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We demonstrate single-photon emission in strongly confined piezoelectric (211)B InAs/GaAs quantum
dots at an elevated temperature of 230 K, exploiting the enhanced exciton-biexciton splittings in the sys-
tem. This is a high temperature allowing for noncryogenic operation of a single-photon emitter based on
IlI-arsenide quantum dots. A determining factor toward this result is the incorporation of the quantum
dot layer in between GaAs/AlAs short-period superlattices, improving drastically the carrier confinement
and temperature stability of the dot emission, allowing the observation of distinct exciton and biexciton
emission peaks up to 260 K and single-photon emission at a high temperature.
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I. INTRODUCTION

Semiconductor quantum dots (QDs) are considered
ideal sources of single and entangled photons, as they
can emit efficiently and on demand a single photon [1—
3] or a single pair of polarization-entangled photons [4]
per excitation cycle. Focusing, in particular, on the for-
mer devices, ultrabright single-photon emitters with high
repetition rates and spectral purity have been demon-
strated using epitaxial InAs QDs, exploiting the superior
light-guiding properties and collection efficiencies of dot-
in-wire [5], micropillar [6], and other photonic structures
such as circular Bragg gratings [7,8], photonic crystal
waveguides [9], and microlenses [10,11]. Importantly, the
InAs QDs are able to provide single photons with a high
degree of indistinguishability [6,8,10,12], a prerequisite
for many quantum processing schemes. Moreover, these
sources can be readily integrated into real-world devices,
addressing one or more technological issues, such as deter-
ministic positioning of QDs in the photonic structure [6-S8,
10], direct coupling with fiber optics[13,14], and imple-
mentation of electrical injection schemes [15—17], taking
advantage of the highly developed III-V semiconductor
microfabrication technology. For practical reasons, the
“on-demand” single-photon emitters should be able to emit
single photons even at high temperatures. With increas-
ing temperature, however, the InAs-based single-photon
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emitters rapidly lose their brightness and single-photon
purity, requiring, in general, cryogenic temperatures to
operate, and thus, the inconvenience of bulky and expen-
sive cryocoolers. High temperatures reported so far for
single-photon emission from InAs-based QDs are 120 K
under optical excitation [18] and 77 K under electri-
cal injection [19]. The main reasons for the temperature
limitation are first, the minute exciton-biexciton (X-XX)
splittings in the system, typically of a few meV [20-22],
which, at elevated temperatures, undermine the single-
photon purity of the exciton (X) emission by the adjacent
thermally broadened biexciton (XX) line. Second, the rel-
atively small energy difference between the energy gap
of the wetting layer (WL) and the QD exciton energy,
AE = EwrL — Egp = 100 meV, which allows for efficient
thermionic emission of the QD carriers into the WL, lead-
ing to strong suppression of the emission intensity at
elevated temperatures.

By comparison, single-photon emission at room tem-
perature has been achieved in other epitaxial QD systems,
such as GaN/(Al, Ga)N dots in wire [23], GaN/AIN QDs
[24], CdSe/ZnSe dots in wire [25], and CdSe/ZnSSe/MgS
QDs [26]. A common characteristic of these systems
is the large X-XX splittings (2025 meV for CdSe and
3040 meV for GaN QDs), which are comparable to the
respective exciton homogeneous linewidths at ambient
temperature, enabling the QD excitons to emit single pho-
tons with sufficient purity at high temperatures. Another
feature of these systems is the generally large band
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offsets and AFE values, which are able to suppress the
carrier thermionic emission from the QDs, allowing for
efficient single-photon emission at elevated temperatures.
Several other nonepitaxial systems have already been pro-
posed in the literature as single-photon emitters at room
temperature, each carrying, however, one or more disad-
vantages, such as single molecules of terrylene [27], suf-
fering from photobleaching phenomena; nitrogen-vacancy
color centers in artificial diamond [28,29], exhibiting long
radiative lifetimes and broad emission spectra; color cen-
ters in two-dimensional hexagonal boron nitride [30], lack-
ing control of the type and density of optically active
defects; and finally colloidal CdSe QDs [31] presenting
significant photoblinking, spectral diffusion effects, and
long spontaneous-emission lifetimes [32,33].

