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The complete control of the electron occupation of a single InGaAs dot is shown to produce highly
antibunched single photon emission with nonresonant optical excitation. Intensity correlation
measurements show g�2��0� values of 3% �50%� at low �high� excitation power. A distinct double
peak structure is shown at time zero, demonstrating that although two photons may be emitted per
excitation pulse, they are not simultaneously emitted. We interpret this feature as a hole recapture
process from the wetting layer into the dot after initial recombination. The recapture dynamics is
shown to be adjustable through engineering the valence potential. © 2008 American Institute of
Physics. �DOI: 10.1063/1.2924315�

A single self-assembled semiconductor quantum dot
�SAQD� is a promising candidate for a practical single pho-
ton source �SPS�. The primary prerequisite of a SPS, photon
antibunching, has been demonstrated in various quantum dot
systems.1,2 Unlike single molecules, SAQDs do not experi-
ence photobleaching or photoblinking,3 unlike deep level ni-
trogen vacancies in diamond they have no shelving states,4

and they are more practical for long term use than trapped
single atoms.5 In addition, SAQDs can emit over a wide
spectral range depending on material choices, including
1.3 �m.6 Polarization entangled photon pairs, a useful re-
source for quantum information processing, have been pro-
duced in the biexciton decay from single SAQDs.7,8 A draw-
back in using SAQDs is photon extraction efficiencies from
the high refractive index semiconductor. However, SAQD
have been successfully incorporated into microcavity sys-
tems and collection efficiencies of �40% have been recently
reported.9

Photon antibunching is quantified through a measure-
ment of the second order intensity correlation at time zero
g�2��0�. An ideal single photon source would have a g�2��0� of
zero. For quantum dot systems, resonant excitation is a
promising route to achieving an ultralow g�2��0�. Background
emission from the wetting layer, other dots or sample defects
are avoided. In addition, as excitonic excitations in the
ground state of a QD resembles a true two level system, a �
pulse results in a complete population inversion.10 However,
with resonant excitation there are significant challenges in
distinguishing the PL from the excitation light.10 On the
other hand, nonresonant excitation offers no such difficulty
and is compatible with electrical injection using p-i-n diode
devices.11 However, with nonresonant excitation a low
g�2��0� can be difficult to achieve due to background emis-
sion. Furthermore, flooding the dot with carriers potentially
pollutes the SPS emission with timing jitter. In this letter, we
use a charge-tunable structure to take precise control of the
majority carrier �electrons� in a single dot to produce highly

antibunched single photon emission from a known exciton
configuration with nonresonant excitation. We subsequently
demonstrate that hole recapture from the wetting layer is the
limiting factor in achieving a zero g�2��0�.

Charge-tunable SAQD devices allow for precise control
over exciton charge via Coulomb blockade.12 In our device a
n-type back contact is separated from annealed
InGaAs /GaAs dots by a 25 nm GaAs barrier. A capping
layer of either 30 nm �sample A� or 10 nm �sample B� sepa-
rates the dots from an AlAs /GaAs blocking barrier �Fig. 1�.
A dc bias between a NiCr Schottky gate on the device sur-
face and the back contact allows for controlled tunneling of
electrons into the dots on time scales of �10 ps.12

PL is detected using a low temperature microscope at
5 K. Excitation is provided by a nonresonant, 1.50 eV
�826 nm�, pulsed laser at 20 MHz with a measured full
width at half maximum of �50 ps. Excitation power is ad-
justed through the use of optical attenuators in order to pre-
serve the temporal properties of the laser. The dots emit at
around 950 nm. Refractive index mismatch between the
sample and surrounding medium �He exchange gas� is re-
duced through the use of a cubic zirconium �n=2.15� super-
solid immersion lens �s-SIL�. The s-SIL increases the collec-
tion efficiency from �0.8% to �8% and is easier to
implement than a microcavity. In addition, the s-SIL de-
creases the diffraction limited spot size to 270 nm, improv-
ing spatial resolution. Correlation measurements are per-
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FIG. 1. Schematic of the valence band profile of samples �a� A and �b� B
�not to scale�. In �a�, the 2D well valence states formed at the capping layer
blocking barrier interface have the highest energy. In �b� the WL is energeti-
cally lower than the interface states. Ev is approximately 75 meV for both
samples. All energies are accurate to around �10 meV.
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formed using a custom built Hanbury Brown–Twiss �HBT�
spectrometer. The HBT uses a high efficiency �over 90%�
polarization insensitive transmission grating to spectrally fil-
ter the PL with a resolution of 350 �eV. This is key as the
HBT allows for the precise selection of individual exciton
lines without contamination from other exciton emission.
Correlation data is taken using two silicon single photon ava-
lanche diodes �SPADs� and time correlated single photon
counting electronics. Each SPAD has a timing jitter of ap-
proximately 400 ps. The temporal response of the system is
therefore entirely limited by the timing jitter of the SPADs.

