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We study the photon-statistical behavior of resonance fluorescence from self-assembled InAs quan-
tum dots (QDs) as a function of the density of free charge carriers introduced by an above band-gap
laser. Second-order correlation measurements show bunching behavior that changes with above-
band laser power and is absent in purely above-band excited emission. Resonant photoluminescence
excitation spectra indicate that the QD experiences discrete spectral shifts and continuous drift due
to changes in the local charge environment. These spectral changes, combined with tunneling of
charges from the environment to the QD, provide an explanation of the bunching observed in the
correlations.

I. INTRODUCTION

Indistinguishable single photons are potentially im-
portant in a number of quantum information process-
ing applications, for example linear optical quantum
computation1, entanglement swapping2–4, and quantum
repeaters5,6. Indistinguishable photons are those with
identical properties (e.g., wavelength, bandwidth, po-
larization), which allows them to demonstrate Hong-
Ou-Mandel interference7. Semiconductor quantum dots
(QDs) have been shown to be good sources of single
photons8–10, and photons emitted from the same QD in
rapid succession have been shown to have very high indis-
tinguishability when the QD is in an optical cavity11,12 or
is excited resonantly13. Photons spaced more widely in
time and those from separate QDs, however, do not show
the same degree of indistinguishability14–16 due to the in-
homogeneous distribution of photon energies emitted by
one QD state at different times. This inhomogeneous
distribution is called spectral diffusion, and it is likely
caused by fluctuating occupation of charge traps in the
environment of the QD17–22. In order to produce indis-
tinguishable single photons, the causes of spectral diffu-
sion must be investigated and mitigated. One step in this
process is to measure the dynamics and the influence on
the QD of fluctuating charge traps in the environment.

The subtle fluctuations of the local electric field envi-
ronment modify the energy levels of the QD through the
quantum-confined Stark effect because of the QD’s large
DC electric polarizability. Spectroscopically, this effect
manifests as a discrete jump, continuous drift or spectral
broadening of the QD’s absorption and emission lines de-
pending on the relative position of the charge traps and
characteristic time of the electric fluctuations. A charge
trap close to a QD will result in a discrete shift of the
peak in the QD absorption spectrum when the trap’s oc-
cupation state changes. A single trap far from a QD will
have an unnoticeable effect on the QD by itself, but a
change in mean occupation of a large ensemble of traps
will cause a continuous drift or broadening of the QD

spectrum. In this study, we show that all of these effects
are present in one QD’s excitation spectrum when its lo-
cal environment is perturbed by above band-gap optical
excitation.

To resolve the fine change in the QD energy levels,
we use resonant photoluminescence excitation (RPLE)
spectroscopy, which measures the absorption spectrum
by collecting the total resonant fluorescence from the QD
using different excitation wavelengths. The resolution of
this technique is solely dependent on the linewidth of
the excitation laser, which is ∼1 MHz in our case. RPLE
spectra with additional variable-intensity above-band ex-
citation illustrate discrete spectral jumps in the QD res-
onance due to Stark shifts caused by nearby occupied
charge traps. The number, relative position, and average
occupation of the nearby charge traps can be deduced
from the data. No electrical contacts are necessary as
the measurement is entirely optical. Second-order cor-
relation measurements of the emitted fluorescence show
photon bunching that characterizes the time-scale of the
charge trap dynamics. We found that the switching rate
of the charge traps between occupied and unoccupied
configurations increases by five orders of magnitude with
increasing above band-gap excitation power even below
the threshold where the above-band excitation produces
photoluminescence (PL) on its own.

II. SAMPLE AND EXPERIMENTAL SETUP

The sample consists of InGaAs self-assembled QDs
grown in the center of a 4-λ GaAs spacer between two
AlAs/GaAs distributed Bragg reflectors (DBRs) with 14
and 20.5 periods on the top and bottom, respectively.
The DBRs form a planar microcavity with a transmis-
sion mode from 923 ∼ 930 nm and a waveguide mode
that confines light within the plane of the sample. The
thickness of the GaAs spacer that defines the cavity is
1.06 um, leaving the QDs more than 500 nm away from
either DBR. As discussed later, this relatively large dis-



2

Resonant 
Excitation Path

Resonant Fluor. 
Collection Path

Above Band-gap 
Excitation

Quantum Dots4
λ0
݊

FIG. 1. Quantum dot sample with optical excitation and col-
lection geometry. The resonant laser is focused on the cleaved
face of the sample in order to couple into the waveguide mode
of the cavity. The fluorescence is collected normal to the
sample surface. The above band laser at 633 nm is focused
through the collection lens onto the QD location. λ0 is the
cavity resonance wavelength in vacuum (930 nm) and n is the
refractive index of GaAs (∼ 3.5).

