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Optical studies of single self-assembled semiconductor quantum dots (QDs) have been a topic of inten-
sive investigation over the past two decades. Due to their solid-state nature, their electronic and optical
emission properties are affected by the particular crystal structure as well as many-body-carrier interactions
and dynamics. In this work, we use a master equation for microstates (MEM) model to study the carrier
capture and escape from single QDs under optical nonresonant excitation and under the influence of a
two-dimensional (2D) carrier reservoir (the wetting layer). This model reproduces carrier dynamics from
power-dependent and time-resolved microphotoluminescence experiments . Due to the random nature of
the carrier capture and escape processes, when a single QD is pumped with enough excitation power, the
carrier redistribution across the available QD microstates produces an effective double-peaked excitonic
decay. This double peak is characterized by a first ultrafast (subnanosecond) and a second conventional
(approximately nanosecond) decay. The effective transient photoluminescence shape of the population
dynamics is governed by the wetting-layer radiative decay and the exciton capture time.
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I. INTRODUCTION

Emerging quantum technologies depend on the design
of realistic proposals to implement and control quantum
correlations [1]. The development of these technologies
depends to a large extent on the control and manipula-
tion of individual quantum systems. Single self-assembled
semiconductor quantum dots (QDs) have been extensively
proposed as artificial atoms for quantum-optics and pho-
tonics applications, and are one of the most successful
solid-state systems for developing single-photon sources
[2–6]. However, semiconductor QD-carrier dynamics are
complex processes due to the interaction between the QD
and its local and crystal environment, which can lead to
undesired effects, decreasing the quality and efficiency of
the single-photon sources.

In epitaxial QDs, the complexity is increased by the
self-assembled growth mechanism. InAs QDs are grown
via strain-relaxation processes in lattice-mismatched
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semiconductor heterostructures. After the active InAs lay-
ers reach a critical thickness, zero-dimensional (0D) island
strain-driven growth starts. This QD growth process builds
an intermediate two-dimensional (2D) strained InAs thin
layer, known as a wetting layer (WL), between the InAs
QDs and the GaAs substrate. The interaction between the
QD states and the WL state has been a research topic
since these nanostructures were first proposed. Among
other effects, it has been shown that WL interaction affects
the dephasing time in quantum dots [7], builds a carrier-
redistribution channel as a function of the sample temper-
ature [8], enables the possible coupling between adjacent
QDs [9], and shifts the energy of QD states [10] and their
intersubband P-to-S transitions [11]. Furthermore, the WL
state offers an important carrier thermal escape, and trans-
port channel [12–15] and affects the carrier relaxation and
capture to QDs by virtue of the WL carrier diffusion pro-
cesses [16,17]. In essence, interaction between the 2D-WL
and 0D-QD states offers a complex scenario that must be
taken into account to describe specific carrier dynamics in
these kinds of artificial atom platforms. The correct mod-
eling and description of these dynamics will be important
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for the actual development of QD laser operation [18–20],
all-optical QD-based processors [21], and the on-chip inte-
gration capabilities of single-photon emitters [22–26], as
well as many other applications.

Time-resolved techniques have been extensively
employed as an optical characterization tool to study
semiconductor carrier dynamics [27,28]. QD optical tran-
sients return information about multiexcitonic decay
recombination [29–33], exciton formation times [34–36],
exciton dephasing processes [37–39], spin- and dark-state-
relaxation processes [40], and QD size, structural, and
composition properties [41–43], among other examples.
When analysing time-resolved photoluminescence (TRPL)
emission as a function of the excitation power, previous
studies have shown a double-peak structure in the vari-
ous QD excitonic-complex decay traces [29,30,41,44–49].
The double-peak structure is composed of a first fast decay
(< ns) followed by a second and slower decay (approxi-
mately nanosecond duration) and has been associated with
excited and dark-state refilling processes [44,50], mul-
tiexciton recombination ladders [29,30,47], and WL-to-
QD ground-state interactions [41,45]. This double-peaked
excitonic decay can be one of the factors in reducing the
single-photon purity quality of the emission when the non-
resonant pumping is pushed to the desired brighter rates
[51,52].

