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Single InAs1−xPx/InP quantum dots as telecommunications-band photon sources
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The optical properties of single InAs1−xPx/InP quantum dots are investigated by spectrally resolved and
time-resolved photoluminescence measurements as a function of excitation power. In the short-wavelength
region (below 1.45 μm), the spectra display sharp distinct peaks resulting from the discrete electron-hole states
in the dots, while in the long-wavelength range (above 1.45 μm), these sharp peaks lie on a broad spectral
background. In both regions, cascade emission observed by time-resolved photoluminescence confirms that the
quantum dots possess discrete exciton and multiexciton states. Single photon emission is reported for the dots
emitting at 1.3 μm through antibunching measurements.
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I. INTRODUCTION

The three-dimensional confinement of electrons and holes
in semiconductor quantum dots gives rise to discrete electron-
hole states and sharp absorption and emission lines, analogous
to those in atomic systems.1 These features have been exploited
to produce quantum states of light, such as single photons,2,3

indistinguishable photons,4–6 and entangled photon pairs,7–9

that may be used in quantum communication protocols, such as
quantum key distribution or quantum relays based on quantum
teleportation.10–13 At the same time, quantum dots have been
used as gain media in photonic crystal nanolasers.14 However,
for highly-excited quantum dots placed inside photonic crystal
nanocavities, it was found that the simple “artificial atom”
model of the quantum dot, which successfully described the
emission of one or two photons by the quantum dot in free
space, could not adequately explain the emission of light by the
dot into an apparently nonresonant nanocavity.15 This cavity
feeding required explicit consideration of multiply excited
states emitting into a broad quasicontinuum.16

To date, most such photon sources and nanolasers have
been fabricated with quantum dots embedded in a GaAs
matrix and thus emitting around 920 nm, while prospective
applications require sources operating in the telecommunica-
tions wavelength range, particularly in the O and C bands,
around 1.3 and 1.5 μm, respectively. InAs/InP quantum dots
can emit in these wavelength bands and are well suited as
active media in semiconductor optical amplifiers or ridge
laser systems useful for telecommunications applications.17

However, attempts to grow such dots by molecular beam
epitaxy (MBE) did not give the desired results, as growth
on (001)-InP substrate generally leads to the formation of
quantum dashes or quantum wires,18,19 while growth on a
(311)-InP oriented substrate20 is not compatible with the
standard processes used in the fabrication of photonic devices
such as microcavities. Use of metal-organic chemical vapor
deposition (MOCVD), on the other hand, has made it possible
to grow small InAs1−xPx/InP islands on a (100)-InP oriented
substrate, as it allows for the spontaneous formation of a
two-dimensional wetting layer on which small islands can
grow,21–23 while their spectral distribution24 or density25 can
be adjusted during growth. Transmission electron microscopy
(TEM) studies on MOCVD-grown samples have shown that

the islands are truncated pyramids of diamond-shaped cross
section with diagonals of the order of 30 to 40 nm at the top.24

Although these islands are small enough to have discrete
electronic states, sharp spectral lines (identified as exciton and
biexciton lines25–28) are observed only in the short-wavelength
side of the luminescence spectrum, from 1.3 μm up to 1.45 μm.
By contrast, the emission spectrum around 1.55 μm generally
exhibits a large number of low-intensity peaks lying on a broad
and intense background, a feature that may be interpreted as
corresponding to a continuum of electron-hole states in the
InAs1−xPx island. This spectral region has not been explored
up to now, and the nature of the states that contibute to it,
whether continuous or discrete, has not yet been clarified.

In this paper, we investigate the light emission properties
of InAs1−xPx/InP islands and show that they are indeed
quantum dots whose discrete exciton states can provide
individual photons, while their multiexciton states give rise
to cascaded emission that can feed a nanocavity and provide
gain for nanolasers. The paper is organized as follows: we first
describe the sample growth and the experimental setup. Then,
we identify discrete exciton lines of two distinct quantum
dots, emitting in each of the two spectral regions and study
their saturation characteristics. Then, through time-resolved
measurements, we show that both types of quantum dots
have discrete multiexciton states. Finally, we demonstrate
single-photon emission from a single quantum dot.

