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The electronic properties of a self-assembledGaSb/GaAsQD ensemble are determined by capacitance-voltage (C-V) and deep-level
transient spectroscopy (DLTS). The charging and discharging bias regions of the QDs are determined for different temperatures.
With a value of 335 (±15) meV the localization energy is rather small compared to values previously determined for the same
material system. Similarly, a very small apparent capture cross section is measured (1 ⋅ 10−16 cm2). DLTS signal analysis yields an
equivalent to the ensemble density of states for the individual energies as well as the density function of the confinement energies
of the QDs in the ensemble.

1. Introduction

GaSb/GaAs quantum dots are an interesting material system
due to their type-II band alignment with its exclusive hole
confinement and a barrier present for electrons [1]. In par-
ticular for charge storage applications, they are a promising
option due to not only the very large barriers that can be
achieved [2–5] but also the spatial separation of electrons
and holes which facilitates long exciton lifetimes [6, 7]
and could lead to interesting long-wavelength optoelectronic
applications [8]. Although growth by metal organic vapor
phase epitaxy (MOCVD) has been demonstrated [9, 10],
the common way to fabricate these dots is molecular beam
epitaxy (MBE) due to the peculiarities of Sb (i.e., smaller
vapor pressure of Sb as compared toAs, Sb crystal formation).
For the use of GaSb/GaAs QDs in applications knowledge of
their electronic properties is required.

In this paper, we present an investigation of the electronic
structure of GaSb/GaAs QDs. We analyze static as well
as time-resolved capacitance-voltage (C-V) measurements,
in particular deep-level transient measurements (DLTS),

in order to determine the key electronic properties, such
as the activation energies, the localization energy, and the
apparent capture cross sections of the QD ensemble. The
analysis of the DLTS signal yields an equivalent to the density
of states of the QD ensemble for each individual energy.

2. Sample

The sample is grown by MBE. It consists of a layer of GaSb
QDs embedded on the 𝑝-side of a 𝑝𝑛 diode. The design
allows to charge and discharge the QDs with holes in a
controlled way. The layer structure is the following: on top
of an 𝑛-doped GaAs substrate a 300 nm wide highly doped
(𝑛 = 1 ⋅ 1018 cm−3) layer is grown as back contact. Then, a
500 nm wide 𝑝-doped (𝑝 = 2 ⋅ 1016 cm−3) layer is deposited,
followed by 7 nm nominally undoped GaAs. On top of the
undoped layer, 3 ML GaSb are deposited to form QDs with
a growth interruption to prevent GaSb ring formation [11].
Details on the growth process can be found in [11, 12]. The
QD layer is covered by another 7 nm of undoped GaAs.
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The rest of the device consists of 700 nm 𝑝-doped GaAs
(𝑝 = 2 ⋅ 1016 cm−3) and a 500 nm wide highly 𝑝-doped (𝑝 =
1 ⋅ 10

18 cm−3) contact layer. The sample is processed into
round mesa structures (𝑟 = 200 𝜇m) by standard optical
lithography and chemical wet etching techniques. Ohmic top
and back contacts are made of Ni/AuGe/Au and Ti/Pt/Au
for the 𝑛-side and 𝑝-side, respectively, which are annealed
for 3min at 400∘C.

3. Theory

The measurement voltages used in the experiments are in a
range where they do not alter the electric field (and hence
the band structure) so much that tunneling emission occurs
from the QDs. Consequently, only thermal emission is taking
place.The thermal emission rate for holes in QDs is then [13–
15]

𝑒 = 𝛾𝑇
2

𝜎
∞

exp(−
𝐸
𝑎

𝑘𝑇

) , (1)

where 𝛾 is a temperature-independent constant, 𝑇 the tem-
perature, 𝜎

∞

the apparent capture cross section, 𝐸
𝑎

the
activation energy (emission barrier), and 𝑘 the Boltzmann
constant. The two parameters characteristic for a certain
QD ensemble are the activation energy 𝐸

𝑎

and the apparent
capture cross section 𝜎

∞

. The activation energy is the barrier
which the holes have to overcome during the emission, and
the apparent capture cross section is a measure of how well
the QDs couple to their surroundings in terms of energy
exchange and dissipation [16]. Time-resolved measurements
of the hole emission from QDs, especially deep-level tran-
sient spectroscopy (DLTS), are used to determine these two
parameters.