tance rules out the possibility that the observed discrete
Stark shifts in the RPLE data are caused by charging
of defects at the hetero-interfaces or the sample surface.
The sample is maintained at 5 K in a closed-cycle cryo-
stat. The optical excitation and collection scheme is de-
picted in Fig. 1. Laser light resonant with a QD transi-
tion is introduced into the waveguide mode of the sample
via free-space coupling from the side; the QD is approx-
imately 100 µm from the cleaved sample edge. When
the QD transition is resonant with the cavity mode, the
fluorescence is preferentially directed normal to the sam-
ple surface where it is collected by a 0.5 NA aspheric
lens. The resonant excitation is provided by either a
tunable continuous-wave (CW) diode laser or a mode-
locked Ti:sapphire laser with a pulse length of 2.1 ps.
Simultaneous with the resonant laser, an above band-
gap excitation laser with a wavelength of 633 nm can be
introduced normal to the surface. The fluorescence is di-
rected through a 0.75 m spectrometer and thence either
to a TE-cooled CCD camera or through an exit slit to
a time-correlated single-photon counting (TCSPC) sys-
tem. The second-order correlation function, g(2)(τ), of
the CW-excited fluorescence is calculated from the time-
tagged photon detection data.

III. EXPERIMENTAL RESULTS

A. Time-Resolved Fluorescence

The QD lifetime T1 is obtained from time-resolved flu-
orescence measurements where the QD is resonantly ex-

cited by the pulsed laser and the fluorescence is directed
to a single-photon counting module (SPCM). The pulse
has an energy of 0.17 pJ and a bandwidth of 76 GHz in
linear frequency. This is two orders of magnitude wider
than the QD’s ground state transition linewidth, and
well covers the observed spectral shifts due to the charge
traps. Figure 2 shows an example time-resolved measure-
ment without above-band excitation. The data are fitted
with an exponential decay convolved with the measured
instrument response function of the SPCM. We measured
resonantly excited time-resolved fluorescence for differ-
ent powers of above-band excitation and extracted an
average lifetime of T1 = (518 ± 3) ps. The extracted
lifetimes show no trend with increasing above-band exci-
tation power (inset of Fig. 2). Coupled with additional
measurements discussed below, this suggests that the life-
time is not affected by the fluctuations of the local charge
environment.

B. Resonant Photoluminescence Excitation
Spectroscopy

We use RPLE spectroscopy to quantify the discrete
shifts and continuous drifts of the QD energy levels
caused by both nearby and distant charge carrier traps.
The capture rate of charge carriers at these traps is ex-
pected to depend on the local free charge carrier den-
sity, which is controlled by adjusting the power of an
above band-gap laser through 6 orders of magnitude.
For each power, two RPLE spectra with orthogonal de-
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FIG. 2. (Color online) Time-resolved fluorescence from a sin-
gle QD under pulsed resonant excitation and without above-
band excitation. The data (orange dots) are fit by an expo-
nential decay model convolved with the measured instrument
response function of the SPCM (black curve). The blue curve
is the convolved result. The inset shows the lifetimes ex-
tracted from similar time-resolved fluorescence measurements
with different levels of above-band laser power represented as
a fraction of the saturation power P1 = 28.5µW. The lifetime
varies little with above-band laser power, with an average
value of T1 = 518 ± 3 ps. The average T1 is depicted by the
dark line in the inset, while the gray area is the standard
uncertainty range.
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FIG. 3. (Color online) (a)–(c) Three examples of normalized resonant photoluminescence excitation spectra (RPLE) at above-
band laser powers of zero, 3.1×10−7 P1 and 7.7×10−5 P1 respectively. The filled curves are the individual Voigt peaks used
to do the fitting; the blue curve along the orange data points is the sum of these individual peaks. Zero detuning is defined
as the middle point of the two Voigt peaks with largest amplitude (green) in (a), which corresponds to 928.3713 nm. Each
curve is normalized to its own maximum. (d) 2D plot of 16 RPLE spectra taken at different above-band laser powers plotted
in a logarithmic scale on the vertical axis. The color–scaled spectral intensity is normalized to the overall maximum of the
measured fluorescence intensity. The grey lines denote the three spectra in (a), (b) and (c). The black dots are the positions
where correlation data are collected. Box A denotes the data shown in Fig. 5(a) and box B those in Fig. 5(b). The white
dashed lines indicate the boundaries for the different above-band power regimes. (e) An example of polarization-dependent
RPLE without above-band laser. Two RPLE spectra were recorded using a linear polarizer oriented at 114◦ (blue) and 27◦

