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Abstract — Single photon emitters based on InP/GalnP quantum dots have been studied under
p-shell excitation by time-resolved photoluminescence and photon correlation spectroscopy. By
tuning the excitation energy in resonance with quantum dot excited states, we observe a marked
decrease of the antibunching time as a result of the increased excitation rate for decreasing energy
detuning. A similar behavior is observed by increasing the pump power. The spectral depen-
dence of the antibunching rate follows the energy profile of the excited state, as measured by

photoluminescence excitation.

Copyright © EPLA, 2014

The efficient emission of single photons has been
searched in the last decade because of the rapidly develop-
ing field of quantum information science and technology.
Quantum computation and cryptography require trig-
gered single photon or entangled photon pair sources with
well-established spectral and temporal characteristics.
This can be achieved with sources of strongly correlated
photons, like single atoms or ions [1,2] molecules [3,4],
defect centers in diamond [5,6] or semiconductor quantum
dots (QDs) [7]. Among them, QDs are technologically
attractive for their design flexibility and integration ca-
pability in monolithic optoelectronic devices. However,
the reliability of single photon emitters (SPE) based on
single semiconductor QDs is strongly affected by fast de-
coherence due to coupling to phonons [8], as well as by
the presence of background photons or multiphoton emis-
sion. The dynamics of the optical creation and recombi-
nation of excitons in a single QD is at the basis of its
behavior as a SPE. Essential SPE characteristics, such
as the recharging time, repetition rate or the appear-
ance of bunching depend strongly on the excitation condi-
tions (energy, intensity and time structure). In particular,

excitation at energies above the QD potential barriers
results in long relaxation processes and increased prob-
ability of QD charging. These effects are largely re-
duced under intra-dot excitation at the QD, i.e. upon
resonant excitation at the confined QD states. Single pho-
ton emission in InAs QDs under pulsed excitation reso-
nant with both p-states [9] and s-states [10] of a QD have
been reported. Intra-dot excitation should also increase
the quantum efficiency of the SPE [11,12]. Correspond-
ing studies in InP QDs are comparatively scarce [13-18]
in spite of the fact that they emit at higher energies,
where the available single photon detectors are more
efficient.

In this work we study the influence of the p-shell exci-
tation conditions on the dynamics of the QD population,
which determines SPE characteristics. We present the first
evidence that the antibunching rate dependence on excita-
tion energy exactly follows the spectral excitation profile
of the p-shell. This implies that tuning the excitation en-
ergy inside the p-shell absorption peak allows to vary con-
tinuously the maximum repetition rate of a single photon
emitter by a factor of five, at constant excitation power.
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The detuning of the excitation energy with respect to the
p-shell peak maximum controls the QD excitation rate in
a similar way as the excitation power does. At low exci-
tation powers, as well as at large detunings, one recovers
an antibunching rate value coincident with the exciton de-
cay rate, as measured by time-resolved spectroscopy. The
memory effect [19,20] associated to long-time delays is also
discussed.

