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Single-photon emission from pyramidal quantum dots: The impact of hole thermalization on
photon emission statistics
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We report an experimental study of the emission statistics of excitonic complexes from a single quantum dot
and their temperature dependence. The single photon emission from the exciton ground state is shown to
persist up to 80 K. The deterioration of single photon statistics is attributed to new biexciton emissions, which
emerge in the vicinity of the main single-exciton peak at rising temperatures. We identify these biexcitonic
states as being formed by either one hole or two holes occupying excited states and analyze their specific

polarization and power-dependent signature.

DOI: 10.1103/PhysRevB.72.195332

The rapidly evolving field of quantum information tech-
nology relies on nonclassical emission sources capable of
emitting single photons at predetermined times and with
well-established spectral and temporal characteristics. These
sources are required for the implementation of quantum
computation’? and quantum communication protocols.> An
atom considered as a two-level quantum system emits spon-
taneously antibunched photons when it is excited because the
emission of one photon resets the system in its ground state
and a subsequent emission cannot occur immediately after-
wards. A single semiconductor quantum dot (QD) is often
described as the solid-state analog of an atom since three-
dimensional confinement results in a discrete energy spec-
trum. Unlike an atom, however, a QD is incorporated in a
solid-state environment that introduces carrier-lattice interac-
tion. Hence, the atomic-like picture of the unperturbed
ground state, which can serve as a quantum emitter* at low
enough temperature (around 10 K), partially breaks down at
elevated temperatures when excited states are being occupied
and when electron-phonon interaction broadens the optical
transitions. The interaction with the solid-state environment
is thus expected to also have an impact on the statistics of
photons emitted by QD excitons, particularly at elevated
temperatures. An understanding of this impact is particularly
important for the realization of practical solid-state single
photon emitters operating at sufficiently high (e.g., T
>77 K) temperatures.

The temperature dependence of the features of single pho-
ton emission from semiconductor QDs has been left so far
largely unexplored; there are only few studies of high tem-
perature (>40 K) photon emission statistics from epitaxially
grown QDs.’ In this paper we report on an experimental
study of the temperature dependence of the photon anti-
bunching from single pyramidal InGaAs/AlGaAs QDs. Ex-
tending our previous work,® we demonstrate single photon
statistics of the exciton (X) emission from 10 K up to 80 K.
This is the highest temperature for which photon antibunch-
ing is reported for such a material system. By using single
photon correlation measurements combined with a quantita-
tive analysis of the emission spectra, we find that emission
from other transitions related to the QD ground state, such as
biexciton (2X) and positively charged exciton (X*) cannot
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cause a disappearance of photon antibunching. Instead, we
identify the presence of the transitions involving holes in
excited states as the origin of a broadband background that
gradually sets in as the temperature is raised. It serves as a
source of photons that leads to the observed degradation of
the photon antibunching from the X line.

The investigated QDs were grown by low-pressure
organo-metallic chemical vapor deposition (OMCVD) on 2°
off-(111)B GaAs substrates that were pre-patterned with an
array of inverted pyramids with a 5 um pitch. The sample
resulted from a growth sequence of 45-nm-thick
Aly75Gay,sAs  layer  (etch-stop  layer), 130 nm
A10'55G30.45AS, 70 nm Alo_3Ga0'7AS, the 0.5 nm Inoleao_gAS
quantum well (QW) layer, 70 nm Al 3Gaj;As, and 130 nm
Al 55Gag 45As. Thicknesses refer to the growth on a planar
(100) substrate; layers are nominally undoped. The growth
on a nonplanar substrate yields a lens-shaped InGaAs QD at
the bottom of the inverted pyramid.” In addition, a vertical
QWR is formed at the center of the pyramid due to Ga seg-
regation. After the growth, the GaAs substrate was removed
using selective wet chemical etching, resulting in an array of
up-right standing pyramids. The substrate removal step is
used to increase the photon extraction efficiency by a factor
of about 10°, which makes the pyramid suitable for low-
power optical measurements.’