(red) from the horizontal. Their sum is displayed as the orange curve with grey filled area. The red and blue peaks are the same
shape but displaced and with different amplitudes, which implies that the two peaks are the orthogonally polarized emission
from the two fine structure split states of a neutral QD.

tection polarizations (H & V) are collected by scanning
the frequency of a tunable 1 MHz bandwidth CW laser
through the QD resonance at 10% of the saturation power
P0 = 4.7µW. The two spectra are then summed to give
a final spectrum whose amplitude is proportional to the
exciton population in the QD. In the summation, the
polarization-dependent absorption due to the optics in
the collection path is corrected.

Figure 3(a)–(c) shows three examples of summed spec-
tra in three different power regimes of the above-band
laser, i.e. low, medium and high power. Each spectrum
is fitted with 8 Voigt profile peaks whose Lorentzian
linewidth is restricted to be not less than the lifetime-
limited value of 308 MHz in linear frequency according
to T1. Polarization dependent RPLE (Fig. 3(e)) suggests
that these emission lines are from a neutral QD. Thus, 8
Voigt peaks gives 4 pairs corresponding to four different
discrete Stark shifts (including the case where the shift

is zero) experienced by the QD during the measurement.
We measured RPLE spectra for a number of QDs, and

all those we surveyed showed either 1, 2, or 4 different
Stark shifts. These are all powers of 2, which is consistent
with an integer number of nearby 2-level charge traps.
For example, two charge traps would result in 22 = 4
different configurations. None of the QDs we surveyed
showed 3 or 5 Stark shifts. Regarding the QD detailed
here, to match the 4 discrete shifts observed in the RPLE
data, the only possible trap arrangement is either two 2-
level traps or one 4-level trap. Candidates for 2-level
traps abound – for example, dopant impurities and other
crystal defects – while to the authors’ knowledge no 4-
level traps have been reported in the literature. Thus
we discard the latter possibility and conclude that there
are two nearby 2-level charge traps influencing the QD.
We denote the first trap as α, the second as β, and the
possible trap configurations as (αβ), where α, β can take
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a value of 0 or 1 representing the empty (neutral) or
occupied (ionized) state of each trap.

In Fig. 3(a)–(c), the 8 Voigt peaks are color coded into
4 pairs so that each pair stands for one trap configuration:
the green peaks correspond to charge configuration (00),
black peaks to configuration (01), blue peaks to configu-
ration (10), and red peaks to configuration (11). Below
we discuss the underlying reasoning for the assignment
of these labels. There may be additional charge carrier
traps far from the QD and randomly distributed, but
their influences on the QD energies are limited. Their
effect on the RPLE spectra is described by spectral line
broadening, which consists of two parts: Gaussian widths
of the Voigt profiles for inhomogeneous environmental
broadening and additional Lorentzian widths for homo-
geneous non-radiative broadening. Due to the significant
overlapping of multiple peaks in the spectra, the fitting
is too ambiguous to distinguish these two sources defini-
tively. But the Voigt line widths of all peaks are broad-
ened by about a factor of 4 compared to the lifetime-
limited value. Considering the relatively weak effect on
the electric field at the QD from the free charge carriers
and distant charge traps, the orientation of the asym-
metry axis of the confinement potential of the QD will
remain the same for all above-band powers. Therefore
the amplitude ratio of the two fine structure peaks in
each pair of Voigt profiles is constant for all above-band
powers. We perform a global fitting of four spectra from
different power regimes simultaneously to determine the
ratios. Afterwards, each spectrum is fitted individually
with the fixed amplitude ratios.

With no above-band excitation, one pair of peaks dom-
inates the RPLE spectrum (the green peaks in Fig. 3(a))
showing that 83% of the time the traps are in the corre-
sponding configuration. Without above-band excitation,
the traps are expected to be in thermal equilibrium. If
the traps are either shallow donor or acceptor impurities,
in bulk GaAs at 5 K the fraction that are ionized is ap-
proximately zero. The fraction of ionized dopants near
the QD may be increased by the proximity of the wetting
layer quasi-continuum states, but it is still expected to
be low. Therefore, we assign the neutral trap configura-
tion (00) to the green peaks dominating the spectrum in
Fig. 3(a).

