RAPID COMMUNICATIONS

PHYSICAL REVIEW B 80, 161305(R) (2009)

Thermal effects in InP/(Ga,In)P quantum-dot single-photon emitters
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We present second-order photon correlation measurements on single InP/(Ga,In)P quantum dots as a func-
tion of temperature. Low background emission allows to obtain antibunching minima g‘®/(0) below 0.25 up to
45 K. The antibunching time 7y increases or decreases with temperature depending on the quantum-dot size.
The two trends result from a competition between hole thermal excitation and dark-to-bright exciton transi-
tions. The former prevails in smaller dots showing increasing 7z with temperature, while the latter dominates
in larger quantum dots showing decreasing 7z with temperature.
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Semiconductor quantum dots (QDs) are among the most
promising single-photon emitters (SPEs) for quantum infor-
mation applications due to their versatility, scalability, and
ease to handle as compared to atom or ion-based SPEs.'~*
However, the use of semiconductor QDs as true “on de-
mand” SPEs is conditioned by the presence of “background
photons” (photons emitted outside the QD but at the QD
energy) and decoherence.> One important source of decoher-
ence in QDs is the random transition between bright exciton
(BX) and dark exciton (DX) states (exciton states with total
angular momentum 1 and 2, respectively).® Exciton energy
splittings, as the dark-bright exciton splitting Epg and the
fine-structure splitting Agg, which are large in QDs as com-
pared to higher dimensional systems due to the increased
electron-hole Coulomb interaction, are strongly sensitive to
the QD size and shape.”® InP QDs have received special
attention for their potential use as SPEs in the visible
range.'1® Photon correlation measurements for both
continuous®!! and pulsed excitation'"'>!5 as well as under
electrical injection'* show clear antibunching dips in the
second-order photon correlation function g?(7) at zero delay
(7=0). The standard form of the correlation function is

g2(D=1-Bexp(- i), (1)

where 7y is the characteristic (minimum) time needed for the
emission of a second photon after the first one has been
emitted by the QD and B is generally determined by back-
ground photons. A value 8=1 indicates perfect SPE. The low
values of g?(0) found in InP QDs (between 0.1 and 0.2)
(Refs. 10-15) is indicative of efficient single-photon emis-
sion. High-temperature operation of a SPE is beneficial for
practical uses. Antibunching dips up to 200 K have been
reported for GaN (Ref. 17) and CdSe (Ref. 18) QDs and up
to 90 K in InGaAs/AlGaAs QDs.'” In InP QDs an upper limit
of 80 K has been reached using Al containing barriers.'?
Upon raising temperature the ¢g?(0) value progressively in-
creases due to the increasing background luminescence.
Temperature also influences the antibunching width. Indeed
T depends on several factors, as the pumping rate, the exci-
ton lifetime? and the carrier relaxation time, some of them
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being temperature dependent. An increase in 7 with tem-
perature has been reported in InGaAs/AlGaAs QDs."”

In this Rapid Communication we present photon correla-
tion measurements on small InP/GalnP QDs to study the
effect of temperature on g?(0) and 7x. Single QDs are se-
lected that emit at high energies, well outside the ensemble
photoluminescence (PL) emission, to minimize the interdot
contribution to the background emission. We obtain g?(0)
values below 0.25 up to 45 K, as a result of the low back-
ground. Increasing temperature produces either an increase
or a decrease in 7; depending on the QD size. The size is
inferred from the relative values of the biexciton binding
energy EZ(X and the fine-structure splitting Ar¢.® We propose
a competition between the dark-to-bright exciton transition
(governed by Epg) and thermal excitation of holes (governed
by an effective interhole energy spacing E;) to explain the
different behavior of 7. Thermal hole excitation is dominant
for smaller QDs in which 7 increases with temperature,'”
while dark-to-bright exciton transitions are favored in larger
QDs, showing decreasing 7.