Here, we revisit the technologically relevant case of
InAs QDs and demonstrate that, by appropriate band-
gap engineering of the QD surroundings, it is possible
to obtain efficient single-photon emission up to an ele-
vated temperature of 230 K. It should be noted that this is
essentially a noncryogenic temperature, in the sense that
it can be provided by a relatively inexpensive thermo-
electric cooler [34]. Toward this end, specially designed
piezoelectric (PZ) InAs QD samples are grown by molec-
ular beam epitaxy (MBE) using the Stranski-Krastanov
(S-K) growth mode on (211)B GaAs substrates [35]. In
this orientation, the InAs-based QDs carry a strong PZ
field along the growth axis, resulting in a number of
interesting properties. First, these dots exhibit enhanced X-
XX splitting values, in the range of 4-13 meV [36—40],
which are favorable for high-temperature single-photon
emission at the QD exciton level, considering that the X
and XX lines can remain spectrally resolved at elevated
temperatures. Second, the PZ QD excitons are charac-
terized by reduced fine-structure splitting values [36,41],
which are a prerequisite for the generation of high-fidelity
entangled photons [42]. Indeed, entangled photon emis-
sion has been predicted and observed in (111)B-oriented
InAs-based nanostructures [43,44] and dots in wires [45—
47]. Another interesting aspect of the (211)B PZ QDs is
their increased sensitivity to external electric fields due to
the quadratic nature of the quantum-confined Stark effect,
giving rise to enhanced Stark tunings of their X lines,
suggesting the feasibility of widely tunable single-photon
sources [37].

Compared to prior work, here, we resort to band-gap
engineering of the surroundings of the (211)B QDs, to
enhance their temperature stability and extend their single-
photon emission characteristics as near to room tempera-
ture as possible. In a previous study on the recombination
dynamics of (211)B InAs/GaAs QDs, it was shown that
the main activation mechanism for nonradiative recombi-
nation at high temperatures was associated with electron-
hole pairs escaping from the QDs to the WL [39]. This
is testified by the activation energy, as determined by the

Arrhenius plot of the photoluminescence (PL) intensity,
which is found to be approximately equal to AE. The
fact that the activation energy corresponds to the escape
of electron-hole pairs as a whole, rather than separate
electrons or holes, strongly suggests that the thermionic
escape rates of electrons and holes from the QD to the
WL are comparable. The above clearly indicate that, to
increase the operating temperature of (211)B InAs QDs
as single-photon emitters, we need to increase this acti-
vation energy. This can be achieved either by “pushing”
the WL energy to higher energies, making use of appropri-
ate (Al, Ga)As barriers around the QD layer, or by shifting
the QD energy to lower values, increasing, for instance,
the QD size up to the point of introducing dislocations
and adapting to the (211)B orientation growth method-
ologies, such as the strain-relaxing layer or metamorphic
buffer, which allow the emission of (100) InAs/GaAs QDs
at telecom wavelengths [48,49]. In this study, we adopt
the former approach, increasing the activation energy of
the carriers in the QDs by encapsulating the QD layers
between “digital” (Al Ga)As alloys, issued from binary
GaAs/AlAs short-period superlattices (SSLs), with differ-
ent combinations of AlAs and GaAs thicknesses. In such
a strongly confined piezoelectric QD system, we demon-
strate single-dot emission up to 260 K, with the X and
XX lines remaining resolved at all temperatures, which is
not reported up to now for InAs-based QDs. As a conse-
quence of the enhanced temperature stability in these dots,
we report clear antibunching behavior at temperatures up
to 230 K from single PZ QDs embedded in a microcavity.

