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The electron escape from self-assembled InAs quantum dots embedded in GaAs-Schottky diodes is probed
with time-resolved capacitance measurements. We present the tunneling-transient spectroscopy technique to
derive information on the barrier potential and the quantum dot level structure from the electric-field depen-
dence of the capacitance transients. The data reveal that emission from s- and p-like quantum dot states can
clearly be resolved. The barrier potential derived with this method in a simple triangular well model is in good
agreement with values derived from measurements of the thermionic emission, if the emission from the s-type
dot level is analyzed. The emission from dots occupied with more than one electron is discussed within a
simple one-dimensional tunneling model. It reveals that the triangular well model underestimates the well
potential by a value close to the Coulomb charging energy.
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Novel semiconductor-device concepts are based on the
discrete charge-carrier states in self-assembled quantum dots
�SAQDs�. Thus not only for fundamental reasons, knowl-
edge of the energy level structure as well as the carrier cap-
ture cross sections of SAQDs embedded in semiconductors
is of crucial importance. Classical methods such as
capacitance-voltage spectroscopy1–4 as well as deep-level
transient spectroscopy �DLTS�5–10 are very powerful tools to
obtain corresponding information. However, DLTS experi-
ments on InAs SAQDs have been discussed with different
models for the emission process.7,10–13 It is suggested that the
emission process involves tunneling from excited states so
that the energies derived from conventional activation analy-
sis does not reflect the barrier energy.8,10,12 On the other
hand, in Refs. 10 and 14 the activation energies determined
from DLTS spectra are in agreement with values for energy
level separations found by capacitance spectroscopy on
samples with similar quantum dots. Furthermore, so far only
simple single-particle models have been applied and the role
of the Coulomb-addition energy remained unclear.7,10–13,15

Moreover, in a recent work, Engström and Landsberg16 point
out that even without bringing tunneling processes into play,
the presence of excited states leads to more complex emis-
sion paths than those assumed in the analysis of DLTS data
published so far. The work establishes that dependent on the
internal relaxation between ground and excited states in
temperature-dependent measurements a transition region oc-
curs, in which the dominant emission process changes. In a
conventional Arrhenius analysis, this transition can be de-
scribed by a temperature-dependent effective carrier capture
cross section.16 It is concluded that in the temperature range
of the transition DLTS, results will be erroneous if a constant
capture cross section is assumed.

In order to clarify the thermal emission path and the true
barrier height for InAs SAQDs, it thus is very desirable to
have an alternative method at hand in which emission from
thermally occupied excited states is excluded. We apply a
method that we call tunneling transient spectroscopy �TTS�
in which the electron escape by pure tunneling processes is
probed. Similar to DLTS, the electron occupation in the dots
is measured via the capacitance across the depletion zone of
the diode. The experiments are performed at such low tem-

perature that thermal excitation does not play a role. The
escape rates are probed as a function of the electric field
applied at the quantum dots. Within models describing the
electric field dependence of the tunneling rates, the binding
energy of the dot states can be derived. Here by “binding
energy” we mean the free energy necessary to remove an
electron from the dot and add it to the continuum of the
barrier material at the location of the dot.

The experiments are performed with Schottky diodes
grown by molecular beam epitaxy on semi-insulating
GaAs �100�. They consist of slightly Si-doped
�ND�4�1015 cm−3� GaAs between a highly doped back
contact �500 nm GaAs:Si, ND=2�1018 cm−3� and a metal
gate �Cr, Ø=1 mm�. A layer of InAs SAQDs is embedded in
the low-doped GaAs layer. In the sample discussed in the
following ND=3.7�1015 cm−3 and the dot layer is located
755 nm below the surface of the diode. As indicated in the
inset of Fig. 2, it is sandwiched between 10 and 5 nm thick
undoped GaAs spacer layers. These are introduced in order
to reduce the random potential in the dot layer due to ionized
donors. For inspection with atomic force microscopy �AFM�,
the epitaxial growth of the sample is finished with a refer-
ence layer of InAs SAQDs grown at the same growth con-
dition used for the embedded dot layer. From AFM inspec-
tion of the reference dot layer, we determine a dot density
NQD=4.3�109 cm−2.

During a filling voltage pulse applied between the con-
tacts of the diode, the dots are loaded with electrons even at
T=10 K. The capacitance transient of the diode is measured
after the voltage has been reduced from the filling pulse
value to the detection voltage Vr. At Vr, the dot layer is
located within the depletion zone, the depth of which de-
pending on the quantum-dot occupation. The transients thus
reflect the time evolution of the dot occupation. Furthermore,
the value of Vr determines the strength of the electric field at
the quantum dot layer.

