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Capacitance and conductance oscillations from electron tunneling into high energy levels
of a quantum well in a p-i-n diode
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Two-dimensional electron and hole gases separated by a few nm from each other are produced in p-i-n diodes
based upon molecular beam epitaxy-grown GaAs/AlGaAs heterostructures. At such interlayer distances, the
exciton formation and possibly Bose-Einstein condensation (BEC) is expected. We measure the capacitance
between the layers and find it to oscillate as a function of the bias voltage. The peak values exceed the geometric
capacitance by up to a factor of 2. The surprisingly regular periods of the oscillations are of the order of 10 to
30 mV and scale linearly with the inverse of the thickness, between 60 and 150 nm, of the GaAs layer placed
between the barrier and the p-doped AlGaAs. The oscillations are related to the resonant electron tunneling into
high energy levels of this GaAs layer acting as a quantum well. We suggest that long lifetimes of the electrons
in these levels are the origin of the large peak values of the capacitance. The possible relation of the capacitance
oscillations with BEC is discussed.

DOI: 10.1103/PhysRevB.105.035304

I. INTRODUCTION

The Bose-Einstein condensation (BEC) of excitons in
semiconductors continues to be one of the most interesting
subjects in solid state physics. Excitons are quasiparticles
formed by interacting electrons and holes with an integer
total spin [1–3]. Earlier experiments using optically ex-
cited electrons and holes did not yield conclusive evidence
about BEC because the intrinsically rapid recombination of
the excitons limits their coherence and condensation [4].
A considerable enhancement of the lifetime is achieved by
separating the electrons and holes in spatially separated quan-
tum wells combined with an applied electric field [5,6]. An
alternative route is offered by exciton-polaritons where ex-
citons are strongly pumped by light in an optical resonator,
leading to quasiparticles showing clear signatures of BEC
[7,8]. Quasiexcitons with infinitely long lifetimes form in
electron or hole bilayers with two half-filled Landau levels
in a quantizing magnetic field [9–11]. Josephson currents
and dissipationless flow of the exciton condensate has been
demonstrated [12–14]. Quasiexcitons exist also in p-i-n de-
vices with a barrier as demonstrated with GaAs-based devices
[15–18] as well as in two-dimensional (2D) atomic layer
structures [19–21].

In this paper, we report on experiments using p-i-n struc-
tures in the GaAs/AlGaAs system with a 10-nm barrier and
measure its capacitance rather than lateral transport. We also
place a quantum well with thicknesses between 60 and 150 nm
directly adjacent to the barrier. The capacitance oscillates with
increasing forward voltage reaching peak values twice the ge-
ometric capacitance. We suggest that resonant tunneling into
the quantum well generates long-lived exciton states, leading
to the enhanced capacitances.

II. EXPERIMENT

A. Samples

We use molecular-beam epitaxy (MBE) to grow p-i-n de-
vices with a typical layer sequence as shown in Fig. 1(a). More
details and other modifications of the structure are described
in the Supplemental Material [22]. An n-doped GaAs layer
is first grown on a semi-insulating GaAs substrate, followed
by an undoped GaAs spacer layer. A 10-nm barrier consisting
of Al0.8Ga0.2As is then grown as a short period superlattice
[16]. For comparison, we also produced samples with a 20-nm
barrier. The respective barrier is followed by another undoped
GaAs spacer with 60 to 150 nm thickness. The sample is com-
pleted with a 30-nm-thick undoped Al0.3Ga0.7As layer and
a 100-nm-thick p-doped Al0.3Ga0.7As contact layer. Positive
DC voltages are applied to the p contact of the device and
lead to both a 2D electron and a 2D hole gas (2DEG and
2DHG) at the barrier as soon as the voltage exceeds the value
corresponding to the GaAs band gap energy.

Schematic band structures of such devices are shown in
Figs. 1(b)–1(d) for different values of the voltage. At zero
voltage, the area between the doped layers is depleted. At an
applied bias corresponding to the GaAs gap energy, a 2DEG
on the n side of the barrier forms as well as a 2DHG on the
p side. Actually, there are now two 2DHGs on the p side,
the one directly at the barrier with a density increasing with
voltage and another one at the GaAs/AlGaAs boundary, with
a density that varies only slightly with bias. Thus, the band
structure on the p side is reminiscent of a quantum well with
holes at its boundaries and a nearly flat band bottom that keeps
its shape also at higher voltages, Fig. 1(d).

