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Single InAsP /InP quantum dots as telecommunications-band photon sources

D. Elvira, R. Hostein, B. Fain, L. Monniello, A. Michon, G. Beaudoin,
R. Braive, I. Robert-Philip, I. Abram, I. Sagnes, and A. Beveratos
CNRS - Laboratoire de Photonique et Nanostructures,

Route de Nozay, F-91460 Marcoussis, FRANCE
(Dated: August 2, 2011)

The optical properties of single InAsP/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 um), 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 pum), 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 multi-
exciton states. Single photon emission is reported for the dots emitting at 1.3 pum through anti-

bunching measurements.

PACS numbers:
42.50.Ar Photon statistics and coherence theory

INTRODUCTION

The three-dimensional confinement of electrons and
holes in semiconductor quantum dots gives rise to dis-
crete electron-hole states and sharp absorption and emis-
sion lines, analogous to those in atomic systems [].
These features have been exploited to produce quantum
states of light, such as single photons [2, 3], indistinguish-
able photons |4, 15, 40] and entangled photon pairs [T—
9] that may be used in quantum communication proto-
cols, such as quantum key distribution or quantum relays
based on quantum teleportation |[L0H13]. At the same
time, quantum dots have been used as gain media in pho-
tonic crystal nanolasers [14]. However, for highly-excited
quantum dots placed inside photonic crystal nanocavi-
ties, 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 non-resonant nanocavity
[15]. This cavity feeding required explicit consideration
of multiply-excited states emitting into a broad quasi-
continuum [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 prospec-
tive applications require sources operating in the telecom-
munications wavelength range, particularly in the O-
and C-bands, around 1.3 pum and 1.5 pm respectively.
InAs/InP quantum dots can emit in these wavelength
bands and are well suited as active media in semicon-
ductor optical amplifiers or ridge laser systems useful
for telecommunications applications [17]. However, at-
tempts 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
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on a (311)-InP oriented substrate [20] is not compat-
ible with the standard processes used in the fabrica-
tion 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
InAsP/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 distribution [24] or den-
sity 28] can be adjusted during growth. Transmission
Electron Microscopy (TEM) studies on MOCVD-grown
samples have shown that the islands are truncated pyra-
mids of diamond-shaped cross-section with diagonals of
the order of 30 nm to 40 nm at the top [24].

Although these islands are small enough to have dis-
crete electronic states, sharp spectral lines (identified as
exciton and biexciton lines [25-28]) are observed only in
the short wavelength side of the luminescence spectrum,
from 1.3 ym up to 1.45 pum. By contrast, the emission
spectrum around 1.55 ym generally exhibits a large num-
ber of low intensity peaks lying on a broad and intense
background, a feature that may be interpreted as cor-
responding to a continuum of electron-hole states in the
InAsP 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 proper-
ties of InAsP/InP islands and show that they are indeed
quantum dots whose discrete exciton states can provide
individual photons, while their multi-exciton 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 char-



acteristics. Then, through time-resolved measurements,
we show that both types of quantum dots have discrete
multi-exciton states. Finally, we demonstrate single pho-
ton emission from a single quantum dot.

SAMPLE GROWTH AND EXPERIMENTAL
SETUP

Samples were grown in a vertical-reactor low-
pressure MOCVD system using hydrogen as the car-
rier gas and standard precursors (arsine, phosphine,
and trimethylindium) [29]. The epitaxied InAsP islands
were formed on a thick (~200 nm) InP buffer layer de-
posited on a (001)-oriented semi-insulating InP:Fe sub-
strate. The island growth was obtained at 510 °C by
depositing 6.3 monolayers (ML) of InAsP at growth rate
of 0.36 ML.s™! and under a phosphine/arsine flow ra-
tio of 30. Finally, a 63 nm thick InP capping layer was
grown over the islands at a rate of 0.2 ML.s~!. Such a
growth sequence leads to the formation of InAsP islands
with an average height of 3.8 nm and a density of 15x10°
cm ™2, sitting on a 1.5 nm-thick wetting layer, measured
by TEM experiments [24]. The average composition of
the islands was measured to be InAsggPg.2, while the
residual doping of the InP buffer layer was measured to
be around 10*e~c¢m ™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 pm diameter holes
were formed in the PMMA layer by electron beam lithog-
raphy. 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 gaz mixture of SFg 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 gaz mixture of HBr and Og). This
whole process led to the formation of 1.3 pm tall mesas
in the semiconductor, with diameters ranging from 500
nm to 2 pm.