In Fig. 1, typical DLTS spectra of the diode are presented.
They are recorded similarly to those published in earlier
work.10,14 We note that due to the presence of different emis-
sion paths and inhomogeneous broadening of the emission
energies, the capacitance transients generally are not expo-
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nential and a rate window technique17,18 must be employed
to obtain the temperature-dependent DLTS signal. The DLTS
spectra in Fig. 1 are determined from the capacitance tran-
sients using the double box car technique10,17 with a refer-
ence time �ref=4.04 ms. The energies determined from the
thermal emission of this sample are discussed in detail in
Ref. 14. The conventional Arrhenius analysis of the trap sig-
nature assuming purely thermal activation from the localized
dot states into the barrier continuum yields binding energies
of 135 and 150 meV for emission from dots occupied with
two and one electrons in the s state, respectively. These
values are determined at a relatively low electric field of
F=1�106 V/m and found to strongly decrease with in-
creasing electric field applied across the dots. A modified
analysis basing on a thermionic tunneling model10 yields
slightly higher values: 151 and 165 meV for emission from
doubly and singly occupied dots, respectively. Note that at
temperatures below T=20 K, a temperature-independent
DLTS signal occurs. A temperature-independent signal at
low temperatures is generally associated to pure tunneling
processes.7 The signal is obviously strongly dependent on the
detection voltage and thus on the average electric field in the
dot layer.

In the following, this electric field dependence of the ca-
pacitance transients is studied in detail. In Fig. 2, a capaci-
tance transient recorded at temperature T=10 K over a time
of 4 days is depicted. The dot occupation is calculated from
the capacitance difference to the value measured at the de-
charged dot layer. From the logarithmic scale it is obvious
that the transient is not exponential at any time. This behav-
ior persists even at times at which on average only less than
one electron is contained in each dot. We attribute this to the
inhomogeneous broadening of the dot energies and the effec-
tive electric field in the ensemble probed.

We thus employ a double box car filter in order to define
a rate window. The difference �C=C�t2�−C�t1� of the ca-
pacitance values at two times t1 and t2 is depicted in Fig. 3
versus the electric field F. An effective electric field F at the
quantum dot layer is calculated from the detection bias Vr
and the measured capacitance assuming that charges in the

dots do not contribute. In the following, we will first discuss
the data with a model describing the dependence of the tun-
neling rate on this field. The additional Coulomb field of the
dot charges is considered afterwards in the discussion of Fig.
4.

If the signal results from purely exponential decays, it
will be dominated by those with rate close to 1/�ref
= ln�t2 / t1� / �t2− t1�. At the maxima, the reference time is thus
associated with the tunneling time � of the corresponding
emission process. In the data of Fig. 3, clearly two maxima
are resolved. Since tunneling rates are expected to increase
with the electric field, we associate the maximum at lower

FIG. 1. DLTS spectra of a Schottky diode containing InAs quan-
tum dots. Different spectra are recorded at different detection volt-
ages Vr indicated. Highlighted by fat dashed, dashed dotted, and full
lines are data recorded at the detection voltages indicated. The cor-
responding average electric fields are 1, 2, and 3.3�106 V/m,
respectively.

FIG. 2. Dot occupation calculated from a capacitance transient
of a Schottky diode with SAQDs. The detection voltage was set to
Vr=−3.25 V. This corresponds to an average electric field of
F=2.8�106 V/m. The time scale has to be multiplied by 100 and
104 for the middle and bottom trace, respectively. The inset depicts
the layer structure of the Schottky diode. The numbers denote the
layer thicknesses in nm.

FIG. 3. TTS spectrum showing the capacitance change associ-
ated to tunnel emission from the quantum dots measured at a refer-
ence time �ref=1467 ms using t2 / t1=2 and temperature T=10 K.
The capacitance signal is normalized accounting for the dependence
of the signal on the detection voltage. The detection voltages Vr

used at the beginning, the minimum, and the end of the trace are
denoted. The inset presents the logarithms of the reference times vs
the inverse fields at the peak positions. Note that the x scale is
broken. From the slope of the linear fits �full lines�, the energies
allocated to the peak positions are determined.
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field to emission through shallower barriers. In correspon-
dence with previous DLTS data, we associate the maxima to
emission from the s and p levels.

In the following we use simple models to describe the
electric-field dependence of the tunneling rates. The escape
rate from a Dirac well potential through a triangular barrier
is19

�−1 =
eF

4�2m*Ei

exp�−
4

3

�2m*Ei
3/2

e�F
� , �1�

where F is the electric field describing the barrier slope and
Ei is the binding energy. The effective mass is assumed to be
the conduction-band edge mass of GaAs: m�=0.067me,
where me is the free-electron mass. The inset of Fig. 3 shows
how the field position of the peaks associated to tunneling
from the s- and p-level shift in spectra taken at different �ref.
In spectra recorded at rate windows with larger �smaller�
reference time, the peaks occur at lower �higher� electric
fields. According to Eq. �1�, the data points should lie on a
straight line with a slope from which the binding energy Ei
can be determined. The numbers at the peaks in Fig. 3 are
determined in this way. The error intervals quoted at the
energies indicate the variation of the results that we obtain if
we take the additional field of up to six electrons per dot
homogeneously distributed in the dot layer into account. We
note that the value of 159 meV is in very good agreement
with the value for the s-level binding energy previously de-
termined from DLTS experiments.10,14 Also, the p-state bind-
ing energy of 83 meV is close to the activation energies de-
termined for the p-level peaks. We note, however, that the
triangular potential model may be expected to yield poor
results since the repulsive Coulomb potential of the electrons
occupying the dots adds to the barrier potential.