At high above-band laser power we expect the free
charge carrier density to be greater, and the charge traps
correspondingly more likely to be charged compared to
the case of low above-band power. Therefore, we assign
trap configuration (11) to the pair of peaks that domi-
nates the spectrum in Fig. 3(c), which is displayed in red.
The other two configurations (01) and (10) are arbitrarily
assigned to the black peaks which are shifted by about
1 GHz from the green, and to the blue peaks which are
shifted by about –3 GHz from the green.

Figure 3(d) shows all 16 RPLE spectra at different
above-band laser powers which span 6 orders of mag-
nitude. We identify four regimes of above-band power
based on the different patterns in the RPLE spectra:
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FIG. 4. (Color online) (a) Center detunings of resonance
peaks. For the RPLE spectra that comprise Fig. 3(d), the
center detuning of each Voigt profile in the fit is plotted ver-
sus the corresponding above-band laser power. The green
square curve corresponds to trap configuration (00), the red
circle for trap configuration (11), the blue up-triangle for trap
configuration (10) and black down-triangle for trap configu-
ration (01). The lines are guides for the eye. The horizon-
tal dashed lines give the boundaries of different above-band
power regimes. (b) Spectrally integrated intensity of RPLE
spectra in Fig. 3(d). The baseline offset due to the above-
band excitation has been subtracted so that the curve repre-
sents the emission solely due to resonant excitation; this effect
is only significant in the ultra-high power regime. The error-
bars correspond to experimental fluctuation and shot noise.
The curve is normalized to its maximum value. The grey ver-
tical dashed lines correspond to the boundaries of different
above-band power regimes.

low power regime (zero ∼ 1.7×10−7 P1), medium power
regime (0.17 P1 ∼ 2.5×10−6 P1), high power regime
(0.025 P1 ∼ 3.5×10−4 P1) and ultra-high power regime
(above 3.5×10−4 P1). Note that even in the high end of
the ultra-high power regime the above-band laser is less
than 1% of the saturation power.

Figure 4(a) shows the best-fit Voigt peak positions of
the spectra in Fig. 3(d). In the medium power regime,
there is a continuous but quick peak shift of about ∼1
GHz for trap configurations (11), (01) and (10). This is
possibly caused by partial screening of the electric fields
of the trapped charges by the free charge carriers intro-
duced by the above-band excitation. Fig. 4(b) shows the
spectrally integrated RPLE of the QD as a function of
above-band laser power. It reaches its maximum value
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at 1.2×10−6 P1, indicating that the local charge environ-
ment around the QD most favors neutral exciton emission
(over trion or biexciton emission) at that power. When
the above-band laser goes over this threshold, the QD
fluorescence starts to decrease, reflecting the fact that
more free charge carriers are available for the QD to cap-
ture in favor of trion and biexciton emission, which re-
duces neutral exciton emission. As the data shows, the
QD resonant emission is suppressed by a factor of 2 in
the ultra-high power regime compared to the maximum
emission intensity at medium power.

All the RPLE peaks show a gradual spectral drift from
the low power regime to the ultra-high power regime.
This is possibly caused by an asymmetric distribution
of many distant charge traps that are far from the QD.
By investigating the evolution of the green peaks (con-
figuration (00)), we determined the drift to be an ap-
proximately 0.6 GHz red-shift. This red-shift happens
to follow the same trend of QD energy drift when the
local temperature is increased by a small amount, about
0.2 K23. However, other dots show a blue-shift of sim-
ilar amount over the same above-band excitation power
range. Therefore, thermal heating by the laser is not
sufficient to explain these observations. In addition, a
calculation with a simple two-dimensional thermal con-
ductance model with the maximum above-band power
used here (thermal conductivity of GaAs at 4 K is 10
W·cm−1·K−1, and absorption coefficient at 633 nm is
4×104 cm−1) shows that the temperature rise would be
less than 0.2 mK. This is too small to account for the
observed spectral shift.

C. Correlation Function of Resonance Fluorescence

The RPLE data quantify both the magnitude of
the Stark shifts experienced by the QD and the time-
averaged occupation probability of the charge traps that
cause them. The time-dependent behavior of the charge
traps can be characterized by the photon statistics of the
resonance fluorescence. When the resonant laser is tuned
to one of the peaks in the RPLE spectrum, the QD will
emit strong fluorescence. If a nearby charge trap switches
from unoccupied to occupied, or vice versa, the QD res-
onance will shift and the fluorescence intensity will be
reduced. This effect manifests as bunching in the second-
order correlation function of the fluorescence, g(2)(τ), on
the time scale of the trap switching rate.