II. SAMPLE GROWTH AND EXPERIMENTAL SETUP

Samples were grown in a vertical-reactor low-pressure
MOCVD system using hydrogen as the carrier gas and stan-
dard precursors (arsine, phosphine, and trimethylindium).29

The epitaxied InAs1−xPx islands were formed on a thick
(∼200 nm) InP buffer layer deposited on a (001)-oriented
semiinsulating InP:Fe substrate. The island growth was ob-
tained at 510 ◦C by depositing 6.3 monolayers (ML) of
InAs1−xPx at growth rate of 0.36 ML s−1 and under a
phosphine/arsine flow ratio of 30. Finally, a 63-nm-thick InP
capping layer was grown over the islands at a rate of 0.2
ML s−1. Such a growth sequence leads to the formation
of InAs1−xPx islands with an average height of 3.8 nm
and a density of 15 × 109 cm−2, sitting on a 1.5-nm-thick
wetting layer, measured by TEM experiments.24 The average
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composition of the islands was measured to be InAs0.8P0.2,
while the residual electron doping of the InP buffer layer was
measured to be around 1016 cm−3, indicating that the islands
may be charged, containing one or more electrons.

Small numbers of islands were isolated by etching mesas
using the following technique: layers of SiN and polymethyl
methacrylate (PMMA) were deposited on top of the sample.
500 nm up to 2 μm diameter holes were formed in the PMMA
layer by electron beam lithography. After deposition of a
40-nm-thick layer of nickel followed by a lift-off, the SiN
layer was etched by reactive ion etching (with a gas mixture
of SF6 and CHF3), to form bilayer pillars of SiN and Ni
on the semiconductor. These pillars acted as a mask in the
subsequent semiconductor etching in an inductively coupled
plasma reactive ion etching machine (with gas mixture of HBr
and O2). This whole process led to the formation of 1.3-μm
tall mesas in the semiconductor with diameters ranging from
500 nm to 2 μm.

Time-resolved microphotoluminescence experiments were
performed on the samples placed in a liquid He flow cryostat
under pulsed excitation with 5-ps-long pulses at 80 MHz
delivered by a Ti:Sa laser emitting at 840 nm. The excitation
pulses were focused on the samples by a microscope objective
(numerical aperture of 0.4) to a spot of a diameter of 5 μm. An
incident power of 100 nW thus corresponds to a pulse energy
of 125 nJ cm−2. The island luminescence was collected by the
same microscope objective and separated from the pumping
laser by means of a dichroic mirror and an antireflection
coated Si filter. The spontaneous emission was spectrally
dispersed by a 0.5-m spectrometer and detected either by a
cooled InGaAs photodiode array (Roper Scientific) or time-
resolved superconducting single photon counters (SCONTEL)
with a time resolution of 50 ps, a measured quantum efficiency
of 3% at 1.55 μm and dark count rates lower than 30
counts per second. Lifetime measurements were obtained by
recording the histogram of the time interval between a photon
detection and the subsequent laser pulse using a LeCroy 725Zi
oscilloscope. The second order autocorrelation function was
measured with a standard Hanbury-Brown and Twiss setup:
the collected luminescence signal was split by a 50/50 fibered
coupler and sent onto two single-photon detectors placed on
each output of the beamsplitter. The autocorrelation function
was deduced from the histogram of the time intervals between
two single-photon detection events.