The Coulomb repulsion of charged dots can be considered

within a simple one-dimensional model in which the trian-
gular barrier potential is replaced by

VB�z� = Ei − eFz −
ne2

4���0
� 1

z0
−

1

z0 + z
� , �2�

where z�0 points against growth direction and z0 is an ap-
proximate value for the dot radius. Since the electrons will
favor the shortest tunneling path, the one-dimensional model
may be good despite its simplicity. The electron interaction is
approximated by the simplest classical model, in which the
dot charged with n electrons is represented by a metallic
sphere of radius z0.

We approximate the exponential factor, which rules the
tunneling rate, using a WKB ansatz with the barrier potential
given by Eq. �2�,

�−1 =
1

�0�F�
exp�−

�2m*

�
	

0

z1 �VB�z�dz� , �3�

where z1 is the distance at which the barrier potential reaches
the value of the energy level from which tunneling takes
place. The preexponential factor is assumed to be moderately
field-dependent as in case of the Dirac well 
Eq. �1��, where
it is linear. Numerical values for the exponential factor are
depicted as full lines in Fig. 4. Similar to the triangular bar-
rier model, the data form straight lines in good approxima-
tion at the experimental fields. The dashed lines in Fig. 4 are
calculated with Eq. �1� replacing the binding energy Ei by
Ei,n=Ei−nEc with the addition energy Ec=e2 / �4���0z0�.
Note that even in dots occupied with five electrons, both
models predict the same slope. From this result we conclude
that the analysis of the experimental data based on the trian-
gular barrier model yields the binding energies reduced by
the addition energies at dot occupations and fields of our
experiments.

The electric field of the charges in the dots can be divided
in a short-range and a long-range contribution. At the electric
fields applied in the experiment, the field dependence of the
tunneling rate is determined by the long-range contribution
that is well approximated by a linear term which slightly
increases the slope of the triangular barrier potential. The
short-range term in essence leads to a lifting of the dot levels
with respect to the interaction free barrier potential by an
amount close to the Coulomb addition energy. If the resolu-
tion of the experiment suffices, the dot occupation dependent
tunneling rates should result in a splitting of the s and p
peaks into two and four maxima, respectively. However, at
present the resolution seems to be too low to prove substruc-
ture unequivocally. We attribute the slightly lower resolution
as compared to the DLTS spectra to the fact that the TTS
spectra are more sensitive to field inhomogeneity. More in-
vestigations on samples of different doping and dot densities
are in progress.

In order to compare the energies associated in Fig. 3 to
the s and p peak with the single-particle level energies de-
termined in previous DLTS and capacitance measurements
on similar InAs SAQDs, we assume that at the p maximum
the dots are on average occupied with three additional elec-
trons as compared to the state from which electrons tunnel at

FIG. 4. The electric-field dependence of the tunneling time cal-
culated with a one-dimensional WKB model �full traces�. The field
is the average electric field at the quantum-dot layer, which is con-
trolled with the voltage applied at the diode. The numbers n at
different traces reflect the dot occupation after emission of one elec-
tron. A dot radius z0=5 nm is assumed giving a single electron
addition energy Ec=20 meV. Dashed traces are calculated with Eq.
�1� assuming the energies E0,n are lifted by the classical Coulomb
charging energy as described in the text.
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the s maximum. The single-particle s-p level spacing thus is
given by the difference of the energies quoted in Fig. 3 re-
duced by the Coulomb addition energy that is necessary to
increase the dot occupation from 1 to 4. If we adopt the
harmonic-oscillator confinement model,20 the interaction
contributions to the level energies add to 7/4 times the Cou-
lomb addition energy Ec�20 meV of the second electron in
the s shell. With this value we get an s-p level spacing of
41 meV, which is very close to values found previously.

In conclusion, the TTS method gives us an alternative to
the DLTS method in cases where a complex scenario involv-
ing different emission paths may rule the thermal emission,
so that the analysis of DLTS data becomes very involved.
Here we study InAs quantum dots, in which excited states
may lead to a multitude of emission paths. In the TTS
method we probe the electric-field dependence of tunneling
rates and compare results to a triangular barrier model. The
barrier energies that best describe the data assigned to the

tunnel escape from the s-type level are very close to those
found from measurements of thermionic escape. From this
we conclude that in the temperature range probed in our
DLTS experiments on InAs SAQDs, one emission path
dominates. Furthermore, in the TTS spectra a second maxi-
mum is clearly resolved that we associate with emission
from p states. The triangular barrier model is extended in
order to take into account the electron occupation of the dots.
The field dependence of the tunneling rates calculated within
a one-dimensional WKB model is similar to the triangular
model at the experimental dot occupations and electric fields.
The results show that at low occupation, the barrier energies
can still be derived with the triangular barrier model pro-
vided the Coulomb charging energy is taken into account.
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