Another effect that manifests as bunching in g(2)(τ)
is charging of the QD. In contrast with QDs in a diode
structure24–26, here the charge state of the QD in the
sample is uncontrolled, and the QD may capture a charge
from the environment. The resonant laser is tuned to the
neutral exciton transition and when the QD is charged
that transition is not available. Thus, when the QD is
charged there will be no resonance fluorescence. The
charged QD may capture another charge of the oppo-
site polarity from the environment, forming an exciton
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FIG. 5. (Color online) Second-order correlation function of

the fluorescence, g(2)(τ). The legends list the above-band
laser power in fractions of the saturation power P1. (a) The

g(2)(τ) measured at the black dots in box A in Fig. 3(d). The
resonant laser is tuned to ∼1.96 GHz detuning with power of
0.1 P0 and the above-band laser power is varied from zero to
6.32×10−7 P1. A significant increase of bunching amplitude
and small shrinking of bunching time can be seen. The inset
is the correlation data measured with only above band-gap
laser excitation at 0.23 P1. (b) The g(2)(τ) from box B in
Fig. 3(d). The resonant laser is at ∼0.56 GHz detuning with
a power of 0.1 P0. The power of above-band laser is varied
from 1.24×10−6 P1 to 7.69×10−3 P1.

and returning to a neutral condition. Thus the QD may
switch between charged and neutral states, emitting res-
onance fluorescence while neutral and no fluorescence
while charged. Therefore, the emitted photons will be
bunched on a time-scale similar to the time it takes the
QD to capture a charge.

Figure 5(a) and Figure 5(b) show how g(2)(τ) is af-
fected by the variations of the environmental free charge
carrier density introduced by the above-band laser. All
correlation data are normalized to the long time value
at 0.2 seconds and plotted on a logarithmic time scale
so both the short-time and long-time behavior can be
clearly seen. All data show a clear dip near τ = 0 and an
exponential decay at longer times down to an asymptotic
value. In a linear-log plot, an exponential decay is char-
acterized by a high plateau followed by a sharp decay at
the characteristic time of the exponential, finishing with
another lower plateau. The dip is a sign of antibunching,
and the decay is a sign of bunching, with the height of
the plateau at intermediate τ values indicating the degree
of bunching. Correlation functions like this indicate that
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on short time scales the emitted photons are antibunched
(i.e. two photons are unlikely to be emitted within one
lifetime), but that on long time scales the photon stream
is separated into bunches. The antibunching is expected
of emission from a single QD, and the bunching indicates
that there are phenomena that cause the QD to inter-
mittently stop being excited by the resonant laser. Due
to the finite response time of the detectors (∼0.8 ns), the
bunching plateau is convolved with the anti-bunching dip
to result in the measured g(2)(0) ≥ 1. This observation
is further supported by the fact that a higher bunching
plateau accompanies a larger g(2)(0) value. All g(2)(τ)
data presented here show not a single exponential decay,
but multiple exponential decays with different character-
istic times (10−7 s ∼ 10−2 s). These decays probably
originate from both the charging of the QD and the fluc-
tuation of the charge configuration of nearby traps, as
discussed above.

To obtain the maximum signal-to-noise ratio in g(2)(τ),
we followed the brightest peak position in the RPLE map
to collect the correlation data; the points of collection
are marked by black dots in Fig. 3(d). Figure 5(a) shows
the g(2)(τ) results measured at the points in box A and
Fig. 5(b) for those from box B. According to the fits
to the RPLE data, when recording the correlations in
Figs. 5(a) and 5(b) the resonant laser is mostly exciting
the high energy peak of the fine structure doublet for
either trap configuration (00) for box A or trap configu-
ration (11) for box B.

As the above-band laser power increases, the bunching
amplitude in Fig. 5(a) increases monotonically up to 14
due to the decrease of the probability of trap configura-
tion (00) as indicated by the decreasing of fluorescence
in Fig. 3(d). Bunching means that the overall emission is
grouped into clumps of photons, and there is a dearth of
photons between the bunches. An increase of the bunch-
ing amplitude reflects a reduction in the relative proba-
bility of detecting two photons separated by a long time
interval. This indicates that the QD is turned into an
“off” state or low count-rate state more frequently. If
the QD turns “off” more frequently, it reduces the num-
ber of photon pairs with a long separation interval com-
pared to those with a short separation interval. This
unbalanced change leads to an increase of the relative
probability to find a photon pair with a short separation
interval, i.e. the increase of the g(2)(τ) bunching ampli-
tude. Pronounced intensity fluctuation (high bunching
level) for the medium power regime in both Figs. 5(a)
and 5(b) is associated with accelerated transitions be-
tween the different charge trap configurations. This leads
to strong intensity fluctuations of the PL that monitors
one of the particular configurations, e.g., the (00) state
for Fig. 5(a) and the (11) state for Fig. 5(b). This accel-
eration is reflected in the shortening of the characteristic
decay time of the bunching in g(2)(τ), from 10 ms to 1
ms for Fig. 5(a) and from a few milliseconds to a few mi-
croseconds for Fig. 5(b) up to the top of the high power
regime.

