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Tunneling emission from self-organized In(Ga)As/GaAs quantum dots observed
via time-resolved capacitance measurements
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The observation of tunneling emission of electrons and holes from In(Ga)As/GaAs quantum dots in time-
resolved capacitance measurements is reported. The electron and hole ground-state localization energies are
determined as (290+30) meV and (210+20) meV, respectively. These energies are in excellent agreement
with predictions from eight-band k- p theory. Based on the localization energies, we estimate the escape time
for thermal excitation at room temperature as ~200 ns for electrons and ~0.5 ns for holes in case of a
zero-electric-field situation. The electric-field dependence of the tunneling emission is investigated in detail.
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I. INTRODUCTION

Self-organized semiconductor quantum dots (QDs) (Ref.
1) with their peculiar electronic and optical properties resem-
bling artificial atoms can be regarded as building blocks for
various optoelectronic devices such as semiconductor la-
sers,>™* ultrahigh-frequency applications,” single-photon
sources,®’ and detectors.®? QD-based lasers are the most ob-
vious and widely investigated application. However, self-
organized QDs are also very interesting as an alternative ap-
proach for future single-electron memories.!%'* The under-
standing of the carrier escape mechanisms from QDs is a
crucial prerequisite for any application of self-organized
QDs in electronics. Thermally activated and tunneling carrier
emission are the essential processes, which limit the storage
time of memory devices. The inherent QD property which
determines the thermal and tunneling emission time con-
stants is the ground-state localization energy of the electrons
or holes.

In this paper, we report the observation of tunneling emis-
sion of electrons and holes from the ground states of
In(Ga)As/GaAs QDs using time-resolved capacitance mea-
surements. By this method, the tunneling times as function of
an applied electric field can be derived. A time-dependent
decrease of the electron or hole ground state population is
observed which is due to pure tunneling escape at low tem-
peratures, where thermally activated emission is negligible.
In addition, by measuring the tunneling time as function of
the electric-field strength, we are able to determine the elec-
tron and hole localization energy with high accuracy. This
time-resolved tunneling capacitance measurement (TRTCM)
allows one to determine localization energies that are in ex-
cellent agreement with calculations based on eight-band
k-p theory.'> The thermally activated escape times at room
temperature are determined from the localization energies.
These escape times finally limit the carrier storage time in
device applications where no electric field is present and
therefore tunneling is suppressed.

Space-charge transient methods as deep level transient
spectroscopy (DLTS) has been used successfully to study
thermal emission processes and thermal activation energies
of QD systems.'82* These thermal activation energies, how-
ever, do not represent the localization energies of the charge
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carriers, as the underlying physical mechanism is a two-stage
escape process: Thermal activation from the QD ground or
an excited state into an intermediate state and subsequent
tunneling through the remaining triangular barrier.?!>#2> The
activation energy equals the separation energy between these
two energy levels. Therefore, the correct QD localization en-
ergies cannot easily be observed in conventional DLTS mea-
surements, due to this competing tunneling in an applied
electric field. The TRTCM enables one to determine these
important values for zero-dimensional In(Ga)As self-org-
anized QDs with high accuracy.

II. SAMPLE STRUCTURE

Two samples were used to investigate the electron and
hole tunneling emission from self-organized QDs. Both were
grown using metalorganic chemical vapor deposition
(MOCVD) on a GaAs(001) substrate. The QD layer was
incorporated in either a p*n- or a n*p-diode structure to al-
low controlled charging of the electron and hole states, re-
spectively. The QDs are outside the depletion region without
bias and thus completely charged in the conductive surround-
ings. If the surrounding material is p-doped/n-doped, the
QDs are charged with holes/electrons, respectively. By in-
creasing the reverse bias, the QDs can be successively de-
populated of charge carriers and finally become neutral.