The optical emission properties of the pyramidal QDs
were investigated by a Hanbury-Brown and Twiss (HBT)
setup for the photon correlation measurements combined
with a microphotoluminescence (uPL) setup for the PL stud-
ies as described in Ref. 8. The sample was mounted in a
He-flow cryostat and kept at a temperature of 10 K. The
sample was excited either by the beam of a continuous-wave
laser operating at 532 nm or of a pulsed Ti:sapphire laser
emitting at 740 nm; it was focused to ~1 um spot by a
microscope objective (NA=0.55). The emitted light was col-
lected by the same objective, then split by a 50/50 beam-
splitter into separate arms and directed toward two spectrom-
eters for spectral filtering before being detected by single
photon counting avalanche photodiodes (APDs). The outputs
of the APDs served as start and stop signals for a modulation
domain analyzer acting as a correlator. This unit allowed for
the measurement of the histogram displaying the raw number
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FIG. 1. Second-order correlation function g(z)(r) of X emission
line at different temperatures. Solid lines: fits of the measured cor-
relation curves including temporal response of the HBT. The fitted
decay times corresponding to temperatures increasing from
10 to 90 K are 1.2, 1.1, 1.3, 2, 3.5, and 4 ns.

of start-stop events c(7) as a function of the time delay 7
after renormalization, this yields the second-order correlation
function g?(7). The time resolution of HBT setup was 0.7 ns.
The uPL spectra were acquired with a CCD camera and the
spectral resolution was 100 ueV. For the time-resolved PL
measurements, we used a  microchannel-plate—
photomultiplier tube that yielded a time resolution better
than 50 ps.

Figure 1 shows the normalized second-order correlation
curves g?(7) obtained from the emission of a neutral X con-
fined in a single QD at different temperatures. The measure-
ments were performed at a low-power excitation intensity,
which for the temperatures 10—50 K corresponds to an av-
erage number of electron-hole pairs N, <1, as checked from
the power dependence of the spectra (not shown). All traces
exhibit clear dips at 7=0, indicating photon antibunching. A
zero value of g?(0) is a direct proof of the single photon
nature of the emitted light. The experimental values of
¢?(0) are limited by the finite time-resolution of HBT setup.
In order to account for the time resolution we fitted measured
count distributions with the correlation function ggz)(r)zl
—(1-A)exp(=|7/t,) that was convolved with a Gaussian
time distribution of 700 ps width. Parameter A corresponds
to the uncorrelated emission in the measurements and ¢, is
the characteristic decay time of the antibunching trace. The
resulting curves giz)(f) shown in Fig. 1 (solid lines) yield
zero-delay dips smaller than 0.5 for all temperatures below
80 K, demonstrating the predominant emission of single
photons.

The fitted functions gl(.z)(T) do not vanish at a zero delay
because of a background signal that is superimposed on each
X emission line. As the sample’s temperature is raised, this
contribution becomes larger as evidenced by our fits that
yield an increasing value of A from 0.11 at 10 K to 0.41 at
80 K. In order to elucidate the origin of this background
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FIG. 2. uPL spectra of the same pyramidal QD performed under
identical experimental conditions as the temporal correlation mea-
surements of Fig. 1. Gray curves—decomposition of the measured
spectra (black lines) into its components as marked on the figure.
Spectra are offset for clarity. Inset: Values of the experimental back-
ground “A” as measured from correlation curves on Fig. 1 (open
circles) and calculated from spectra (black squares).

