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Electron capture dynamics into self-assembled quantum dots far from equilibrium
with their environment
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We report studies of the electron capture process in self-assembled quantum dots (SAQDs) far from equilib-
rium with their environment and at large distance to the reservoirs. Deep level transient spectroscopy is used to
determine the capacitance transients in response to bias voltage pulses, from which the capture rates are obtained
as a function of the temperature and the quantum dot occupancy. The observed activated character of the capture
suggests that the dominant electron source is the back contact. A model is developed based on electrons diffusing
from the reservoir across the flat band region and getting captured in the SAQDs after overcoming the barrier
formed by the space charge region between its onset and the quantum dots. For small barriers, we identify a
distinct tunneling contribution to the capture current.
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I. INTRODUCTION

Self-assembled quantum dots (SAQDs) are quasi-zero-
dimensional semiconductor islands embedded in a host crystal
with a larger band gap [1,2]. They can be considered as arti-
ficial atoms which can be ionized but also excited internally.
This enables a wide variety of fundamental experiments [3–6]
and technological applications [7]. In several implementations
like quantum dot lasers [8,9] or light-emitting diodes [10], the
SAQDs are positioned inside an extended, weakly conductive
spacer layer that inhibits charge transfers close to equilib-
rium conditions. However, it is quite common to apply large
electric fields to such structures, for example, in electrically
driven single-photon sources or in floating-gate type storage
devices [11]. Frequently, the capture process plays a crucial
functional role. In single-photon sources as well as in storage
devices, a short capture time is beneficial due to its influence
on the repetition rates. A comprehensive understanding of
the capture process is therefore of vital interest, not only for
fundamental reasons, but also to optimize it according to the
specific requirements. Hitherto, however, the electron capture
under such conditions has not been studied thoroughly.

Here, we use deep level transient spectroscopy (DLTS) [12]
to measure the capacitive capture transients as a function
of the bias voltage and the temperature and discuss the un-
derlying physics within a diffusive model based on band
structure calculations. The work is complementary to previ-
ous studies on similar samples with focus on the emission
process [13–25]. Capacitive capture transients on a similar
sample have been reported before, however, without analysis
or modeling of the data [24].

In Sec. II, the samples and experimental methods are de-
scribed. Section III reports the DLTS measurements and the
dependence of the measured time constant on temperature and
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bias voltage. In Sec. IV, a model for the dominant capture
process is proposed and alternative processes are discussed.
The text concludes with a summary and an outlook (Sec. V).

II. EXPERIMENTAL SETUP AND MEASUREMENT
TECHNIQUE

The layout of the sample and its preparation have been
described in detail elsewhere [23–25]. In brief, we focus on
InAs quantum dots embedded in a Ga[Al]As heterostructure
as a model system. The structure is prepared by molecu-
lar beam epitaxy, with an SAQD layer 500 nm above a
Si+ doped back contact and 413 nm below the sample sur-
face; see Fig. 1(a). The SAQDs have a sheet density of
nQD = 1014 m−2. They are embedded in a 26 nm layer of
undoped GaAs in order to avoid mutual influences of the
dopants and the SAQD growth. Bias voltages can be applied
to a Cr/Au top electrode with respect to the grounded back
contact, which is accessed via a local region where In has
been alloyed into the heterostructure. The gated area amounts
to A = (0.3 mm)2, covering approximately 9 × 106 quantum
dots.

The measurements are taken in a liquid helium cryostat
(Leiden Cryogenics), operated at temperatures between 3 K
and 77 K. The sample rests in vacuum. The system is equipped
with a superconducting solenoid, which allows the generation
of magnetic fields up to B = 11 T, oriented perpendicularly
to the sample surface. Rectangular voltage pulses with lev-
els for preparation (Vp) and measurement (Vm) of the SAQD
occupancy are applied to the top gate with respect to the
back contact, which is kept at virtual ground via a HF2TA
transimpedance amplifier (Z = 1 k�) from Zurich Instru-
ments. Its output is recorded with a 5444B digital oscilloscope
(PicoTechnology) plus a HF2LI lock-in amplifier (Zurich In-
struments), which also provides the ac voltage. The voltage
pulses are generated using a Keithley Model 3390 arbitrary
waveform generator with a transition time of 100 ns and
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FIG. 1. (a) Cross sectional schematic view of the sample layout.
The SAQD layer is indicated by the green triangles. The back elec-
trode is accessed via an alloyed In contact and the top gate is formed
by a Cr/Au electrode. The silicon doping density in the spacer layer
is indicated by nd . (b) Schematic band diagram for the case of a nega-
tive voltage applied to the top gate with respect to the grounded back
electrode and its dependence on the SAQD occupation. (c) Schematic
capacitance transients in response to rectangular bias voltage pulses
(voltage levels Vp and Vm for the preparation and the measurement
of the charge configuration, respectively) of duration �t . The time
window selected for the analysis is denoted by P.

