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Decay dynamics of the positively charged exciton in a single charge
tunable self-assembled quantum dot
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We report on the decay dynamics of positively charged excitons confined to single InAs quantum
dots embedded in an n-type field-effect structure. The positively charged exciton’s dynamics are
found to be strongly dependent on device dimensions. With a large �small� dot capping layer the
decay is dominated by hole tunneling �radiative recombination�. The hole tunneling is successfully
modeled with a WKB-like zero-dimensional to three-dimensional tunneling approximation. Hole
tunneling is not observed in the dynamics of the neutral exciton negatively charged exciton, or
biexciton, an effect we attribute to an increase in barrier height through the interdot Coulomb
interactions. © 2006 American Institute of Physics. �DOI: 10.1063/1.2234745�
Self-assembled quantum dots are potential candidates for
many novel optoelectronic and photonic applications due to
their zero-dimensional density of states and the ease with
which the dots can be incorporated into semiconductor het-
erostructures. Positioning dots within the active region of an
n-Schottky or p-Schottky photodiode allows for the manipu-
lation of dot charge,1 a technique used to realize quantum dot
spin memory,2 electrically driven single photon emission,3

and an optically triggered single electron turnstile.4 Carrier
tunneling plays a key role in the operation of such Schottky
devices. For example, in an n-type device electron tunneling
can be used to control exciton charge,5 whereas in a p-type
device hole tunneling can potentially be used to probe the
spin of the electron in the dot.

In this letter we show that the recombination dynamics
of excitons confined to dots in an n-type device are strongly
influenced by hole tunneling. We establish control of hole
tunneling through the applied field, dot charge, and device
dimensions.

The dots studied are annealed InAs/GaAs self-
assembled dots grown embedded in a metal-insulator-
semiconductor field-effect device �Fig. 1�. An n-type
��1018 cm−3� GaAs back contact is separated from the dots
by a 25 nm GaAs tunneling barrier. A GaAs capping layer of
30 nm �sample A� or 10 nm �sample B� then separates the
dots from an AlAs/GaAs blocking barrier. The blocking bar-
rier prevents carrier leakage to a NiCr Schottky gate evapo-
rated onto the sample surface. A bias applied between the
Schottky gate and the back contact moves the dot level with
respect to the Fermi level in the back contact. Electrons tun-
nel from the back contact in and out of the dot when the dot
levels are resonant with the Fermi level. The pronounced
Coulomb blockade of the dots gives rise to single electron
control over the charging. Nonresonant optical excitation is
used to form excitons with either a single hole or two holes.
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The photoluminescence �PL� from a single dot is probed by
using a diffraction-limited confocal microscope and a sample
with a dot density of less than 1 dot/�m2. A glass, n=2.0,
half-spherical solid immersion lens is used to reduce the col-
lection spot size to �380 nm at the dot emission wavelength
��950 nm�, which in turn increases collection efficiency by
a factor of �5.

Decay dynamics are studied using time resolved PL
�TRPL�. Carriers are excited in the wetting layer of the dots
using an 826 nm, 100 ps pulsed laser diode, and time corre-
lated single photon counting �TCSPC� is performed using a
silicon single photon avalanche photodiode. The system’s
temporal resolution is 400 ps, but iterative convolution is
used to extract lifetimes with an accuracy of 100 ps. The
avalanche diode, collects photoluminescence from a spectral
window of 0.5 meV, smaller than the energy differences be-
tween the PL from different excitons in the same dot, which
are typically greater than 1 meV. The spectral resolution of
the TRPL system therefore allows for the collection of PL
from a chosen single exciton line from a single dot.

Figure 2�a� shows the photoluminescence as a function
of applied bias from a single dot from sample A. Clear jumps
are seen in the PL corresponding to the loading of single
electrons from the back contact into the dots. The neutral
exciton X0, singly negatively charged exciton X1−, singly
positively charged exciton X1+, and biexciton 2X0 are

FIG. 1. �a� Schematic of the valence band potential profile of sample A. The
interface between the GaAs capping layer and the superlattice forms a tri-
angular well. Holes can tunnel from the dots to this well. �b� Schematic of
sample B. Reducing the dot capping layer to 10 nm raises the triangular well
states to a higher energy than the hole states in the dot, preventing hole

tunneling.
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labeled.5,6 The remaining lines arise from exciton complexes
containing more than two holes and hot hole excitons. Figure
2�b� shows the radiative lifetime of X0, 2X0, X1−, and X1+ for
the dot shown in Fig. 2�a�. Example decay curves from each
exciton are shown in Fig. 3. There is a shift in the gate
voltages at which charging events occur in Fig. 2�a� and 2�b�
due to a power dependent formation of a positive space
charge region in the device.7