III. SPECTRAL CHARACTERISTICS

The emission spectrum of the unprocessed sample (not
shown here) consists of a broadband emission centered at
1.5 μm having full width at half maximum of 0.13 μm and a
long tail extending toward the shorter wavelengths, reflecting
essentially the size statistics of the InAs1−xPx islands.30

Figure 1 presents a typical emission spectrum obtained under
pulsed excitation at 4 K on a 1-μm-diameter mesa containing
approximately 120 islands, of which probably 75% are far
enough from the mesa edge to luminesce properly. The
spectrum, which consists of the superposition of the spectra
of several islands, displays distinct and sharp intense peaks
in the short-wavelength part (below 1.45 μm). As wavelength
increases, the peaks become denser, reflecting the size statistics

FIG. 1. Typical low-temperature photoluminescence spectrum
observed on a 1-μm-diameter mesa under pulsed excitation at
840 nm with an incident power of Pin = 162 nW (cw equivalent
power measured after the microscope objective, corresponding to
200 nJ/cm2 per pulse).

of the quantum dots. At the same time, the peaks get less
intense, while a broad background becomes increasingly
strong as wavelength increases. These spectral features have
already been reported by several other groups25–28 with similar,
but not identical, systems, but their nature had not been
investigated.

In order to investigate in more detail the characteristics of
the islands corresponding to different parts of the spectrum,
we examined two emission lines, corresponding to the excitons
of two different quantum dots, referred to as QD1 (1299 nm)
and QD2 (1538 nm). As QD2 lies in a relatively dense part of
the spectrum, it was studied on a smaller mesa of diameter of
0.5 μm, containing less than 20 islands far enough from the
edge so as to luminesce. For QD2, a long-pass filter centered
at 1500 nm was used. The photoluminescence spectra of the
two mesas at 4 K at different incident powers under pulsed
excitation, are shown on Fig. 2. At low incident powers, we
observe sharp peaks that may be attributed to the emission
from the exciton and the s shells of the QD1 and QD2

quantum dots. Indeed, the line at 1295 nm corresponds to
the biexciton of QD1, as demonstrated through its steady-state
power dependence to a CW excitation (data not shown here).
These peaks lie on a broad background, whose intensity
increases with increasing incident power. The intensity of the
background is approximately twice as high around QD2 as
compared with QD1, because of the higher density of quantum
dots at that wavelength. In order to confirm that the background
signal arises from the islands themselves and not from the
surrounding materials (wetting layer, impurities, defects, etc.),
a similar sample with just the wetting layer and no islands was
grown and subsequently processed into mesas under the same
conditions. No luminescence was observed on this sample at
wavelengths longer than the spectral band edge of the wetting
layer (around 1.15 μm, i.e., 1.08 eV) at any incident power.

When the incident power is increased, we observe the
emergence of additional lines attributable to p shell emission.
For QD1, they are around 1250 to 1260 nm, giving a spacing
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FIG. 2. Low-temperature spectra of the emission lines associated with two different InAs1−xPx/InP quantum dots labeled QD1 (on the left)
and QD2 (on the right) obtained under pulsed excitation at 840 nm, at different incident powers. Incident powers are normalized to Psat =
620 nW for QD1 and Psat = 180 nW for QD2. The vertical scales are in the same arbitrary units in all graphs. The peak at 1295 nm is the
biexciton of QD1. The peaks at 1290 and 1540 nm are probably due to dots other than QD1 and QD2.

between the s and p shells of ∼30 meV. The p shell of
QD2 corresponds to a group of peaks around 1505 nm,
giving a spacing between the s and p shells of at least
∼18 meV for QD2. It should be noted that at low incident
intensities, additional lines are present around 1510 nm, due
to excitons from other quantum dots. Assuming that the islands
correspond to rectangular potential wells for electron-hole
pairs and that the p-shells involve only the two quantum
numbers in the plane perpendicular to the growth direction,
these values indicate that the bottom of the rectangular well
(i.e., the effective band gap of a layer confined in the growth
direction to the height of the QDs) is at ∼935 meV for QD1

and at ∼800 meV for QD2. Since the band gap of InAs0.8P0.2

is at 600 meV, if we assume that difference between QD1 and
QD2 is due to confinement in the growth direction, the values
of the effective band gaps would indicate that QD2 is 30%
taller than QD1.