superimposed with the ac voltage. In this setup, the output cur-
rent obtained at a phase shift of π/2 with respect to the input
ac voltage detects the differential capacitance of the sample.
The excitation frequency of 28 MHz (amplitude 10 mV) was
selected as a compromise between high time resolution and
negligible dielectric relaxation.

III. LOCK-IN DLTS MEASUREMENTS

The initial state of the sample is prepared by applying a
bias voltage Vp for a duration of �t = 491 ms to the top gate
with respect to the grounded back electrode. Afterwards, the
measurement voltage Vm is applied for �t and the capaci-
tance transient is recorded with a time resolution of 10 µs.
In Fig. 1(c), the typical capacitive response of the sample
to such bias voltage pulses is illustrated schematically. As
the SAQDs are gradually filled with electrons, the (positive)
charge density decreases locally, which is compensated by an
increase of the depletion length, thereby leading to a decrease
of the capacitance over time, which represents our primary
measurement signal.

Lock-in DLTS [26] is very convenient for characterizing
the charge transfer processes as a function of the temperature,
the initial conditions, and of the applied voltage. Within this
concept, the measured capacitance transients C(t,Vp,Vm) are
processed numerically according to

S(T, P,Vp,Vm) = 1
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FIG. 2. Color plots of the measured lock-in DLTS signals
S(Vp,Vm ) for various temperatures. The underlying experimental
data are the same as those evaluated in Fig. 3 of Ref. [25]. The dotted
horizontal lines denote the computed onset voltages for capture into
previously empty s, p, and d states, respectively. The color bar, valid
for all subfigures, represents the value of S in arbitrary units.

where T denotes the temperature and NP is the number of data
points (labeled by i) within the selected time window. In the
case that the absolute value of S(P) has a maximum, it appears
at P = τ/0.398, where τ is the time constant of an exponential
transient. Furthermore, positive values of S indicate electron
capture, while for negative S electrons are emitted from the
SAQDs. With our setup, DLTS signals can be obtained for
time windows P ranging from ≈100 µs to �t and P was
selected according to the best visibility of the capture process.

In Fig. 2, the measured lock-in DLTS signals are re-
produced for four different temperatures with focus on the
voltage regime where capture is observed (i.e., S > 0). In
these measurements, P = 491 ms has been used. For a tem-
perature of 7 K shown in Fig. 2(a), the emission transients
are located at Vp � −0.7 V and extend over the range
−3 V � Vm � 0 V. They have been described in detail else-
where [24,25] and will not be discussed here. We first focus
on the capture behavior observed at T = 7 K; see Fig. 2(a). As
the measurement voltage is increased starting from Vm − 3 V,
capture sets in at Vm ≈ −650 mV for a preparation voltage
Vp = −3 V. As Vp is increased, this onset voltage increases
as well in the form of two weakly pronounced steps. As Vm is
further increased, the capture signal disappears abruptly and
almost independently of Vp at Vm = −200 mV. A temperature
increase, see Figs. 2(b)–2(d), causes the capture peak to shift
towards lower Vm, reaching a value of Vm = −1.05 V at 77 K.
This goes along with S(Vm) becoming more symmetric, while
the fine structure is suppressed and no longer visible at 77 K.