II. SAMPLES AND EXPERIMENTAL
TECHNIQUES

The strongly confined PZ InAs QD samples of this work
are schematically presented in Fig. 1(a). They are grown
by MBE on a (2-11)B GaAs semi-insulating substrate
and contain a single QD layer embedded between digital
(Al, Ga)As alloys, consisting of two “mirror” GaAs/AlAs
SSLs, to increase carrier confinement inside the dots and
the WL. The relative x and y thicknesses of the binary
layers in the SSL period define the “effective” Al compo-
sition of the digital (Al, Ga)As alloy, as (Al) =y/(x 4+ ).
The reason behind the use of GaAs/AlAs SSLs instead of
real alloys is the moderate crystal quality of (Al, Ga)As
layers obtained in the (211)B orientation due to growth-
related difficulties related to the modified kinetics of Ga
and Al adatoms on the stepped (211)B surface. Further-
more, the choice of digital alloys allows us to nucleate
the InAs QDs always on a GaAs surface independently
of the SSL’s effective Al composition, ensuring repro-
ducible QD size and density characteristics. The QD layer
is grown in the S-K mode directly on the bottom SSL,
by deposition of about two monolayers (MLs) of InAs at
480 °C, using either of two different growth rates of 0.1
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and 0.9 ML/s. Under these conditions, the QDs take the
form of truncated pyramids with typical heights between
2 and 3 nm, an aspect ratio of about 10, and a density
ranging between 7 x 10° and 2 x 10'® cm~2, depending
on the growth rate. The above numbers are deduced by
atomic-force-microscopy measurements on reference sam-
ples, where identically grown QD layers are left uncapped.
Much lower QD densities of about 7 x 10® cm™ can be
achieved by carefully adjusting the amount of deposited
InAs, just above the critical thickness for S-K growth
in the (211)B orientation [35]. In most of the SSLs, the
growth of the AlAs and GaAs layers occurs at the opti-
mal growth temperature of 635 °C, with the exception of
the first 10 SSL periods following the QD layer, where
the growth temperature is ramped from 480 °C to 635 °C.
In the studied samples, x varies between 8.6 and 23 A,
while y is kept constant at 16 A, leading to an (Al) varia-
tion between 41% and 65%. To enhance the single-dot PL
intensity by more than a decade, in addition to the above,
a microcavity sample is grown, containing a strongly con-
fined QD layer in the middle of a A cavity, a schematic of
which is given in Fig. S3 within the Supplemental Mate-
rial [50]. Specifically, the A cavity consists of a 46-period
AlAs(16 A)/GaAs(12 A) SSL, on which the QD layer is
grown, followed by a 46-period GaAs(12 A)/AlAs(16 A)
mirror SSL. The microcavity is completed by bottom and
top distributed Bragg reflectors (DBRs). The bottom DBR
is a 14-period GaAs/AlAs A/4 stack, providing a highly
reflective stop band centered around 950 nm with a reflec-
tivity higher than 99%, whereas the top DBR consists of
a 4-period AlAs/GaAs M\/4 stack. The QD layer is at the
antinode of the standing electromagnetic field and is grown
under the conditions described above with a growth rate of
0.1 ML/s.

For the temperature-dependent macro-PL experiments,
the sample is fixed on the cold finger of a variable-
temperature closed-cycle helium cryostat and a He-Cd
continuous-wave (cw) laser at 325 nm is employed for
excitation. The PL signal is analyzed using a 0.5-m spec-
trograph with a 150-g/mm grating and is recorded by a
liquid-nitrogen-cooled charge-coupled device (CCD) cam-
era. To isolate the emission of single QDs, the samples
are patterned by e-beam lithography into circular mesas
with diameters ranging from 0.3 to 3 um, following a
layout presented elsewhere [40]. For the implementa-
tion of micro-PL (p-PL), time-resolved PL (TRPL), and
photon-correlation experiments, the patterned sample is
held inside a low-vibration liquid-nitrogen-cooled cryo-
stat, with temperatures ranging from 77 to 300 K, using
a tunable Ti:sapphire laser, tuned at 750 nm, either in cw
or pulsed mode of operation, with 80-MHz repetition rate
and 120-fs pulse width, for excitation. The shape and size
of the laser beam is adjusted by a spatial filter before enter-
ing the p-PL setup, where it is focused on the sample by a
40x objective with numerical aperture of 0.60, giving a

spatial lateral resolution of about 1.5 pm. The p-PL sig-
nal is then collected by the same objective, analyzed by a
0.75-m spectrograph with a 1200-g/mm grating blazed at
750 nm, and recorded by a high-quantum-efficiency liquid-
nitrogen-cooled back-thinned CCD. To record the photon
statistics, the QD signal is directed through the side exit of
the same spectrograph. The spectral window of observa-
tion is adjusted by the slit opening and can be as narrow
as 50 peV. The spectrally filtered QD signal is then split
by a 50/50 nonpolarizing beam splitter in the two arms
of a Hanbury Brown and Twiss (HBT) [54] setup and is
collected by two fast silicon fiber-coupled single-photon
avalanche photodiodes (SPADs) with 340-ps time resolu-
tion. Two mechanical irises are placed in the path before
the SPADs to avoid cross-talking phenomena [55]. The
photon incidences in the two detectors are time correlated
using a single-photon-counting acquisition card by Becker
& Hickl (SPC-130), with a channel width down to 820 fs.
For the TRPL experiments of single QDs, the same acqui-
sition card is used, utilizing the signal of one arm of the
HBT setup and trigger from a fast photodiode integrated in
the pulsed laser.