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 ym. 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 pump-
ing laser by means of a dichroic mirror and an antireflec-
tion coated Si filter. The spontaneous emission was spec-
trally dispersed by a 0.5 m spectrometer and detected

either by a cooled InGaAs photodiode array (Roper Sci-
entific) or time-resolved superconducting single photon
counters (SCONTEL) with a time resolution of 50 ps, a
measured quantum efficiency of 3% at 1.55 um 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 auto-correlation 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 auto-correlation
function was deduced from the histogram of the time in-
tervals between two single photon detection events.
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FIG. 1: Typical low-temperature photoluminescence spectra
observed on a 1 pum diameter mesa under pulsed excitation at
840 nm with an incident power of P, = 162 nW (cw equiv-
alent power measured after the microscope objective, corre-
sponding to 200 nJ/cm? per pulse).

SPECTRAL CHARACTERISTICS

The emission spectrum of the unprocessed sample (not
shown here) consists of a broadband emission centered at
1.5 pm having full width at half-maximum of 0.13 pym and
a long tail extending towards the shorter wavelengths,
reflecting essentially the size statistics of the InAsP is-
lands [31)]. Figure[Il presents a typical emission spectrum
obtained under pulsed excitation at 4 K on a 1 ym diam-
eter mesa containing approximately 120 islands, of which
probably 75 % are far enough from the mesa edge to lu-
minesce 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 ym). As wavelength increases, the peaks
become denser, reflecting the size statistics of the quan-
tum dots. At the same time, the peaks get less intense
while a broad background becomes increasingly strong



as wavelength increases. These spectral features have al-
ready been reported by several other groups [25-2&] with
similar, but not identical, systems, but their nature had

not, been investigated.
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FIG. 2: Low-temperature spectra of the emission lines asso-
ciated with two different InAsP/InP quantum dots labeled
QD! (Left) and QD? (Right) obtained under pulsed excita-
tion at 840 nm, at different incident powers. Incident powers
are normalized to Psar = 620 nW for QD! and P.a; = 180
nW for QD?. The vertical scales are in the same arbitrary
units in all graphs. Note that the pics at 1290 nm and 1540
nm could arise from other quantum dots, since they display
similar saturation behavior with increasing power.

In order to investigate in more detail the characteris-
tics 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 QD! (1298 nm) and QD? (1538 nm). As QD? lies in a
relatively dense part of the spectrum, it was studied on a
smaller mesa of diameter of 0.5 um, containing less than
20 islands far enough from the edge so as to luminesce.
A filter cutting-off wavelengths below 1500 nm was used.
The photoluminescence spectra of the two mesas at 4
K at different incident powers under pulsed excitation,
are shown on Figure At low incident powers we ob-
serve sharp peaks that may be attributed to the emission
from the exciton and the s-shells of the QD! and QD?
quantum dots. 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 QD? as compared with QD*, because of the
higher density of quantum dots at that wavelength. In or-
der to confirm that the background signal arises from the
islands themselves and not from the surrounding materi-
als (wetting layer, impurities, defects...), a similar sample
with just the wetting layer and no islands was grown and
subsequently processed into mesas under the same con-
ditions. No luminescence was observed on this sample

1550

at wavelengths longer than the spectral band edge of the
wetting layer (around 1.15 pm i.e. 1.08 eV) at any inci-
dent power.

When the incident power is increased, we observe the
emergence of additional lines attributable to p-shell emis-
sion. For QD! they are around 1250 nm to 1260 nm,
giving a spacing between the s- and p-shells of ~30 meV.
The p-shell of QD? 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 num-
bers in the plane perpendicular to the growth direction,
these values indicate that the bottom of the rectangu-
lar well (i.e. the effective bandgap of a layer confined
in the growth direction to the height of the QDs) is at
~935 meV for QD! and at ~800 meV for QD?2. Since
the bandgap of InAsg gPg.2 is at 600 meV, if we assume
that difference between QD! and QD? is due to confine-
ment in the growth direction, the values of the effective
bandgaps would indicate that QD? is 30 % taller than
QD! .

