PHYSICAL REVIEW B 102, 035413 (2020)

Electron tunneling dynamics between two-dimensional and zero-dimensional quantum systems:
Contributions of momentum matching, higher subbands, and phonon-assisted processes
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We investigate tunneling dynamics of electrons from an ensemble of self-assembled InAs quantum dots
into the subbands of a two-dimensional electron gas (2DEG). LO-phonon-assisted tunneling processes and
tunneling into higher subbands of the 2DEG electronic structure cause distinct resonances in the evolution
of the tunneling rate as a function of the energy detuning between quantum dot and 2DEG ground state. By
devising a semiquantitative model, we identify the momentum mismatch between the quantum dot and 2DEG
wave function as the crucial quantity governing the evolution of the tunneling rate. In particular, we demonstrate
that this mechanism along with the availability of tunneling into the second 2DEG subband allows for tuning of

the tunneling rate by more than two orders of magnitude.
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I. INTRODUCTION

Self-assembled InAs quantum dots (QDs) are a proto-
typical zero-dimensional solid-state quantum system due to
their three-dimensional confinement of charge carriers. The
resulting discrete energy level structure combined with high
integratability in the mature GaAs material platform makes
them a promising system for applications in future quantum
information [1] and memory devices [2]. Tunnel coupling of
the QD energy levels to a reservoir of charge carriers is essen-
tial for recent electronic [3,4] as well as optical experiments
[5-7] on QDs, as it allows for controlling the QD charge
state [8]. The tunneling rate is governed by the transmission
probability of charge carriers through the potential barrier [9],
as well as the lateral wave function overlap between the two
quantum systems in the plane perpendicular to the direction of
tunneling [10,11] (also referred to as momentum matching).

The physics of tunneling into and out of QDs was studied
extensively in resonant tunneling diode structures, in which
QDs are embedded into a potential barrier between two charge
carrier reservoirs. These devices enabled the observation of
a multitude of tunneling phenomena such as Fermi-edge
singularities [12] as well as spectroscopy of properties of
occupied states in the charge carrier reservoirs such as Landau
level splitting in a two-dimensional electron gas (2DEG)
[13,14]. The lateral wave function overlap of the quantum
systems has been thoroughly investigated in magnetotunnel-
ing spectroscopy. In these experiments, an in-plane magnetic
field allows for controlled displacement of the emitter wave
function in a charge carrier reservoir with respect to the QD
wave function in momentum space. This mechanism was
harnessed to image the momentum space distribution of the
wave function [15,16].
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In contrast to resonant tunneling diodes, the recently in-
vented method of transconductance spectroscopy uses the
current through a 2DEG as a sensor for electron tunneling pro-
cesses into and out of QDs [17-19]: tunneling processes lead
to a change in conductance of the two-dimensional electron
channel over time from which the electron tunneling rate can
be determined directly. This distinguishes transconductance
spectroscopy from experiments on resonant tunneling diode
structures, in which only the tunneling current through the
QD energy levels between two charge carrier reservoirs is
accessible. In particular, in transconductance spectroscopy
tunneling dynamics into and out of the QDs are accessible
independently, leading to observations of several new phe-
nomena: the asymmetry of in- and out-tunneling rates due
to degeneracy of the involved states [20], an all-electrical
measurement of the singlet-triplet spin relaxation time [21],
and investigations of momentum matching between QDs
and unoccupied states in the first electronic subband in the
2DEG [11].

Here, we use all-electrical transconductance spectroscopy
to investigate tunneling processes of electrons from singly
charged QDs into the subbands of a 2DEG. As a function
of increasing energy detuning of the charged QD states
above the 2DEG Fermi energy we find prominent increases
in the tunneling rate when additional tunneling processes
become energetically available: the presence of higher sub-
bands in the 2DEG and phonon-assisted tunneling leads to an
all-electrical tuning of the tunneling rate over more than two
orders of magnitude. We find that lateral momentum matching
between the QD and 2DEG wave functions crucially governs
the evolution of the tunneling rate.