The first sample, referred to as Hl—to study the hole
tunneling—is a n*p structure containing a single
In,Ga;_,As/GaAs QD layer formed by deposition of ~3
monolayers InggGag,As at 500 °C. The QD sheet-density
amounts to Njy' =3 10'® cm™2. The QDs exhibit a ground-
state transition at ~1.12 eV as observed by photolumines-
cence at He temperature,’® and an average QD base length of
about 16 nm. On top of a GaAs(001) substrate, a 500 nm
thick highly p-doped GaAs (~1 X 10'® cm™) layer followed
by 700 nm slightly p-doped (~3X10'® cm™) GaAs were
deposited. Subsequently, on top of a 10 nm thick undoped
GaAs layer, ~3 ML Ing sGa,,As were deposited forming the
self-organized QDs. The QDs were eventually overgrown
with 7 nm undoped GaAs and a 500 nm layer of slightly
p-doped (~3X10'® cm™) GaAs. Finally, a 400 nm highly
n-doped (~7x10' cm™) GaAs cap layer formed the n*
contact.
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The second sample, referred to as sample El, is a p™n
structure with In,Ga,;_,As/GaAs QDs embedded in the
n-doped region, to study electron tunneling. The In,Ga;_,As
QDs were grown at 500 °C by deposition of ~7 ML
Iny ,Gay3As on top of a QD seed layer, which was formed by
the deposition of ~3.5 ML Iny,Gay;As QDs. The GaAs
spacer of only 3 nm thickness ensures vertical growth corre-
lation between the two QD layers. The QDs of the second
layer nucleate directly above the QDs of the seed layer, and
also have a bigger size than the seed QDs. This method was
used to achieve a high QD density of large In,Ga;_ As
QDs.?” Transmission electron microscopy (TEM) images of
comparable samples® show a QD area density of ~5
% 10'" cm™, a truncated pyramidal shape with an average
base width of about 18—20 nm and a height of ~4 nm. The
ground-state transition energy in PL is ~1.04 eV at He
temperatures.”® The smaller In,Ga,_,As seed QDs have only
a minor impact on the electronic and optical properties of the
In,Ga,_,As QDs due to the large mismatch of the ground-
state transition energies of the two QD types.’

For both samples, photolithography and chemical wet
etching were employed to form mesa structures with a diam-
eter of 800 um. Ohmic contacts were formed on top and
back of the structures by metal evaporation and alloying.
With a diameter of 800 wm of the mesa structure and an
average QD sheet density of 3 X 10'° cm™ we observe in the
following experiments always the carrier emission from an
energy broadened ensemble of millions of QDs. The energy
broadening is due to fluctuations in size, shape, and compo-
sition of single QDs in the ensemble.

III. EXPERIMENTAL RESULTS
A. Static capacitance-voltage measurements

Figure 1 depicts the static capacitance-voltage (C-V) trace
(solid line) of samples H1 (a) and El (b), recorded at T
=100 K at a modulation frequency of 1 kHz. In both C-V
curves, a pronounced plateau is visible which reflects the
charge accumulation in the QD layer. For sample H1, the
depletion region of the n*p diode reaches the QD layer at a
reverse bias of about 7.0 V and is pinned there, precisely
marked by a maximum of the second derivative (dashed line)
in Fig. 1(a). As a consequence, the capacitance remains
roughly constant for increasing reverse bias until all holes
are removed from the QDs at 9.4 V. The small quantization
energies of the hole levels do not allow to distinguish be-
tween the population of ground and excited states in the
C-V measurement. For sample El in Fig. 1(b), the onset of
the plateau at a reverse bias of about 6.5 V, as marked by the
peaks of the second derivative (dashed line), denotes the be-
ginning of the population of the electron ground states. The
larger level splitting of the electron states here one allows to
distinguish between ground and excited state population. Be-
tween 6.5 V and 5.5 V, the ground state is populated with
two electrons. The excited states are populated with electrons
below 5.5 V, whereas below 3.0 V the QDs leave the space-
charge region and are completely filled.

The C-V results enable us to estimate the number of
charge carriers accumulated in the QD layer from: Q
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FIG. 1. Static C-V characteristics of sample (a) H1 and (b) E1 at
T=100 K for a measurement frequency of f=1 kHz (solid line).
The plateau in the C-V traces is due to hole or electron accumula-
tion, respectively, in the QD layer. The maxima of the second de-
rivative (dashed line) precisely indicate the beginning and end of
the plateaus.

~C,AV, where C, is the capacitance of the plateau region,
and AV is the width of the plateau. In addition, knowledge of
the QD area density is required to evaluate the average popu-
lation of completely charged QDs. For sample H1, a maxi-
mum number of approximately seven holes per QD is found.
For sample El, the evaluation of the C-V data yields two
charge carriers per QD for the reverse bias region from 5.5 V
to 6.5V, as expected for a spin-degenerated ground state.
Five more electrons can be charged into the excited state for
the voltage region between 3.0 V to 5.5 V. In total, sample
El can be charged with up to seven electrons per QD.