While we conclude that the s-p shell spacing is of the
order to 30 meV for QD1, this assertion would be strongly
supported by a cross-correlation measurements. The lat-
ter was not possible due to the low intensity of these
high-energy emission lines, requiring extremely long in-
tegration time. However the power dependence of their
intensity give some insight on their nature. As expected
for p-shell states, these emission lines only appear above
the saturation of the exciton line and all associated sharp
lines of the p-shell grow in a similar way. Their integrated
emission does not saturate and follows closely the mean
number of electron-hole pairs as function of the pump
power from figure 6. Also the energy spacing is of the
rigth order of magnitude when compared to theoretical
predictions [30]

The position of the wetting layer bandgap at approxi-
mately 1.08 eV indicates that QD' corresponds to a well-
depth of about 150 meV accommodating some 8 electron-
hole levels (assuming a two-dimensional rectangular-well
potential), while QD? has a well-depth of about 280 meV,
with possibly at most 35 electron-hole levels. This ap-
proach is valid for quantum dots with relatively large
lateral extension which is the case in the system under
study. Recent STM measurements in cleaved InAsP /InP
quantum dots [32, 133] permitted the mapping of electron
wavefunctions with as many as 5 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 pos-
sibility 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 inci-
dent powers, more than one electron-hole pair is injected
in the quantum dot; emission from these multi-exciton
states gives rise to the broad background [16]. The va-
lence band offset for InAsP/InP quantum dots is higher
than InAs/GaAs quantum dots [42], almost equally dis-
tributed between electron and holes. In conjunction with
the STM images [32, 33] a multi-level description of the
quantum dot is consequently possible.
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FIG. 3: Intensity of the exciton peak of QD! (open black
squares) and QD? (open red circles) as a function of incident
power. Curves are fits to Eq. () with Psa: = 620 nW for
QD1 and Pgsq: =180 nW for QDQ.

The dependence of the intensity of the exciton emis-
sion lines for QD! and QD? on the incident power is
presented on Figure 3] and is reasonably well described
by a saturation formula of the form

Tour = Io(1 — e_Pin/Psat) (1)

which assumes Poisson statistics for the number of
electron-hole pairs in the quantum dot, with Ps,, the
incident power at saturation, corresponding to the input
power for which one electron-hole pair is injected on av-
erage in the quantum dot. Its value is 620 nW for QD!
and 180 nW for QD?. At low incident powers, the in-
tensity 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 Ps,: the
intensity saturates to a constant level, as more than one
electron-hole pair is trapped in the quantum dot during
each excitation cycle: the multi- electron-hole pair state
contributes to the broad background [16], as the pairs re-
combine 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[4(]. Eventually, let’s

note the unexpected absence of biexciton lines, which is
currently under investigation.

TIME RESOLVED MEASUREMENTS

The formation and recombination dynamics of the
quantum dot excitons was investigated by monitoring
the time dependence 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 al-
ready contain one or two electrons due to the residual
doping, the capture of carriers may proceed charge-by-
charge, in the weak excitation regime [34]. The elec-
trons generated by the absorption of the incident pulse
remain in the buffer, as they are attracted to the ion-
ized donors, while the holes are efficiently captured by
the negatively-charged quantum dots, where they even-
tually recombine radiatively with the resident electrons
to produce the quantum dot emission. Thus, at low inci-
dent powers, the time dependence of the QD! and QD?
exciton lines display a sharp rise limited by the temporal
resolution of our setup of 70 ps, indicating that the exci-
ton 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 maximum at At = 500 ps later for QD! and At =
200 ps for QD? (see Fig. H). 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 de-
layed components reflect essentially the doping statistics
[35]. After reaching the maximum, the luminescence de-
cays exponentially with a characteristic time of 2.2 ns for
QD! and 1.4 ns for QD? (see Fig. Hl), which correspond
to the exciton lifetimes 7x in the two quantum dots.

When the incident power is increased, the decay curves
change in two ways: First, the delay At between the in-
cident 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 ps and 880 ps for QD! and QD? respectively. The
increasing delay At results from the injection of increas-
ingly more electron-hole pairs in the island, which must
decay before emission can occur from the one-exciton
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FIG. 4: Decay curves of the exciton emission lines associated
to two different InAsP/InP quantum dots labeled QD' (Top)
and QD? (Bottom) obtained under pulsed excitation at 840
nm for different incident powers. (Top) QD': Py, = 0.8 Poat
(black curve) and P;;, = 23 Pga: (blue curve) (Bottom) QD2
Pin = 0.07 Psqs (black curve) and P, = 7 Pggt (blue curve).
Note P.at = 620 nW for QD! and P..: =180 nW for QD?