The InP/GalnP QD samples were grown by molecular-
beam epitaxy on GaAs (001) substrates. Details of the
growth procedure can be found in ref. [14]. The QD
density is approximately 3 x 10°cm™2, as estimated by
atomic force microscopy. The average diameter and height
of the QDs before capping were 35nm and 6nm, re-
spectively. However, the QDs selected for this work are
those emitting at the high energy tail (1.84-1.87¢eV) of
the ensemble photoluminescence (PL) distribution. For
this spectral range one observes isolated PL peaks cor-
responding to the emission of the smallest QDs. From
their emission energies we estimate their height to be
between 1 and 2nm [13,14]. The high emission energy
of these QDs prevents charge transfer from the neigh-
boring dots and allows the observation of single QDs
without the need of masks or mesas. The PL spectra of
single QDs were taken through a 100x microscope objec-
tive (1 um spot diameter) under variable excitation en-
ergy in the range between 1.875eV and 1.960eV using
a continuous wave (cw) DCM (4-dicyanomethylene-2-6-
p-dimethylaminostyryl-4H-pyran) dye laser. The detec-
tion was done by a double-grating spectrometer with a
0.85m focal length, and a charged coupled device detec-
tor. PL excitation (PLE) measurements were performed
using a computer controlled feedback system to synchro-
nize the dye laser and a prism monochromator to eliminate
the dye background emission. Single photon correlation
(SPC) measurements were done with a Hanbury-Brown
and Twiss (HBT) interferometer [21] located at one of
the exits of a 0.75m focal length single-grating spectrom-
eter. Two avalanche photodiodes with 65% efficiency at
the QD emission energy (1.86eV) were used for coinci-
dence detection. The HBT instrumental response time
(; = 0.5ns) was measured using a pulsed Ti-sapphire
laser (see below). The count rates at the detectors varied
from 1.3 x 10% counts/s to 8 x 10% counts/s depending on
the excitation power (P.) and the excitation energy (FE.).
Time-resolved photoluminescence (TRPL) measurements
were performed in a micro-PL set-up. Excitation was per-
formed using 2 ps pulses (82 MHz repetition rate) obtained
from the second harmonic generated from a picosecond
optical parametric oscillator (OPO) pumped with a Ti-
sapphire laser. The excitation energy was 1.931eV with
an average power comparable to those used with cw exci-
tation. The collection was done by a single-grating (0.5 m
focal length) spectrometer combined with a streak camera
whose instrumental response time was 10 ps. All the mea-
surements were performed at temperatures below 15K in
a continuous flow He cryostat.
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Fig. 1: (Color online) Micro-PL spectra (black line) of a typi-
cal single QD under excitation above the WL, and micro-PLE
(red line) of the exciton (X) for 250 nW excitation power. The
PL spectrum shows the single neutral (X) and charged (CX)
exciton and the neutral biexciton (XX). The inset shows the
E; transition at 1.882¢eV in an enlarged scale (red symbols)
and its Gaussian fit (black line).

The micro-PL and micro-PLE spectra of a typical single
QD are plotted in fig. 1. Three emission lines correspond-
ing to the neutral exciton (X), neutral biexciton (XX) and
charged exciton (CX) are observed. The line assignment
was performed by their intensity dependence on excitation
power and by their linear polarization properties, as re-
ported in ref. [14]. The micro-PLE spectrum of the X line
displays several sharp peaks at energies between 20 meV
and 40 meV above the detection energy. These lines cor-
respond to absorption transitions involving QD excited
states. The PLE peaks can be either pure electronic tran-
sitions between p-shell states or phonon-assisted absorp-
tion processes. The appearance of numerous PLE lines
in a small, single QD is due to the presence of additional
carriers in the excited states, which produce a rich man-
ifold due to their Coulomb interactions [22]. The inset
shows an enlarged view of the PLE data around the Ej
peak (red symbols) as a function of the excitation detun-
ing (§ = E. — Fy) with respect to the F; energy. The data
are well fitted by a Gaussian (black line) with a full width
at half maximum of 0.77 + 0.02 meV.

TRPL measurements done for excitation at 1.931eV,
(i.e. below the wetting layer) are shown in fig. 2. The
time evolution of the X and XX emission intensities is
shown in fig. 2(a). The experimental decays are fitted
by a simple model [23] considering single exponentials for
the population and depopulation of the X state with rates
1/7p and 1/7x, respectively:

nx(t) = Cx(e /™ —e7t/r)

(1)
and similarly for the XX state. The population channel
for the exciton includes carrier relaxation from excited
states of the QD and biexciton recombination, whereas
the biexciton state is populated only by carrier relaxation.
The excellent fits of eq. (1) to the experimental data (solid
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Fig. 2: (Color online) Time-resolved PL results: (a) X and XX
PL time-evolution traces, together with fits (thick lines) with
eq. (1). (b) Dependence of I'x (red squares) and I'xx (black
squares) on excitation power measured at 12 K. The lines are
linear fits to the experimental data.