The C-V characterization reveals the bias needed to
charge the different QD levels in the following DLTS and
TRTCM experiments. Precise bias values are required for the
TRTCM method where only the electron/hole ground states
will be populated with charge carriers.

B. Thermally activated charge carrier emission

In this section, we discuss the thermally activated emis-
sion from the QDs, as also previously observed in conven-
tional DLTS measurements,?%?1324 in order to compare this
results with the outcome from the TRTCM method.

Figure 2(a) depicts two DLTS measurements of sample
HI for a pulse bias of V,=7.0 V and 9.2 V. The reverse bias
was fixed to V,=9.4 V. For a reverse bias of 9.4 V, the QDs
are inside the depletion region, i.e., they are totally depleted
from charge carriers [cf. the C-V measurement in Fig. 1(a)].
At a pulse bias of V,=7.0 V, the QDs are completely filled
with holes during a 10 ms electrical pulse. After the bias is
set back to the starting situation, the QDs are again in the
depletion region in a nonequilibrium state with the reservoir
and all trapped holes are emitted (see schematic picture in
[Fig. 2(a)]. The DLTS spectrum is a result of thermal emis-
sion of completely charged QDs, where the thermal activa-
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FIG. 2. DLTS spectra of thermally activated hole emission at a
reference time constant of 7,.,,=20 ms, a fixed reverse bias of V,
=9.4 V, and a pulse length of 7,,,=10 ms (a). For a pulse bias of
V,=7.0 V, the QDs are completely filled with holes [schematically
depicted on the left-hand side in (a)], while for V,=9.2 V only the
hole ground states are occupied. The black dashed line represents a
simulated DLTS spectrum, that stems from thermal emission from a
single energy level. The solid gray line displays a simulation, as-
suming an energy broadened ensemble of QDs with a Gaussian
shape and a FWHM of 30 meV. Panel (b) displays the Arrhenius
plots for both filling pulses, yielding activation energies of 70 meV
(V,=7.0 V) and 120 meV (V,=9.2 V), respectively.

tion energy of each emitted hole depends on the actual
charge state. As a consequence, the DLTS peak is broadened
and extends toward temperatures below 20 K.

The thermal emission rate ey, is usually given by!7-3

€thermal = ‘)/Tza'ocexp(_ Ea/kT) s (1 )

where E, is the activation energy, o, is the capture cross
section for 7=, and v is a temperature-independent con-
stant. From an Arrhenius plot [V,,=7.0 V in Fig. 2(b)] of the
DLTS peak position for varying reference time constants 7.;
we obtain an average apparent activation energy of about
(70+£10) meV.

In order to study the charge carrier activation energies
with more precision, we can use the charge-selective DLTS
method.?? This technique always sets the pulse bias in rela-
tion to the reverse bias, such that on average the thermal
emission of about one charge carrier per QD is probed. By
changing the reverse bias, this method allows one to control
the QDs charge state (see Geller et al.).?? For a pulse bias of
V,=9.2 'V, we filled only the ground states with approxi-
mately one hole per QD. As a consequence, a narrower peak
at about 7=60 K appears in Fig. 2(a), while no DLTS signal
below 50 K exists. From an Arrhenius plot [V,=9.2 V in
Fig. 2(a)], we obtain an apparent activation energy of
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(120+£10) meV with a capture cross section of about o
~7X 107" cm?,

Even the DLTS curve for V,=9.2 V does not represent a
single emission process, as we always probe an energy
broadened ensemble of QDs. For comparison, the black
dashed line in Fig. 2(a) displays a simulated DLTS spectrum
[using Eq. (1)], that stems from thermal emission from a
single energy level. This simulation clearly shows a smaller
peak width than the experimental data (black solid line for
V,=9.2 V). The solid gray line in Fig. 2(a) displays a simu-
lation that was fitted to the experimental data, assuming ther-
mal emission from an energy broadened ensemble of QDs.
We obtained good agreement with the experimental data for
a Gaussian shape with a full width of half maximum
(FWHM) of 30 meV.