The mobilities of the two-dimensional charge layers in our
devices cannot be measured directly, but electron mobilities of
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FIG. 1. (a) Layer sequence of a p-i-n structure with a central barrier and setup to measure differential capacitance and conductance.
[(b)–(d)] Schematic band alignments at three different bias voltages. Only the � bands of the conduction electrons and the heavy-hole valence
bands are shown. The quantum well on the p side of the barrier does not significantly change its shape from panels (c) to (d). The black and
red arrows mark the locations where 2DEGs and 2DHGs, respectively, form.

more than 30 million cm2/Vs have been achieved in the same
growth campaign. Thus, our samples should have a very low
impurity level. The actual samples are produced by standard
lithography and measure about 230 × 240 μm2. Contacts to
the bottom n-doped layer are made by AuGeNi and to the top
p layer by TiPtAu.

B. Experimental techniques

The differential conductance between the p and the n layers
is measured by applying a DC bias with a small added AC
voltage. Both the in-phase and the out-of-phase components
of the resulting AC current are measured with a current ampli-
fier and a lock-in. The out-of-phase current is proportional to
the device capacitance and increases linearly with frequency.
The in-phase component of the current measures the ohmic
contribution due to tunneling or leakage via defects in the bar-
rier. This is equivalent to a parallel circuit of a capacitor and
a resistor. The interpretation of our data depends on constant
Fermi energies over the p and n sides of the barrier, respec-
tively. This has already been assumed for the band-structure
schematics of Figs. 1(b)–1(d).

C. The 20-nm barrier

We first present results on a sample with a 20-nm barrier
in order to verify our measurement technique. The sample
is of the type (a) in Fig. SM.1 in the Supplemental Material
[22] with 60-nm-thick GaAs spacers. Tunnelling is weak with
such a wide barrier. We find that the values of the capacitance
deduced from the out-of-phase currents do not vary with fre-
quencies between 10 and 3 kHz by more than a few percent.
This indicates that charges on the p and the n sides of the
barrier equilibrate on a timescale of less than 1 ms. Data
of the capacitance and of the differential ohmic (in-phase)
conductance, both normalized to an area of one cm2, are

shown in Fig. 2. Note that the capacitive contribution of the
leads, typically 25 pF, has been determined separately and is
already subtracted for the plot. The capacitance signal shows
a steep increase at 1.53 V, which is very close to the band gap
energy of GaAs. At this voltage, the energy bands are flat and
the 2D charge gases start to form. The capacitance C above
the step continues to increase with voltage because the extent
of the wave functions of the two charge layers shrink with
the increasing band bending. It is also modified by interaction
effects [23], leading to a quantum capacitance CQ = e2DT

contribution according to 1/C = 1/Cgeo + 1/CQ where Cgeo

is the geometric capacitance and DT is the thermodynamic
density of states.

FIG. 2. Differential capacitance measured with a 20-nm barrier
sample in zero magnetic field and with a 1 T magnetic field, re-
spectively. The two-dimensional charge gases form above 1.53 V.
In the magnetic field, the capacitance shows a series of minima
corresponding to the minima of the density of states between the
Landau levels. The ohmic conductivity (red trace) from tunneling or
current across defects is less than the noise level up to about 1.75 V.
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Applying a perpendicular magnetic field leads to the Lan-
dau quantization of the densities of states and therefore to
a modification of the quantum capacity. Landau oscillations,
here measured at 1 T, are clearly resolved in the data of Fig. 2
and are shown as the dashed line. The observation of Landau
oscillations verifies that two-dimensional charge systems ex-
ist. At 1 T, spin splitting is not yet resolved. We note that the
Landau oscillations from holes and electrons fall on each other
for the supposed equal densities of electrons and holes. The
density varies between zero and about 4 × 1011cm−2 from
1.53 to 1.75 V.

The value of Cgeo, the geometrical capacitance between
the 2DEG and the 2DHG, can be determined from the Lan-
dau periodicity because the minima of the capacitance occur
whenever the density of electrons and/or holes increases by
B/(h/e), or two times this value if spin is not resolved. From
the average Landau periods of Fig. 2 we find an average
Cgeo = 280 nF/cm2 corresponding to an average distance d =
36 nm between the 2DEG and the 2DHG. This is close to
an average distance of 31 nm found by simulations with the
program NEXTNANO [24]. The capacitance calculated from
the Landau oscillations is close to the ones measured at zero
field and in the Landau maxima. Measurements in fields up
to 12 T (not shown) continue to show the Landau oscillations
including the spin and fractional gaps and are comparable with
those reported by Khrapai et al. [25]. Figure 2 shows also the
conductivity derived from the in-phase AC current across the
device. It is less than the noise (0.2 μS/cm2) up to 1.75 V,
indicating that there is no leakage current. Beyond, an ohmic
conductivity of a few μS/cm2 appears, which is independent
from the AC frequency and is probably due to hot electrons
crossing the barrier.