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. [). This is confirmed by measuring the
temporal traces of the background signal in the vicinity
of QD! and QD?: the decay times are respectively 400
ps and 800 ps.

Figure [l (Top) shows the delay of the exciton line At
for both QD! and QD? as function of the normalized inci-
dent power. As this delay is directly related to the mean
number of electron-hole pairs in the dot (), we can de-
duce p from the time-resolved curves (see Appendix A).
A plot of p as a function of the normalized incident power
is given in Fig. [l (Bottom). These values were obtained
by fitting the time-resolved curves using Eq. (@) for QD!
with 7x = 2.2 ns and 75 = 0.72 ns and using Eq. (B)
for QD? with 7x = 1.4 ns and 75=0.9 ns. The exci-
ton lifetime is directly measured from the curves, while
7p and p are fitting parameters. The slight discrepancy
between these values for 75 and those obtained directly
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FIG. 5: (Top) Time delay between the incident excitation
pulse and the intensity maximum of the exciton luminescence
peak of QD (open black squares) and QD? (open red circles)
as a function of normalized incident power under pulsed exci-
tation at 840 nm, in a log-linear scale. The normalization is
with respect to Psar = 620 nW for QD! and P..: = 180 nW
for QD?. (Bottom) Mean number of electron-hole pairs (1)
in QD! (open black squares) and QD? (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. () for
QD' and Eq. (@) for QD?. The dotted line is a guide for the
eye with unity slope.

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, corre-
sponding to p ~1.1 for QD' and u ~0.5 for QD?, reflect-
ing 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, emis-
sion 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 lin-
early and then sublinearly. Deviation from linearity and
saturation of u are visible beyond 10 Pg,;:. 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 sub-linear increase in the pair cap-
ture by the quantum dot, as discussed in Appendix B.

As the statistics of injected pairs is masked by the dop-
ing 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. [ at low inci-
dent powers (below Ps,:) and the data of Fig. Bl (Bot-
tom) at high incident powers (above Ps,t). The result-
ing set of data is shown on Fig. [ (Top), and is quite
well fitted by Eq. [I5), using VC/B = 4.7 for QD! and
VC/B = 5.6 for QD?. 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 P;, = 1000P;,: the quantum dot contains
only 20 to 25 pairs. Such a high number of levels is in-
deed expected from the STM experiments on equivalent
quantum dots [32,133]. 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 back-
ground intensity should be proportional to the number
of pairs present in the dot. Fig. [6] (Bottom) shows the
background intensity as function of incident power in the
vicinity of QD! and QD?. The curves are a fit using Eq.
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 di-
rectly from the electron-hole pairs captured by the quan-
tum dot [16].

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 anti-
bunching. Photon correlation measurements were per-
formed by measuring the normalized second-order corre-
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FIG. 6: (Top) Mean number of electron-hole pairs (1) injected
in QD' (open black squares) and QD? (open red circles) as
function of the normalized excitation power. (Bottom) Inten-
sity of the background signal in the spectral vincinity of QD*
(open black squares) and QD? (open red circles) as function of
incident power under pulsed excitation at 840 nm, in log-log
scale. All fits are obtained using Eq. (I5]).

lation function ¢ (1) =<: I()I(t + 1) :> / < I(t) >2
where I(t) is the emission intensity at time ¢ and <::>
indicates the normal ordering of the creation and anni-
hilation operators. Figure [7] shows a histogram of the
delay times between detection events on the start and
stop channels of the Hanbury-Brown and Twiss setup,
obtained for QD', at an incident power of 1.45 Py;.

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 7 = 0, is
equal to 1 [36]. The value of the histogram in the re-
gion around 7 = 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 QD!, the normalized intensity level of the central re-
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FIG. 7: Histograms of the time intervals between detection
events on the start and stop detectors for the QD* line under
pulsed excitation with an incident power of 1.45 Pggt.

gion 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 = 1.45P,4, indicating that the QD' exciton is in-
deed a single photon emitter, and that the possibility of
having a second photon is only due to the background
emission. For QD?, it was not possible to obtain the sec-
ond order autocorrelation function because of the lower
count rate and the strong contribution of the broad back-
ground.