Figure 2�a� shows the PL from a single dot from sample
A as a function of bias. The change in Coulomb interactions
with exciton charge brings about discrete steps in emission
energy. The neutral exciton X0 and negatively charged exci-
ton X1− are labeled. As excitation power increases, the PL
intensities of both X0 and X1− linearly increases until a maxi-
mum intensity is reached at the saturation power Psat. As
excitation power is increased beyond Psat the PL intensity
decreases. For the dot shown in Fig. 1 Psat is �2 �W /�m2.
Figure 2�b� shows intensity correlation data from the X1−

emission at the center of the voltage plateau at an excitation
power 0.05Psat, where the biexciton PL is approximately half
the intensity of the X0 PL. At this power, the photon flux is
reasonable, 3000 counts /s per SPAD, giving excellent signal
to noise in our g�2��0� measurements. g�2��0� is quantified by
determining the area of the time zero feature relative to the
area of the nontime zero peaks. We determine g�2��0� to be
�0.03, corresponding to a 3% probability that two or more
photons are emitted per excitation pulse. We see neither a
background floor between the side peaks nor long-lived
memory effects, which manifest themselves through the re-
duction of the side peaks near to time zero.2 As excitation
power is increased, we record a significant increase in
g�2��0�. At Psat, the SPAD counts double and g�2��0� is 0.23
�Fig. 2�a��. For comparison, g�2��0� values between 0.04 and

0.4 have been reported for similar dots in non-charge-tunable
structures with both electrical injection and nonresonant op-
tical excitation.2,9,11 Figure 3�a� shows g�2��0� values for
X0 and X1− at three excitation powers as a function of bias.
There is a bias dependence of g�2��0� for both excitons.
g�2��0� does not change with exciton charge. Measurements
on a further 5–6 dots from the same sample show a fluctua-
tion of g�2��0� of around 25% from dot to dot at equivalent
excitation power.

Our data allow us to determine the origins of the nonzero
g�2��0�. Contributions to the PL from background emission is
negligible as no such emission is seen in the PL spectra
within the full 16-bit dynamic range of our CCD camera.
Contamination from other dots or excitons can be ruled out
as at any particular bias the energy separations are larger
than the detection bandwidth �Fig. 2�a��. Figure 2�d� high-
lights the structure of the g�2��0� feature in Fig. 2�b�. At time
zero there is a clear minimum in correlations. However,
within a few nanoseconds, there is an increase in correla-
tions. This implies there is a carrier recapture process within
the dot leading to a reforming of an exciton and subsequent
reemission of a photon within the excitation cycle.13 The
charge-tunable device provides complete control over the
electron dynamics. In the plateau center the ground state ex-
citon is established by electron tunneling.12 It can therefore
be concluded that the recapture process is related to hole
dynamics. The recapture dynamics considerably vary from
dot to dot. On average only one third of the dots studied from
sample A show a clear splitting of the g�2��0� feature.

We have previously reported that under nonresonant
excitation a positive space charge region is formed in the
device at the interface between the capping layer and the
blocking barrier.14 The interface can be modeled as a two-
dimensional �2D� triangular well and the energy of the va-
lence s orbital in the dot determined with a phenomological
Coulomb blockade model.14 The hole density at this interface
is estimated from the voltage shift of charging events with
excitation power to be under 1000 holes /�m2 at Psat. There-
fore, only the lowest energy level n=1 in the 2D well is
occupied by holes at 5 K. At the low bias end of the
X1− plateau, �−0.3 V, the n=1 level is approximately
55�10 meV above the valence s orbital in the dot. This

FIG. 2. �a� Time-integrated PL from a single dot �sample A� at 5 K with
excitation power Psat=2 �W /�m2. White �black� corresponds to 120 �2000�
counts. The neutral exciton X0 and negatively charged exciton X1− are la-
beled, along with biexciton �2X0� and triexciton �3X0� related features. �b�
and �c� show example intensity autocorrelation data from X1− taken at simi-
lar biases but at different excitation powers, 0.02Psat and Psat, respectively.
The values above the peaks are the peak areas after normalization to the
nontime zero peaks. �d� shows a magnified view of the time zero feature
from �c�. The solid line is a fit of the rise and fall times of the two peaks
using �rise=0.6 ns and �fall=1.05 ns.