signal, we display in Fig. 2 the corresponding uPL spectra
that were recorded under the same experimental conditions
(temperature and excitation power). At a sufficiently low ex-
citation power, the spectrum taken at a temperature of 10 K
consists of a narrow X line and of a weak background. In-
creasing the excitation power leads to the appearance of sev-
eral other lines (spectra not shown) due to the effect of state
filling. Similar occurrences arise in the spectra of Fig. 2 that
are recorded at higher temperatures and at a low excitation
power; several other lines in addition to X and a stronger
background contribute to the spectra. One of these lines was
identified as a 2X by its dependence with excitation power
and by photon correlation measurements, which showed a
pronounced bunching behavior with the X line.>!® The
weaker emission line appearing with a redshift of 0.6 meV
with respect to the X emission at 30=<7<50 K has, how-
ever, a pronounced antibunching signature with X; it is at-
tributed to the X* transition.!? In addition, a broadband back-
ground signal overlaps with all the lines and constitutes a
large fraction of the spectral emission at elevated tempera-
tures.

In order to evaluate the role of the background in the
correlated photon emission we performed a line shape analy-
sis to isolate its contribution to the spectra. We use Lorenzian
line shapes for all excitonic lines and a Gaussian profile for
the broadband background. We assume that the emission de-
teriorating photon antibunching of the X line arises from this
background and that it has Poissonian statistics. We evalu-
ated the signal to background ratio p=S/(S+B) for each
spectrum, where S stands for the signal (pure X emission)
and B for the background count rates, as described in Ref.
11, and calculated values of ggz)(0)=A for each spectrum
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FIG. 3. Semilogarithmic plot of photoluminescence time decay
of the X line at the temperatures of 10 and 80 K.

taken. We find that the values of A are close to the ones
measured from the experimental antibunching curves (see
the inset to Fig. 2). Furthermore, we emphasize that the con-
tribution of other emission lines to the signal at X wave-
length is negligible as evidenced by the weak overlap of the
Lorenzian lines. In the case of the X* emission which leaks
into the detection region (see 50 K spectrum) no effect on
the photon antibunching of the X transition is expected. In a
QD, excitons such as X and X" (or X~) cannot exist at the
same time; therefore, their emission will exhibit a strong
photon antibunching.®!>13 We verified that the cross-
correlation trace of these two lines was characterized by a
pronounced antibunching trace with g?(0)<0.5, thus ex-
cluding the possibility of X* emission mixing with that of X.
Therefore, we deduce that the broad spectral background is
the source of uncorrelated photons causing the temperature
dependence of the antibunching dip.

In addition to reducing the depth of the antibunching
curves, raising the temperature leads to a monotonous wid-
ening of the antibunching notches as it is seen from the cor-
relation traces in Figure 1. In the regime of low-pump inten-
sity, the measured decay time #,, corresponds directly to the
radiative lifetime, 7,4 of the X transition. At temperatures
T>50 K we observe the signature of the 2X emission in the
spectra, indicating that although the excitation power is kept
constant, the time-averaged number of e-h pairs confined in
the dot increases. For those conditions, the ¢, sets a lower
limit of T,,4.'> The values of t,, span a range from 1.2 ns at
10 K to 3.6 ns at 80 K pointing to an increase of the PL
radiative decay time.

In order to corroborate this interpretation we indepen-
dently measured the X decay time by pumping the same
single QD with a mode-locked Ti:sapphire laser. The result-
ing decays of the PL intensity at X are shown in Fig. 3 for
two different temperatures. The data are analyzed by solving
rate equations for a three-level system, where the QD ground
state is the intermediate level. It results in a biexponential
dependence of the intensity:  [Ip(¢) %exp(—t/ Tgecay)
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—exp(—t/ 7). Here 7, is the capture time of the carriers
into the QD and Ty, is the QD X lifetime. At 10 K, the
experimental data are well fitted by this model yielding a rise
time of 200 ps and a decay time of 1.3 ns, and are consistent
with the previously proposed picture of the e-h pairs that are
fed by VQWR into the QD and then recombining from the
ground state.” At 80 K, a decrease in the rise time is found
(7ise <60 ps); then the intensity remains constant, which in-
dicates state filling of the ground state. This is corroborated
by the appearance of the 2X line in the corresponding uPL
spectrum. A modification of the fit is necessary to account for
the plateau. Its width is determined by the increased diffu-
sion length of the carriers along the VQWR before they are
captured by the QD. Emiliani ef al.'* also showed a tenfold
increase of the carrier diffusion length for analogous
QWR-QD coupled structures and explained it by thermal
excitation of the carriers out of the local potential minima
formed by interface fluctuations. The decay time is fitted to
3.3 ns.