In this work, we measure spectral, time-resolved, and
photon correlation features from the optical emission of
single InAs QDs when pumping with nonresonant exci-
tation as a function of the power. We find double-peaked
transients when exciting close to the saturation thresh-
old, both in the neutral exciton and in the single posi-
tively charged exciton (positive trion). We use a master
equation for microstates (MEM) model to study the car-
rier capture and escape from single QDs under nonreso-
nant excitation and including the interaction with the WL
state, simulating both steady state optical time transients
and the second-order correlation function [g(2)(τ )]. Our
model reproduces the PL-integrated-intensity power evo-
lution and the double-peak structure in the temporal PL
transients, where the exciton, electron, and hole capture
and escape times have been considered as constants. Fit-
ting the model to the experimental data allows us to extract
capture and escape times, as well as the ratio of excitons
to electrons or holes that are created as a function of the
excitation power. Our results demonstrate that a simple
model describing the carrier feeding from the WL reservoir
to the different microstate configurations using an s-level
QD approximation reproduces the double-peaked decay
and explains the particular dynamics without the pres-
ence of any excited, dark, or higher-order multiexcitonic
states. The rich number of carrier configurations present
in the simplest QD-state architecture modulated by the
WL dynamics could lead to substantial microstate-refilling
processes.

II. SETUP AND SAMPLES

The QD sample is grown by molecular beam epitaxy
(MBE) on a semi-insulating (SI) GaAs substrate. Atop
a 100-nm-thick GaAs buffer, InAs is deposited at a low
growth rate (0.009 ML/s) at 535 ◦C, with an equivalent
coverage of 2.5 MLs. The InAs growth rate is calibrated
by recording the time for the QD formation using reflec-
tion high-energy electron diffraction (RHEED), taken at
460 ◦C. XRD characterization demonstrates that the WL is
composed of an In1−xGaxAs alloy rather than by pure InAs,
with x taking values around 0.80 [53]. The growth ends
with another 100-nm-thick GaAs cap, grown by atomic-
layer MBE at 360 ◦C [54]. For the whole MBE growth,
tetramer arsenic species is used. During the InAs deposi-
tion, the substrate is not azimuthally rotated, thus obtaining
a continuous variation of the InAs coverage throughout
the sample surface [55]. These conditions result in a den-
sity of InAs QDs of about 16 QDs per square micrometer,
as estimated by atomic-force microscopy (AFM) carried
out on uncapped samples grown under the same condi-
tions [56]. The AFM images show a bimodal distribution
of QDs: large QDs have heights of 14 nm and diameters
of 54 nm, while smaller QDs have heights of 9 nm and
diameters of 36 nm. Both types of QD have a symmetrical
half-domed shape. Information about AFM and ensem-
ble photoluminescence characterization can be found
elsewhere [15].

We use a cw laser diode operated at 790 nm as the
excitation source in the microphotoluminescence (μ-PL)
spectral analysis and a pulsed laser diode emitting at 790
nm for time-resolved μ-PL (μ-TRPL) analysis. The laser
beam is coupled to an optical fiber and carried to the excita-
tion arm of a diffraction-limited confocal microscope (spot
diameter approximately 1.2 μm), working at liquid-helium
temperature (4 K). The μ-PL signal is coupled to the col-
lection arm of the confocal microscope and attached to a
single-mode optical fiber. An Andor Technology CCD is
attached at the front output of a double 0.3-m Princeton
Instruments monochromator in order to record the μ-PL
spectra, whereas a silicon Perkin Elmer avalanche photo-
diode (APD) is attached to the intermediate output of this
monochromator (with 70 μeV spectral resolution). The μ-
TRPL is measured by means of filtering the PL by the
monochromator and connecting the laser trigger and the
TTL output of the APD to the start and stop channels of
a T9000 time-correlated single-photon counting (TCSPC)
card from Edinburgh Instruments (producing a final exper-
imental time response of approximately 400ps). Photon
correlation is measured dividing the optical signal using a
50:50 fiber beam splitter. The signal in each arm is filtered
by two independent monochromators and finally detected
by APDs. The APD electrical output signal from each
APD is connected to the start and stop channels of the
TCSPC.
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III. THE MODEL

In order to obtain quantitative information about the
QD-carrier dynamics, we model μ-PL and μ-TRPL spec-
tra by using a MEM model, which is based on random
QD-carrier capture and recombination. In this kind of
model, the probability of finding the QD in a particular
charge configuration, called the microstate, is computed.
A particular microstate describes the QD at any time with
a well-defined number of electrons (i) and holes (j ). For
simplicity, we reduce the QD levels under consideration to
S states (for electrons and holes), which means that we do
not study transitions that involve more than two electrons
and/or two holes.

