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Electron emission from charged self-assembled InAs quantum dots is studied by means of deep level
transient spectroscopy in strong magnetic fields applied parallel to the quantum-dot layer. Since a magnetic
field oriented parallel to the quantum-dot layer strongly suppresses electron tunneling our experiments give
valuable information about the contribution of tunneling processes to the emission. We probe both the low-
temperature signal, which is found to be dominated by pure tunneling from the quantum-dot p states as well as
the magnetic-field dependence of the thermally-activated emission. The thermally-activated emission from the
s states is found to be only slightly affected by a parallel magnetic field. In contrast, for the thermally-activated
emission from the p states, we find significant changes that we discuss in the frame of a thermally-activated
tunneling model for the emission from multielectron states of the quantum dots. A conventional analysis of the
decreasing tunneling rates in a parallel magnetic field yields an increase of apparent activation energies and
capture cross sections of quantum dot p electrons. The results confirm that the tunneling path in thermally-

activated processes becomes increasingly important with increasing occupation number of the dots.
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I. INTRODUCTION

Recently, much attention is paid to the emission of charge
carriers from self-assembled InAs/GaAs quantum dots
(QDs) embedded in pn or Schottky diodes.'~” Although the
zero-dimensional quantum dot states are similar to electron
traps in bulk material, they differ in both the confinement
potential as well as the charge occupation, the latter being
controlled by the diode voltage. In such a system, the emis-
sion process can be quite complex. It may comprise several
emission paths consisting of, e.g., a thermal excitation to an
excited state and a subsequent elastic tunneling process out
of the dot. Competition of thermal and tunneling emission
can occur depending on the samples under investigation and
the applied electric field. This leads to several emission
paths’ and combined emission processes, e.g., thermally-
assisted tunneling.>® Thus, the analysis of time-resolved ca-
pacitance measurements [deep level transient spectroscopy
(DLTS)] on self-assembled QDs is lively discussed and not
completely understood.

With strong magnetic fields applied in DLTS experiments,
we add further tessellate bricks in order to clarify the nature
of the dominant emission processes. The use of magnetic
fields in DLTS experiments is quite unconventional, but very
helpful in order to study thermally-activated processes in
QDs. Previously, we could show that magnetic fields applied
perpendicular to the QD plane can be used to identify the QD
p states having orbital momentums with /# 0.? In the present
Brief Report, we discuss experiments where strong magnetic
fields are directed parallel to the QD plane (or perpendicular
to the growth and emission direction). A parallel magnetic
field strongly reduces the tunneling emission rate,'%!3 while
thermal emission should be essentially unaffected. Thus,
with the magnetic field we can on the one hand identify the
tunneling signal at low temperature, and on the other hand,
we show how the magnetic field affects thermally-activated
emission at elevated temperature. We present the behavior of
the apparent activation energies and capture cross sections of
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electrons emitted from the s and p shells as determined from
a conventional Arrhenius analysis of the transients in parallel
magnetic fields.

II. EXPERIMENTAL PROCEDURES

The sample was grown in a solid-source molecular beam
epitaxy growth system on epiready, undoped GaAs (001)
substrates. First, a highly Si-doped GaAs layer (Np=3
X 10" cm™3) was grown providing a back contact followed
by a 1200 nm GaAs:Si (Np=3.5X10'5 cm™) layer. The
InAs dot layer is embedded in between 5 and 10 nm un-
doped GaAs layers. The QDs were grown at 7=495 °C with
a growth rate of F=0.01 ML/s and coverage 6=2.1 ML.
Afterward, 750 nm slightly doped GaAs:Si (Np=3.5
X 10" cm™) was grown. For atomic-force micrography, a
second QD layer was deposited on the sample surface using
the same growth parameters as for embedded QDs. Using
standard optical lithography and lift-off techniques, Schottky
contacts were formed by evaporation of 50 nm chromium for
the top gate with a diameter of 1 mm. The back contact was
provided by indium alloyed into the highly silicon-doped
GaAs layer. The DLTS measurements were performed by
using a Boonton capacitance meter in a helium bath cryostat
with variable temperature.