The TRPL from X1− and 2X0 show single, bias indepen-
dent lifetimes of 0.86 and 0.46 ns, respectively. The bias
independence of these lifetime implies that the lifetimes cor-
respond directly to the radiative lifetime. Nonradiative decay,
in the form of carrier tunneling, would be expected to show
a field dependence as the tunneling barriers surrounding the
dot alter with field. Similar lifetime results have been re-
ported for InAs self-assembled dots without a charge tunable
structure8 and agree with the known dot oscillator strength.9

The TRPL from X0 shows two lifetime components, a bias

FIG. 2. �a� Gray scale plot of the time-integrated PL from a single dot from
sample A at 5 K. White �black� corresponds to 80 �2000� counts. �b� The
measured lifetime over the gate voltage plateau of X1+, X0, 2X0, and X1− for
the dot shown in �a�. �Vg shows the gate voltage extent of each exciton
plateau. X1+ is the only exciton for which the lifetime shows an asymmetric
gate voltage dependence with respect to the center of the gate voltage pla-
teau. �c� The measured lifetime of X1+, X0, and X1− for a single dot from
sample B. Note that there is no longer a voltage dependence for the X1+

lifetime.

FIG. 3. PL decay curves data for X1+, X0, and X1− for the dot shown in Fig.
2�a�. The data are taken from the center of each exciton’s voltage plateau.
The slow X0 decay corresponds to a tertiary decay component, not shown in

Fig. 2�b�, whose origin is presently unknown.
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independent lifetime of 0.7 ns and a highly bias dependent
lifetime, symmetric around the center of the X0 voltage pla-
teau, ranging from 0.7 to 9 ns. The bias independent lifetime
is the radiative lifetime, with similar magnitude to X1−. The
bias dependent lifetime arises due to the fine structure of X0.
Nonresonant excitation leads to the formation of either radia-
tive or nonradiative neutral excitons. The electron in the non-
radiative exciton undergoes a spin flip, turning the exciton
radiative, through a Kondo-like spin-swap interaction with
an electron in the back contact.10

The decay dynamics of X1+ are considerably different
from all other excitons from dots in sample A. There is a
single decay component with a strong bias dependence. At
gate voltages greater than −1.22 V, the lifetime decreases
rapidly from 0.6 to 0.31 ns over a voltage range of 20 mV.
At these voltages X1+ charges to 2X0 and the rapid decrease
in the X1+ lifetime corresponds to the rapid electron tunnel-
ing from the back contact into the dot. At gate voltages be-
low −1.22 V the lifetime decreases with decreasing voltage,
from 0.3 to 0.1 ns over a range of 130 mV. The integrated
intensity of X1+ �not shown� shows a similar gate voltage
behavior. This voltage dependence of both the lifetime and
intensity is unique to X1+ and is absent in the decay dynamics
measured from all other excitons in sample A, a result we
have verified by studying over ten dots from the same
sample.

In understanding the decay dynamics of X1+ the field
dependence is the key. As previously discussed radiative re-
combination should show no field dependence implying that
the dynamics of X1+ are dominated by carrier tunneling. At
gate voltages a few millivolts away from the charging events
between excitons the energy difference between the exciton
in the dot and any other charged exciton is far greater than
kBT at 5 K. This prohibits the tunneling of electrons from the
back contact into the dots and implies that the lifetime be-
havior is therefore due to hole tunneling. This necessitates
the existence of a nearby hole continuum. Such a continuum
is available in the form of a two-dimensional �2D� triangular
well formed where the capping layer of the dots meets the
blocking barrier of the device �Fig. 1�a��.7,11

Tunneling from the dots to this continuum occurs
through a triangular barrier and is modeled using a zero-
dimensional �0D� to three-dimensional �3D� WKB-like
approximation.12 This model approximated the dot confine-
ment in the growth direction with a one-dimensional �1D�
square well of width L, corresponding to the dot effective
height, and depth Vw. The tunneling time �tun is given by

1

�tun
= �4Vw

��
�2�L2mh

*

2Ev
exp	 − 4

3�eF
�2mh

*Ev
3
 . �1�

L is known to be approximately 3 nm from atomic force
microscopy �AFM�13 and cross-sectional scanning tunneling
microscopy14 �X-STM� work on similar dots. mh

* is taken to
be 0.25m0.15 Ev is the ionization energy of a single hole in
the dot. Ev and L can be used to determine the well depth Vw
using a simple 1D finite square well model. F is the applied
field, calculated using the device dimensions and the applied
bias through the so-called lever arm relationship, taking into
account the Schottky barrier height, 0.6 eV,15 and compen-
sating for power dependent hole accumulation in the device.7