The QD samples have been grown by molecular-beam
epitaxy on GaAs (001) substrates. The growth sequence was
100 nm GalnP, 2 monolayers (ML) GaAs, and 2.2 ML InP,
repeated twice. The critical thickness for QD nucleation at
470 °C was 2 ML of InP at a growth rate 0.05 ML/s. The
second uncapped layer of QDs was used for atomic force
microscopy characterization. The QD average diameter and
height before capping are 35 and 6 nm, respectively. How-
ever, the single QD selected for this work are far in the high
energy tail of the ensemble PL so that their height is much
less than 6 nm. From their PL energies we estimate it to be
between 1 and 2 nm."> PL spectra of QDs were taken through
a 100X microscope objective (1.5 wm spot size) under non-
resonant excitation using a He-Ne laser and a charge coupled
device detector located at one of the exits of a 0.75 cm focal
length spectrometer. The photon correlation measurements
were done with a Hanbury-Brown and Twiss (HBT) interfer-
ometer located at the second exit of the spectrometer. Two
avalanche photodiodes with 65% efficiency at the QD emis-
sion energy (1.86 eV) were used for coincidence detection.
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FIG. 1. (Color online) (a) PL spectrum of the InP/GalnP QD
ensemble. (b) and (c) PL spectra of single quantum dots: QD1 and
QD2, respectively. The black and red lines represent polarization
parallel to the [110] and [1-10] crystallographic directions, respec-
tively. The chosen quantum dots exhibit large differences in the
binding energy EZ(X and the fine-structure splitting Agg indicating
different QD size and/or shape.

Their response time (7;=0.5 ns) was measured with 2 ps
pulses of a Ti-sapphire laser. Count rates at the detectors
were up to 10* counts/s. The ensemble PL spectrum of the
QDs is presented in Fig. 1(a). Single QDs were selected in
the 1.84-1.87 eV emission range, well above the average
emission energy. This ensures small QD size allows spectral
isolation of single QD emission lines and prevents charge
transfer from neighboring QDs. The micro-PL spectra of two
different quantum dots are shown in Figs. 1(b) and 1(c) for
relatively high excitation power. Three lines (exciton X,
biexciton XX, and negatively charged exciton X~) are identi-
fied by their intensity dependence on excitation power (not
shown) and linear polarization. Black and red traces corre-
spond to linear polarization parallel to the [110] and [1-10]
crystallographic directions, respectively. Si)gniﬁcant differ-
ences in the biexciton binding energy (E;f ) and the fine-
structure splitting are observed between QD1 and QD2. Both
the smaller value of EZ(X and the higher value of Agg indicate
stronger electron-hole exchange energy® in QDI1. As ex-
change energy depends on the electron-hole wave-function
overlap, we infer that QD1 is significantly smaller in height
than QD2.

The second-order photon autocorrelation function of the
exciton was measured for both quantum dots in the tempera-
ture range between 5 and 45 K. The result for QD2 at 5 K is
shown in Fig. 2. Solid and dashed lines are fits to Eq. (1)
with (g(cz())NV(T)) and without (¢@(7)) convolution with the
instrumental time response function, respectively, which is
proportional to exp(—|7]/7;).!* As the background PL inten-
sity is only 2% of the QD emission, no background correc-
tion was done.2! The g®(0) and 7 values corrected for
the instrumental response time are 0.07*=0.05 and
0.63£0.16 ns, respectively. Error bars resulting from fit to
Eq. (1) are mainly due to the relatively high noise level in the
HBT histogram.
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FIG. 2. (Color online) Second-order correlation function of X
emission from QD2. The solid and dashed lines are theoretical fits
to Eq. (1) with (g(cz())NV(T)) and without (¢ (7)) convolution with
the instrumental time response function, respectively. The strong
antibunching minimum at zero time delay implies close to ideal
single-photon emission from the QD.