Our assignment of the p-shell emission is supported by the
incident power dependence of the intensity of these lines: They
appear above the saturation of the corresponding exciton line,
and all sharp lines in the “p-shell” cluster grow in a similar
way. Their integrated emission does not saturate and follows
closely the mean number of electron-hole pairs as a function
of the pump power given in Fig. 5. Also, the corresponding
s-p energy spacing is close to that expected from theory.31

The position of the wetting layer band gap at approximately
1.08 eV indicates that QD1 corresponds to a well depth
of about 150 meV accommodating some eight electron-
hole levels (assuming a two-dimensional rectangular well
potential), while QD2 has a well depth of about 280 meV, with

possibly at most 35 electron-hole levels. This large number
of electron-hole levels is possible due to the relatively large
lateral extension of these dots and to the large band offset
for both the conduction and valence bands. Indeed, in the
InAs1−xPx/InP system, the band offset is distributed 1/3 for
holes and 2/3 for electrons.32 Recent STM measurements
in cleaved InAs1−xPx/InP quantum dots33,34 permitted the
mapping of electron wave functions with as many as five
nodes along the base of the dot in the exposed surface.
Assuming a similar range of values for the quantum number
in the perpendicular direction in an uncleaved dot, that would
correspond to more than 25 electron levels, thus corroborating
the possibility of having a few tens of electron-hole levels
in the quantum dot. At low incident powers, only the lowest
electron-hole level (exciton) is populated, giving rise to a single
sharp line upon recombination. At higher incident powers,
more than one electron-hole pair is injected in the quantum
dot; emission from these multiexciton states gives rise to the
broad background.16

The dependence of the intensity of the exciton emission
lines for QD1 and QD2 on the incident power is presented on
Fig. 3, and is reasonably well described by a saturation formula
of the form

Iout = I0(1 − e−Pin/Psat ), (1)

which assumes Poisson statistics for the number of electron-
hole pairs in the quantum dot, with Psat, the incident power
at saturation, corresponding to the input power for which one
electron-hole pair is injected on average in the quantum dot. Its
value is 620 nW for QD1 and 180 nW for QD2. At low incident
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FIG. 3. (Color online) Intensity of the exciton peak of QD1 (open
black squares) and QD2 (open red circles) as a function of incident
power. Curves are fits to Eq. (1) with Psat = 620 nW for QD1 and
Psat = 180 nW for QD2.

powers, the intensity of these lines increases approximately
linearly as it is proportional to the probability of trapping
a single electron-hole pair in the quantum dot. Beyond Psat,
the intensity saturates to a constant level, as more than one
electron-hole pairs are trapped in the quantum dot during each
excitation cycle; the multi-electron-hole pair state contributes
to the broad background,16 as the pairs recombine successively,
and only the last pair in the cascade contributes to the sharp
emission line. Note that it is not simple to differentiate a neutral
exciton from a charged exciton, and precise identification
requires polarization-resolved quasiresonant excitation.35

IV. TIME-RESOLVED MEASUREMENTS

The formation and recombination dynamics of the quantum
dot excitons was investigated by monitoring the time depen-
dence of the exciton emission line under pulsed excitation.
When the laser pulse is absorbed, it generates a large number of
electron-hole pairs in the InP buffer and the wetting layer, some
of which are captured by the quantum dot, giving rise to its
luminescence upon recombination. As the unexcited quantum
dots may already contain one or two electrons due to the
residual doping, the capture of carriers may proceed charge
by charge, in the weak excitation regime.36 The electrons
generated by the absorption of the incident pulse remain in
the buffer, as they are attracted to the ionized donors, while
the holes are efficiently captured by the negatively charged
quantum dots, where they eventually recombine radiatively
with the resident electrons to produce the quantum dot
emission. Thus, at low incident powers, the time dependence
of the QD1 and QD2 exciton lines display a sharp rise
limited by the temporal resolution of our setup of 70 ps,
indicating that the exciton state is populated immediately
through the capture of a hole (when the quantum dot already
contains one electron) or the capture of an electron-hole pair
(when the quantum dot is empty). This immediate response
is followed by a rapid buildup of the exciton intensity (with
an exponential characteristic time of about 400 ps), up to a