lines in fig. 2(a)) indicate that the exciton and biexciton
populations decrease with a single decay time each. The
role of dark to bright exciton transitions by spin-flip is
known to play a role in InAs QDs leading to biexponen-
tial decays at times larger than 3—4 ns [24]. In our case the
spin-flip time should be even larger, as the dark-bright en-
ergy splitting in small InP dots is of several meV [13,14],
i.e. one order of magnitude larger than in InAs dots. This
explains why dark excitons do not lead to bi-exponential
decays in our case, at least in the time delay range stud-
ied. Besides, the exciton decay rate may contain one or
several recombination channels (including spin-flip contri-
butions). This fact is irrelevant for the analysis of the
antibunching time (see below), provided that there is a
single decay rate.

The decay rates extracted from the previous fit are
shown in fig. 2(b) as a function of the time averaged
excitation power P.. One observes that I'xx is nearly
power independent, while I'x (which is roughly one half
of T xx) shows a very weak decrease with increasing excita-
tion power. The straight lines are fits to the experimental
data. This is the expected trend for the exciton dynamics
in a QD [23,25]. The radiative recombination from the XX
state is allowed only into the bright X. Thus, any change in
the probability of the XX occupation has a direct influence
on the X population evolution. At high excitation power
the QD in the X state captures a second electron-hole pair
(e-h) before the first one can recombine radiatively. This
QD refilling process is evident from the slower rise of the
X intensity seen in fig. 2(a). In the low excitation-power
limit the decay rates of X and XX tend to 2.1ns~! and
4.0ns™!, respectively. The fact that I'xx ~ 2I'x over
the whole excitation range indicates strong confinement
(i.e. the exciton Coulomb interaction is small compared
to the confinement energy) [26]. This is not surprising as
we are dealing with the smaller dots of the QD distribu-
tion, where confinement is strongest. In this case the ratio
T'xx/Tx &~ 2 simply reflects the double number of possi-
ble recombination channels of the biexciton compared to
those of the exciton.
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Fig. 3: (Color online) gﬁ) (7) for X measured for 230 nW for dif-
ferent values of the excitation detuning, d, from the F; excited
state: (a) and (¢) 6 = —0.16 meV, (b) and (d) 6 = —0.36 meV.
The solid lines are fits to the convolution of egs. (2) and (3).

The SPE dynamics of the QD single photon emission un-
der intra-dot excitation was studied in a second-order cor-
relation experiment. The measurements were performed
exciting at energies around the state F; in fig. 1. The X
auto-correlation function ¢(?(7) was measured under dif-
ferent values of the excitation power and detuning with
respect to Ej. Plots of the measured function gg\?(T)
at 230nW excitation power for d values of —0.16 and
—0.36 meV are shown in figs. 3(a) and (b), respectively.
This power is lower than the saturation value (around
300nW) of the exciton intensity. A clear antibunching
dip is observed at zero delay evidencing SPE, as well as
bunching at a longer time scale. The same plots are shown
in figs. 3(c) and (d) in an expanded delay scale together
with the plots used to extract the relevant parameters, as
shown next.

The experimental correlation curves gg\? (1) plotted in
fig. 3 are the result of convoluting the true correlation
function ¢(? (), given by [27]

9(2)(7) =1—Be T8 4 qe~Il/5 (2)

with the instrumental response function [28]

firp(r) ~ e T (3)
The parameters o and 8 (8 < a+ 1) in eq. (2) represent
the bunching and antibunching amplitudes, respectively.
Tr is the antibunching time, i.e. the time needed to pro-
duce a new (e-h) within the QD after the photon emission
by a previous confined e-h pair. The bunching time 75
represents the probability of multiphoton emission for de-
lays |7| > 0. Both antibunching and bunching times (or
the corresponding rates I'p = 7'151 and I'p = Tgl) as well
as ¢?(0) are found by fitting the convolution of eqs. (2)
and (3) to gﬁ) (7). The resulting values for § = —0.16 and
0 = —0.36 meV are given in table 1.