4. Results

For precharacterization, a standard tool to analyze the elec-
tronic properties is to make a C-V measurement [14]. A static
C-V measurement of the sample at different temperatures
is shown in Figure 1. The capacitance is measured between
reverse biases of −0.5 V and 4V at a frequency of 1MHz
and an ac measurement voltage of 100mV. The temperature
is increased from 25K to 350K in steps of 25K. At low
temperature, just the ordinary 1/√𝑉-like C-V curve of the
diode structure is visible. When the temperature is increased,
a plateau-like feature evolves which can be attributed to the
hole emission and capture processes of the QDs. In principle,
only emission and capture processes which can follow the
measurement frequency are visible in the curves. At low
temperatures, the emission time constants of the holes in
the QDs are too long; hence the holes are not visible. When
the thermal energy is increased, the emission rate increases
(see (1)). Above a temperature of about 200K the upper hole
levels contribute to the signal. Eventually, when the thermal
energy is sufficient, all hole levels contribute to the signal,
and the extension of the plateau saturates, which can be seen
for temperatures above 300K. The second derivative of the
C-V curves allows to mark the point where the QDs enter
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Figure 1: C-V scans for temperatures between 25K and 350K in
steps of 25K. The evolving plateau due to the emission and capture
processes of the QDs is clearly visible. Above 300K all hole states in
the QD ensemble contribute to the total capacitance.The voltages at
which the QDs enter and leave the depletion region can be seen in
the second derivative of the C-V curves (see inset).
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Figure 2: Bias voltages of the start and end of the plateau in Figure 1
as a function of temperature (derived from the maxima in the
second derivative of the C-V curves; see inset of Figure 1). As the
temperature is increased,more andmore hole levels are contributing
to the total capacitance for a given measurement frequency (here
𝑓 = 1MHz).

and where they leave the depletion region of the pn diode
(see inset of Figure 1). The start and end voltages of the C-V
curves with a plateau are shown as a function of temperature
in Figure 2.

The shaded regions in the graph mark different situations
in the diode for a measurement frequency of 1MHz. Below
a reverse bias of about −0.5 V (i.e., forward direction), the
depletion region does not extend to the position of the QD
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layer; hence the QDs are full with holes but cannot be seen in
the capacitance. Above a reverse bias of −0.5 V the depletion
region extends to the QD layer, and at temperatures below
the line marked by the end of the plateau (black data points),
parts of the hole levels are invisible, as their time constants are
too long. At temperatures above the line, the QDs partially
contribute to the total capacitance. This means that between
a reverse bias of −0.5 V and 2V the QDs are partly charged
in equilibrium.The lower voltages correspond to the shallow
hole levels of the dots, and the larger voltages to the deep
levels of the QDs. Above a voltage of about 2V, the QDs are
completely discharged in equilibrium. This can also be seen
as a steep shoulder of the plateaus in the high-temperature
curves in Figure 1. The values for the equilibrium situations
are used in the time-resolved C-V measurements to mark the
measurement voltages.

The QD ensemble as a whole is then studied by DLTS.
Initially, the QDs are completely charged by a voltage pulse
to −0.5 V (forward direction). Then the emission transient
is recorded in the capacitance at a specified measurement
voltage𝑉

𝑚

.The emission transients for temperatures between
25K and 375K are analyzed by the double-boxcar method.
The resulting DLTS spectra for three measurement voltages
𝑉
𝑚

and a reference time constant of 𝜏ref = 35ms are shown
in Figure 3. For 𝑉

𝑚

= 1V, a distinct peak can be seen
between 70K and 130K. When the measurement bias is
increased to 2V and 3V, the peak broadens on the high-
temperature shoulder up to 200K and decreases in size.
This can be explained by the regions defined in Figure 2.
For a measurement bias of 𝑉

𝑚

= 1V only the upper hole
levels, which correspond to signals at lower temperatures, are
emitted. The deeper levels do not contribute to the signal.
If the measurement bias is increased to 2V and 3V, these
levels are added to the signal and correspond to the signal
at higher temperatures. The peak height decreases due to a
faster emission from the shallowhole levels, possibly already a
result of beginning thermally assisted tunneling processes [17,
18] for the shallow levels at 𝑉

𝑚

= 3V.The increased emission
rate of these levels shifts the signal out of the measurement
window (boxcar) and leads to the decreasing signal. The
mean activation energy of the QD ensemble is then (at 𝑉

𝑚

=

2V, where all levels contribute) 115 (±5)meV with a mean
apparent capture cross section of 𝜎

∞

= 1 ⋅ 10
−18 cm2.

To study the electronic structure of the QD ensemble in
more detail, a charge-selective DLTS method is used [4, 19,
20]. The charging pulse height is much smaller than in the
conventional DLTS method, and hence the emission from
only a small energy range is probed during the measurement,
allowing to observe the emission from very few QD hole
levels. The measurement bias 𝑉

𝑚

is changed from −0.2 V to
2.2 V in steps of 0.2 V while the pulse bias is set to 𝑉

𝑝

=

𝑉
𝑚

− 0.2V.The resulting DLTS spectra are shown in Figure 4
for a reference time constant of 𝜏ref = 35ms. A peak structure
can be seen which shifts from 90K for 𝑉

𝑚

= −0.2V to
about 210 K for 𝑉

𝑚

= 2.2V. The peak height is decreasing
for increasing measurement bias. From the DLTS spectra,
Arrhenius plots (not shown) can be derived, which can be
analyzed by fitting the emission rate equation (1) to the data,
yielding the activation energy 𝐸