II. MATERIALS AND METHODS

The sample structure consists of InAs QDs embedded in
an inverted high electron mobility transistor structure grown
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FIG. 1. (a) Schematic sample structure of the device. Channel
voltage V., between source (S) and drain (D) contacts drives a current
L, in the 2DEG channel. Gate voltage V, controls the conductance of
the 2DEG channel below the gate and shifts the QD energy levels.
(b) Conduction band structure in the 2DEG-QD region along the z
direction and subband (SB) energy levels calculated using nextnano
simulations (at V; = 0.0 V). Quantum dots are represented as InAs
quantum wells and the electronic QD ground state s, of the first QD
layer is indicated schematically. Thin AlAs layers on top of the QDs
are not shown.

by molecular beam epitaxy on a (100)-oriented GaAs sub-
strate (cf. Fig. 1). Self-assembled QDs with lateral diame-
ters of approximately 25 nm and height of approximately
4 nm are grown at 525 °C under established growth condi-
tions in the Stranski-Krastanov growth mode [22] using the
indium-flush technique [23]. The QDs are separated by a
5 nm GaAs and 11 nm Alp3Gag;As tunnel barrier from a
15 nm quantum well. A silicon §-doped layer separated from
the quantum well by a 16 nm Alj3Gaj;As spacer populates
the quantum well with electrons, leading to the formation of a
2DEG. The device contains a second layer of QDs, which is
not used in this study and does not influence the electronic
properties of the first QD layer in the investigated charge
tuning range (see Supplemental Material [24]). Upon each
QD layer, a thin 0.3 nm AlAs layer is grown, which can be
used to suppress electronic wetting layer states [25], but is
not of relevance for this work. The first (second) QD layer is
capped with a 5.4 nm (5.9 nm) GaAs layer. A short-periodic
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FIG. 2. (a) Exemplary sequence of gate voltage pulses for pulse
voltage V, = —50 mV; (b) resulting 2DEG current response as a
function of time. Insets in (b) show discharging of the initially singly
charged QDs via electron tunneling into the 2DEG when a negative
gate voltage pulse is applied (left) and subsequent recharging (right).
Overshoots of the current at the start and end of the voltage pulse are
related to capacitive charging processes in the transistor channel.

superlattice (SPS) consisting of 35 periods of alternating 3
nm AlAs and 1 nm GaAs layers blocks the current between
the 2DEG and metal gate. The SPS is capped with another
5 nm GaAs layer. From the grown wafer, 5 x 5 mm? pieces
are cleaved and a field effect transistor structure consisting
of annealed NiGeAu source and drain electrodes and a gold
gate are deposited. Figure 1 shows the finalized device and
conduction band structure along the growth direction in the
QD-2DEG region. Note that in Fig. 1(b) the thin AlAs layers
on top of the QDs are not shown for simplicity as their exact
position shifts during the growth process [25]. Measurements
are conducted in a liquid helium bath cryostat at a temperature
of 4.2 K.

The gate voltage V,; modulates the current through the
2DEG channel by changing the charge carrier density and
thus the conductance. At the same time, the QD energy
levels are shifted to lower (higher) energies by a positive
(negative) gate voltage. If the energy levels are tuned below
the Fermi energy in the 2DEG, electrons can tunnel from
the 2DEG into unoccupied QD energy levels. The change in
conductance is measured as a change in the current across the
two-dimensional electron channel I,.