Figure 1(a) represents the QD state in terms of
microstates and shows population flows between them.
We define ηij (t) (where i, j = 0, 1, 2) as the probability
of the system being in a particular microstate at time t,
with i corresponding to the number of electrons and j
corresponding to the number of holes. This means that
the excitonic complexes are the microstates with both i

and j > 0 (η11 = X 0, η21 = X −1, η22 = X +1, and η22 =
XX 0). The total summation of the microstate probabil-
ities must be normalized to 1. As a consequence, the
losses in population of one microstate (by carrier capture
or/and escape) result in an increase of the population of
another microstate. The arrows in Fig. 1(a) refer to all
possible radiative and nonradiative transitions from one
microstate to another. τce and τch are capture times for
electrons (downward vertical arrows) and holes (rightward
horizontal arrows) respectively, τee and τeh are electron
(upward vertical arrows) and hole (leftward horizontal
arrows) escape times, τx is the exciton capture time, and
τ is the radiative lifetime for the different exciton species
(represented with diagonal arrows). The QD is connected
to a carrier reservoir (WL) and from this reservoir exci-
tons and e-h pairs are pumped into the QD [Fig. 1(b)]. For
this reason, three different WL-level structures are con-
sidered (We, Wh, and WX ). Here, WX does not refer to
the excitonic level of the WL but to the exciton reser-
voir in the WL. In our model, we are just including three
different carrier-injection paths from the WL, associated

(a) (b)

(c) (d)

FIG. 1. (a) A microstate scheme of all the different charge configurations of a single QD represented by our MEM model. Vertical
arrows correspond to single electron capture (downward) and escape (upward). Horizontal arrows correspond to single hole capture
(right) and escape (left). Diagonal arrows correspond to the capture of an exciton (downward) and to radiative recombination (upward).
(b) The interaction between the QD and the WL carrier reservoir for excitons, electrons, and holes. (c) A single QD microphotolu-
minescence spectrum as a function of the excitation power, with cw nonresonant pumping configuration at 4 K. The mean excitonic
transitions are labeled as neutral exciton (X 0), neutral biexciton (XX 0), negative trion (X −1), and positive trion (X +1). (d) The experi-
mental integrated intensity as a function of the cw excitation power (colored dots) and the model simulation (continuous lines) for the
main excitonic transitions in a double-logarithmic plot. The calculated number of injected carriers at various cw powers is 1.2 × 108

carriers/s (0.01 μW), which is estimated considering the GaAs capping-layer thickness, the spot size, and the sample QD density. This
value is very close to the estimate based on the carrier diffusion length.
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with different capture times: (1) single-exciton injection,
(2) single-electron injection, and (3) single-hole injection.
Hence, WX feeds the QD microstate network with one
electron and one hole synchronously. However, We/Wh
will inject one electron and/or hole with an indepen-
dent time constant (nonsynchronous electron and hole
capture).

Our model also includes electron and hole escape times
(τee, τeh) to describe carrier escape out of the QD through
either deep levels (DL) or interface defects [57–59], the
characteristic times of which have a strong influence
on the total regeneration time of the excitonic com-
plexes. It has previously been shown that EL2 defects
in GaAs and (In, Ga)As extended defects close to the
QDs appear at Ec − 0.74 eV and Ec − 0.61 eV [60,61].
Spontaneous carrier escape from QDs to these levels can
be described by phonon-assisted tunneling. As a conse-
quence, the associated escape times should be long com-
pared to the rest of the time constants in the model.
However, we do not include any carrier escape from QD
microstates to the WL reservoir, as thermal escape at 4 K is
suppressed.