The increase in the QD luminescence decay time is quali-
tatively explained by a distribution of hot holes over several
excited states that are closely spaced in energy. Numerical
calculations taking into account the shape of the confinement
potential predict a compact spacing of the hole energy levels,
a minimum of three hole states confined in the dot and all
three of them residing within a 10 meV range. Due to the
significant phonon broadening at elevated temperatures that
is comparable to this interlevel separation, the transitions in-
volving excited hole levels are not anymore resolved and
merge into a featureless background. The spectral weight of
these transitions is significant at the X emission line as at-
tested by the spectral analysis presented in Fig. 2. Because
the radiative rates of these transitions are considerably
smaller than the radiative rate of the X emission, a corre-
sponding increase of the decay time of the X emission arises
when the temperature is progressively raised. Additionally,
the decay time is also directly affected by the occupation
probability of the hole in the ground state, which is progres-
sively reduced by an increase of temperature. Since the PL
decay time is inversely proportional to the occupation prob-
ability, the PL decay time is expected to rise with a tempera-
ture increase as a quasi-thermal equilibrium is approached in
the later stage of the carrier dynamics. Brasken et al.'> also
observed a similar dependence of the luminescence decay
time with temperature in InGaAs/GaAs stressor-formed
dots. They modeled, however, the increase in the decay time
solely by accounting for the later effect assuming that a ther-
mal population was established among the hole states. We
note that experiments performed on dots with a much larger
energy level separation resulted in a nearly temperature-
independent QD luminescence decay time (Ref. 16), which
is fully consistent with our explanation.

So far, the optical transitions associated with either an X,
X* or 2X were simply regarded as Lorenzian broadened
lines. All the experimental evidences can be consistently ex-
plained if the broadband spectral background is a source of
uncorrelated photons. It is well known that increased inter-
action of confined excitons with acoustical phonons leads to
the deviation of a zero-phonon line from its Lorenzian profile
with the appearance of acoustic phonons sidebands at el-
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FIG. 4. (a) uPL spectra of a QD taken in a cleaved edge geom-
etry. Black line—measured in polarization perpendicular to the
growth axis, gray line—parallel to it. Emissions from different ex-
citonic complexes are marked on the figure. 2X labels the biexciton
emission, XXn' and XX, are the biexcitonic emissions associated
with excited hole states. Inset: picture of the cleaved edge excitation
geometry. Intensity dependences with excitation power of the lines
lying energetically lower than X (b) and higher than X (c). The
straight lines indicate either a linear or a quadratic dependence on
these logarithmic plots of the PL intensity vs excitation power.

evated temperatures.!” However, phonon scattering with the
X does not alter the single photon emission statistics. For a
photon antibunching to occur only the fact that photons are
emitted one by one is relevant. Therefore, a nonzero value of
2?(0) should involve a radiative process either with a cas-
cade of several photons or with an emission of several pho-
tons at the same time.'8

In order to uncover the origin of the background as a
source of uncorrelated photons we performed pwPL measure-
ments of the same sample in a different geometry. Instead of
using the back-etched sample and of collecting the lumines-
cence from the apex of the pyramid, which only gives access
to the emission polarized in the plane perpendicular to the
pyramid’s (or growth) axis, we used a “cleaved” sample ge-
ometry as illustrated in the inset of Fig. 4. The sample was
cleaved in a plane containing the growth direction and illu-
minated from the cleaved edge in order to analyze the polar-
ization of the emission lines in the direction perpendicular
and the one parallel to the growth axis. In Fig. 4(a) we show
the uPL spectra for which the polarization is analyzed along
these two orthogonal directions. Detecting perpendicularly
polarized emission (at 10 K), we observe a sharp emission
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line (X) at 1.5474 eV and a multitude of weaker lines on its
low-energy side. For parallel-polarized emission, several
other peaks were observed in an energy range of
1.5 to 5.5 meV above the X emission energy. We tentatively
assign these transitions to the recombination of an electron in
the ground state (e;) and a hole in one of the excited states
(hy, hs, etc.).