In contrast to the decay time, in this power range
(1.2×10−6 P1 ∼ 2.5×10−4 P1) the bunching amplitude
shows a non-monotonic behavior. First it decreases
from 5 to 3 when the above-band power increases up to
3.3×10−6 P1, then it rises back up to 5 at 2.5×10−4 P1,
and finally it decreases again. The first decrease is due
to the increasing probability for the traps to be in con-
figuration (11), which is the charge configuration with
which the laser is in resonance. In fact, an increase in
PL at the same above-band power in the RPLE spectra
gives a direct support for this argument; see Fig. 3(d).
The following increase of bunching amplitude is associ-
ated with decrease of time-averaged total PL (Fig. 4(b))
in the same power range: the QD starts to capture an-
other charge, and the neutral exciton emission becomes
less favored while trion or biexciton population get cor-
respondingly increased.

Fluorescence from the trion and biexciton are filtered
out by the monochromator, and so do not contribute
to the measured correlation. Therefore, one would ex-
pect a greater bunching amplitude for a higher above-
band power. However, the opposite trend is observed
in Fig. 5(b) when the above-band power is more than
2.5×10−4 P1. It seems that the anti-bunching dip pre-
vents the bunching amplitude from increasing further at
short time scales. Physically this is because there are
rarely photon pairs with time interval shorter than the
lifetime of the QD. If the lifetime of the QD was shorter,
one would expect the bunching amplitude to continue ris-
ing. In addition, the high density of free charge carriers
in the ultra-high power regime enables both the QD and
other sources (e.g., the continuum tail of wetting layer
defect states) to emit photons without resonant excita-
tion. These extra photons would fill the gaps between
the bunching of the resonant-excited-QD emitted pho-
tons, leading to a slight decrease of the anti-bunching
dip depth and a decrease of the bunching amplitude.

As a comparison, we did a similar correlation measure-
ment with only above band-gap excitation and found that
there is no bunching at all for all the excitation powers
used from 7.0×10−3 P1 to 6.3 P1 and the inset of Fig. 5(a)
gives one example of those measurements at 0.23 P1. Al-
though that excitation power is far above the threshold
for obtaining emitters aside from the QD, a well-defined
anti-bunching dip down to 0.2 is still present. It is possi-
ble that the decrease of the dip depth in the resonantly
excited correlations in Fig. 5(a) is mostly due to the finite
response time of the detectors rather than simultaneous
photons from multiple sources. Thus the resonantly ex-
cited QD even including its environment as a whole would
still be a good single photon source at this point.

We note that several essential studies on closely related
topics were published in the past few years, such as quan-
tum dot charging27 and nearby charge trap dynamics28.
A brief summary of those works and a comparison to our
study are provided here. The QD studied by Nguyen
et al.27 has an above band excitation saturation power
of 30 µW, which is consistent with our value of 28.5
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µW. They also note that their QD emits no resonance
fluorescence without a particular very small amount of
above-band laser power. This is similar in kind if not de-
gree to our observation that the resonance fluorescence
is a maximum with a non-zero above-band laser power.
Without above-band excitation, Ngugen et al. extract
a charge trap ionization and neutralization rate on the
order of 104 s−1 while our results show a large range
of bunching decay rates from 103 s−1 to 105 s−1. This
difference is probably due to the fact that our QD can
emit resonance fluorescence without above-band excita-
tion, leading to a g(2)(τ) measuring both effects of QD
ionization and charge trap dynamics. Nevertheless, this
rate range is consistent with the study by Arnold et al.28,
where the trap loading/unloading rate varies from 4×103

s−1to 6×104 s−1, although their QD shows much larger
discrete Stark shift (∼18 GHz) indicating either a much
larger QD dipole moment or a much closer charge trap.
Nguyen et al. also extracted a QD charging rate of ∼104

s−1 at low above band power (0.01 nW), and of 107 s−1

at high above-band power (230 nW). Correspondingly at
the same above-band power, our transition rate is ∼104