As expected, the activation energy of 120 meV from the
charge-selective DLTS is much larger than the value of
70 meV from multiple hole emission, where a number of
more weaker bound states are involved. However, it is evi-
dent that this value still underestimates the ground-state lo-
calization energy, if we compare it with the theoretical pre-
diction from eight-band k-p theory.'> For QDs with a base
length of ~16 nm, a hole ground-state localization of about
200 meV is predicted. Previous admittance spectroscopy
measurements from Chang et al.*> confirm our DLTS mea-
surements and explain also the significant underestimation of
the hole localization energy caused by a two-step emission
process: The thermal activation into an exited state and sub-
sequent tunneling through the tip of the remaining triangular
barrier [bottom schematic picture in Fig. 2(a)].

For the electrons in sample El, the apparent thermal ac-
tivation energies are even smaller. In the charge-selective
DLTS measurements of sample El, for a reverse/pulse bias
of 6.8 V/6.0 V only an energy broadened ensemble of elec-
tron ground states are charged with approximately one elec-
tron per QD [cf. the C-V measurement of sample El in Fig.
1]. A single DLTS peak occurs at about 50 K for a reference
time constant 7,.;=30 ms. The corresponding apparent ther-
mal activation energy is (82+10) meV (not shown here),
representing—as previously demonstrated’’—the ground to
first excited state level splitting. As electrons have a larger
tunneling probability than holes for the same barrier height,
thermal activation excites electrons mainly to the first exited
state before tunneling through the remaining triangular bar-
rier takes place. The apparent thermal activation energy is,
thus, more reduced for electrons than for holes. In addition,
we obtain from an Arrhenius plot a capture cross section of
about £!'=2x 107" cm?

C. Time-resolved tunneling capacitance measurements

We first recorded capacitance transients for increasing
temperature to ensure for the subsequent TRTCM investiga-
tions, that the observed change in the capacitance is only due
to tunneling. In general, the capacitance reflects the popula-
tion of the QDs with majority charge carriers. In Fig. 3, for
instance, the minimum capacitance at t=0 represents the
maximum population of the QD ground states with holes.
For t>0 an increasing capacitance is caused by a decreasing
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FIG. 3. Capacitance transients for increasing temperature from
31 K up to 42 K at a reverse bias of V,=10.4 V (a). The reverse
bias corresponds to an electric field of 120 kV/cm in the QD layer
of sample H1. The almost constant emission time proves that no
thermal emission is present and pure hole tunneling is observed.
When increasing the applied electric field from 120 kV/cm up to
138 kV/cm, the emission time decreases significantly in (b). The
pulse bias V,=9.2 V was set such that, on average, only the hole
ground states are occupied and tunneling through the entire barrier
E;“ is observed (see schematic inset). The pulse width was set to

fpuise=900 ms and the transients are vertically shifted for clarity.

hole population due to tunneling emission. The filling pulse
is not shown in the following TRTCM spectra, i.e., the ca-
pacitance transients begin at the time when the tunneling
emission process starts.

Figure 3(a) displays capacitance transients at temperatures
between 31 K and 42 K. The reverse bias was set to V,
=10.4 V, which corresponds to an electric field of about
120 kV/cm in the QD layer. The electric field was deter-
mined based on a simple approximation for p-n junctions,’!
see the Appendix. The pulse bias was adjusted to V,
=9.2 V, such that on average only the hole ground states are
filled. An almost constant emission time with an average
value of (2.1+0.3) s is obtained, which proves that pure hole
tunneling is observed in this temperature range. In the
charge-selective DLTS measurement in Fig. 2, the peak starts
at about 7=45 K for identical reverse/pulse bias situation,
due to the initiation of the thermal hole emission on a 20 ms
time scale. Thermally activated emission also occurs in the
TRTCM spectra [Fig. 3(a)] for T>45 K, leading to a de-
creasing emission time with increasing temperature (not
shown). Note the minor effect of an increasing amplitude of
the transients with increasing temperature [Fig. 3(a)]. The
QD charging process is slightly temperature dependent, due
to the fact that the charge carriers have to overcome an elec-
trical potential barrier from the reservoir into the QDs if the
pulse bias is not set to flat-band condition.