These observations can be interpreted qualitatively in a
straightforward way. After applying a sufficiently negative
preparation voltage pulse, the SAQDs are empty. As Vm is
increased, the energies of the SAQD states with respect to
the grounded back electrode decrease, thereby increasing the
capture rate. At the lower edge of the peak, the time constant
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FIG. 3. Dependence of the lock-in signal on perpendicular mag-
netic fields B. (a) Evolution of S(Vp,Vm ) as B is increased and
(b) lineouts S(Vm,Vp = −3 V) thereof. Further functions S(Vp,Vm )
at different B are shown in the Supplemental Material. (c) Model
calculation for the evolution of the binding energy EB of the d states
of the SAQDs as a function of B within the Fock-Darwin spectrum.
Not shown is the splitting of the levels of the single electron charging
energy of 15 meV per electron that enters an SAQD.

of the transient drops into the time window defined by the
selection of P. Capture can be observed up to the measurement
voltage where it becomes too fast to be measured with the
selected P—Vm = −200 mV in the present case. For larger Vp

values, the initial occupancy of the SAQDs increases, leading
to a reduced capture signal, as well as to steps in the onset
value of Vm when the SAQD states have remained occupied
during the preparation stage. Furthermore, the temperature
dependence implies a thermally activated capture process. As
the temperature is increased, the average kinetic energy of
the electrons to be captured increases as well, thus enabling
capture with the same rate at larger SAQD energies. The
substructure of the capture peak is suppressed under increas-
ing temperature. For example, at 77 K and for negative bias
voltages, the emission time constant for the p states can be
estimated to 100 ns—two orders of magnitude below our
resolution limit.

Apparently, despite the presence of strong electric fields,
the capture comprises a dominant thermally activated process.
This is not self-evident considering that the electrons could
originate from, for example, the leakage current or field ion-
ization of deep donors.

A perpendicular magnetic field B allows one to tune the
SAQD energy levels independent of the applied electric field.
The B dependence of the capture is summarized in Fig. 3(a).
Cross sections of S(Vm) at fixed Vp [selected in 3(b) was
Vp = −3 V] illustrate the composite structure of the S peak,
comprising a B-independent component at lower Vm and a
B-dependent contribution located at larger Vm values, i.e.,
for Vm <≈ −500 mV, whose time constant increases with
increasing magnetic field.

VmVV  (V)VmVV  (V)
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FIG. 4. (a) Calculated conduction band profiles for different tem-
peratures at a bias voltage of −0.8 V. (b) Contribution �S to S from
the SAQD s states for different time constants, as found for T = 7 K
after subtracting the contributions from the p and d levels. (c) Current
due to charging of the s states as a function of the measurement
voltage for various time constants and for two temperatures T = 5 K
(open circles) and 7 K (crosses) and the corresponding fits according
to Eq. (4) with the capture cross section as fit parameter (green and
yellow full lines). Also shown is the total diffusion current reaching
zQD (orange line). Only the black symbols have been used in the fits
described in the text.

IV. MODEL FOR THE ELECTRON CAPTURE PROCESS

In this section, we are going to argue that, at large SAQD
energies EQD (low Vm), electrons get captured predominantly
from the diffusion current arriving at the SAQD site from
the back electrode. At lower EQD, the barrier between the
back electrode and the SAQD is sufficiently small to allow
additional tunneling between the conduction band and the d
states of the SAQDs.

To identify the origin of the captured electrons, we first
compute the conduction band profile. The doping density in
the spacer layer is obtained from capacitance-voltage mea-
surements followed by a Mott-Schottky analysis to nd =
9.6 × 1015 cm−3 and a built-in potential barrier of Vbi =
650 mV is extracted [27]. These values are used as input for
one-dimensional, self-consistent Poisson-Schrödinger calcu-
lations of the conduction band profile [28]. Here, the SAQD
layer is included in the form of a two-dimensional charge
layer, with an electron density that corresponds to the as-
sumed occupancy of the SAQDs. Literature values for the
temperature dependent dielectric constant of GaAs have been
used [29]. It becomes apparent that the capture by initially
empty dots sets in at measurement voltages where the SAQD
layer resides close to, i.e., within ≈50 nm of the edge of the
space charge region. At these conditions, the barrier height
with respect to the Fermi level of the back electrode is rela-
tively small; see Fig. 4(a) for an example. As the temperature
is increased from 7 K to 77 K, EQD increases by ≈20 meV.
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Now, thermally activated electrons can diffuse from the back
electrode across the flat band region into the space charge
layer and may get captured in SAQD states. For this process,
the capture rate equals the flux density of diffusing electrons at
the location zQD of the SAQDs, multiplied by the capture cross
section σc [30]. Comparing this situation at Vm = −0.8 V, for
example, to the measured capture signal with τ = 195 ms as
shown in Fig. 2, this effective barrier between the back contact
and the SAQDs is too large for capture at 7 K and 16 K, while
at 41 K a peak in S is observed. As T is increased further
to 77 K, the capture time drops well below 195 ms and the
lock-in DLTS signal vanishes.