In our transconductance spectroscopy experiment, we
charge approximately half of the QDs in the ensemble at
a fixed dc voltage V4. = —40 mV with one electron (see
Supplemental Material for full QD charging spectrum). By
applying a negative voltage pulse V,, to the transistor gate [see
Fig. 2(a)], the charged QD energy levels are shifted above
the Fermi energy E; by an energy detuning AFE, inducing
electron tunneling into free 2DEG states as shown in the
insets of Fig. 2(b). A more negative pulse voltage leads to
an increasing detuning of the charged QD states above the
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FIG. 3. (a)-(c) Schematic illustration of tunneling mechanisms. (a) Elastic tunneling into the first 2DEG subband: the size of the Fermi
circle (red) within one subband increases and thus its momentum space overlap with the lateral s-state QD wave function v(k., k,) decreases
towards higher energy detuning. (b) Inelastic tunneling assisted by emission of a LO phonon into the first subband; (c) elastic tunneling into the
second 2DEG subband. Schematic illustrations of LO phonon-assisted tunneling into the second and elastic tunneling into the third subband
are not shown for simplicity as they are conceptually identical to processes shown in (b) and (c), respectively. (d) Electron tunneling rate y as
a function of applied pulse voltage V;, (bottom axis) and QD-2DEG detuning AE (top axis). At higher AE, tunneling into the second and
eventually the third subband as well as tunneling assisted by emission of LO phonons becomes energetically possible (indicated by vertical
dashed lines). Black circles are experimental data and the solid red line is the result of a semiquantitative model [cf. Eq. (1) in Sec. IV]. Three
large gray circles labeled a, b, ¢ indicate the tunneling mechanisms in the respective regions, which are illustrated schematically in panels (a),

(b), and (c).

Fermi energy, allowing for the investigation of discharging
processes in a highly nonequilibrium electron configuration
[4,11]. The discharging processes of electrons tunneling from
the QDs into the 2DEG lead to an increase of the channel
current over time [see Fig. 2(b)] as the electron charge density
in the 2DEG increases. An exponential fit to the discharging
transient yields the electron tunneling rate [17]. After each
discharging pulse, the QDs are recharged with one electron by
returning to the initial dc voltage V3. = —40 mV. To enhance
the signal to noise ratio of the measurement, we repeat the
same measurement N times and average the time traces of the
channel current (N = 11000 for [V,| < 0.45 V; N = 22000
for [V,| = 0.46 V).

For a quantitative analysis, the value of the detuning AE
of the charged QD energy levels above the Fermi energy has
to be known. The energy shift at the QD position induced by a
change in applied gate voltage V;, follows a linear lever arm
law AE = —eV,,/A with elementary charge e and leverarm
factor A [8]. We determine the leverarm factor A = 7.15 from
1D Poisson-Schrodinger simulations of the heterostructure
using the software NEXTNANO by calculating the position
of the band edge at the QD position as a function of gate
voltage [26]. Note that the QDs are included in the NEXTNANO
simulations only as quantum wells without three-dimensional
structure as we are only interested in the voltage-induced
change of the band edge at the QD position. The tilt of the

band structure due to a voltage applied to the gate also shifts
the energy levels of electronic subbands in the 2DEG. From
the band structure simulations, we extract the shift of the first
three subband edges Esg;, Esp2, and Eggs at all gate voltages.

III. RESULTS

Figure 3(d) shows the tunneling rate as a function of
applied negative pulse voltage (bottom axis) or QD-2DEG
energy detuning AE (top axis). As a function of detuning,
the tunneling rate shows a complex, highly nonmonotonous
evolution. While for the smallest detunings AE, electrons
tunnel elastically from the QDs into the first 2DEG subband,
additional tunneling mechanisms become energetically avail-
able with increasing energy detuning as follows.

(i) LO phonon-assisted tunneling into the first subband
(AE > Epn, where Epy, is the LO phonon energy).

(ii) Elastic tunneling into the second subband (AE >
Esp)).

(iii) LO phonon-assisted tunneling into the second subband
(AE > Esps + Epn).

(iv) Elastic tunneling into the third subband (AE > Esgs).