II1. RESULTS AND DISCUSSION

The presence of the SSL barriers around the dots
enhances AE, by affecting the WL ground state much more
efficiently than the QD exciton level, due to the smaller
WL thickness. This can be observed experimentally in the
PL spectra of Fig. 1(b), where, by increasing (Al) from 0%
to 57%, the center of weight of the QD emission bands
indicated by red arrows is blueshifted by merely about
60 meV, whereas the corresponding blueshift of the WL
transition shown by blue arrows is nearly 200 meV. These
blueshifts can be readily accounted for, considering that
an SSL with (Al) =57% exhibits about 0.7-eV band-gap
difference at the I point with respect to GaAs. The indi-
cated position of the WL transition in the reference sample
at 1.415 eV is based on previous studies on similar (211)B
InAs/GaAs QDs [35,39]. For the sample with (Al) =41%,
the WL peak can be distinguished as a shoulder next to the
sharp GaAs substrate peaks. Notably, the intensity of the
WL emission increases drastically with rising (Al). This
increase cannot be ascribed to a variation in the QD den-
sity, as it does not vary significantly in these samples, but
is rather attributed to enhanced carrier localization due to
increasing disorder in the SSL-embedded WL, a hypothe-
sis supported by the increased WL linewidths in the higher
(Al)-composition samples.

Theoretical estimates of the QD and WL transitions
as a function of (Al) reproduce the experimental results
reasonably well, as depicted in Fig. 1(d). The estimates,
shown as solid lines, are based on the solution of a
one-dimensional (1D) Schrodinger equation in the
envelope-function approximation, using the NEXTNANO®
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(a) Schematic of the strongly confined piezoelectric InAs/GaAs QD samples, where the QD layer is embedded between

GaAs/AlAs SSLs. x and y thicknesses in the SSL adjust the effective Al concentration of the digital (Al, Ga)As alloy. (b) Macro-PL
spectra at 7= 20 K of QDs embedded in GaAs(x A)/AlAs(y A) SSLs with different relative thicknesses of GaAs and AlAs layers, in
comparison with a reference sample where the QDs are embedded in GaAs. Arrows and shaded areas mark the evolution of the QD
and WL transitions with increasing Al concentration. (c) Schematic representation of a QD and corresponding WL. (d) Calculated QD
and WL transition energies (solid lines) as a function of Al concentration and comparison with experimental data points. Dashed lines
mark the simulated QD and WL transition energies for the reference sample.

nanostructure simulator [56]. Strain and PZ effects in the
(211)B orientation are explicitly taken into account and
standard III-V material parameters are used [57]. The 1D
simplification is justified in our case by the large aspect
ratio of the QDs, implying that quantum confinement
along the growth direction is much stronger compared to
the lateral direction. To take into account the intermix-
ing effects of gallium and indium atoms, as revealed by
high-resolution transmission-electron-microscopy experi-
ments on very similar (211)B InAs/GaAs QDs [37,58],
the WL and QD are considered to be In,Ga;_,As quantum
wells of different thickness. In fact, the alloy composition
and the WL and QD thicknesses are the main adjustable
parameters of the simulation. Both the WL and QDs are
sandwiched between two mirror GaAs/AlAs SSLs, in
which the AlAs thickness is 16 A and the GaAs thickness
varies between 8 and 28 A, translating to an (Al) range
between 37% and 67%. The solid lines in Fig. 1(d) repre-
sent the simulated QD and WL transitions, corresponding
to a particular selection of adjustable parameters, namely,
an alloy of IngsGagpsAs, a 0.8-nm-thick WL, and a 3-
nm-thick QD. With this set of parameters, the simulation
reproduces rather well the data points of both transitions

at high (Al), as well as the WL position in the reference
sample (blue dashed line). On the other hand, the simula-
tion falls a bit short on the QD position of the reference
sample, which is simulated at 1.27 eV (red dashed line),
instead of the value of 1.3 eV determined in Fig. 1(b). This
discrepancy can be easily accounted for by a small change
in the QD thickness of the reference sample. At any rate,
the intention here was not to provide a precise fitting of
the experimental results, but rather to reproduce their gen-
eral tendency, which is that, with increasing (Al), the WL
transition blueshifts much “faster” than the QD transition,
as expected based on the smaller thickness of the WL [cf.
Fig. 1(c)] and in good agreement with the experimental
results.