In order to affirm this assignment, we model within the
single-particle approximation the energy eigenstates of ge-
neric pyramidal quantum dots having similar sizes and
shapes to our QD. We find that the calculated eigenenergies
of the hole states (%, h,, hs, etc.) are indeed consistent with
the energy spacing of the optical transitions that are about
5 meV above the X line. In addition, the model predicts that
these optical transitions are nominally forbidden and that
they become optically active because of the valence band
mixing and of the low mesoscopic symmetry in quantum
nanostructures.'® For the same reasons, optical transitions
that did not conserve the electron and hole subband indices
were observed in V-groove QWRs and were similarly char-
acterized by a strong polarization anisotropy.”’ Furthermore,
we calculated the oscillator strengths of the (e-h,) transi-
tions and thereby confirmed the strong polarization aniso-
tropy that is experimentally observed. Since the model and
the results of the calculation go beyond the scope of this
experimental study, we will defer their presentations to a
forthcoming article.?!

As the weak intensity of the transitions shown on Fig.
4(a) did not allow us to perform cross-correlation studies
between different lines, we had to resort to excitation power
dependence measurements in order to clarify their origin.
These results are presented on Figs. 4(b) and 4(c) for lines
energetically lower and higher than the X, respectively. As
depicted, the integrated PL intensity of these lines exhibits
either a linear increase (slopes in the range: 0.85 to 1.18) or
a superlinear increase (slopes in the range: 1.95 to 2.2) with
increasing excitation density. Taken together with the ob-
served relationship between the onset and the saturation, the
linear (quadratic) power dependence of the intensity reflects
the excitonic (biexcitonic) origin of these emission lines.

Based on these evidences and on the energetic positions
of the lines, which are consistent with the calculated hole-
state separation, we assign the peaks at 1.5519 and
1.5525 eV to excitonic transitions associated with the single-
particle states (e-h,; n# 1). Similarly, we ascribe two other
groups of peaks to biexcitonic transitions: one of them is on
the low-energy side of the exciton peak (X) and the other one
is on its high-energy side. These biexcitonic transitions are
depicted schematically in Figs. 5(b) and 5(c): they are
associated with an excited biexciton state formed by two
electrons in state ¢; and two holes in state 4 and 4, respec-
tively. When the biexciton state (with the configuration:
(ej-e1-h;-h,) decays by radiative recombination, it can fol-
low two radiative channels that are characterized by a dis-
tinct photon energy depending on whether a hole in /; or in
h, recombines with an electron in single-particle state e;.
The group of two peaks lying on the low-energy side of the
X, at 1.5448 and at 1.546 eV, corresponds to the radiative
recombination of an electron in state e; with a hole in state
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FIG. 5. Schematic representation of the cascade emission of
biexcitonic states associated with the configurations (e;-e;-h,-h,) in
(a) and (ey-e;-h;-h,) in (b) and (c). In the second configuration,
there are two radiative channels for each of the spin multiplets of
the biexcitonic state.

h, [see Fig. 5(b)]. The group of two peaks lying on the high-
energy side of X, at 1.5498 and at 1.5506 eV corresponds to
the radiative recombination of an electron in state e; with a
hole in state £, [see Fig. 5(c)]. Our assignment is based on an
analysis of the energy spacing between the two peaks, the
presentation of which is deferred to a subsequent section.