Dashed lines in Fig. 3(d) indicate the values of the energy
detuning AE at which the respective tunneling mechanisms
first become available. These values are calculated from
NEXTNANO simulations as the crossover of the QD energy
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level with the required energy for each tunneling mechanism.
All features observed in the measurement are broadened due
to QD ensemble inhomogeneity (spectral FWHM §E;,, = 13
meV; see Supplemental Material). In the following subsec-
tions, we discuss how the availability of different tunnel-
ing channels leads to the evolution of the tunneling rate in
Fig. 3(d).

A. Elastic tunneling into the first subband

At low detuning AE < 35 meV, electron tunneling occurs
elastically into the first subband of the 2DEG electronic
structure. In this regime, the tunneling rate in Fig. 3(d) de-
creases with increasing detuning. This observation is contrary
to the increasing transmission of the tunneling barrier due
to a reduced effective barrier height and tunneling length
at higher AE. In a similar experiment, Zhou et al. showed
that this behavior is caused by the decreasing overlap of the
QD and 2DEG wave functions in momentum space [11]:
electronic states in the 2DEG are plane waves. For elas-
tic tunneling into the first 2DEG subband, free final states
in the 2DEG are located on a circle with radius kg sg; =
[2m}(AE + E;)/h*]"/? on the paraboloid lateral dispersion
of the 2DEG in the effective-mass (m}) approximation—
the Fermi circle. With increasing energy detuning AE, the
radius of the Fermi circle increases. In the common parabolic
approximation of the lateral QD confinement potential [27],
the in-plane wave function of the ground s state in the QDs
is given by a two-dimensional Gaussian wave function, both
in real and momentum space. Consequently, the overlap of
the Fermi circle with the initial electronic state in the QDs
decreases as the radius of the Fermi circle increases. This
tunnel mechanism is illustrated schematically in Fig. 3(a).

At higher detuning 35 meV < AE < 62 meV, the tun-
neling rate rapidly increases by more than two orders of
magnitude. This increase occurs in two steps, one starting at
AE =35 meV and the second around AE =50+ 1 meV.
We assign these phenomena to the availability of additional
tunneling channels if the charged QD energy state is detuned
to highly nonequilibrium electronic configurations. Note that
these features were not observed in the work by Zhou et al.
[11] because they only investigated the regime of small de-
tunings AE. We discuss the origins of these features in the
following two subsections III B and III C.

B. LO phonon-assisted tunneling into the first subband

The energy of the first increase corresponds closely to
typical energies of optical phonons in GaAs E,, = 35.9 meV
[28]. At energy detunings equal to or higher than the optical
phonon energy, inelastic tunneling processes with emission
of an optical phonon into final states at a reduced energy
AE — Ep, in the 2DEG can occur in parallel to the elastic
tunneling channel. An optical phonon replica of the electronic
ground state in GaAs-based QD devices has been demon-
strated before in transconductance spectroscopy experiments
[18] and LO phonon-assisted tunneling has been shown to
be an efficient mechanism for electron tunneling in coupled
QD-2DEG structures [28].

Phonon-assisted tunneling couples initial states in the QDs
and final states in the 2DEG indirectly in momentum space
due to the finite phonon momentum [see Fig. 3(b)]. As a
consequence, at any energy detuning AE, tunneling of an
electron from any point in momentum space of the QD wave
function into any free state on the 2DEG electron dispersion
at energy AE — Eyy, is possible by emission of a phonon
with appropriate momentum. As the density of final states in
each subband of the 2DEG is constant, the phonon-assisted
tunneling rate does not dependent strongly on the energy
detuning for a single QD. Nevertheless, this process leads
to a continuous increase of the observed tunneling rate in
Fig. 3(d) around AE > E,, due to the spectral broadening
of the QD ensemble: as the energy detuning AE increases
further above the phonon energy Ep;, more QDs have access to
the phonon-assisted tunneling channel increasing the overall
tunneling rate.