D. The 10-nm barrier

At 10 nm, the distance between the positive and negative
charges is small enough to show BEC phenomena as demon-
strated with bilayers at half-filled Landau levels [26]. In the
experiments presented here, we find capacitance oscillations
without any magnetic field applied, of which the origin is
unclear. Plots of both the differential capacitance and of the
ohmic conductance are shown in Fig. 3 measured at about
25 mK with a sample containing a 90-nm-wide quantum well
on the p side of the barrier. A heterostructure of the type of
Fig. SM.1(b) in the Supplemental Material is used here. Note
that no magnetic field is applied. Even without any magnetic
field, large and regular oscillations of both the capacitance and
the conductance are observed. The capacitance oscillations
begin at about 1.7 V and are observed up to 1.9 V, where the
measurement has been stopped. The peak values exceed 700
nF/cm2 in this sample. The geometric capacitance would be
about 500 nF/cm2 using a 2DEG/2DHG distance of 21 nm
derived from NEXTNANO simulations. The periodicity of the
oscillations in this sample is very regular with a period of 20.9
mV with a linear regression error of ±0.15 mV.

The periods of the oscillations are surprisingly regular
with no significant deviation from the average. The ohmic
conductance shows also a periodicity but with a different
shape. The regularity of the oscillations rules out that they
are caused by tunneling across the X -band valley, which was

FIG. 3. Capacitance and ohmic conductance in a sample with
a 10-nm barrier and a 90-nm-wide well on the p side measured at
25 mK. At bias voltages exceeding about 1.7 V, regular capacitance
oscillations with a large amplitude are observed.

found to produce current anomalies in the tunneling through
much thinner barriers in similar structures [27].

Also noteworthy is that the measured capacitance below
1.7 V is much smaller than expected from the geometry and
that the onset voltage has shifted to 1.6 V, which is a larger
value than the 1.53 V for the 20-nm barrier sample of Fig. 2.
This shift cannot be explained by the band-structure calcula-
tions based upon NEXTNANO. It occurs in all 10-nm barrier
samples with the quantum well on the p side but not in those
with the 20-nm barrier that are otherwise identical.

Returning to the oscillations above 1.7 V, we test if the
oscillations are related to resonant tunneling into the quantum
well. For this purpose, a series of wafers with well thicknesses
of 60, 90, 120, and 150 nm, respectively, are grown. This leads
indeed to dramatic changes of both the oscillation periods and
their amplitudes. This is demonstrated in the data presented
in Fig. 4 where capacitance oscillations of the four samples
are shown. Oscillations are seen at all well thicknesses stud-
ied, but their periods vary. The periodicities are compiled in
Table I.

The voltage periods scale inversely with the well thick-
ness and can be numerically described by the relation �V =
1.34V/(d/nm). Interestingly, the amplitudes of the capaci-
tance oscillations also scale roughly with the inverse of the
well thickness. Amplitudes at the arbitrarily chosen bias volt-
age of 1.8 V are also given in Table I.

The oscillations are robust and change little with temper-
ature. For example, there is little difference between 25 mK
(Fig. 3) and 4 K (Fig. 4) for the 90-nm sample. We observe
them from the mK range up to temperatures of almost 80 K. At
temperatures above about 10 K, they start to shift in position
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FIG. 4. Capacitance oscillations in four different samples with a
10-nm barrier containing quantum wells with different thicknesses.
Data are taken at 4 K. Both the periods of the capacitance oscilla-
tions and their amplitudes increase with the inverse quantum well
thicknesses.

because the GaAs band gap changes. Conductivity oscilla-
tions have also been observed in DC experiments; an example
will be shown later in Fig. 7.

In some test samples, we placed the n doping also in
AlGaAs, as on the p side, which corresponds to the design
shown in Fig. SM.1(a) of the Supplemental Material. With
the doping in AlGaAs on both sides, one gets wide quantum
wells on both sides of the barrier. Capacitance oscillations are
observed with similar periodicities and amplitudes as shown
in Figs. 3–5. No zero field capacity oscillation are observed
with the design of Fig. SM.1(c), which does not contain a
quantum well. See Fig. SM.2 from the Supplemental Material
[22]. This series demonstrates that the quantum well on the
p side is the main prerequisite for the observation of the
capacitance oscillations.