The variations of g (0) and 75 with temperature consti-
tute the main point of this Rapid Communication. We will
discuss them together with the temperature dependence of
the PL intensity ratio Iy/(Iy+Ixx), where Iy and Ixx are the
exciton and biexciton emission intensities, respectively, to
get better insight into the involved mechanisms. The tem-
perature dependence of Iy/(Iy+Ixx), T and gg())NV(O), are
shown in Fig. 3 for QD1 [Figs. 3(a), 3(c), and 3(e)] and QD2
[Figs. 3(b), 3(d), and 3(f)], respectively. The data correspond
to low excitation intensity so that Ixx=0.15 Iy. We observe
marked differences between QD1 and QD2. The intensity
ratio increases steadily with temperature for QD1 while it is
almost constant up to 40 K for QD2 and increases at higher
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FIG. 3. (Color online) Temperature dependence of quantum-dot
properties for QD1 (left) and QD2 (right): (a) and (b) PL intensity
ratio I/ (Ix+Ixx), where Iy and Ixx are the exciton and biexciton
intensities, respectively. The solid lines are fits to Eq. (3). (c¢) and
(d) Characteristic antibunching time 7. The solid line is the fit to
Eq. (4). The differences between QD1 and QD2 observed both in
the PL intensity ratio and in 7z show competition between hole
thermal excitation and dark-to-bright exciton transition processes.
(e) and (f) Antibunching minima obtained from the experimental
data before deconvolution with the instrumental time response
function.
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temperatures. The antibunching time increases for QD1 and
decreases for QD2, as shown in Figs. 3(c) and 3(d).

Among the possible mechanisms influencing 7 (exciton
lifetime, pump rate, etc.)?® and I/ (Ix+Ixx), there are at least
two temperature dependent ones: dark-to-bright exciton
transitions?>>?* (D—B) and thermal excitation of holes.!”
The first one is expected to reduce 7z as D — B events pro-
duce bright excitons in addition to those formed by direct
capture of an electron-hole pair (EHP) with proper angular
momenta by the QD. The second mechanism (hole excita-
tion) increases 7y as it reduces the probability of ground-state
exciton formation. We discuss next the effect of both mecha-
nisms on Iy/(Ix+Ixx) and 7.

D — B transitions have been claimed as the origin of the
I/ (Ix+1Ixx) increase with temperature, and Epp values be-
tween 1.4 and 5 meV have been reported in small InP QDs. "3
Thermal hole excitation will also increase Iy/(Iy+Ixx). It
decreases the emission probability of both X and XX, but
while excitation of the only hole present in X just reduces /Iy,
excitation of one of the two holes present in XX reduces Ixx
and leaves a new exciton. Thus Ixx is expected to decrease
faster than Iy upon thermal excitation of holes. Which
mechanism dominates will depend on the respective charac-
teristic energies: Epg for D — B and Ej, for hole excitation. In
our case, a data fit with an Arrhenius-type law involving
D — B processes'> gives activation energies of the order of
tens of meV for QD1 and QD2. These values are inconsistent
with any reasonable estimate of Epg in InP QDs.!>?* Instead,
they are close to the expected values of the excited hole
states, so that thermal excitation of holes could account for
the observed temperature trend in our case. A rough estimate
of E;, can be obtained assuming that Iy and Ixx decrease with
temperature according to

Iy=A- BN,
IXX= C—DN,

N =[exp(E,/kT) - 177", (2)

where N is the Bose-Einstein occupation factor of the
phonons responsible for the hole excitation, and A, B, C, and
D are temperature independent constants. Then we have

IX _l—aN
IX+IXX_b_CN’