s−1 at 6.3×10−7 P1 and ∼108 s−1 at 7.7×10−3 P1. This
is a difference of one order of magnitude at high above
band power, which can be understood by noticing that
our QD experiences two sources of fluctuation, charging
of QD itself and ionization of nearby charge traps, while
Nguyen’s QD only experiences the former one. Thus, the
fluctuation of nearby charge traps increases the bunching
decay rate. From Arnold’s study, the transition rate of
the charge trap is found to be ∼1.6×106 s−1 for resonant
excitation at 230 nW. This value is too low to explain the
rate difference between our study and Nguyen’s study at
high above band power. But it is possible that this num-
ber would be significantly higher when using above-band
excitation rather than below band gap resonant excita-
tion, and thus bridging the difference. Qualitatively, our
g(2)(τ) bunching decay rate shows a linear relationship
with the above-band excitation power, which is consis-
tent with the results of both Nguyen et al. and Arnold
et al.. There the extracted transition rate is proportional
to either the above-band power or the square root of the
power, but at the powers of interest here the larger linear
term dominates if all effects are present in the data. Two
other works observing discrete Stark shifts are Houel et
al.29 using differential reflection spectroscopy and Hauck
et al.30 using differential transmission spectroscopy. Both
studied a sample with a Schottky diode structure that is
different from ours, but the values of the discrete shifts
are close to those presented here. Moreover, their inter-
pretation of the phenomenon involves charges trapped
around the QD with a distance of ∼100 nm29 or ∼30
nm30, which is close to the result of our calculation shown
in the next section.

IV. POSSIBLE TRAP LOCATIONS

A change in the local electric field such as that pro-
duced by a nearby charge trap will shift the resonance
frequency of the neutral exciton via the quantum con-
fined Stark effect. Knowing the Stark shifts experienced
by the QD allows us to calculate the possible positions
of the charge traps. The shift as a function of the change
in local electric field, ∆F, is:

∆ν = (−p · ∆F− (β∆F) · ∆F)/h (1)

where p is the permanent static dipole moment of the
exciton in the QD, and β is its polarizability tensor31.
Here we use typical values for the dipole moment30 and
polarizability32 of self-assembled InGaAs QDs: p =
e × (0.2nm)ẑ, and βxx = βyy = β = 4 µeV/(kV/cm)

2
.

The polarizability is not isotropic because the QD is
not spherically symmetric. Given the QD’s pancake-like
shape it has negligible polarizability in the z-direction,
βzz = 0. From these symmetry considerations, Eqn. 1
reduces to

∆ν = (−p∆Fz − β(∆F 2
x + ∆F 2

y ))/h (2)

The change in electric field produced at the QD loca-
tion by a single charge at relative position ri is:

∆Fi =
1

4πε0εr

−qi
r2i

r̂i (3)

where qi is the charge, and εr = 13.1 is the dielectric
constant of GaAs.

By fitting the data in Fig. 3(a) we obtain 4 different
values of the Stark shift, which we attribute to the 4 pos-
sible charge configurations of 2 nearby charge traps. We
assume the charge configuration that is most likely with
zero above-band laser power corresponds to the equilib-
rium configuration, (00), where both charge traps are
neutral. We define the corresponding Stark shift to be
zero: ∆ν0 = 0 GHz. The other three Stark shifts are:

∆ν1 = −3.3607 GHz (+0.0201/− 0.0064 GHz)
∆ν2 = +1.1189 GHz (+0.1064/− 0.0028 GHz)
∆ν3 = −2.2145 GHz (+0.1054/− 0.0053 GHz)

(4)

where ∆ν1 corresponds to configuration (10), ∆ν2 cor-
responds to configuration (01), and ∆ν3 corresponds to
configuration (11). We make the assignment of ∆ν3 to
the doubly charged configuration because it corresponds
to the predominant fluorescence peak at high above-band
laser power. Both traps being charged is the most likely
configuration when the above-band laser is producing
many free charges that may be captured by the traps.

We can combine Eqns. 2 and 3 to determine the possi-
ble positions ri that are consistent with the known values
∆νi of the resonance shift. For a single charge trap this
results in an equation that relates the distance ri between
the QD and the trap to the polar angle θi between the
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FIG. 6. (Color online) Possible charge trap locations consis-
tent with the measured Stark shifts. Red and blue correspond
to positive and negative trap polarity, respectively; the QD
is represented schematically at the origin. The solid lines are
for trap α; the dashed lines are for trap β. The shaded re-
gions denote locations consistent with the confidence range
of ∆ν2; the confidence range of ∆ν1 is small enough that the
corresponding region is hidden by the solid lines.