This model is described by a set of coupled differential
equations in terms of the microstate probabilities and the
reservoir levels, given by the following:

dηij

dt
= RX

ij WX + Re
ij We + Rh

ij Wh + Ree
ij + Reh

ij

+ RID
ij + Rr

ij , (1)

dWX

dt
= −

∑

ij

Eij RX
ij WX − WX

τW
+ Ga, (2)

dWe

dt
= −

∑

ij

iRe
ij We − We

τW
+ Gb, (3)

dWh

dt
= −

∑

ij

jRh
ij Wh − Wh

τW
+ Gb. (4)

The Rij are defined in terms of the capture, escape, and
radiative decay times. A full description of the Rij terms
and the model as a whole can be found in Ref. [62,63].
The Ga and Gb terms correspond to the pumping of the
reservoir by the optical excitation pulse, creating excitons
or electron and hole noncorrelated pairs. The ratio between
these pumping strengths will vary with the applied wave-
length. In our model, these are linear in power, with a
small constant offset arising from the unbalanced initial
single carrier concentration due to the presence of ionized
background impurities [56,64,65].

This set of equations is solved numerically using the
open-source software package Xmds2 [66]. In the case of
cw excitation, the simulations are run until steady state is
reached, and in the case of pulsed excitation, 10 pulses
are run in advance of the actual pulse of interest, as

this is the time required for the interpulse dynamics to
become consistent with the recombination dynamics under
a periodic pulsed excitation.

The experimental inputs to the model are the mea-
sured radiative time decays of each excitonic transition
and the integrated intensity as a function of the cw exci-
tation power, while the capture and escape times are
considered as free-fitting parameters, although their gen-
eral magnitudes are chosen to be consistent with previous
work [62,63]. The relative strength of Ga and Gb is also
considered to be a fitting parameter.

We stress that, once fitted, the same values are used
for all simulations, regardless of whether the excitation
is pulsed or cw. The capture times and escape times
are taken as constant over the entire power-excitation
range. This is an important feature of our model, as
the carrier dynamics have previously been explained by
power-excitation-dependent capture times [65], by non-
synchronous electron and hole capture processes [67], or
by excitation-wavelength-dependent conditions [68]. More
detailed information on the model can be found elsewhere
[62,63,69].

The time constants obtained from fitting the model to
the experimental data are shown in Table I. The form of
the pumping terms is best fitted by the following:

Ga = 6αP + 0.005, (5)

Gb = αP + 0.015, (6)

where P(t) is the time-dependent excitation-laser power in
microwatts and α is a constant scaling factor to account for
the efficiency of the conversion of photons into excitons
or electron and hole pairs with 790-nm laser excitation. α

also takes into account our inability to determine exactly
how much power is being delivered to the quantum dots
in the sample. While Ga and Gb are linear in power, the
ratio Ga/Gb is power dependent (predominantly at low
powers) due to the constant offset terms, which agrees
with our previous results [63]. The changing of individ-
ual time constants affects multiple overlapping features
of the dynamics, meaning that their effects are not inde-
pendent and cannot be individually disentangled. In the
TRPL data, however, the effects of the exciton capture
time τX and the WL time τW on the X 0, X +, and X −
populations are particularly clear, as will be explained
below.

TABLE I. Time constants derived from the model by fitting
experimental data. The same time constants are used for both the
pulsed and the cw experiments.

τX τce τch τee τeh τW

80 ps 20 ps 70 ps 8.5 ns 27.0 ns 250 ps
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IV. EXPERIMENTAL RESULTS

Due to the 0D density of states and the Coulomb inter-
action between carriers, typical single-QD spectra present
a discrete set of sharp peaks, which arise from the exciton
or multiexciton recombination. The basic excitonic recom-
binations in the QD are the neutral exciton (X 0), the
biexciton (two electrons and two holes, XX 0), and the trion
(a single positively or negatively charged exciton: X +1 /
X −1). The QDs present in our sample have typical μ-PL
spectra composed of these excitonic and multiexcitonic
transitions, as shown in Fig. 1(c). To label these exci-
tonic transitions, we use all of the experimental data sets,
consisting of power-excitation- and wavelength-dependent
μ-PL spectra (not shown here) [56,63] and μ-TRPL tran-
sients. However, as shown in Fig. 1(c), the real dynamics
of the QD under study presents a higher variety of car-
rier configurations, leading to a large number of optical
transitions, which come from higher-order multiexcitons
or hot-state recombinations [70–72]. In order to simulate
this rich optical structure, the model should consider elec-
tron and hole p-states in the QD. An improvement of our
model to include p-states in the QD would require a mini-
mum of seven extra states: in addition, the inclusion of the
electron and hole spin degrees of freedom is highly desir-
able, leading to a degree of complexity that goes beyond
the scope of the present work. We also note that the exper-
imental intensity of these extra transitions is too low to
allow for complete experimental identification and lifetime
characterization.