C. Elastic tunneling into the second subband

The second, very abrupt increase of the tunneling rate,
starting around AE = 50 £ 1 meV, can be attributed to tun-
neling of electrons from the QDs into the second subband
of the 2DEG. NEXTNANO simulations of the heterostructure
show that the QD charge state crosses the energetic position
of the second subband for an applied pulse voltage of V, =
—0.39 V, corresponding to an energy detuning of AE =
55 meV. Considering the influence of inhomogeneous ensem-
ble broadening of the quantum dots in the measurement, this
value is in good agreement with the experimentally observed
energy detuning AE =50+ 1 meV at which the second,
abrupt increase of the tunneling rate begins.

At cryogenic temperature of 4.2 K, almost all electronic
states in the second subband are unoccupied. If the negative
voltage pulse shifts the charged electron state in the QDs
into resonance with the bottom edge of the second subband,
electrons find free final states in the 2DEG at kg ggy = O.
Hence the radius of the Fermi circle is minimal and the
resulting momentum space overlap with the Gaussian initial
state in the QDs is maximized resulting in highly efficient
electron tunneling. Figure 3(c) illustrates this mechanism.
Due to the large overlap of the wave functions in momentum
space and since the electronic density of states in the 2DEG is
constant in each subband, the tunneling rate increases abruptly
once free final states in the second subband become available.
In the range of energy detunings between 62 and 95 meV, the
tunneling rate decreases again, owing to the increasing size of
the Fermi circle—both in the first and second 2DEG subband.

D. LO phonon-assisted tunneling into the second subband

Between energy detunings of 95 to 110 meV, the tunneling
rate remains nearly constant with a slight peak at AE =
105 meV. From NEXTNANO band structure simulations, we
calculate the crossover of the charged QD state with phonon-
assisted tunneling processes into the second subband of the
2DEG to occur at an energetic detuning of AE = 98 meV.
This value agrees approximately with the position of the small
peak in the tunneling rate. At such high detunings, emission
of an optical phonon allows electron tunneling again into final
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states at kg spo = 0. The additional tunneling channel again
increases the total tunneling rate.

E. Elastic tunneling into the third subband

Lastly, for detunings higher than AE = 110 meV, the
tunneling rate increases. Above AE = 130 meV, where the
channel conductance is already rather low due to the highly
negative pulse voltage, no tunneling transients can be detected
anymore because the time constants of the processes become
too short for the time resolution of our experiment. The
observed increase of the tunneling rate in this range may
be related to the presence of a third subband in the 2DEG.
At resonance with the bottom edge of the third subband,
tunneling can again occur at kpsp3 = 0. Additionally, the
highly negative applied gate voltage tilts the bands so that the
effective tunneling barrier height and length are significantly
reduced compared to tunneling processes on resonance with
the second subband starting around AE = 50 meV. Therefore,
the barrier transmission is increased and tunneling occurs at an
even higher rate. The crossover of the QD state with the bot-
tom edge of the third subband state is theoretically predicted
from NEXTNANO simulations to occur at AE = 143 meV. This
value is significantly higher than the observed resonance in the
experimental data. However, the third subband energy level is
located at a high energy within the quantum well only 45 meV
below the band edge of the AlGaAs barrier, separating the
quantum well from the region of § doping [see Fig. 1(b)].
Hence the third subband wave function can strongly hybridize
with weakly confined states in deeper layers, decreasing the
energy of the hybridized state and thus qualitatively explain-
ing the deviation.

Lastly, we note that in Fig. 3(d) we do not observe sig-
natures of a Fermi-edge singularity, i.e., a distinct power-law
evolution of the tunneling rate when the QD level is close to
resonance with the 2DEG Fermi energy due to many-body
interactions of the tunneling electron with the Fermi sea in
the 2DEG. Fermi-edge singularities were observed in reso-
nant tunneling diode structures [12,29]. In our experiment,
however, such a resonance is smeared out strongly due to
temperature (4.2 K in our experiment in contrast to, for
example, 40 mK in Ref. [12]) and the presence of the QD
ensemble broadening inhibiting the observation. The absence
of this feature is consistent with previous transconductance
spectroscopy studies on similar samples under the same con-
ditions [11].