For an initial nonzero occupancy, the Coulomb interaction
increases the energy barrier of height E (zQD,Vm, k), where
k denotes the number of electrons in one dot at the end of
the preparation pulse. Therefore, the capture of additional
electrons per SAQD sets in at a steplike increasing value for
Vm as the preparation voltage increases, in agreement with
the observations. Since E (zQD) increases with the occupancy,
the onset value for Vm at which filling of a particular level
starts can be estimated with the Poisson Schrödinger solver
for each occupancy at a given value for Vp, by calculating the
detectable diffusion current according to Eq. (3). In Fig. 2, the
computed values for Vm required to fill the first, the third, and
the seventh electron (i.e., the onset of filling electrons in the
s, p, and d levels, respectively) in the SAQDs are included as
dashed horizontal lines. These values agree reasonably well
with the observed fine structure of the capture peak.

We now focus on the filling of the s states after a prepara-
tion voltage of Vp = −3 V, assuming that the electrons can
enter the SAQDs via all their energy levels and then relax
rapidly into the s states. The contribution of the s state fill-
ing to the capture signal is isolated by subtracting S(Vm) for
Vp = −2 V (where capture into the s state is negligible) from
the function S(Vm) measured at Vp = −3 V.

The time constants τ (Vm, T ) follow directly from the
measured transients and reflect the effective time of charge
transfer between the SAQDs and the environment, composed
of both capture and emission of electrons. It can be interpreted
directly as capture time constant τc only in limiting cases
where emission is negligible. This is certainly not justified
at higher temperatures or over the full interval of bias volt-
ages. For example, in the measurement at T = 7 K close
to Vp = Vm = −0.5 V, Fig. 2(a), S vanishes, indicating that
the two transfer rates are identical. Previously, a rate equa-
tion model has been established which allows the separation
of the capture and emission rates [25]. It shows that, after
our preparation time interval, all SAQD states are empty
for Vp � −2.8 V, since τe � P � τc, where τe denotes the
emission time constant. The difference �S(Vm) ≡ S(Vm,Vp =
−3 V) − S(Vm,Vp = −2 V) therefore represents the capture
solely into the s states and is shown in Fig. 4(b) for a few
exemplifying rate windows. The maximum of �S(Vm) shifts
to larger voltages as the selected time window P is decreased,
reflecting the faster charging under more positive bias volt-
ages. The corresponding charging current Ic during capture
can be estimated by

Ic(Vm) = A
enQD

τ (Vm)
, (2)

where e denotes the elementary charge. These values, with
the time constant obtained from the maximum of a Gaussian
function fitted to �S(Vm), are plotted in Fig. 4(c) for two
temperatures. Apparently, at T = 5 K, the charging current
increases approximately exponentially with Vm, with an abrupt
increase of the exponent at Vm ≈ −0.505 V, suggesting that
the charging mechanism changes for sufficiently low potential
barriers. As the temperature is increased to T = 7 K, Ic is
larger for the same measurement voltage, with a comparable
exponent. However, a kink at larger Vm is no longer clearly
visible. Rather, the extracted values for Ic become quite noisy
for Vm � −0.51 V, a consequence of the small P values.

The measured current can be compared to the calculated
diffusion current ID(Vm) generated by electrons arriving at zQD

from the back electrode,

ID(Vm) = eA × μkBT
dn

dz
. (3)

Here, the density and the mobility of the electrons are denoted
by n and μ, respectively, and the SAQDs are assumed to
be empty initially. The diffusion current ID(Vm) obtained for
Vm � −0.505 V and Vm � −0.51 V for T = 5 K and T =
7 K, respectively, has the same shape as the capture current
Ic(Vm); see Fig. 4(c). These currents are related by

Ic(Vm) = ID(Vm)nQD × σc. (4)

A least squares fit according to Eq. (4) is carried out for data
at T = 5 K in the interval Vm < −0.505 V, using σc as a fit
parameter that takes the value σc = 1.8 × 10−16 m2, which is
plausible considering that the SAQDs have an approximately
conical shape with a base radius of ≈15 nm [31]. This analysis
has been carried out for the other temperatures as well, which
gives similar capture cross sections within a factor of 2 [27].
The case of T = 7 K thereof has been included in Fig. 4(c).