A strong dependence of the tunneling emission time on
the applied electric field is visible in Fig. 3(b), which is an
additional confirmation of pure hole tunneling. From the re-
corded capacitance transients, we are now able to obtain hole
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tunneling times from the QD ground states through the GaAs
barrier EPBIl (sample H1 on the right-hand side in Fig. 6). As
mentioned before, we observe carrier emission from an en-
ergy broadened ensemble of QDs, hence, the capacitance
transients cannot be described by a single exponential. Dif-
ferent single QDs with varying size, shape, and composition
are expected to have different tunneling rates. As a conse-
quence, we observe tunneling emission with different time
constants, leading to multiexponential transients.

Figure 5(a) depicts three selected capacitance transients
from Fig. 3(b) as gray lines on a semilogarithmic scale.
Clearly visible is a nonexponential decay, as in DLTS experi-
ments on deep levels in semiconductor alloys (see Omling er
al.,’? and references therein). The capacitance transients C()
are fitted with a so-called stretched exponential function (see
Scher et al.,’® and references therein):

C(1) = C(t)expl~ (/7). 2)

Equation (2) describes a superposition of different expo-
nential tunneling processes, with 7* being an effective time
constant and [ as the stretching parameter. The latter de-
scribes the spread of time constants and is unity for a mo-
noexponential decay. A stretching parameter below one indi-
cates a variation from a monoexponential transient. By
probing an ensemble of QDs with a FWHM of about
30 meV (see before), the capacitance transients of the tun-
neling emission can be fitted well by Eq. (2) (black lines in
Fig. 5), with a stretching parameter of about 0.6. The tunnel-
ing times of sample H1, as function of the applied electric
field, are shown as gray dots on the right-hand side in Fig. 6.
In addition, we evaluated the 1/e-decay time as an average
emission time of the ensemble (black dots in Fig. 6). The
tunneling times have an accuracy of about 20%. The tunnel-
ing time decreases for sample H1 from about 2 s down to
30 ms for an increasing electric field from 120 kV/cm (at
V,=10.4 V) to 138 kV/cm (at V,=12.5 V). The solid lines
are fits to the data, as predicted from Eq. (3) (see below).

The electron tunneling emission from the ground states
through the GaAs barrier E,ER1 is shown in Fig. 4 on a linear
scale. Here, the pulse bias was set to V,,=6.0 V. Hence, only
the ground states are occupied with electrons (see schematic
inset in Fig. 4). At T=20 K, the thermal electron emission
can be neglected. The decrease in the population of the QD
ground states was recorded time resolved. Figure 5(b) de-
picts three selected capacitance transients from Fig. 4 as gray
lines on a semilogarithmic scale. Once again, a nonexponen-
tial decay is clearly visible, which we fitted with a stretched
exponential function [black lines in Fig. 5(b)]. The effective
time constants 7° are shown as gray dots on the left-hand
side in Fig. 6 (sample El). The 1/e-decay times are dis-
played as black dots. Increasing the electric field from
79 kV/cm (at V,=7.0 V) up to 92 kV/cm (at V,=8.0 V) re-
duces the tunneling time from about 5 s down to 80 ms.

IV. ANALYSIS AND DISCUSSION

The GaAs barrier height for electrons E5' and holes E5'
can be obtained from the dependence of the tunneling time
on the applied electric field. The barrier height is almost
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FIG. 4. Electron tunneling from the ground states through the
GaAs barrier Egl for sample E1, observed in capacitance transients
at low temperature (7=20 K). The pulse bias V, was setto 5.8 V to
occupy only the electron ground states (see inset), while the reverse
bias was increased to apply an electric field from 79 kV/cm up to
92 kV/cm. The pulse width was set to ;=900 ms and the tran-
sients are vertically shifted for clarity.

equal to the entire localization energy E) .. The difference is
due to the Poole-Frenkel effect,>* which slightly lowers the
barrier height in an applied electric field: AEpg=eFh/2,
where F is the electric field and & is the QD height. The
localization energy E,.. is the sum of the tunneling barrier
height and an estimated Poole-Frenkel energy AEpp (see
schematic inset in Fig. 7). The Poole-Frenkel effect re-
duces—for QDs (Ref. 35) with an average height of
4 nm—the hole barrier by approximately 24 meV for an
electric field of ~120 kV/cm. For electrons, the barrier
height is reduced by approximately 16 meV for an electric
field of about 80 kV/cm.The accuracy of AEpy is limited by
the knowledge of the QD height. The Poole-Frenkel effect,
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0 5 10 15 20 25 3
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FIG. 5. Capacitance transients of hole (a) and electron tunneling
(b), displayed on a semilogarithmic scale. Only three transients
from Figs. 3(b) and 4 are shown for clarity. Black solid lines are fits
with stretched exponential functions.
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FIG. 6. Electron (sample E1) and hole (sample H1) tunneling
times. The tunneling times were obtained by evaluation of the 1/e
decay time (black dots) and stretched exponential fits (gray dots).
The solid lines are fits to the data. The inset displays schematically
the tunneling process through the GaAs barrier E for electrons and
holes.