III. RESULTS AND DISCUSSIONS

In Fig. 1, we show DLTS spectra obtained in the double-
boxcar technique'* for different parallel magnetic fields. Dur-
ing a filling voltage pulse V), with a duration 7,=1 ms, elec-
trons are injected into the dots. These values ensure a
complete filling of the QDs after 7,,. The capacitance transient
of the diode is recorded after the voltage has been reduced
from the filling-pulse value to the reverse voltage V,,,. At
V,vs the dot layer is located within the depletion zone and

the QD levels are lifted above the Fermi energy. The depth of
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FIG. 1. DLTS spectra of a Schottky diode with embedded QDs.
During the measurements, a magnetic field directed parallel to the
QD layer is applied with values indicated in the figure. The field
values were increased by steps of 1 T between adjacent traces. The
reverse and pulse bias are V,,,=—1.4 V and V,=0.7 V, respectively.
The rate window of the double-boxcar filter is 7,,=4 ms with
tz/ 13 1= 8 .

the depletion zone depends on the QD occupation. The tran-
sients thus reflect the time evolution of the dot occupation.
According to the boxcar-filter method, the DLTS signal de-
picted in Fig. 1 reflects the increase of the capacitance in the
time interval ¢ =t=t,. We observe pronounced DLTS
maxima at 7=80 K and 7=40 K that we associate with the
electron emission from the QD s and p states, respectively.?
The splitting of the s-state maximum is associated with dif-
ferent emission rates for quantum dots occupied with one
and two electrons, respectively.>>!>1¢ Furthermore, a fine
structure in the p maximum is discernible that we accord-
ingly associate with emission from quantum dots occupied
by one up to four electrons in the p state.” Below T<<20 K,
a temperature-independent background signal is observed
which is generally associated with temperature-independent
tunneling emission.*%!7-13 In this temperature range, the sig-
nal strength in Fig. 1 strongly decreases in a parallel mag-
netic field providing further evidence that the signals indeed
are caused by tunneling processes.!?13

In the following, we first discuss the magnetic field
dependence of the low-temperature tunneling signal more
quantitatively. Afterward, the much smaller effect of the
magnetic field on the DLTS signal at higher temperatures
is discussed. Assuming that at 7=10 K the DLTS signal
results from pure tunneling processes, we determine a
value for the barrier height within a simple semiclass-
ical Wentzel-Kramers-Brillouin ~ approximation (WKB)
method. In our model, we assume at zero magnetic field
a one-dimensional barrier potential V(z)=Eyp—eFz
—ne*/(4meey)[1/z9—1/(z9+z)], where the last term consid-
ers the Coulomb field of the charge in the quantum dots.*
The barrier height with respect to the energy level from
which tunneling starts is Ep, the z coordinate points against
growth direction, e is the electron charge, n is the number of
electrons confined in the QD, & the dielectric constant of
GaAs, and F is the electric field induced by all charges in the
Schottky diode except the charge within the QDs. The field
induced by the QD charge is approximated by a Coulomb
field of a metallic sphere of radius z,. For the calculation, we

PHYSICAL REVIEW B 77, 153308 (2008)

7(B)/(0)

2 3 4
Magnetic field (T)

04 T T T T
(®) o3, ]
~ 03} .
o LK
= / \ s
c 02 O
3 / -
" S _ ]
2] —n—7T b O
= -
a ' 00T " Kool
00 1 1 1
4 3 2 -1

Reverse voltage (V)

FIG. 2. (a) The dashed and full lines mark the calculated
magnetic-field dependence of tunneling times normalized to zero-
field tunneling times for various Epp, zo=6 nm and n=6. The tun-
neling times 7; and 7, are obtained from an exponential approxima-
tion to the capacitance transients at 7=10 K using two time
constants. The electric field is F=1.35X 10° V/m as calculated for
V,ep=—1.4 V at which the experimental data (squares) have been
recorded. (b) shows DLTS signals at 7=10 K and 7,,,=4 ms with
(full squares) and without (open circles) applied magnetic field. The
lines connecting the data points are guides to the eye only.

assume a dot occupation with n=6 electrons, i.e., completely
filled s and p shells. We consider the effegt of the parallel
magnetic field by adding to V(z) the term %(z—zl)z, where
z; is the distance between the depletion zone boundary and
the dot layer and m™* is the effective mass in GaAs. The
tunneling emission rate 7! in our semiclassical WKB ap-