FIG. 4. (Color online) Decay curves of the exciton emission lines
associated to two different InAs1−xPx/InP quantum dots labeled QD1

(top) and QD2 (bottom) obtained under pulsed excitation at 840 nm
for different incident powers. (Top) QD1: Pin = 0.8Psat (black curve)
and Pin = 23Psat (blue curve). (Bottom) QD2: Pin = 0.07Psat (black
curve) and Pin = 7Psat (blue curve). Note, Psat = 620 nW for QD1

and Psat = 180 nW for QD2.

maximum at �t = 500 ps later for QD1 and �t = 200 ps
for QD2 (see Fig. 4). This delay indicates that the charge
capture populates also a relay state, which in turn feeds the
exciton. As the relative weight of the relay state is of the same
order as that of the exciton, even for incident intensities as
low as 2% of saturation, it is quite likely that the relay state
corresponds to the biexciton produced by the capture of two
holes when the quantum dot already contains two electrons.
Thus, at low incident intensities, the relative weights of the
prompt and delayed components reflect essentially the doping
statistics.37 After reaching the maximum, the luminescence
decays exponentially with a characteristic time of 2.2 ns for
QD1 and 1.4 ns for QD2 (see Fig. 4), which correspond to the
exciton lifetimes τX in the two quantum dots.

When the incident power is increased, the decay curves
change in two ways: first, the delay �t between the incident
pulse and the maximum of the exciton intensity increases
and, second, an additional fast decay emerges at short time
delays with a characteristic time of the order of 400 and
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880 ps for QD1 and QD2, respectively. The increasing delay �t

results from the injection of increasingly more electron-hole
pairs in the island, which must decay before emission can
occur from the one-exciton level that is being monitored. The
fast component, on the other hand, is due to the emergence
of the broad background whose contribution increases with
incident power (see Fig. 2). This is confirmed by measuring
the temporal traces of the background signal in the vicinity
of QD1 and QD2: the decay times are, respectively, 400 and
800 ps.

Figure 5 (top) shows the delay of the exciton line �t for both
QD1 and QD2 as a function of the normalized incident power.

FIG. 5. (Color online) (Top) Time delay between the incident
excitation pulse and the intensity maximum of the exciton lumines-
cence peak of QD1 (open black squares) and QD2 (open red circles)
as a function of normalized incident power under pulsed excitation
at 840 nm in a log-linear scale. The normalization is with respect
to Psat = 620 nW for QD1 and Psat = 180 nW for QD2. (Bottom)
Mean number of electron-hole pairs (μ) in QD1 (open black squares)
and QD2 (open red circles) as a function of incident power under
pulsed excitation at 840 nm, in a log-log scale. The mean number
of electron-hole pairs is obtained by fitting the exciton decay curves
using Eq. (A6) for QD1 and Eq. (A4) for QD2. The dotted line is a
guide for the eye with unity slope.

As this delay is directly related to the mean number of electron-
hole pairs in the dot (μ), we can deduce μ from the time-
resolved curves (see Appendix A). A plot of μ as a function
of the normalized incident power is given in Fig. 5 (Bottom).
These values were obtained by fitting the time-resolved curves
using Eq. (A6) for QD1 with τX = 2.2 ns and τB = 0.72 ns
and using Eq. (A4) for QD2 with τX = 1.4 ns and τB = 0.9 ns.
The exciton lifetime is directly measured from the curves,
while τB and μ are fitting parameters. The slight discrepancy
between these values for τB and those obtained directly from
the decay of the background is due to the fact that the former
involve only those cascades that end up in the one-exciton line
that is being monitored, while the latter involve all transitions
at the corresponding wavelength.