IV. MODELING OF THE TUNNELING RATE

To underpin our proposed assignment of the observed
features, we develop a semiquantitative model of the tunneling
rate as a function of QD-2DEG detuning AE, solely based
on the tunneling barrier transmission 7" and the lateral wave
function overlap of 2DEG and QD states. The tunneling rate
I'(AE) is given by the sum of all energetically available
tunneling channels:

3 2
M(AE) = vT (Z SI(AE) + ZP,,I(AE)) M

=1 m=1

where S; are the respective overlap integrals of initial and
final states for elastic tunneling processes into the three 2DEG
subbands, v is an unknown attempt frequency, and P, are
the contributions of phonon-assisted tunneling processes dis-
cussed below. The overlap integrals are given by

SI(AE) = | (P 1| Wp) PO(AE — Ey), @)

where E; are the bottom edge energy levels of the respective
2DEG subbands and © is the Heaviside step function. The
subband edges and their shifts as a function of the applied neg-
ative pulse voltage are obtained from NEXTNANO simulations
as described in Sec. II. We assume plane waves @y, as 2DEG
states with wave vectors on the Fermi circle with radius kg ; =
[2m(AE — E;)/1*1'/2. The lateral QD wave function in the
well-established approximation of a parabolic confinement
potential in the x-y plane is given by

Wop = 1/(Tleonr) exp [—(% +37)/ (212,0)].  3)

assuming rotationally symmetric QDs with characteristic
electron confinement length loone [27].

In accordance with our discussion of the phonon-assisted
tunneling mechanism in Sec. III B, we assume an approxi-
mately constant tunneling rate for the phonon-assisted tun-
neling channels, which become available once the energy
detuning crosses the required energy:

P,(AE) = 0, O(AE — E,, — Epp), “)

where Ep, = 35.9 meV is the energy of LO phonons in
GaAs [28], E,, is the bottom edge energy level of the 2DEG
subband, and «, is a fitting parameter for the phonon-assisted
tunneling rate.

The change in barrier transmission 7 is calculated using
a Wentzel-Kramers-Brillouin approximation. Calculations are
performed for a single QD and broadening is introduced by
convoluting the numerical result of (1) with the product of
a Gaussian (FWHM = 6Ei,, = 13 meV, corresponding to the
spectral width of the QD ensemble) and a Fermi distribution
at temperature 7;. The latter takes into account that only
half of the s; states in the QD ensemble are charged in
our experiment and that charging occurs by tunneling from
the broadened Fermi edge in the 2DEG. The absolute rate
value is adjusted to the first data point in Fig. 3(d) at V, =
—0.01 V to allow for comparison with the data and account
for the unknown attempt frequency v. The phonon assisted
tunneling rate parameters o; = 2.5 x 1072, = 0.7 x 1072,
confinement length /., = 8 nm, and temperature of the
Fermi distribution 7 = 10 K are chosen to fit the model to
the data. The temperature parameter is chosen higher than
the cryostat temperature of 4.2 K to additionally account for
broadening of the Fermi energy in the 2DEG due to disorder.
We stress that the contributions of elastic tunneling into the
2DEG subbands are calculated with only the quantum dot
confinement length I o,¢ and the parameter 7; for broadening
of the 2DEG Fermi edge as fitting parameters. A characteristic
spatial confinement length for electrons in the QDs of .oy =
8 nm agrees with results by Beckel ef al. on self-assembled
QDs grown under similar conditions [10].

