgp—Vpe plane [1] we determine a charging
energy ¢’>/C = 600 ueV and from the dot size a
typical single-particle level spacing 4 =~ 20 peV.
Using a simple capacitance model we estimate the

electronic size of the dot to be typically 580 nm in
diameter.

In order to determine the two-dimensional elec-
tron density, ng4, in the dot which is typically smaller
than the density in the unbound 2DEG at the same
back-gate voltage, we measure magneto-Coulomb
oscillations [4] as a function of V,, for a set of
back-gate voltages. For quantum dots on PQWs all
top-gate voltages have to be readjusted when V4, is
significantly changed. This is due to the soft confine-
ment of the electron gas in the PQW: for example, an
increase in V4, will pull the electron distribution in
the well towards the back gate and the QPCs tend to
become more leaky. As a consequence the front-gate
voltages have to be decreased in order to estab-
lish the necessary conditions for the observation of
Coulomb blockade again. We found empirically that
a front-gate voltage change of 24 mV per 100 mV
change in V1, is required. The densities as a function
of Ve determined from such a procedure are depicted
in Fig. 2a. For Vg < —0.5 V the density in the dot in-
creases linearly with gate voltage. At V;=—0.5 V the
electron density reaches the value where the second
subband becomes populated in the 2DEG. Beyond this
back-gate voltage the density increase shows clear de-
viations from linearity and at Ve > 0.5 V it increases
more rapidly. This behavior can be qualitatively
understood on the basis of changes of the dot-gate
capacitances. An increase in }},, accompanied by a
decrease of the top-gate voltages will tend to in-
crease the capacitance Cyot-pg slightly but it will more
strongly decrease Cyot-topgates- This implies that at pos-
itive ¥y, the same decrease in the top-gate voltages
will have a smaller compensating effect on the density
than at negative Vy,g and n4(Vyg) is bound to have a
concave curvature. Due to the small value of 4 in our
dot we can safely assume that the occupation of the
second subband in the dot starts at Vpg=—0.5 V, where
ng =24 x 10° m~2, ie. at the same density where
the second subband becomes occupied in the 2DEG.

With this information we now proceed to a com-
parison of the Coulomb-blockade effect at zero mag-
netic field for the cases of one and two occupied
subbands. Most surprisingly, the prominent effect of
the second subband occupation in the dot turned out
to be fluctuations in the Vpg-positions of the conduc-
tance peaks observed at fixed Vps > — 0.5 V. The
fluctuations occurred on a typical time scale > 10 s,
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Fig. 2. (a) Density ng in the dot as determined from
magneto-Coulomb-oscillations as a function of Ve (b) Average
number of conductance levels as a function of /3, as determined
from time-dependent measurements on a conductance maximum.
The onset of the fluctuations of the conductance peaks coincides
with the onset of the occupation of the second subband.

i.e. the time needed to sweep across a conductance
peak, but < 10 min, i.e. the time needed for the total
Vpg-sweep. In order to characterize these fluctuations
we measured the conductance as a function of time
for given V},, at many Vpe-values within the range of
three conductance peaks. Fig. 3 shows two typical ex-
amples; Fig. 3a for the case of a single subband in the
dot (Vpg = —2.5 V), and Fig. 3b for the case of two
subbands (Vpg = —0.4 V). In the latter case a clear
random-telegraph-noise type switching between two
conductance levels is observed while in the former
case the current is constant within the noise level of the
measurement setup. Similar switching was observed
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Fig. 3. Time dependent conductance measured at the maximum of
a conductance peak in the case of one (a) and two (b) occupied
subbands.

at Vyg > —0.4 V but the number of conductance levels
increased steadily with increasing V%,. Fig. 2b shows
a plot of the number of switching levels as a function
of back-gate voltage. Comparison with Fig. 2a reveals
the striking correlation between the onset of the occu-
pation of the second subband in the dot and the onset
of the fluctuations.

Switching of the conductance between discrete lev-
els (for reviews see Ref. [5]) is a well-known phe-
nomenon in electronic transport in small-area [6] and
large area devices [7]. Usually, these switching events
are attributed to electron trapping and detrapping in
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localized states or to the existence of two-level fluc-
tuators in the vicinity of the current carrying path.
However, inspired by the intriguing correlation of the
onset of the fluctuations with the onset of the popu-
lation of the second subband, we suggest that the ori-
gin of the fluctuations may be found within the quan-
tum dot and that its occurrence is closely related to
second subband states. A similar explanation of fluc-
tuations in the Coulomb-blockade regime of a quan-
tum dot exposed to magnetic fields was given by the
authors of Ref. [8]. In their sample the magnetic field
served to decouple a compressible region within the
sample from a ring shaped compressible stripe at the
edge of the dot. At a fixed gate voltage the conduc-
tance switched between two values due to electrons
tunnelling from the inner to the outer Landau-level.
We speculate that a similar type of switching be-
tween two states could occur in our dot when the
second subband plays the role of the inner Landau
level. It is well known that localized states exist in
the low-energy tail of the two-dimensional density of
states. Such states within the dots could, for exam-
ple, play the role of trapping centers for electrons that
are sufficiently decoupled from the extended states to
achieve long switching times. Alternatively, switch-
ing between degenerate many-body ground states with
different charge distributions could be responsible for
the observed fluctuations. However, since we cannot
discriminate the actual origin of the instable behavior
on the basis of the present data, further investigations
are planned on these systems, which are expected to
give more insight into the issue.

In conclusion, we have presented an investigation
of a quantum dot fabricated on a parabolic quantum
well which, in contrast to conventional semiconduc-
tor quantum dots, allows the controlled occupation

of more than one occupied subband in the dot via a
back-gate electrode. The onset of the second subband
population is clearly correlated with the occurrence
of time-dependent fluctuations of conductance peaks
which may well be an intrinsic property of the dot.
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