At low incident powers, the mean number of electron-hole
pairs present in the quantum dot is constant, corresponding to
μ ≈ 1.1 for QD1 and μ ≈ 0.5 for QD2, reflecting essentially
the mean number of electrons resident in each dot due to the
residual doping. This gives rise to the constant delay observed
in the time-resolved curves at low excitation power. Under
these conditions, emission results from injecting in the dot
a matching number of holes, charge by charge. At higher
incident intensities, the number of captured charges exceeds
the number of resident electrons and the average number of
electron-hole pairs increases with the incident power, initially
linearly and then sublinearly. Deviation from linearity and
saturation of μ are visible beyond 10Psat. The reason is
that under high incident power, a dense electron-hole gas is
generated in the InP buffer layer so that bimolecular radiative
recombination enters in competition with pair capture by the
quantum dot: an increase of the electron-hole population in
the InP buffer gives rise to a quadratic increase radiative
recombination rate inside the buffer layer and therefore a
sublinear increase in the pair capture by the quantum dot,
as discussed in Appendix B.

As the statistics of injected pairs is masked by the doping
statistics at low incident powers, we can compile a composite
set of data for the mean number of injected pairs by using
the intensity data of Fig. 3 at low incident powers (below
Psat) and the data of Fig. 5 (bottom) at high incident powers
(above Psat). The resulting set of data is shown on Fig. 6
(top), and is quite well fitted by Eq. (B7), using V C/B = 4.7
for QD1 and V C/B = 5.6 for QD2, where C is the capture
rate per quantum dot, V is the volume of the quantum dot,
and B is the familiar bimolecular radiative recombination
coefficient. This analysis indicates that only a small number
of electron-hole pairs reaches the dot, even at very high
incident intensities, because the excitation process involves
the generation of an electron-hole gas in the buffer layer and
a subsequent capture of electron-hole pairs by the quantum
dot: for incident intensities of the order of Pin = 1000Psat, the
quantum dot contains only 20 to 25 pairs. Such a high number
of levels is indeed expected from the STM experiments on
equivalent quantum dots.33,34 During the radiative cascade of
a multiply excited quantum dot, only the last electron-hole
pair emits in the exciton line, while all others contribute to the
broad background. This means that the background intensity
should be proportional to the number of pairs present in the
dot. Figure 6 (bottom) shows the background intensity as
function of incident power in the vicinity of QD1 and QD2.
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FIG. 6. (Color online) (Top) Mean number of electron-hole pairs
(μ) injected in QD1 (open black squares) and QD2 (open red circles)
as a function of the normalized excitation power. (Bottom) Intensity
of the background signal in the spectral vincinity of QD1 (open
black squares) and QD2 (open red circles) as a function of incident
power under pulsed excitation at 840 nm, in log-log scale. All fits are
obtained using Eq. (B7).

The curves are a fit using Eq. (B7) with the same parameters
as for the mean number of pairs above, plus an overall vertical
scaling parameter to account for the arbitrary units of the
intensity. The fit is quite good, considering that the background
contains also contributions from other quantum dots, each
with a different saturation power. Thus this fit supports the
assumption that the broad background emission arises directly
from the electron-hole pairs captured by the quantum dot.16

V. PHOTON CORRELATION MEASUREMENTS

Although cascade emission is a unique signature of
confined 0D electronic states of single quantum dots, a
direct proof of the unicity of the emitter is given by the
observation of single-photon emission through antibunch-
ing. Photon correlation measurements were performed by
measuring the normalized second-order correlation function
g(2)(τ ) = 〈: I (t)I (t + τ ) :〉/〈I (t)〉2, where I (t) is the emission
intensity at time t and 〈::〉 indicates the normal ordering of
the creation and annihilation operators. Figure 7 shows a

FIG. 7. (Color online) Histograms of the time intervals between
detection events on the start and stop detectors for the QD1 line under
pulsed excitation with an incident power of 1.45Psat.

histogram of the delay times between detection events on the
start and stop channels of the Hanbury-Brown and Twiss setup,
obtained for QD1, at an incident power of 1.45Psat.