however, has only a minor impact on the determination of
the localization energy.

The tunneling rate is needed to obtain the barrier height
Ejp from the experimental data. Fry et al.3® modeled the tun-
neling rate ey, using an adiabatic approximation, where
the tunneling probability depends only on the z part (parallel
to the electric field) of the wave function. Using an one-
dimensional (1D) Wentzel-Kramer-Brillouin calculation,?’
for an 1D potential with height &, the tunneling rate e, 1S
given by

h —4
Cumel = 5 *12°%P| 35 Fe

3
\2m'Ey |, (3)
where m" is the GaAs effective mass. The exponential factor
is the common expression for the transparency of a triangular
barrier. In the following, only the exponential factor is rel-

E ! v I L A T ¥ T
F \‘—h" Sample E1:
[ 86 | E,F'=271meV 1
= - R AEp, er_ 1
) s E__ =290 meV
~ 10 b i Toc d
e f 3
£ F D
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2 1k : 3
5 F Sample H1: B E
F  FE=189mev
E, "= 210 meV
0.1k, N 1 i ’I,l. 1 N 1 L
7 8 11 12 13

Inverse electric field (cm/MV)

FIG. 7. Tunneling rate for holes (sample H1) and electrons (E1)
as function of the inverse electric field. From the linear dependence,
as predicted in Eq. (3), we obtain an hole (Egl=189 meV) and
electron barrier height (E51=271 meV). Adding an approximate
value for the Poole-Frenkel energy AFEpp leads to the hole Eﬁi
=210 meV and electron EE,IC=29O meV localization energy (sche-

matic inset).
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evant to obtain the tunneling barrier height, and the prefactor
will be neglected.

As predicted by Eq. (3), a linear dependence of the tun-
neling rate on a logarithmic scale via the inverse electric
field occurs in Fig. 7. A hole barrier height of (Eg1
=189+11) meV can be determined from a linear fit to the
data. The accuracy is mainly limited by the uncertainty of the
heavy hole effective mass. For the [100] direction—which is
the growth and tunneling direction—the GaAs heavy hole
effective mass is m" =0.40 m,,*® with a standard deviation of
0.06 my. A minor limitation of the accuracy is given by the
determination of the electric-field strength (see the Appen-
dix). From a linear fit of the electron sample data (Fig. 7), we
are also able to determine an electron barrier height of E%'
=(271£24) meV. Here, we used the recommended value for
the GaAs electron effective mass®>#0 of 0.0635 m,.*!

The hole and electron ground-state localization energy is
the sum of the barrier height E; and the estimated energy
lowering due to the Poole-Frenkel effect AEpz (see the
schematic inset in Fig. 7): E),.=Ep+AEpz. The hole and
electron localization energies are: EEi:(ZlOiZO) meV and
EE! =(290+30) meV, respectively.? The eight-band k-p
theory!> predicts a hole ground-state localization energy of
~200 meV for QDs with a base length of about 16 nm (as in
sample H1). The electron localization energy is in the order
of 280 meV (for QDs with a base length of about 18 nm).
Therefore, the electron/hole ground-state localization ener-
gies obtained experimentally from the TRTCM method are in
excellent agreement with the theoretical predictions.

To verify the localization energies, we estimated the the-
oretical values of the tunneling times using Eq. (3). The
theoretical hole tunneling time for a localization energy of
210 meV and an approximate QD height of 4 nm (from
TEM images, Sec. II) decreases from about 2.3 s (F
=120 kV/cm) down to 30 ms (F=138 kV/cm). Assuming
the same QD height and using the energy of 290 meV leads
to a decreasing electron tunneling time from 2.2 s (F
=79 kV/cm) down to 20 ms (F=92 kV/cm). The theoretical
tunneling times are in good agreement with the values from
the experiments.