proach is proportional to'?
% Zz
N8m™ <1
J v Vg(z)dz> , (1)
i Jo

with Vg(z)= V(Z)+ e (z z;)%. Calculated ratios 7(B)/7(0)
are displayed for different barrier heights in Fig. 2(a) to-
gether with experimental values obtained from an exponen-
tial approximation to the measured capacitance transients at
T=10K and V,,,=1.4 V. Generally, the obtained capaci-
tance transients determined from the QD carrier relaxation
are nonexponential due to multioccupancy of QD levels and
inhomogeneous broadening of the QD ensemble. Therefore,
we have to apply exponential fits with more than one time
constant."* An exponential approximation with two time
constants 7; and 7, already gives satisfying results. At B
=0 T, we obtain 7,=4.1 ms and 7,=50.9 ms. In Fig. 2(a),
the time constants that best describe the transient in magnetic
field are depicted. The behavior of the time constants up to
B=5T is well described with the calculation assuming a
barrier height Ey,=81 meV. It will turn out that this value is
in close correspondence with the barrier height expected
from the thermal emission data at higher temperature dis-
cussed later (see Fig. 4). The time constants extracted at B

7(B) ~ exp(—
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FIG. 3. DLTS spectra at B=7 T (full squares) and B=0 T (open
circles) directed parallel to the QD layer. The reverse voltages V,,,
are (a) —4.0V, (b) =2.5V, (¢) =20V, (d) -1.1 V, (¢) =0.9 V, and
(f) 0.5 V and the pulse bias is V,=0.7 V. The rate window of the
double-boxcar filter is 7,,,=4 ms with 7,/7;=8.

=6 T deviate from the calculated ratios. We believe that for
these magnetic fields another emission process starts to
dominate. In high magnetic fields tunneling processes from
wetting layer (WL) states become apparent and their time
constants fit into the used rate window. This assumption is
substantiated in Fig. 1, in which the decrease of the tunneling
background is starting to level off for B=6 T at 0.05 pF.
Our results confirm that the low-temperature DLTS signal in
Fig. 1 is mainly caused by pure tunneling processes from the
QD p shell.

The tunneling process strongly depends on the electric
field which we vary by the reverse bias V,,,,. The behavior of
the DLTS signal with V,,, is depicted in Fig. 2(b). The open
circles and filled squares denote the DLTS signals measured
at B=0 and 7 T, respectively. For the used rate window of
Tp=4 ms, the B=0 T data reveal a maximum at V,,=
—1.8 V. The behavior of the signal can be understood con-
sidering the signal of the boxcar filter if the tunneling rate is
tuned with the electric field. At the maximum, the tunneling
time matches 7,,,=4 ms. Smaller signals arise when the tun-
neling time deviates to larger and smaller values at lower and
higher fields, respectively. A parallel magnetic field obvi-
ously shifts the maximum to a lower V,,,=-2.5 V. This can
be qualitatively explained by the reduction of tunneling rates
in the magnetic field: A higher electric field (lower V,,,) has
to be applied in order to recover the same tunneling rate.

In Fig. 3, we present typical DLTS spectra recorded at
different reverse voltages for B=0 and 7 T. The data dem-
onstrate that at all reverse voltages, the spectra only appre-
ciably change with the magnetic field in the tunneling regime
at low temperature. Furthermore, the behavior of the signal
arising from low-temperature tunneling strongly depends on
the choice of V,,,. Note that it only decreases in a certain
range of V,,,. At V,,,=—4.0 V in Fig. 3(a), the temperature-
independent DLTS signal below T'=50 K is increased for
B=7 T in contrast to the tunneling background in Fig. 1.
Obviously, no influence of B on the DLTS spectra is ob-

PHYSICAL REVIEW B 77, 153308 (2008)

served at V,,,=-2.5V [Fig. 3(b)], whereas the tunneling
background is suppressed at B=7 T in Fig. 3(c), similar to
Fig. 1. Again, for V,,,=—1.1 V in Fig. 3(d), the amplitudes of
DLTS signals arising from tunneling processes are similar.
Further increase of V,,, leads again to a higher tunneling
background for B=7 T and additionally to the disappearance
of high-temperature DLTS signals. The latter arises since
part of the QD levels remain below the Fermi energy at the
reverse voltage. At V,=-0.5V, the DLTS signals arising
from tunneling seem to be similar again. The behavior can be
easily understood by means of Fig. 2(b). At the interception
points of the B=0 and 7 T data, we expect the behavior of
the DLTS signal arising from the tunneling background in
Fig. 3 to reverse its magnetic field behavior. Furthermore, we
point at a DLTS peak at 7= 17 K that arises below V,,, <
—1.0 V. We associate this peak with the thermal emission
from WL states. The peak appears at high reverse voltages,
V,ev=>—1.0 V, where tunneling is suppressed. Also, once dis-
cernible, the peak is more pronounced in high magnetic
fields. These observations are in accordance with the as-
sumption that an additional tunneling process is observed at
B=6T when we quantitatively determine time constants
from the low-temperature transients that cause the tunneling
signals in Fig. 1.