E. Magnetic-field effect

A perpendicular magnetic field has a small effect on the
oscillations as can be seen in Figs. 5(a) and 5(b), showing the
capacitance versus voltage as function of the B field in a color
plot for a 90-nm sample. The oscillations remain essentially

TABLE I. Data of four samples with four different quantum
well thicknesses show that both the periods and the amplitudes of
the capacitance oscillations increase with decreasing quantum well
thicknesses. Theoretical periods are obtained from calculating the
coincidences between electron levels on the two sides of the barrier
as function of the bias voltage. The statistical errors of determining
the respective periods are also given.

QW Exp. period C amp. Theo. period
(nm) (mV) (nF/cm2) (mV)

60 29.4 ± 0.3 620 34.9 ± 0.5
90 20.9 ± 0.1 460 25.9 ± 0.4
120 15.8 ± 0.3 300 19.6 ± 0.2
150 12.0 ± 0.1 220 16.7 ± 0.2

FIG. 5. The capacitance oscillations do not change significantly
in a perpendicular magnetic field [(a), (b)]. A magnetic field oriented
parallel to the barrier reduces the oscillations substantially already at
0.5 T [(c), (d)].

unchanged with magnetic field up to 10 T, exceeding the range
shown in the figure. Only small irregularities in the oscil-
lations are visible. Faint Landau oscillations are discernible
between 1.6 and 1.7 V, but do not match the behavior expected
for the 2DEG in this structure. It is unclear why no clear
Landau oscillations are seen in the voltage range before the
oscillations begin.

In contrast, a magnetic field oriented parallel to the layers
leads to a reduction of the oscillation amplitude already at
fields of about 0.5 T, as shown in Figs. 5(c) and 5(d). This
indicates that the origin of the oscillations is connected with
the electron momentum perpendicular to the interface. As-
suming an electron energy of 3 meV, which would be a typical
Fermi energy of a 2DEG, one expects a cyclotron radius of
90 nm. This value is large compared to the barrier thickness
but comparable to the well thickness of 120 nm. This supports
also that the capacitance oscillations are directly connected to
the quantum well on the p side of the barrier.

III. DISCUSSION

To model our experimental results, we assume that the os-
cillations at the 10-nm barrier samples originate from resonant
tunneling of electrons from the (En

0 ) band on the n side into
unoccupied high energy levels (index m) of the quantum well
on the p side (E p

m). Tunneling of the holes can be disregarded
because of their larger effective mass. Resonant tunneling into
higher levels of a quantum well has been observed before [28].
However, the equal spacing of the capacitance peaks makes it
at first unlikely because the quantum wells in our structures
appear from Fig. 1 rather square shaped than parabolic. On
the other hand, the two 2DHGs in the valence band deform the
conduction band toward parabolicity and the interplay of the
voltage dependence of the energy levels on two sides has also
to be considered. We use the simulation program NEXTNANO

to calculate the electron energy levels both on the p and the
n sides at voltages exceeding the GaAs band gap energy.
Figure 6(a) shows the band structure as well as the electron
levels on both sides of the barrier. Tunneling is possible if the
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FIG. 6. Model for resonant tunneling of electrons from the (En
0 )

band into one of the (E p
m) bands of the GaAs quantum well on the p

side of the barrier. On the right, the voltages where simulations find a
coincidence of (En

0 ) with (E p
m) are plotted as function of level number

m, black dots. The voltages of the measured capacitance maxima are
contained in the same figure, shown as blue triangles. The beginning
of the level number sequence is used as a fit parameter.

occupied band on the n side (En
0 ) lines up with one of the

unoccupied electron bands (E p
m) on the p side. The voltage

values where the (En
0 ) coincide with an (E p

m) are plotted in
Fig. 6(b) versus the quantum number m.

The plot shows a surprisingly linear behavior in the voltage
range comparable with the one of the measured capacitance
oscillations. For the experimentally relevant voltage range
(1.7 to 1.9 V), a linear fit of the values of Fig. 6(b) finds a theo-
retical voltage period of 25.7 mV, which is only slightly larger
than the experimentally observed 20.9 mV. The simulated
level coincidences for the other quantum well thicknesses
show also a nearly linear behavior in this range and the the-
oretical periodicities together with the statistical errors are

FIG. 7. (a) Spectral distribution of the electroluminescence (EL)
of a 10-nm barrier sample in zero magnetic field. Luminescence is
observed with a photon energy of about 1.515 eV corresponding to
the band gap energy of GaAs as soon as an ohmic conductance is
observed. Direct recombination should emit luminescence at higher
energies but is not observed. (b) Luminescence intensity at the max-
imum of the emission (1.515 eV) show the same oscillations as
function of the voltage as the total ohmic current across the device.

added to Table I. The values from the simulation agree rea-
sonably well with the observed ones but are 10 to 30% larger
than the experimental ones.