The beneficial role of the SSL in maintaining the QD PL
intensity at elevated temperatures is illustrated in Fig. 2(a),
where we compare the Arrhenius plots of two QD sam-
ples, one with the SSL of (Al) = 65% and a reference one
without the SSL. Each data point in the Arrhenius plots,
corresponds to the QD PL intensity integrated over a spec-
tral window of =4 nm, around a wavelength of reference at
a given temperature, A¢(7). To take into account the varia-
tion of the exciton wavelength with temperature, A.f(20 K)
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(a) Arrhenius plots of normalized PL intensities for two different QD samples, with and without SSL. Solid lines are best fits

of the Arrhenius equation described in the text to the corresponding data points. (b) Macro-PL spectra of the QD samples, with (upper
panel) and without SSL (lower panel), at two different temperatures, highlighting the beneficial role of the SSL in maintaining the PL
intensity at high temperatures. Energy difference between the QD and WL peaks is also denoted in each case.

is set at the peak of the QD emission at 7= 20 K, while, for
higher temperatures, A..¢(7) varies according to Varshni’s
law [59]. As shown in Fig. S1(a) within the Supplemental
Material [50], the Varshni equation describing the actual
temperature evolution of excitons in (211)B InAs/GaAs
QDs is practically identical to that of bulk GaAs. This
is partly due to the intermixing effects mentioned above,
based on which the dots are in actuality three-dimensional
inclusions of gallium-rich (In, Ga)As alloys [58]. Another
possible reason for the dots to assimilate the character
of GaAs is that a significant part of the electron wave
functions extend inside the GaAs barriers, to a percentage
ranging between 30% and 60%, depending on the details of
the surrounding barriers, with the highest percentage corre-
sponding to plain GaAs barriers without SSLs. By inspec-
tion of Fig. 2(a), it is clear that the PL intensity of the ref-
erence sample drops by one decade at about 120 K, while,
for the sample with SSL, this occurs at the much higher
temperature of about 230 K, underscoring the advantage of
strong confinement for higher operating temperatures. The
solid lines passing through the data points are best fits to
the equation I = Io[1 + aexp(—E./kT) + bexp(—E,/kT)]~".
The two exponentials correspond to different activation
processes, effective in the low- and high-temperature
regimes. At low temperatures, the small decrease in PL
intensity observed in both samples can be accounted for
by a small activation energy, £~ (35+5) meV, along
with a weak probability coefficient, b, in the order of
100. The origin of this weak activation process is most
likely exciton thermalization to the p shell of the QDs,
the energy separation of which from the X line is in the
order of 30 meV, as suggested by PL excitation spec-
troscopy. A much more efficient activation mechanism is

necessary to describe the drastic drops in intensity at higher
temperatures for both samples. The respective fittings to
the Arrhenius equation give a much larger probability
coefficient, a, in the order of 107, and an activation energy,
E,, of about (125 £ 15) meV for the sample without the
SSL and of about (265 430) meV for the sample with
the SSL. As discussed earlier [39], these activation ener-
gies correspond very well to the respective AE values of
about (110 £ 10) and (240 £ 20) meV, as indicated in the
PL spectra of Fig. 2(b).

The PL enhancement at high temperatures induced
by the SSLs allows us to observe single-dot emission
almost at room temperature (270 K), even in sam-
ples without any microcavity-induced amplification. In
Fig. 3, we show temperature-dependent p-PL spectra from
a single (211)B InAs/GaAs QD, sandwiched between
GaAs(12 A)/AlAs(16 A) SSLs, with (Al)=57%. The
sample is processed by e-beam lithography into mesas with
diameters as low as 350 nm, such as the one shown in
the inset of Fig. 3. At T="78 K, the p-PL spectrum con-
sists of two sharp lines, assigned to X and XX emissions
from the same dot, based on the linear and quadratic power
dependence of their intensities, respectively. In this par-
ticular dot, the XX line is blueshifted by 5.4 meV with
respect to X, denoting an antibound biexciton state, some-
thing typical in PZ QDs [23,24,35-40]. By analyzing the
temperature-dependent p-PL spectra of Fig. 3, a num-
ber of useful conclusions can be reached. First of all, as
illustrated in Fig. S1(a) within the Supplemental Material
[50] and previously mentioned, the QD excitons redshift
with temperature following the Varshni relationship for
bulk GaAs rather than InAs. Second, the fact that the p-
PL signal of single QDs persists well with temperature is
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FIG. 3. Temperature-dependent p-PL spectra of a single