F is therefore bias dependent, decreasing the lifetime with

increasing reverse bias, as seen in the experimental data.
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The uniqueness of the X1+ decay dynamics is found to be
due to the dependence of Ev on dot charge. This dependence
is due to the pronounced Coulomb interactions between car-
riers in the dots.15 With only a single hole in the dot, Ev is
defined by the confinement potential of the dot and labeled
Ev

0. For X1+ Ev is increased by the electron-hole Coulomb
energy Eeh and decreased by the hole-hole Coulomb energy
Ehh. For all cases Ehh is greater than Eeh, leading to a net
decrease of Ev compared to Ev

0. The gate voltage extents of
each exciton plateau and the energy shifts upon charging are
used to determine the Coulomb energies and the single hole
ionization energies.6,11 For the dot shown in Figs. 2�a� and
2�b� the calculated energies are shown in Table I.

Figure 4�a� shows the result from applying Eq. �1� to the
X1+ data presented in Fig. 2�b�. There are no fitting param-
eters: all terms are known either from the sample dimensions
or through the Coulomb model. The theory shows excellent
agreement with the data, despite the sensitivity of the tunnel-
ing time to the parameters, verifying that the decay dynamics
of X1+ is dominated by hole tunneling. We note that a simple
1D WKB approximation16 produces an equally high quality
fit using Ev

0 =75 meV, which is within the estimated error of
the ionization energy from the Coulomb model. Strictly, we
have a 2D continuum, and it has been previously shown that
hole tunneling can be suppressed away from resonances be-
tween the dot level and the hole level in the 2D well.11 How-
ever, the strong agreement between experiment and theory
implies that we are close to a tunneling resonance in this
experiment.

The data presented in Fig. 2�b� show that the decay dy-
namics of X0, X1−, and 2X0 are not influenced at all by tun-
neling. Ev for X0, X1−, and 2X0 are all increased by the Cou-
lomb interactions, as shown in Table I. Figure 4�b� shows the
calculated hole tunneling time for X0 and 2X0. The WKB-
like approximation predicts hole tunneling times far greater
than the radiative lifetime of each exciton. This shows that

FIG. 4. �a� X1+ lifetime data and WKB-like calculation of the hole tunneling
for X1+ for dot 1 from sample A. �b� shows the same result as �a� with the
added WKB-like calculation for the calculated hole tunneling for X0 and
2X0. The ionization energies used in the calculations are shown in Table I.

TABLE I. The hole ionization energies Ev for X1+, 2X0, X0, and X1− in terms
of the Coulomb energies and the single particle ionization energy Ev

0. The
Coulomb energies and Ev

0 are calculated for the dot shown in Fig. 1�a� from
the Coulomb blockade model �Ref. 5�. For Ev=85 meV and L=3 nm, Vw is
determined to be 140 meV.

Exciton X1+ X0 2X0 X1−

Ev �meV� Ev
0 +Eeh−Ehh Ev

0 +Eeh Ev
0 +2Eeh−Ehh Ev

0 +2Eeh

Term Ev
0 Eee Eeh Ehh

Energy �mev� 85 26.6 32 33
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hole tunneling can be successfully switched off through
charging the device.

We are able to provide strong verification of our inter-
pretation through measurements on sample B. Altering the
capping layer thickness has a profound effect on the tunnel-
ing dynamics of X1+. Figure 2�c� shows lifetime data for X0,
X1−, and X1+ from a single dot from sample B. The decay
dynamics from X0 and X1− are similar to sample A. The
decay dynamics of X1+ show a constant lifetime of �1 ns
and no bias dependence. The reduced capping layer increases
the energy level of the well states at the interface relative to
the hole states in the dot �Fig. 1�b��. By approximating the
energy levels in the triangular interface with a simple 2D
triangular well model11 we determine that the hole level in
the dot is 30 meV lower in energy than the lowest available
level in the 2D well. Tunneling is therefore no longer a pos-
sible decay path for the holes in the dot and has consequently
been turned off through the reduction of the capping layer.

In conclusion we have shown that the decay dynamics of
the positively charged exciton in a single n-type charge tun-
able dot show pronounced effects due to hole tunneling. The
nature of this tunneling can be accurately predicted by ap-
plying a 0D–3D WKB-like tunneling approximation. The
hole tunneling can be turned off through charging the dot due
to the change in Coulomb interactions within the dot. The
hole tunneling can also be turned off by reducing the capping
layer of the dots.
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