The escape time for thermal excitation from the electron/
hole ground states can be estimated by using Eq. (1), the
capture cross sections in Sec. III B, and the localization en-
ergies for sample E1/H1, respectively. For zero-electric field,
an average thermal escape time at room temperature for elec-
trons of about 200 ns and for holes of about 0.5 ns is ob-
tained.

V. CONCLUSION

We have reported the observation of tunneling escape
from self-organized In(Ga)As/GaAs QDs in time-resolved
capacitance measurements. The observed escape time is
temperature-independent, but depends strongly on the ap-
plied electric field in the QD layer. The electron tunneling
time decreases from about 5 s at 79 kV/cm down to 80 ms
at 92 kV/cm, while the hole tunneling time decreases from
about 2 s at 120 kV/cm down to 30 ms at 138 kV/cm.
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TRTCM allows us to determine the electron and hole
ground-state localization energy by measuring the depen-
dence of the tunneling time constant as function of the elec-
tric field. The experimental values of EL!=(210+20) meV
for the hole and Ef!=(290+30) meV for the electron local-
ization are in excellent agreement with predictions from the
eight-band k- p theory. Based on these values, we estimated
the thermally activated escape time at room temperature as
~200 ns for electrons and ~0.5 ns for holes in case of a
zero-electric field situation.
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APPENDIX: DETERMINATION OF THE
ELECTRIC FIELD

We determined the electric field at the position of the QD
layer x using the common equation for an electric field F'
across the depletion region of an abrupt p-n junction’!

F(x)=%(w—x). (A1)

The expression for the width of the depletion region w can be

written as
2eN,+ N,
w= \/ e (AR}
e Na'Nb

(A2)

where € is the dielectric constant in GaAs and Vy; the built-in
potential. N, is the doping concentration in the matrix mate-
rial, surrounding the QD layer. N, is the doping concentra-
tion of the highly doped top layer, i.e., the n* or p* contact of
sample H1/sample El, respectively.

Equations (A1) and (A2) describe an idealized model in
which the boundary at the edge of the depletion region is
abrupt, and beyond the depletion region the GaAs is electri-
cally neutral. It is a good practical approximation to obtain
the width of the depletion region and the strength of the
electric field.® This simple approximation characterizes a
p-n junction without an embedded QD layer, which pins the
depletion region, as is clearly visible in the static C-V mea-
surements in Fig. 1. Nevertheless, during the tunneling emis-
sion of the charge carriers, the QDs are completely inside the
space-charge region for all applied reverse biases and only
charged with up to one charge carrier per QD. Therefore, we
can assume that Eq. (A1) is reasonable to determine the elec-
tric field, since we assume that almost uncharged QDs have
only a minor effect on the width of the depletion region and,
hence, on the strength of the electric field.

The assumption can be easily confirmed by a simple esti-
mate of the influence of singly charged QDs on the depletion
region: For a QD sheet density of about N3°=~3x10'
cm~2 and a depletion width always larger than 700 nm for all
applied reverse biases, the QD charge is equivalent to a
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space-charge concentration less than Nf)czét X 10" ecm™.

This value is almost two orders of magnitude smaller than
the doping concentration, which determines—in addition to
the applied reverse bias V,—the width of the depletion re-
gion and the magnitude of the electric field. The error in the
determination of the electric field due to the assumption of
singly charged QDs is estimated to always be smaller than
0.5 kV/cm. Therefore, the influence of the charged QDs can
be neglected.

The accuracy of the determination of the applied electric

PHYSICAL REVIEW B 73, 205331 (2006)

field is, hence, mainly due to the uncertainty of the doping
concentration N,. We determine the doping concentration
from static C-V measurements to NZ“=(1.6¢O.3) x 1016
em™ and N5'=(2.0£0.3) X 10'° cm™ at the tunneling mea-
surement temperature of 7=40 K/20 K for sample HI/E1,
respectively. This differs from the nominal doping concen-
tration. Note, that even with an uncertainty of about 20% for
the doping concentration, N, the total accuracy of the elec-
tric field is better than 5% due to the error propagation
theorem.
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fPresent address: Robert Bosch GmbH, Tiibinger Strasse 123,
72762 Reutlingen, Germany.
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