Finally, we evaluate the DLTS maxima observed at
T>20 K in Fig. 1. Obviously, the signal only slightly
changes with the magnetic field confirming that the signal at
these temperatures mainly arise from thermal activation pro-
cesses. In previous publications, emission paths have been
suggested that consist of a thermal activation to a bound state
in the QD, e.g., the p state, and a subsequent tunneling
process.®”!8 For an emission path consisting of thermal ex-
citation from the s to the p state and a subsequent tunneling,
we would expect a drastic reduction of the signal in parallel
magnetic field accompanied with a significant change of the
maximum position. In contrast, only slight changes are ob-
served in our data so that we exclude this emission path for
the signal associated with the emission from the QD s state.
The slight changes that are discernible in the spectra we as-
sociate to thermally-assisted tunneling (TAT),*® involving
QD states that arise from the tunnel interaction with the con-
tinuum close to the band edge of the barrier material. From
the TAT model, we expect that due to tunneling close to the
top of the barrier the effective binding energy will be slightly
reduced with respect to the value expected from a purely
thermal emission.

In a first approach, we apply a conventional Arrhenius
analysis of the maxima positions in the spectra recorded at
different reference times. In the double-boxcar method as-
suming an exponential decay according to C(r)=C,
—ACyexp(—e,t), the emission rate at the maxima in the
DLTS spectrum is given by e,= mlf, where  7,,,=(,
—t,)/In(t,/t,) is the reference time. 4 C, and AC, are the
steady state capacitance and the change of the capacitance
due to the emission, respectively. The activation energy E,
and electron capture cross section o, are determined from
the temperature dependence of the emission rate e,(7)
=0,yT? exp(—E,/kT), where v is a temperature-independent
constant and k the Boltzmann constant. The thus determined
apparent activation energies E, and electron capture cross
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FIG. 4. (a) Activation energies E, and (b) capture cross sections
o, of QD levels for various parallel magnetic fields at V,,,=
-14 V.

sections o, for the s and p maxima are depicted in Fig. 4. We
observe that £, and o, slightly increase with the magnetic
field. The increase of E, for s-electron emission amounts to
only 2 meV. This value is smaller than the difference be-
tween the s-level activation energy and the barrier height
Egp that we derive from the TAT model, which is of the
order of 10 meV at zero magnetic field.!"” According to the
TAT model the deviation of the zero-field p-state barrier
height from the apparent activation energy is much stronger
for the p state. We find* that the contribution of the Coulomb
field to the tunneling barrier in charged dots significantly
increases the tunneling rates. Thus, the apparent activation
energy decreases with the dot occupation. Again, we explain
the observed increase of E, in the parallel magnetic field
with a suppression of tunneling paths in the thermally-
assisted tunneling processes. The stronger impact of B on the
p states compared to the s states can be explained with the
higher charge state and with the lower emission temperature.
Furthermore, from the analysis of the tunneling data, it is
apparent that at the fields used in these experiments the di-
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rect tunneling from p states is significant. It competes with
the thermally-activated emission hampering the thermal
analysis of the data corresponding to emission from the n
=6 state. We expect the apparent activation energies E, to
approach the respective barrier heights at high magnetic
fields.

IV. CONCLUSION

To conclude, we discuss thermally-activated as well as
tunneling emission processes in DLTS experiments on self-
assembled InAs QDs in strong magnetic fields oriented par-
allel to the QD layer. A parallel magnetic field leads to a
decrease of tunneling rates in competing tunneling paths in
the thermally-activated emission process that is established
in an increase of apparent activation energies and capture
cross sections of QD states with higher magnetic fields.
Thus, the importance of combined emission paths can be
evaluated with these experiments. Our data confirm a
thermally-assisted tunneling model. Within this model the
s-state emission is only slightly affected by tunneling pro-
cesses close to the top of the barrier. No signature of a pro-
cess is found that involves thermal excitation from the s to
the p state and subsequent tunneling. Furthermore, as ex-
pected from the model, the increase in the apparent activa-
tion energies is stronger for emission from the p state. By
modeling the tunneling times in magnetic fields, we give
strong evidence that temperature-independent low-
temperature DLTS signals stem from pure tunneling emis-
sion from p states.
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