(211)B InAs/GaAs QD, which is strongly confined between
GaAs/AlAs SSLs with (Al) = 57%. Single-dot spectra are inter-
spaced vertically for clarity and consist of an exciton (X) and a
biexciton (XX) line that remain easily resolved up to 260 K, in
spite of line broadening.

a consequence of enhanced AE values. Specifically, the
low-temperature X position of the dot in Fig. 3 is about
1.44 eV, while the WL transition energy in the same sam-
ple is about 1.61 eV [cf. top PL spectrum in Fig. 1(b)],
suggesting AE~ (170 %+ 15) meV for this particular dot.
This AE value corresponds well to the activation energy
of E,~ (180 £20) meV, as determined for this dot from
the Arrhenius plot of Fig. S1(b) within the Supplemental
Material [50]. Third, the thermal broadening of excitons in
(211)B InAs/GaAs QDs at high temperatures is very simi-
lar to that observed in their (100) counterparts [52,60], sug-
gesting that the high internal fields in the PZ QDs do not
generate any additional broadening compared to non-PZ
QDs. This is illustrated in Fig. S2 within the Supplemental
Material [50], where the linewidth curves of the (211)B and
(100) QD systems merge at 7> 250 K, to full width at half
maximum values of 6—7 meV. In the context of this work,
the most interesting feature of Fig. 3 is clearly that the X
and XX emission lines remain resolved up to 260 K. This is
a prerequisite for single-photon emission with high single-
photon purity at such elevated temperatures and comes as
a consequence of the relatively high XX-X splittings in
our system and the enhanced temperature stability of the
SSL-embedded QDs.

The temperature-dependent antibunching experiments
are performed on the microcavity sample, to take advan-
tage of the approximately 1 order of magnitude enhance-
ment of the p-PL intensity due to the microcavity effect.
In Fig. 4, we present p-PL spectra at various tempera-
tures from the dot that shows single-photon emission up
to 230 K. For the full set of pu-PL spectra with tem-
perature on the same dot, please refer to Fig. S4 within

500 : . . :
78K x+ X
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FIG. 4. Temperature-dependent p-PL spectra under pulsed
excitation from the single (211)B InAs/GaAs QD in a microcav-
ity used in the antibunching experiments. Shaded areas indicate
the spectral window used in the antibunching experiments at each
temperature.

the Supplemental Material [50]. The excitation conditions
in these spectra are identical to those used in the anti-
bunching experiments described below. The p-PL spec-
trum at 78 K contains four main peaks, marked according
to their detailed assignment, as reported elsewhere [40].
With increasing temperature, the charged exciton lines (X™
and X7) rapidly lose intensity and at about 120 K the
spectra are already mainly dominated by the X and XX
emission peaks. The excitation power on the sample is
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Coincidence-count histograms normalized to unity obtained from 78 to 230 K using an HBT autocorrelation setup under

pulsed excitation, representing the normalized second-order intensity correlation function, g (z), from photons emitted at the

excitonic transition of a QD.

kept constant at about 0.3 pW for all temperatures. By
inspection of Fig. S5(a) within the Supplemental Mate-
rial [50], this power is selected to be about a factor of
3 lower than the exciton saturation level, as a means
to obtain a sufficient signal-to-noise ratio, while at the
same time minimizing biexcitonic emission and ensuring
high single-photon purity at the exciton level. The shaded
areas in Fig. 4 indicate in each case the spectral window
used in the antibunching experiment of the same temper-
ature. It should be noted that, even if some Xt photons
coexist in the spectral window of the X emission up to
some temperature, the overall single-photon characteris-
tics should not be affected, considering that the X and X*
lines are found to be strongly antibunched, based on cross-
correlation spectroscopy [40]. In the microcavity sample,
we expect enhanced temperature stability of the dots, since
the QD layer is embedded between GaAs/AlAs SSLs with
(Al) = 57%. This is confirmed by the enhanced activation
energy of £, = (240 4 20) meV, as determined by the cor-
responding Arrhenius plot shown in Fig. S5(b) within the
Supplemental Material [50].