For these reasons, we restrict ourselves to a model that
does not include QD p-states. As shown below, however,
this still gives excellent agreement between our model
and the experimental results at low and moderate pow-
ers, and allows us to obtain important information about
the physics of the system and explain the behavior of the
QD-carrier dynamics.

First, we measure and analyse the QD steady-state PL
dependence as a function of the excitation power. Figure
1(d) shows the integrated experimental μ-PL (with colored
filled dots) as a function of the cw laser-excitation power
for the X 0, X +1, X −1, and XX 0 transitions. The predictions
of our theoretical microstate model are shown as a function
of the same cw power range (solid lines).

The agreement between model and experiment is
remarkably good for low and intermediate excitation pow-
ers. However, the model fails to reproduce the QD-carrier
filling accurately at higher powers where saturation is
reached, as shown by the discrepancy in both the X +/X −
and XX 0 trends. These three QD transitions are at the lim-
its of our simple model [Fig. 1(a)] and hence when the QD
is pumped under high power, our model fails to reproduce
the real carrier capture and/or escape to a multiexcitonic
or a hot-QD microstate configuration, as these states lie
off the edges of our model. To demonstrate this, Fig. 1(d)

plots the experimental integrated μ-PL intensity from all
biexcitonic transitions in the QD spectrum (open circles),
which are identified by the superlinear trend of the PL inte-
grated intensity as a function of the excitation power. In
this case, the agreement between experiment and model
is quite good even at high pumping rates. Although the
model only qualitatively reproduces these results, it pro-
vides an explanation for the physical origin of the deviation
from the experimental trend, i.e., the existence of multiple
biexcitonic transitions. At higher powers, all of the popula-
tion in the model simulations will end up in the XX 0 state,
as this is the highest-order complex available and should
effectively be compared to the summed population of all
the possible biexcitonic complexes seen experimentally.

As a second experiment, we measure the transient QD-
state dynamics by means of μ-TRPL as a function of the
pulsed laser power. Figures 2(a) and 2(b) show the X 0 and
X +1 μ-TRPL excitation power evolution (open circles)
and the simulation of the time dependence of the occupa-
tion probability (red continuous lines). Both states show
similar dynamical evolution. We see the conventional sin-
gle exponential decay of approximately 1 ns when exciting
with low pulsed-laser powers. However, when the excita-
tion power increases, the single exponential decay suffers

(a) (b)

FIG. 2. Experimental measurement of TRPL (open circles) and
model simulation of the time evolution of the population proba-
bility (red continuous lines) as a function of the pulsed excitation
power for a neutral exciton (X 0) (a) and a positive trion (X +1)
(b). In each case, P0 = 9 nW (a) and P0 = 8 nW (b). The out-
put of the model includes the convolution with the system time
response.
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a significant delay and a first and fast (< ns) optical emis-
sion is detected. The presence of this double-peaked decay
is independent of the QD microstate. The simulation of
the occupation probability for both X 0 and X +1 over time
under pulsed excitation reproduces the experimental TRLP
curves well, using the model output parameters found in
the previous steady-state modeling. In order to reproduce
the experimental time resolution, the model output is con-
voluted with a Gaussian function with a full width at half
maximum (FWHM) of 400 ps. However, as expected,
the agreement for X +1 is worse, as the saturation behav-
ior for this state is overestimated in our model. Despite
this saturation discrepancy, the model output reproduces
the double-transient PL structure found in both X 0 and
X +1 states within the power-excitation range used in the
experiment.