For the lowermost temperature and Vm � −0.505 V, the
exponent of Ic(Vm) shows a different slope. In this regime,
the barrier between the flat band region and the SAQDs is of
the order of a few meV only and decreases with increasing
Vm. Thus tunneling through this barrier becomes possible and
may contribute to the capture current. As Vm is increased, both
the thickness and the height of the barrier decrease, while
the spectral electron density around EQD increases. It appears
plausible that as a result a strongly gate voltage–dependent
tunnel current evolves, which may be composed of elastic
and thermally activated components. Due to its dependence on
several parameters, modeling the tunneling current in this sys-
tem is not very trustworthy with the information at hand and
we therefore refrain from a quantitative description. Since,
however, the barrier for tunneling into the s, p, and d states
is very large, capture by tunneling under these conditions is
expected to take place via high lying states only, which are no
longer bound in occupied dots.

In view of this analysis, the B-independent lower edge
of S(Vm) in Figs. 3(a) and 3(b) can be interpreted as a
diffusion-dominated regime. The upper, B-dependent tails of
these peaks are dominated by tunneling into the d states of
the SAQDs with occupied s and p levels: as B increases, the
levels d3–d6, see Fig. 3(c), increase in energy and thus the
spectral density of electrons available for tunneling decreases,
which results in larger capture time constants. This line of
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arguing is similar to that one used to explain the magnetic field
dependence of the emission by tunneling, as observed with
conventional DLTS [19]. The full spectra S(Vm,Vp) as a func-
tion of B as well as lineouts in the emission-dominated regime
are represented and interpreted in Fig. 4 of the Supplemental
Material [27].

We conclude this section with three remarks. First of all,
the leakage current is below our resolution limit in the studied
bias voltage interval [27]. It therefore does not contribute
significantly to the filling of the SAQDs. Second, the energy
resolution of the measurement concept used here is too low to
observe the effects of single electron charging on the capture
dynamics within one orbital energy level. In the diffusion-
dominated capture regime, the time constant changes rapidly
with Vm and generates a narrow peak in S(Vm). In the capture
regime dominated by tunneling, on the other hand, the capture
time constants are too close to our resolution limit. Possibly,
the resolution can be improved by applying the much more
time-consuming Laplace transform spectroscopy, where the
single electron charging energy could be well resolved during
emission processes [23]. Finally, the shape of the capture peak
in the (Vp,Vm) plane can be modeled by solving the system of
rate equations with ck (Vp,Vm) as a fit parameter, where the
c j represent the capture rates into level j. However, these
complements do not contribute to the identification of the
capture process and are beyond the scope of the present work.

V. SUMMARY AND CONCLUSIONS

We have used capacitive deep level transient spectroscopy
to characterize the electron capture into self-assembled
quantum dots which are far from equilibrium with their en-
vironment and reside at a large distance from the reservoirs.

The measured time constants of the transients contain, but are
not equal to, the capture time, since significant emission takes
place during capture over a wide parameter range. There-
fore, the capture process has been analyzed in the voltage
regime where emission is negligible. The capture shows a
predominantly activated behavior. The combination of the ex-
periments with Poisson-Schrödinger simulations suggest that,
after changing the band structure by a bias voltage step, a
new steady state will be established by a diffusion current
∝dn/dz, which fills the SAQDs up to the local quasi-Fermi
level. Capture occurs predominantly if the SAQD layer is suf-
ficiently close to the edge of the space charge region, such that
the remaining barrier can be overcome thermally. Since under
these assumptions the capture current as obtained from the
capacitance transients should equal the diffusion current, the
capture cross section of the s states can be estimated to σc ≈
3 × 10−16 m2. For sufficiently small energy barriers between
the SAQDs and the flat band region, tunneling contributes to
the capture as well and we have explained the magnetic field
dependence of the capture rates by tunneling into d states
or, in the case of empty dots, into higher states. Future work
may comprise measurements at higher energy resolution, for
example, by using Laplace transform spectroscopy, with the
possible identification of spin-selective charging as well as
further capture mechanisms. Also, a detailed modeling of the
capture peak with voltage-dependent capture rates, based on a
rate equation model, is a possible next step.
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