In Fig. 5, we present the normalized second-order auto-
correlation function, g‘®(t), corresponding to the X line
(shaded areas) of Fig. 4, obtained at various temperatures
under pulsed excitation. The average photon-counting rate
on each SPAD during accumulation of the coincidence
histograms at 77, 120, 150, 170, 210, and 230 K was
40000, 25000, 16 000, 6000, 2000, and 1000 counts/s,

respectively, while the respective integration times were
30, 40, 60, 120, 340, and 340 min. The dark count rate
on each SPAD was about 120 counts/s. The g¥(t) func-
tion represents the probability of detecting a coincidence
photon at time 7, following the detection of a “start” pho-
ton at time zero. As expected for a single-photon emitter,
the normalized g®(7) curves exhibit a series of intense
coincidence peaks at repeat laser pulses with t 0 and a
“weak” or null coincidence peak around 7 = 0. The g‘®(0)
values marked next to each curve are obtained by fitting
the data with double exponentials, without applying any
background correction, and correspond to the area under
the 7 = 0 peak divided by that of the adjacent peaks. For all
temperatures, the g (0) values remain well below 0.5, sat-
isfying the criterion for single-photon emission. At 78 K,
in particular, g®(0) cannot be determined by fitting, due
to the lack of significant coincidence counts around T =0.
Instead, we give an upper-bound estimate of g (0) < 0.02.
Such a small g (0) value at liquid-nitrogen temperature is
not typical for a QD system. For comparison, we cite sev-
eral values of g?(0) at 78 K in other systems: in optically
pumped (In, Ga)As/GaAs QDs, g¥(0) is between 0.177
and 0.26 [18]; in electrically pumped InAs/GaAs QDs, it
is 0.35 [19]; in GaAs QDs grown by droplet epitaxy, it
is 0.27 [61]; and finally in GaN/AIN QDs, it is between
0.26 and 0.35 [23]. Observing g?(0)<0.02 at 78 K in
our case demonstrates the high single-photon purity of
the (211)B PZ QD system, as a consequence of the large
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X-XX splittings and the relatively high signal-to-
background ratio at this temperature. In our system, the
background photons arise mainly from emission in the WL
and, to a lesser degree, in the SSL barriers of the struc-
ture. At higher temperatures, however, g®(0) increases
progressively, reaching a value of 0.36 at 230 K. This is
due to the relative increase of the background level with
respect to the QD signal, as confirmed in the high-7 spec-
tra of Fig. 4. Another characteristic of the g®(t) curves is
that the coincidence peaks become narrower with increas-
ing temperature. This can be explained by the fact that the
temporal profile of the coincidence peaks follows the X-
decay time at a given temperature. It is worth noting that
the X-decay times determined by temporal fitting of the
antibunching curves are very consistent with those directly
measured by us in TRPL experiments on the very same dot,
as presented in Fig. S4 within the Supplemental Material
[50]. To illustrate this point, in Fig. S6 within the Supple-
mental Material [50], we show the TRPL and antibunching
curves of the same dot at 78 K, the fittings of which lead
to practically the same X lifetimes.

IV. CONCLUSIONS

We have demonstrated, using a strongly confined (211)B
piezoelectric InAs quantum dot, single-photon emission
up to 230 K with excellent single-photon purity at liquid-
nitrogen temperature. The strong confinement, provided in
our case by short-period GaAs/AlAs superlattices, drasti-
cally improves the temperature stability of the dot emission
by suppressing carrier escape into the wetting layer. The
other key ingredient of this study is the piezoelectric ori-
entation, which enables the large X-XX splittings in the
system, and thus, the observation of spectrally resolved
X and XX peaks, originating from a single quantum dot,
up to 260 K. It is important to note that the above quan-
tum dot system is capable, with minor modifications, of
single-photon emission at temperatures higher than 230 K.
The main parameters controlling the operating temperature
are the average Al composition in the barriers, the X-XX
splitting in the dot, and the position of the cavity mode. If,
for example, the cavity mode in the sample of Figs. 4 and
5 were shifted to longer wavelengths by merely 50 nm,
room-temperature operation would already be achievable.
As a final remark, we would like to comment on the main
advantage, in the context of this work, of piezoelectric
quantum dot samples over conventional ones, which is
that they can provide big numbers of “useful” quantum
dots with sufficiently large |XX-X] splittings. In fact, in
the two samples discussed in Figs. 3—5, more than 50%
of the studied quantum dots showed |XX-X| larger than
5 meV.
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