3)

where a=B/A, c=(B+D)/A, and b=1+C/A. The parameter
b is fixed by the intensity ratio at low temperature. The fit of
our Iy/(Iy+Ixx) data with Eq. (3) [continuous lines in Figs.
3(a) and 3(b)] gives E,=7 and E;,=30 meV for QDI and
QD2, respectively. These values are compatible with the
heavy-light hole splitting in our QDs, which show a weak
hole confinement. Actually the valence-band offset of un-
strained InP/InGaP is negative (AEy=-45 meV) (Ref. 25)
so that holes are solely confined by strain. In our small QDs
only one pair of confined hole states (heavy and light) is
expected. For a 1-nm-high QD with rectangular confinement
potential and positive valence-band offset of 50 meV, a
heavy-light hole splitting of E;,=6 meV is expected. This
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FIG. 4. (Color online) Level scheme including: QD ground state
(g), DX, BX, and biexciton (XX). The arrows (1, 2, and 3) represent
the photon emission of the bright exciton state after three possible
ways of charging.

value increases upon increase of the QD height, i.e., moving
from QD1 to QD2.

Going now to 7 we recall that our measurements are
done at low excitation intensities. In these conditions bright
excitons recombine before capture of a second EHP to form
a biexciton. Biexcitons are thus formed mainly from dark
excitons, while bright excitons can result from three different
channels (see Fig. 4): (1) capture by the empty QD of an
EHP with antiparallel angular momenta directly from the
wetting layer (red arrow), (2) emission of a biexciton photon
(blue arrows), and (3) a thermally activated D— B exciton
transition assisted by acoustic phonons.?? The two first chan-
nels are roughly temperature independent. Thus, the anti-
bunching time 7 can be represented by

L Alexp(Epg/kT) — 117, 4)
Tp

where 1/7, is the combined transition probability for chan-
nels 1 and 2, while 1/ 73 stands for channel 3. Here we as-
sume a D — B transition activated by acoustic phonons with
energies close to Epg. The temperature trend of QD2 is prop-
erly described by Eq. (4) [solid line in Fig. 3(d)] giving
Epg=3.6 meV. Epg values of this magnitude are not surpris-
ing in spite of the lower values found in InAs QDs.?6?7 In
fact, values of the order of a few meV have been reported
both theoretically>* and experimentally' in small InP QDs
due to the increased electron-hole exchange interaction. This
is also consistent with the high Epg value (2 meV) found in
CdSe QDs with a fine-structure splitting (200 ueV) (Ref.
28) comparable to the present ones (150-300 ueV). In the
smaller QD1 we expect a larger value of Epg due to the
increased electron-hole overlap and a lower E; due to the
increased confining energy. The increasing trend of 7z with
temperature indicates that thermal excitation of holes takes
over D— B processes (E,<Epg) in QDI. Indeed, if the
probability of finding a hole in the ground state decreases,
the average time needed to “recharge” the QD after emission
of a bright exciton photon will increase. As a result £}, domi-
nates at low T and 7 increases with temperature in QD1. In
the larger QD2 it is the other way around. Smaller Epp and
larger E, values lead to Ey, > Epp. In this case Epg dominates
over E, at low temperature, leading to a 7 decrease.

161305-3



NOWAK et al.

As a final remark, we note that the gg())NV(O) values ob-

tained from the raw experimental data reported in this work
remain below 0.48 and 0.43 for QD1 and QD?2, respectively,
as shown in Figs. 3(e) and 3(f) for the whole temperature
range. Deconvolution of the experimental data with the in-
strumental time response function returns average g‘?(0)
values below 0.25 for both QDs, without the need of back-
ground subtraction. The low g?(0) values reported here
open good perspectives to use these small InP QDs as effi-
cient SPEs at moderate temperatures.

In summary we present joint PL and photon correlation
measurements in small, well isolated InP/InGaP quantum
dots that show different trends with increasing temperatures
depending on the QD size. In the smaller dot (QD1) the
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temperature behavior is governed by the hole excitation en-
ergy, leading to an increase of both the intensity ratio
Ix/(Ixy+Ixx) and the antibunching time 7. In the larger dot
(QD2) the low-temperature behavior is fixed by the smaller
value of the dark-bright exciton splitting, giving rise to a
decreasing 7 with temperature and an essentially tempera-
ture independent intensity ratio.
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