The peak at 1.5494 eV and its shoulders on the low-
energy side are tentatively assigned to biexcitonic transitions
associated with two electrons in state ¢; and two holes in
state h,, [see Fig. 5(a)]. This later assignment is essentially
justified by the biexciton binding energy of the main peak at
1.5494 eV, which is expected to have the same magnitude as
that of the regular biexciton at 1.5443 eV (2X). We applied
the standard definition of the biexciton binding energy as the
energy separating the peaks X and 2X. For this QD, it
amounts to 3.2 meV (B,y). Since the biexciton state formed
with two electrons and two holes respectively in the same
single-particle state is a singlet state, only one line is pre-
dicted for each of the configuration (e;-e;-h,-h,) and is in-
deed observed.

In this next section, we present the analysis of the energy
spacing of the biexcitonic peaks. We specifically discuss a
biexciton that corresponds to a configuration (e;-e,-h;-h,)
and we consider one of the spin-multiplet states of this biex-
citon. A relationship between the photon energies that are
emitted in the cascade recombination of this biexciton can be
derived as follows. The biexciton energy E(XX,,), is equal to
the sum of the single-particle energies [E(e;) and E(h;) for
electron and hole, respectively] and of the Coulomb interac-
tion energy E.°; its expression is E(XX,)=E(e;)+E(e;)
+E(h1)+E(hn)—ECS(XX,,), where the label S in ECS stands
for the total spin quantum number of the biexcitonic state.?
The energy of the second photon emitted in the cascade pro-
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cess of Fig. 5(c) is simply hwv,=hv(X)=E(e|)+E(h;)
—E(X), where E(X) is the Coulomb interaction energy be-
tween the electron in state ¢; and the hole in state #;. We
then simply find the energy of the first photon emitted in the
cascade process hv,=E(XX,)—hv,, which is rewritten as
hv,=E(e;)+E(h,)+E~X)-E~XX,). In the same way, we
derive the energy of the first photon emitted in the cascade
process of Fig. 5(b): hv,"=E(e;)+E(h))+EAX,)—EAXX,),
where E(X,) is the Coulomb interaction energy between an
electron in state e; and a hole in state /,. From these expres-
sions, we simply get the energy separation of the biexcitonic
lines as AE=hv,—hv,'=E(h,)-E(h))+E-X)-EX,)
=hv,"—hv,. The last term in the previous expression is ex-
actly equal to the spectral separation between the X peak and
one of the excitonic transitions labeled (e,-%,). With the ex-
pression of the energy separation at hand it becomes nearly
straightforward to associate the pair of spectral peaks that
results from the first stage of the radiative cascade of a given
biexcitonic state: e.g. the pair of peaks that are labeled (XX,,)
and (XX,") in the PL spectra of Fig. 4(a) corresponds to hv,
and hv,’, respectively.

The above picture remains unchanged though the Cou-
lomb interaction can couple different configurations together:
e.g., a spin-multiplet state of the configuration (e-e;-h-h,)
is mixed by the Coulomb interaction with the same spin-
multiplet states of other configurations (e;-e;-h;-h,). Al-
though we did not evaluate numerically the amount of con-
figuration mixing, we could expect it to be important when
the typical energy scale of the Coulomb interaction becomes
comparable to the energy separation of hole single-particle
states. This situation might arise in the present dot, which has
closely spaced hole states; thus, one cannot ascribe a given
biexcitonic peak to a unique configuration.

Let us now consider the implications of the spin-
multiplicity of a biexciton made of a configuration
(ej-€1-h;-h,). For the C3, symmetry of pyramidal quantum
dots, the hole states &, are doubly degenerated like 4 is. The
electronic configuration (e;-¢,-h;-h,,) is thus associated with
a spin quadruplet state because the holes occupy different
single-particle states.”> The Coulomb interaction lifts the de-
generacy of the two-pair state into a spin singlet (with total
spin quantum number of 0) and a spin triplet (with total spin
quantum number of 1). As a result of the energy splitting of
the two-pairs eigenstate, we expect to observe two spectral
lines for each spin multiplet of the biexciton in the configu-
ration (e,-e;-h,-h,). We note that the weaker peaks on the
low energy side of each of the main peaks labeled XX, are
probably good candidates for the biexcitonic lines originat-
ing from the spin-triplet biexciton state. A firmer assignment
of these peaks must await, however, a quantitative estimation
of the exchange energy for this particular QD.