V. DISCUSSION AND CONCLUSIONS

Figures 3(a) and 3(b) show the power dependence of the
X 0 and X +1 population probabilities, given by the output
of the model applied to the experimental results in Fig. 2,
before applying the Gaussian convolution to include the
effect of the experimental system response. As such, it
shows the actual, underlying carrier dynamics of the QD.
As can be seen, our simple model reproduces the exis-
tence of two time-differentiated dynamical stages in the
QD-carrier capture and recombination, when the QD is
pumped with high power. The first and fast decay follows
the time dependence of the laser pulse (Gaussian profile,
FWHM ∼ 100 ps) and is highly influenced by the exciton
capture time (τX ) and the WL-reservoir decay time (τW).
As τW increases, there are two strong effects: the delay

(a)

(b)

(c) (d)

FIG. 3. The time evolution of
the neutral-exciton-microstate
probability as a function of
the pulsed-excitation power as
direct output from the model,
not including the convolution
with the system response. (a)
The TRPL simulation for the X 0

population. On the right are plots
corresponding to the time traces
labeled as (i), (ii), and (iii) on
the left-hand density plot (P0 = 9
nW). (b) The TRPL simulation
for the X +1 population. On the
right are plots corresponding to
the time traces labeled as (i),
(ii), and (iii) on the left-hand
density plot (P0 = 8 nW). (c),(d)
The model scheme under pulsed
excitation for the neutral-exciton
(X 0) population. During the first
stage after the pulse excitation,
the QD population increases very
quickly (represented as the red
shaded area under the model
scheme) and the excitonic transi-
tion decay is mostly dominated
by the various carrier-capture
processes as shown in (c). How-
ever, as soon as the mean QD
population has decreased due to
the carrier-relaxation processes,
the X 0 population is mostly influ-
enced by its intrinsic radiative
decay. The multiple microstate
configurations and their own
dynamical evolution with the
excitation power are manifested
as an evolving effective decay,
which is observed in each of the
QD excitonic transitions.
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time between the first transient spike and the second peak
increases and the contrast between the two peaks increases.
As the exciton capture time increases, the time between the
two peaks decreases slightly, while the contrast between
the two peaks is reduced significantly. These results hold
for the positive and negative trion populations, as well
as the exciton population, although the exact dynamics
depend on the other time constants, the Ga/Gb ratio, and
the excitation powers. For the experimental parameters
given in Table I, increasing τW from 50 ps to 300 ps
increases the spacing between the two PL transients from
0.7 to 2.0 ns, while increasing the contrast from 0% to 50%
at low powers and from 20% to 80% at high powers. As
the exciton-capture time increases from 5 ps to 200 ps, the
contrast between the two peaks disappears at all but the
highest powers.

In previous spectrally resolved analyses, the first fast
decay has been measured and linked to broad back-
ground optical emission that is present when pumping in
high-excitation conditions [45,48]. This broad background
emission has been explained as the result of biexciton
Coulombic interaction with excitons present in a 2D reser-
voir [73]. The background spectrum dominates the PL
emission during a first stage, while the characteristic nar-
row QD-excitonic recombination transitions are recovered
in a later stage [35,73]. This effect is dominant for QDs
with exciton and biexciton radiative lifetimes of the same
order as the 2D reservoir radiative lifetime, as is the case
for GaAs QDs (τX 0

d , τXX 0

d ∼ 100 ps). However, for QDs
with longer excitonic radiative decays, as in the InAs QDs
studied in our present work (τX 0

d ∼ 1 ns), the expected
contribution of this kind of interaction is weaker [73]. Fur-
thermore, this model only predicts background emission
red shifted to the biexciton transition, but the double-
peaked structure and the broad background have been
measured across the entire single QD spectrum (above and
below the biexciton transition).

In our time-resolved analysis, we show that a network
of QD microstates (single carriers, two carriers, neutral
exciton, positive and negative trion, and neutral biexciton)
connected to a 2D reservoir reproduces the two different
dynamical stages: a first stage dominated by carrier capture
from the WL reservoir and its radiative relaxation (pro-
viding ultrafast dynamics) and a second stage dominated
by the corresponding microstate radiative decay. Although
our analysis does not provide any insight into the spec-
tral features of the first fast decay, our model reproduces
this feature for different microstate configurations, thus
being independent of the number of carriers. This finding
is compatible with a broad background emission covering
the entire QD spectrum and characterized by fast radiative
decay [45,48].