𝑎

and the apparent capture
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Figure 3: Conventional DLTS measurement for different measure-
ment voltages 𝑉

𝑚

and a reference time constant of 𝜏ref = 35ms. The
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Figure 4: Charge-selective DLTS spectra for measurement voltages
𝑉
𝑚

between −0.2V (forward direction) and 2.2 V (reverse direction)
and a reference time constant of 𝜏ref = 35ms. The charging pulse
amplitude is fixed to 0.2 V. The peaks for the deep hole states shift
toward higher temperatures and decrease in height.

cross section 𝜎
∞

as fit parameters. The activation energies
and corresponding apparent capture cross sections for the
individual measurement voltages are shown in Figure 5. The
activation energy 𝐸

𝑎

increases for increasing reverse bias
from 90meV at𝑉

𝑚

= −0.2V to about 330meV at𝑉
𝑚

= 2.2V,
indicating that with increasingmeasurement bias deeper hole
levels of the QD ensemble are probed. As the DLTS signal
vanishes completely above a bias of 2.2 V, the maximum
activation energy belongs to the localization energy of theQD
ensemble.The apparent capture cross sections show a similar
trend to that of the activation energies. They increase from
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Figure 5: (a) Activation energies and (b) apparent capture cross sections for holes derived from the charge-selective DLTS spectra.
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insets schematically show the contribution of QDs with different
individual localization energies. The shaded areas indicate the
energy range that is probed during a single measurement step. The
localization energy of each individual QD depends on the dot size
and its composition which have not been indicated in the insets
separately.

about 10−18 cm2 at 𝑉
𝑚

= −0.2 V to about 10−16 cm2 at 𝑉
𝑚

=

2.2V. The localization energy is then 335 (±15)meV with a
corresponding apparent capture cross section of 1 ⋅ 10−16 cm2
with an error of about half an order of magnitude.

The peak height of each individual DLTS peak versus the
measurement bias is shown in Figure 6. The peak heights
decrease due to a decreasing number of hole states in the
density of states (DOS) of the QD ensemble, which is
illustrated in the insets of Figure 6. For a small measurement
bias, all sizes of QDs contribute to the signal, the larger with
their shallow levels, and the smaller with their deep levels. In
contrast, when themeasurement bias is increased, the smaller
QDs are always empty throughout the measurement cycle,
and hence do not contribute to the signal. Only the deepest
levels of the large QDs are charged and discharged during
the pulse. Hence, the localization energymeasured belongs to
the largest confinement energies in the QD ensemble, which
can be attributed to dots with large sizes and/or large GaSb
content.
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Figure 7: Density of states equivalent as a function of the activation
energies determined from the charge-selective DLTS. The inset
shows the individual contribution of each additional data point to
the DOS equivalent; the curve resembles the density function of the
confinement energies of the QDs in the ensemble.

The peak heights can also be plotted versus the activation
energies that were measured at the respective measurement
voltage (Figure 5(a)).The resulting curve is shown in Figure 7
and resembles an equivalent to the density of states of the QD
ensemble, indicating a value proportional to the number of
hole states at a certain energetic depth of the QD ensemble.
When the additional contribution of each data point to the
DOS equivalent is plotted versus the activation energy (see
inset of Figure 7), the density function of the confinement
energies of the QDs in the ensemble is obtained. The mean
value of that function is located around an activation energy
of ∼240meV.

5. Discussion

The C-V measurements and the conventional and charge-
selective DLTS measurements have yielded the activation
energies, the apparent capture cross sections, the localization
energy of the QD ensemble, and a curve equivalent to the
density of states between a potential depth of 90 and 340meV
in the QD ensemble. When comparing the measured values
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with previous measurements in the same material system
[4, 19, 21], the localization energy is much smaller than in
all the other samples, except for a single one which has a
comparable potential depth [22]. It can be concluded from the
previousmeasurements [4] and 8-band-𝑘⋅𝑝-calculations [21]
that theQDs are very small and/or have a small GaSb content.
Also, the apparent capture cross sections around values of
10−16 cm2 are unusually small compared to previous studies
where values between 10−13 cm2 and 10−11 cm2 were found
[4]. The density of states equivalent curve resembles part of
the distribution function that one would expect if the density
function of the confinement energies of the individual QDs
in the ensemble is assumed to have a Gaussian shape, which
is plausible and is also confirmed by the data.

6. Summary

We have studied the electronic properties of GaSb/GaAs
QDs by C-V spectroscopy and DLTS.The C-V measurements
revealed details about the charging state of the QDs with
respect to the applied bias. The QD ensemble has a mean
activation energy of 115 (±5)meV and a localization energy of
335 (±15) meV with a corresponding apparent capture cross
section of 1 ⋅ 10−16 cm2 with an error of about half an order of
magnitude. The localization energy belongs to the QDs with
the largest activation energies, which are found at the upper
edge of the Gaussian size distribution.
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