The observed multiplets of biexcitonic transitions are at
the origin of the appearance of the background and of the
deterioration of the antibunching at elevated temperatures.
Pyramidal QDs that we studied have only one confined elec-
tronic level, which is twofold degenerate. The configuration
(e-e-h,-h,) gives rise to two distinct optical transitions, la-
beled 2X and X in Fig. 4(a), as the result of the radiative
recombination of the biexciton state in a cascade process.” At
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FIG. 6. uPL spectra of a QD measured in cleaved edge geom-
etry at the temperatures of 10 (a) and 50 K (b).

rising temperatures, a non-negligible holes population is
present on higher-lying energy states due to the interplay
between thermionic excitation and absorption. In Fig. 6 we
present uPL measurements taken at different temperatures
for another QD of the same sample. As previously shown in
Fig. 5(a), several lines are clearly visible at 10 K though the
lines are somewhat broader and the spacing between the ex-
citonic transitions (e,-h,) and the X peak is reduced to about
3 meV. As the temperature is raised, the biexcitonic transi-
tions both on the high- and low-energy side of the X peak
increase their contribution in comparison to the X line and, at
50 K, they merge into broad and featureless peaks due to
phonon broadening effects, see spectrum in Fig. 6(b). Most
importantly, these peaks start to spectrally overlap with the X
peak at rising temperatures. This creates a situation propi-
tious to bunching of the 2X-X type in the emission statistics
because the decay of an excited biexcitonic state can involve
in the last stage of the cascade the emission of a photon at
the energy of the X peak. Even a small portion of such events
will lead to a strong bunching signature'>?* and then to the
partial disappearance of the antibunching dip when these se-
quential recombination events are accounted for.
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Single photon characteristics in the study of photon emis-
sion statistics persisted up to a temperature of 80 K (see Fig.
2) while on Fig. 6(b) broadband peaks are already dominat-
ing the spectrum at 50 K. We simply attribute this difference
to a slight difference in the size of the dot that was used for
the antibunching study. This is inferred from the spectral
position of the weaker excitonic peaks (e,-h,) in Fig. 2,
which are about 5 meV higher in energy than the X peak as
compared to the 3 meV separation observed in Fig. 6.

Another mechanism that could contribute involves a si-
multaneous photon emission. Because of the strong interac-
tion of the confined excitons with phonons the picture of the
2X-X cascade as a sequence of recombination events of a
two-level system must be revised. Instead, a correlated emis-
sion from a three-level system mediated by the phonon in-
teractions has to be considered. This process will undoubt-
edly produce concurrent emissions and be evidenced by
bunching statistics with a maximum bunching value of 2,'8
therefore leading to a deterioration of the antibunching sig-
nature in the emission statistics of X.

In summary, we have shown that single photon emission
from single pyramidal QDs persisted up to a temperature of
80 K, pertaining to their use as single photon emitters. By
combining the technique of photon correlation with uPL
spectroscopy we identified the spectral signatures of several
excitonic and novel multiexcitonic complexes including the
charged exciton line X*. We further evaluated the influence
of the multiexcitonic complexes on the statistics of the
photons emitted by the QD at elevated temperatures. We
found that biexcitons associated with the configuration
(ey-e-h,-h,) were the main source of photons that were tem-
porally and spectrally correlated with the emission of the
exciton in its ground state (X). Given the importance of de-
veloping functional single photon source, a thorough under-
standing of the carrier interactions with the solid-state envi-
ronment is needed in order to fully assess the potential of
quantum dots for single photon emission at liquid nitrogen
temperature and above it.
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