The fast decay and its associated background transition
should be a relevant feature when considering the single-
photon purity characteristics of the excitonic emission

(a) (b)

FIG. 4. (a) Microphotoluminescence spectra as a function of
the 790-nm cw excitation power in a second quantum dot and
its corresponding transition labeling (P0 = 140 nW). (b) The
photon-autocorrelation measurement of the neutral exciton (X 0)
optical emission as a function of the 790-nm cw excitation power,
from the same QD as in (a) (P0 = 280 nW). The red con-
tinuous lines show the best model fit for each power. As the
power increases, the single-photon purity, characterized by the
g(2)(0) value, changes from 0.02 (P0) to 0.34 (3 × P0) and 0.53
(12 × P0). The top panel shows the model output for comparison.

in a QD. If the background contribution is related to
microstate-cascade recombination, any possible spectral
overlap could affect the single-photon purity characteris-
tics of the postselected optical emission. This hypothesis
is bolstered by second-order correlation function measure-
ments that we make on a second quantum dot, which
show a decrease in the single-photon purity as the power
is increased. Figure 4(a) shows cw power-dependent μ-
PL spectra with a logarithmic scale on the integrated
intensity axis. As shown, as the cw excitation power is
increased, the QD spectrum acquires a broadband back-
ground over the entire spectral range. We perform g(2)(τ )

photon-correlation measurements as a function of the cw
power, filtering the X 0 transition from the quantum dot in
Fig. 4(a) and fitted with a simple model [63] to extract the
g(2)(0) values. In the fitting, we include the convolution
with a Gaussian function (FWHM = 400 ps) to account for
the finite system time response. As shown in Fig. 4(b), the
second-order correlation function can go to approximately
zero at low power, while the antibunching is significantly
reduced (g(2)(0) > 0.5) at higher cw excitation powers.

We note that in a typical μ-PL-spectrum acquisition, one
usually integrates over more than 1010 single QD recombi-
nations (τd ∼ 1 ns), assuming zero photon losses and ideal
detector efficiency. This means that we see the average
behavior of the system when performing a single spectrum
acquisition and photon-correlation histograms. The pres-
ence of the fast peak does not indicate that all decay paths
from a PL measurement undergo such a decay; this would
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only be the case if the model predicted zero probability
of other states at the time. Higher power results in an
increase in contrast of this fast decay, as the spike arises
from removing population from lower-order complexes
and moving it to higher-order complexes, and this becomes
relatively more efficient as the excitation power increases.
We tentatively assume that the double-peak TRPL struc-
ture will be more intense for QD systems with a larger
number of available microstates. The reduction of the
available microstates will decrease the time required to
saturate the entire microstate ensemble and reduce the
available carrier configurations. However, in order to elu-
cidate the possible different microscopic physical origins
of these two stages, to include specific information about
the spectral characteristics of the emission, and to pro-
vide more insights into the possible negative effects on
the single-photon emission features, a more sophisticated
model must be developed.

Despite the possible negative consequences of the
double-peaked decay in the QD optical emission, this
complex dynamical evolution can be used to create fast
all-optical switching of the single-photon emission from
a single-semiconductor QD. The fast modulation of the
optical emission from the microstate population refill-
ing can be used as a physical mechanism to force sub-
nanosecond optical depletion and consecutive fast refill-
ing to the different QD excitonic transitions. The red-
dish shade in Fig. 3(a) (upper right panel) shows the
time-zone influence of the fast population-depletion recov-
ery process for the X 0 microstate. A pulsed nonresonant
light excitation acting as the transistor gate can modulate
the QD excitonic population and its single-photon emis-
sion when it is optically driven by an adjacent cw LED
pumping.

In conclusion, our time-resolved study of single-QD
optical emission allows us to determine the effect of the
WL and QD interaction by two capture processes, namely
correlated and uncorrelated electron and hole captures.
This is equivalent to producing synchronous and nonsyn-
chronous electron and hole capture. The specific values of
the capture and decay time constants and pumping ratios
determine the final injection dynamics between the WL
and the QD microstate system. Our model suggests that
the system has two distinct phases of time evolution—a
first subnanosecond decay peak and a second longer decay,
in agreement with the literature. The first peak is gov-
erned by the WL dynamics, while the second is governed
by the particular microstate decay. From our analysis, we
can conclude that the potentially undesirable effect of the
double-peaked time transient should be more important in
QDs with a higher number of available microstates, where
state-refilling processes through microstates are dominant.
However, this ultrafast carrier redistribution could also
offer another route to the design of single-photon transis-
tor operation for nonresonant pumped schemes—such as,

for example, the slave counterparts in proposals for hybrid
optical and/or electrical devices [25].
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