ẑ-axis and the vector ri:

∆νi =
pkqi
hr2i

cos θi −
βk2e2

hr4i
sin2 θi (5)

where k ≡ 1/(4πε0εr) and qi is the charge of the trap
when ionized. Since the RPLE data cannot distinguish
the polarity of the traps when they are charged, we do
not know the sign of qi. Thus, we consider both the case
where the charged trap is positive (qi > 0) and the case
where it is negative (qi < 0). Using the values and confi-
dence intervals of ∆ν1 and ∆ν2 and Eqn. 5 we can deter-
mine the sets of possible values (r1, θ1) and (r2, θ2). Each
set of possible positions defines an azimuthally symmet-
ric volume in the space around the QD. Figure 6 shows
colored areas which are cross-sections through these vol-
umes for both possible polarities (red = positive; blue =
negative) of trap α (solid lines) and trap β (dashed lines);
a schematic of a typical 20 nm diameter QD is shown at
the origin.

From Fig. 6 we can see that to cause the measured
Stark shifts, a charge trap must be less than 70 nm away
from the QD, which is relatively close: less than four QD
diameters. Thus, any charge trap located at the DBR
interfaces or surface is too far away to cause these dis-
crete spectral shifts. Two charge traps within a spherical
volume of radius 70 nm is consistent with the typical un-

intentional doping concentration of 1015 cm−3 for GaAs
grown by molecular beam epitaxy. Notice that trap β
must be either above or below the plane of the QD, de-
pending on its polarity, while trap α could be above or
below the QD plane regardless of its polarity. The sepa-
ration between the resonantly excited QD and trap α is
30.6 nm if the trap is in the wetting layer (see Fig. 6).
For comparison, in a sample with a high-density of self-
assembled QDs33 (∼9.5×109 cm−2), the average dot-to-
dot distance is about 103 nm, which is not much larger
than the separation between the QD and trap α if it is in
the wetting layer plane. Thus it is possible that trap α
is another QD; however, this neighboring QD would be
constrained to have only two charge states to be consis-
tent with the RPLE data. Regardless of the identity of
trap α, trap β cannot be another QD.

V. CONCLUSION

Resonant excitation spectroscopy successfully charac-
terizes the local electric environment of the QD by pro-
viding detailed information about the number of nearby
charge traps, their distances from the QD and their
time-averaged occupation probability. Combined with
weak above band-gap excitation below the level required
to produce photoluminescence, the evolution of the lo-
cal environment with respect to different densities of
free charge carriers was studied, and we found that to
achieve the maximum of total PL from the QD, a small
amount of above-band excitation is required (Fig. 4(b)).
This is similar to previous work on resonantly excited
QDs27,28,34–36, but here the behavior is more compli-
cated. For the QD used in this study, the data indicate
that there are two nearby charge traps within 70 nm.
Their exact locations depend on the polarity of the trap
when ionized, which the current measurement techniques
are unable to determine.

Correlation measurements give information about the
time-scale of switching from neutral to charged for both
the traps and the QD. As the above-band excitation laser
increases the density of free charge carriers, the time-
scale of the charge trap dynamics speeds up, decreas-
ing the switching time, which is reflected in the decay
time-scale of the correlation bunching amplitude of res-
onantly excited fluorescence. This time-scale spans five
orders of magnitude from 10−2 s to 10−8 s. Given the
very long time-scales of bunching with zero or low above-
band laser power, it is possible that many previous exper-
iments did not recognize that the resonance fluorescence
was bunched. We also note that the fastest bunching de-
cay time of 10−8 s is only one order of magnitude longer
than the anti-bunching time of about 10−9 s. In that
case, the equivalent photon stream would be bunches of
fewer than 10 photons, and long stretches of time with
no emission between the bunches.

The combined techniques of resonant excitation spec-
troscopy and resonant fluorescence correlation can deter-
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mine many details of the local charge environment of a
single QD. The QD chosen for this work exhibits multiple
spectral behaviors: discrete spectral jumps, continuous
spectral shift, and spectral diffusion. These behaviors
have been observed before by others, but the techniques
demonstrated here allow quantitative investigation of the
details. A QD that may be a suitable source of indis-
tinguishable photons can be investigated using the same
techniques to determine its potential.
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and M. Atatüre, Scientific Reports 4 (2014),
10.1038/srep04911.

23 S. Unsleber, D. P. S. McCutcheon, M. Dambach, M. Ler-
mer, N. Gregersen, S. Hofling, J. Mork, C. Schneider, and
M. Kamp, Physical Review B 91, 075413 (2015).
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