SUMMARY AND CONCLUSION

In this paper, we have examined the photolumi-
nescence characterisics of InAsP/InP quantum dots
emitting at telecommunications wavelengths. Time-
resolved measurements 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
anti-bunching, indicating that InAsP/InP quantum dots
are good single photon emitters, useful for quantum
communications at telecommunications wavelengths.
However, these quantum dots may not be suitable for
some quantum information protocols, since the emission
of the exciton and the 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 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 sub-linearly 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 re-
combination events, the quantum dot will emit a cas-
cade of N — 1 photons into the broad background until
it reaches the one-exciton state whose emission is being
monitored [37,138]. Assuming that the characteristic time
for emission into the broad background 7p is indepen-
dent of the number of excitons present, the probability
of reaching the two-exciton state at time ¢ is

—_ N-—-2
N(]\; 1)6—2t/TB (1 _ e—t/TB) (2)

Py (t) =
Emission from this level feeds directly the exciton, whose
luminescence corresponds to a sharp line and has a life-
time 7x. The time-evolution of the exciton emission is
thus given by the convolution of the feeding mechanism
of Eq. (2) with the exciton decay. The resulting summa-
tion of exponentials cannot be performed analytically for
an arbitrary ratio 7p/7x. Analytic approximations can
nevertheless be obtained in two significant cases:

(a) When 75/7x ~ 1, we have:

N-1
PL(t) ~ Ne~t/7x (1 - e—t/TB) (3)

and (b) when 75/7x < 1, we have:

Palt) e <(1 —etm ) Nt (1 et/TB)N—l) "



The number of excitons injected in a quantum dot fol-
lows, in principle, Poisson statistics. However, a fraction
of these excitons is non-radiant (dark) and do not par-
ticipate 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 per-
mit us to distinguish between these statistics and those
of the Poisson distribution which includes both radiant
and non-radiant 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 p, and for the case 75/7x ~ 1,
convolution of Eq. [B) with the exciton decay gives the
exciton intensity as a function of time as:

Ix(t> _ Meft/'rxeﬁuexp[ft/'rg] (5>

with a maximum at

At =7pln (,uT—X) (6)
TB

while for the case 75/7x < 1, the convolution of Eq. (@)

gives the exciton intensity as:

Ix(t) = et/ (e—uexp[—t/TB](l +opet/e) - e—u)
(7)

with a maximum at

At ~ 1 1n (,u T—X) . (8)
TB

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 quan-
tum dots embedded in the semiconductor layer. The ki-
netics of the carriers in the semiconductor layer are de-
scribed by:

Cfi—?z = —An — Bn?, 9)
where A, the monomolecular decay rate, includes capture
of the electron-hole pairs by the quantum dots, radia-
tive recombination involving the residual doping, as well
as non-radiative recombination of the carriers. B is the
familiar bimolecular radiative recombination coefficient.

This differential equation has the well-known solution
Ange~ 4t

nt) =33 Bno(1 — e A1)’

(10)

where ng is the initial pair density produced by the ab-
sorption of the incident light pulse at t = 0. As carrier

capture by the quantum dot is much faster than the ra-
diative lifetime of the pairs in the dot (typically by 3
orders of magnitude) the kinetics of pair capture in the
dot may be written as

dp
— =V(Chn, 11
o (11)
where p 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:

e vc B

In our experiments, we do not have direct access to ng,
but we can assume that it is proportional to the incident
pulse energy and thus to the mean incident power, P;,.
The proportionality constant may be obtained by con-
sidering the number of captured pairs in the low-density

limit of Eq. (I2),
vC
Hng—0 = 7”0 (13)

which, in Eq. (1) was assumed to be given by P,/ Psat.
Thus, the initial pair density in the excited semiconduc-
tor layer can be written as

_ A P
- VC P

no (14)

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

vc B P,
M?1n<1+ﬁpsat>. (15)

Thus, while at low incident powers Eq. (IH) 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 be-
tween the capture process and the radiative bimolecular
recombination causes the number of pairs in the quan-
tum dot to increase very slowly as a function of incident
power.

Eq. (15) can be used to fit our experimental data, with
VTE 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 compos-
ing it: B~ 10719 cm?.s7!, V ~ 107!® cm3. The capture
rate in multi-dot systems has been measured to be [39]
A ~ 10 s71, which would correspond to a capture rate

of C ~ 10% — 10 s~! per dot. Thus & ~ 1 — 10.
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