The magnetic field results fit into the resonant tunneling
picture. The perpendicular magnetic field leads to Landau
levels on both sides of the barrier and tunneling will be ener-
getically possible at the same bias voltages as in zero magnetic
field and there is no significant change of the oscillations. In
a magnetic field parallel to the layers, the wave functions of
the high index levels will be modified by the Lorentz force.
This would severely reduce resonant tunneling because the
in-plane momentum is no longer conserved [29].

There is no obvious reason why tunneling, resonant or
not, should lead to an enhanced capacitance. The capacitance
should be determined by the distance between the majority
carriers at the two sides of the barrier, the 2DHG and the
2DEG, respectively. Considering the finite extent of the re-
spective wave functions, it appears unlikely that their relative
distance could be reduced below the 21 nm obtained from the
NEXTNANO simulations, which corresponds to a geometrical
capacitance of about 500 nF/cm2 at most. Incidentally, this
capacitance value is approached in a large in-plane magnetic
field in Fig. 5(c).

Quantum capacitance effects cannot enhance a capacitance
unless the density of states turns negative. Indeed, a negative
density of states has been invoked in theories [30] to explain
anomalously large capacitance values at small densities [31].
They refer, however, to the capacitance across a barrier. In
our case, the origin of the enhanced capacity seems to be the
quantum well at the barrier.

Instead, we speculate that the relaxation and recombination
of the electrons injected into the high index levels of the
quantum well is slow, even slower than the tunneling life-
time. Thus, after tunneling, the effective Fermi energy of the
electrons is close to that on the n side. Thus, the electrons
may tunnel back rather than relax to the bottom of the quan-
tum well. In this case, the capacitance peaks would reflect a
smaller effective distance between electrons and holes in the
quantum well.

The anticipated long lifetime of electrons in the high levels
of the quantum well is reminiscent of dark excitons, which
have a long lifetime because spin mismatch does not allow
radiative recombination [32]. Here, it would be the small
overlap of the wave functions of the holes and electrons in
the quantum well that leads to long lifetimes. Long lifetimes
of electrons and holes have also been achieved by spatially
separating them in a lateral electric field [33].

It is not clear why the relaxation by the emission of optical
or acoustical phonons does not appear to be effective enough
to relax the electrons after the resonant tunneling process
toward the band edge.

We measure the electroluminescence and find no lumines-
cence with photon energies higher than the one expected from
the GaAs band gap. In the Supplemental Material (Fig. SM.5),
the spectrally resolved electroluminescence is shown for pho-
ton energies between 1.27 and 1.88 eV at bias voltages
between 1.65 and 1.8 V. Only luminescence with photon en-
ergies corresponding to the GaAs band is observed. That part
of the spectra is shown in more detail in Fig. 7(a). It shows
the spectrally resolved luminescence as function of the bias
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voltage. Luminescence with a photon energy of 1.515 eV and
a half width of about 5 meV is observed at biases above about
1.65 V. This photon energy corresponds to transitions between
the lowest electron-energy state with the highest hole state.
In Fig. 7(b), the intensity of the luminescence at 1.515 eV
and the total DC conductance across the device is shown. The
oscillations in luminescence clearly coincide with oscillations
in the total ohmic conductance. Note that the oscillations
are less pronounced than in the other figures, which show
differential signals. We note that the luminescence is rather
weak and required high sensitivity, which is the origin of the
spurious signals in Fig. 7(a).

The origin of the very small capacitance values at voltages
between the threshold and 1.7 V in Fig.s 3–5 is not clear.
It may hint at phenomena like exciton crystals or a BEC
that are conceivable in the small density regime [34]. It may
also be that the charge distribution is different from the one
expected from the simulations. Presently, we do not have any
information if any of these phenomena play a role for the
observations at small densities.

IV. CONCLUSIONS

At the outset of this research, our goal was to find a BEC
of excitons from the 2DEG/2DHG bilayers separated by a

few nm. There is no indication in our results of a BEC of
excitons consisting of the opposite charges on the two sides of
the barrier. Instead we find that our structures host an unusual
and possibly novel interacting charge system. It resides in a
quantum well that contains holes intrinsically while electrons
are tunnel injected selectively into high energy levels. The
large peak capacitance values could be caused by a negative
density of states, which would point to a correlated charge
system. The microscopic nature of this charge system cannot
be determined by our data. It might be liquid-like, have a
charge order, or form a condensate.
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