FIG. 3. The measured g�2��0� values as a function of bias and excitation
power for �a� X0 and X1− from the dot shown in Figs. 2�a� and �b� for X0,
X1−, and X1+ from a dot from sample B. Psat is �2.0 �W /�m2 for sample A
and 2.0 �W /�m2 for sample B. At equivalent excitation density g�2��0� is
larger, by approximately a factor of 2, for sample A than for sample B.
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decreases to around 10 meV at the high bias end of the
X1− plateau. As holes trapped in the interface will diffuse
laterally away from the dot, there is close to zero probability
of dot repopulation via phonon-assisted carrier recapture of
holes from the interface states at 5 K. However, excitation is
above the wetting layer �WL� bandgap, 1.46 eV. Using the
1.52 eV bandgap of GaAs and a WL conduction band to
valence band confinement energy offset ratio of 0.58 �Ref.
15� the WL valence states are estimated to be 50 meV below
the valence s orbital in the dot. There is a probability that
some holes are trapped in localized potential fluctuations in
the WL.16 These trapped holes are then free to repopulate the
dot after recombination. Once a hole is present in the dot, the
dot will automatically capture either a single electron X0 or
two electrons X1−, depending on bias. The reformation of an
exciton gives rise to secondary photon emission. The varying
nature of the WL potential across each sample is reflected in
the varying recapture dynamics seen from dot to dot. An
increase in excitation power increases the WL hole density
and increases the recapture probability. It is expected that the
g�2��0� feature at 0.05Psat shows a similar splitting to the
higher power data, only it is unresolvable due to the reduced
correlations.

We estimate the recapture and reemission times, �cap and
�rad, respectively, in the limit of large time zero splitting by
fitting the rise and fall times of the correlations nearest to
time zero in Fig. 2�d� to a simple three level rate equation
model,17 g2�t�� �exp�−t /�cap�−exp�−t /�rad�� / ��cap−�rad�. We
determine �cap=0.6 ns and �rad=1.05 ns for the data shown
in Fig. 2�d�. Accounting for the 400 ps instrumental response
�rad is in good agreement with the directly measured lifetime
of X1− from the same dot �0.97 ns�. We estimate that the
recapture time of an exciton is �450 ps. The hole recapture
process highlights an important feature of our sample. Al-
though two or more photons are sometimes emitted per ex-
citation pulse, they are not simultaneously emitted. We are
confident that with faster detectors, �100 ps, g�2��0� would
reach zero.

Our interpretation is consistent with an increasing
g�2��0� with decreasing electric field, Fig. 3�a�. As the field
decreases hole tunneling from the WL into the interface is
reduced and the hole density in the WL increases, increasing
the probability of hole recapture. Further evidence for the
bias dependent recapture probability is seen in the close up
of the time zero feature as a function of bias for X1− �Fig.
4�a��. As the bias increases the splitting reduces, Fig. 4�b�,
corresponding to a faster hole recapture time.

We confirm our interpretation through engineering of
the valence band to alter the hole recapture probability. For

sample B, the capping layer thickness is reduced from
30 to 10 nm �Fig. 1�b��. Figure 3�b� shows g�2��0� as a func-
tion of bias for X0, X1−, and X1+ from a single dot from
sample B �X0 emission at 1.33 eV� at X0 and X1− saturation
powers, Psat, and at 0.1Psat. On average 10� less excitation
power is required to saturate dots from sample B than sample
A. Statistics on 6 dots show a g�2��0� fluctuation of around
25%. Comparing results from both samples at equivalent
powers relative to saturation, g�2��0� is approximately a fac-
tor of 2 larger for sample B than sample A. This is reflective
of an increased hole recapture probability. The thinner cap-
ping layer moves the n=1 valence level in the 2D triangular
well to approximately 50�15� meV below the valence s or-
bital in the dot �WL�, Fig. 1�b�. Holes are no longer able to
relax from the WL into the interface and a greater hole den-
sity in the WL is formed. Consequently, the hole recapture
probability is increased and g�2��0� increases. As holes are no
longer lost to the interface states less excitation power is
required to saturate dots from sample B than sample A. Simi-
lar to sample A, only one third of the dots studied from
sample B show a clear splitting of the g�2��0�
feature.

In conclusion we have measured a g�2��0� of 0.03 from a
single quantum dot with nonresonant optical excitation. We
have demonstrated that the g�2��0� is limited solely by the
hole dynamics in our n-type charge-tunable devices. Only
with complete control over both electron and hole dynamics
will zero g�2��0� be realized in SAQD with nonresonant ex-
citation. A potential solution may be a double insulated p-i-n
heterostructure device and an alternating voltage source.18
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FIG. 4. �a� Evolution of the central g�2��0� peak from X1− as a function of
bias for sample A. Each curve is offset by 50 correlations from the previous
curve. �b� Measured peak to peak seperation of the g�2��0� feature from �a�
as a function of bias. �a� contains a subset of the data used for �b�.
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