In the detuning range of AE < 120 meV, the theoretical
calculation reproduces the experimentally observed features
well. This supports our assignment to additional tunneling
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mechanisms, which in the case of the elastic processes are
crucially governed by the lateral wave function overlap of
initial QD states and final states in multiple subbands of the
2DEG. Slight deviations are likely caused by the simplicity
of the theoretical model: multiple optical phonon modes in
GaAs, InAs, and the AlGaAs barrier and ellipticity of the QD
shape as well as the impact of the QD size distribution on
the wave function are neglected. Significant deviations occur
only in the range of AE > 120 meV. Here, the calculated
position of the third subband energy level deviates from the
experimentally observed value as discussed above.

Note that the treatment of phonon-assisted tunneling pro-
cesses in (1) is not exact, which is why they are included with
fitting parameters «,,,. We explicitly allow different values of
o and oy, implying different coupling strengths of phonons
to final states in the first and second subband. Likely, the
observed weaker coupling to states in the second subband
around kg sgp = 0 is related to the higher number of possible
phonon momenta that can contribute to tunneling processes
if the final states are located at finite kg as is the case in the
first subband. Additionally, the overlap integral in z direction
changes in the case of the second subband due to the different
shape of the quantum well wave function. However, a rigorous
calculation of the phonon-assisted tunneling rate is beyond the
scope of this paper and is found in Ref. [28].

V. CONCLUSION

We showed that transconductance spectroscopy can be
used to study complex elastic and inelastic tunneling dynam-
ics of electrons out of QDs into the subbands of a 2DEG.
Notably, the optimal momentum matching between QD s
states and free final states at the bottom edge of the second
2DEG subband allows for very efficient tunneling and thus
enables all-electrical tuning of the tunneling rate over more
than two orders of magnitude. This tuning mechanism differs
qualitatively from the previously demonstrated tuning only
within the first subband [11], resulting in a larger tuning range:
while tuning the tunneling rate via momentum matching
within one subband is a continuous process as a function of
the applied pulse voltage, additional free states in the second
subband become available abruptly. Despite the inhomoge-
neous broadening caused by the QD ensemble, we were able
to identify this fundamental difference from our measurement
by comparison to a theoretical model, which is solely based

on the lateral wave function overlap between QD and 2DEG
states as well as the barrier transmission.

While self-assembled quantum dots in resonant tunneling
diode structures have been used before to conduct spec-
troscopy on the electronic states in a 2DEG, the observations
were limited to states in the first, occupied subband and the as-
sociated Landau levels in a magnetic field [13,14]. Our study
demonstrates that by using transconductance spectroscopy, in
which the discharging of electrons from the quantum dots
by tunneling into the 2DEG can be studied selectively, also
unoccupied higher subbands can be investigated.

Our findings are relevant for novel approaches to all-
electrical tunneling spectroscopy and tunnel injection devices
in coupled quantum systems. In the case of self-assembled
QDs, the shape of the electron wave function in the second
2DEG subband can be used to obtain strongly different tunnel
coupling of the 2DEG states to different orbital states in the
QDs. As an example, the p-state QD wave function has a node
at k; , = 0 and thus exhibits a very small tunnel coupling to
states in the 2DEG if the Fermi circle is small as is the case
near the subband edges. The maximum tunnel coupling due to
optimal momentum matching would then be expected at finite
kr. By varying the size of the Fermi circle as demonstrated in
our present study, information about the shape of the QD wave
function could be obtained from the evolution of the tunneling
rate. While wave function imaging of self-assembled QDs has
been demonstrated before [15,16], these experiments require
an in-plane magnetic field to image the wave function at any
point in momentum space other than k., = 0, which is not
required in our method.

Moreover, from an application standpoint, large range all-
electrical tuning of the tunneling rate is required for novel
QD-based memory devices, featuring long information stor-
age time and fast electronic readout [2,30-32]. Switching
between tunneling into the first or second subband of a 2DEG
may provide the basis for such a tuning method and can be
further optimized by tailoring properties of the semiconductor
heterostructure.

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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