Under pulsed excitation, the histogram of time delays
consists of a series of peaks separated by the period of the pump
cycle. When normalized by dividing by the count rates of the
two detectors, by the experiment time, and by the period of the
pump cycle, and after subtracting the accidental coincidences
due to the dark counts, the area under each peak, except for the
peak at τ = 0, is equal to one.38 The value of the histogram in
the region around τ = 0 measures the conditional probability
of detecting a second photon during the excitation cycle given
that a first photon has already been detected. It is expected
to be below 0.5 for a single photon source. For QD1, the
normalized intensity level of the central region is 0.18. This
value is essentially equal to the ratio between the sharp line and
the contribution of the broad background at that wavelength
and at an incident power of P = 1.45Psat, indicating that
the QD1 exciton is indeed a single-photon emitter, and that
the possibility of having a second photon is only due to the
background emission. For QD2, it was not possible to obtain
the second-order autocorrelation function because of the lower
count rate and the strong contribution of the broad background.

VI. SUMMARY AND CONCLUSION

In this paper, we have examined the photoluminescence
characterisics of InAs1−xPx/InP quantum dots emitting at
telecommunications wavelengths. Time-resolved measure-
ments have shown that these dots can be multiply excited
and undergo a radiative cascade. All but the last step of the
radiative cascade give rise to a broad spectrum, while the last
step, which involves emission from the one-exciton state, gives
rise to a sharp spectral line. The sharp line emission shows
strong antibunching, indicating that InAs1−xPx/InP quantum
dots are good single-photon emitters, useful for quantum com-
munications at telecommunications wavelengths. However,
these quantum dots may not be suitable for some quantum
information protocols, since the emission of the exciton and the
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biexciton lines will present a strong jitter due to the cascaded
emission. The broad background resulting from the radiative
cascade is important for the use of these quantum dots as a gain
material in photonic crystal nanolasers, as the broad spectrum
permits efficient feeding of a nanocavity that would otherwise
be out of resonance with the quantum dot exciton. However, as
the number of electron-hole pairs in the dot grows sublinearly
as a function of pumping, it is possible that the lasing threshold
may appear to be progressive rather than abrupt.
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APPENDIX A: RADIATIVE CASCADES

In this Appendix, we examine the cascaded radiative decay
of a multiply excited quantum dot. We consider a quantum
dot initially containing N electron-hole pairs that recombine
independently. During the successive recombination events,
the quantum dot will emit a cascade of N − 1 photons into
the broad background until it reaches the one-exciton state
whose emission is being monitored.39,40 Assuming that the
characteristic time for emission into the broad background
τB is independent of the number of excitons present, the
probability of reaching the two-exciton state at time t is

P 2
N (t) = N (N − 1)

2
e−2t/τB (1 − e−t/τB )N−2. (A1)

Emission from this level feeds directly the exciton, whose
luminescence corresponds to a sharp line and has a lifetime
τX. The time-evolution of the exciton emission is thus given
by the convolution of the feeding mechanism of Eq. (A1) with
the exciton decay. The resulting summation of exponentials
cannot be performed analytically for an arbitrary ratio τB/τX.
Analytic approximations can nevertheless be obtained in two
significant cases: (a) when τB/τX ≈ 1, we have

P 1
N (t) ≈ Ne−t/τX (1 − e−t/τB )N−1 (A2)

and (b) when τB/τX � 1, we have

P 1
N (t) ≈ e−t/τX

[
(1 − e−t/τB )N + Ne−t/τB (1 − e−t/τB )N−1

]
.

(A3)

The number of excitons injected in a quantum dot follows, in
principle, Poisson statistics. However, a fraction of these exci-
tons is nonradiant (dark) and do not participate in the cascade
that leads to the radiant (bright) exciton level being monitored.
The resulting statistics of the fully radiant multiexciton states
involves hyperbolic Bessel functions rather than exponentials.
However, the limited precision of our experimental data does
not permit us to distinguish between these statistics and those
of the Poisson distribution, which includes both radiant and
nonradiant states. Thus, for the sake of simplicity, we consider
here Poisson statistics.

For a Poisson distribution of the number of electron-hole
pairs N with mean μ, and for the case τB/τX ≈ 1, convolution

of Eq. (A2) with the exciton decay gives the exciton intensity
as a function of time as

IX(t) = μe−t/τXe−μ exp[−t/τB ] (A4)

with a maximum at

�t = τB ln

(
μ

τX

τB

)
, (A5)

while for the case τB/τX � 1, the convolution of Eq. (A3)
gives the exciton intensity as

IX(t) = e−t/τX
[
e−μ exp[−t/τB ](1 + μe−t/τB ) − e−μ

]
(A6)

with a maximum at

�t ≈ τB ln

(
μ

√
τX

τB

)
. (A7)

APPENDIX B: CARRIER CAPTURE

We consider the process whereby an incident light pulse
is absorbed in a thick semiconductor layer, thus generating a
density n of electron-hole pairs, which may either recombine
radiatively or be captured by the quantum dots embedded in
the semiconductor layer. The kinetics of the carriers in the
semiconductor layer are described by

dn

dt
= −An − Bn2, (B1)

where A is the monomolecular decay rate, it includes capture
of the electron-hole pairs by the quantum dots, radiative recom-
bination involving the residual doping as well as nonradiative
recombination of the carriers. B is the familiar bimolecular
radiative recombination coefficient. This differential equation
has the well-known solution

n(t) = An0e
−At

A + Bn0(1 − e−At )
, (B2)

where n0 is the initial pair density produced by the absorption
of the incident light pulse at t = 0. As carrier capture by the
quantum dot is much faster than the radiative lifetime of
the pairs in the dot (typically by three orders of
magnitude) the kinetics of pair capture in the dot may be
written as

dμ

dt
= V Cn, (B3)

where μ is the mean number of pairs in the dot, C is the capture
rate per quantum dot and V is the volume of the quantum
dot. Thus the number of pairs captured by the dot may be
written as

μ = V C

∫ ∞

0
n(t)dt = V C

B
ln

(
1 + B

A
n0

)
. (B4)

In our experiments, we do not have direct access to n0,
but we can assume that it is proportional to the incident
pulse energy and thus to the mean incident power, Pin. The
proportionality constant may be obtained by considering the
number of captured pairs in the low-density limit of Eq. (B4),

μn0→0 = V C

A
n0, (B5)
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which, in Eq. (1) was assumed to be given by Pin/Psat. Thus
the initial pair density in the excited semiconductor layer can
be written as

n0 = A

V C

Pin

Psat
, (B6)

so that the mean number of electron-hole pairs in the quantum
dot as a function of the incident power reads

μ = V C

B
ln

(
1 + B

V C

Pin

Psat

)
. (B7)

Thus while at low incident powers Eq. (B7) reduces to the
familiar proportionality between the number of pairs captured

by the quantum dot and those injected in the wetting layer,
at high incident powers the competition between the capture
process and the radiative bimolecular recombination causes
the number of pairs in the quantum dot to increase very slowly
as a function of incident power.

Equation (B7) can be used to fit our experimental data, with
V C/B as the only fitting parameter. An order of magnitude
estimation of its value may be obtained by considering the
orders of magnitude of the three parameters composing it,
B ∼ 10−10 cm3 s−1, and V ∼ 10−18 cm3. The capture rate in
multidot systems has been measured to be41 A ∼ 1011 s−1,
which would correspond to a capture rate of C ∼ 108–109 s−1

per dot. Thus V C/B ∼ 1–10.
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