The most relevant result in table 1 is the decrease of the
antibunching time for decreasing detuning. In both cases

17002-p3
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Table 1: Parameters obtained from the fit of figs. 3(c) and (d),
with egs. (2) and (3).

d (meV)| 7g (ns) |7p (ns) Ié; «
—0.16 |10.20£0.02| 6£1 |1.10£0.05|0.11+£0.05
—0.36 |0.33£0.03|20£10|1.06 £0.05|0.06 £ 0.05

we obtain ¢ (0) = 1 — 8+« < 0.2, which is indicative of
true single photon emission. These low ¢(?)(0) values are
essentialy insensitive to excitation power. Indeed we find
similar values, within the experimental error, for the exci-
tation powers (230 and 470 nW) used in fig. 4. This is due
to the low photon background of our samples [14], being
further reduced under intra-dot excitation. In fact, the
g (0) data under non-resonant excitation (< 0.25) [14],
are only slightly worse, again due to the low photon back-
ground.

In the absence of carrier capture by neighboring QDs or
defects, the antibunching rate is given by the sum of the
QD pump rate () and the exciton decay rate [7,29]

F'r=7v+Tx. (4)
The increase of v by increasing the excitation power pro-
duces the well-known narrowing of the antibunching dip
observed at high P, [7]. As the pump rate is proportional
to both the excitation power and the absorption coeffi-
cient, v can be also increased by resonant excitation at
QD excited states, while keeping P, constant. To show
this equivalence we have performed measurements of I'p
for excitation at resonance with the excited state F; and
different values of P,, together with measurements at con-
stant P, as a function of the energy detuning of the exci-
tation with respect to the F; maximum. This is shown in
fig. 4, where a diagram of the energy levels and transitions
is presented (a), together with the power dependence of '
for resonant excitation (b) and the detuning dependence
of T'g for constant excitation power (c), (d).

For resonant excitation (fig. 4(b)) one observes a linear
increase of the antibunching rate with increasing pump
power. In the low excitation limit (P. — 0) I'r tends to
2.1ns™!, which is the I'x value measured by TRPL. This
value is indicated by the open square in fig. 4(b). When
the excitation energy is detuned from the excited state, a
broadening of the antibunching dip is observed (figs. 3(c)
and (d)), indicating a variation in the SPE dynamics at
constant P.. A plot of I'g as a function of detuning in the
—0.5 < 0 < 0.6 meV range is shown in fig. 4(c) for 470 nW
(open squares) and 230 nW (full squares) excitation power.
Both sets of measurements are plotted together in fig. 4(d)
after subtracting I'x (which is only weakly power depen-
dent, as shown in fig. 2(b)) and then normalizing to the
excitation power. The line in fig. 4(d) is the PLE spectrum
shown in the inset of fig. 1. The noticeable coincidence of
the normalized I'g values with the PLE profile of F; in

(@) IE1)m __10{(c) &
‘Tg 8
il H
Xy b . D.-
Oy "W
lg) 2
10 . =
gl(b) oo 10Hd 2
- = S
£ 2 g
L 41 -, "m 0.5 ] S
2l ” £ 1y
ol ‘ ~ 0.0 e
0.0 0.2 04 ~-1.0-0.500 05 1.0
Power (uW) Detuning (meV)

Fig. 4: (Color online) (a) Scheme of the energy levels in the
QD. (b) Antibunching rate vs. excitation power at fixed § = 0
detuning (black squares). In the zero power limit I'r tends to
I'x = 2.1ns™" as measured by TRPL (open square). (c) T'r
vs. detuning under quasi-resonant excitation at F for 470 nW
(open squares) and 230nW (full squares) excitation power.
(d) Same data as in (c) after subtraction of I'x and normal-
ization to the excitation power. The line is the measured PLE
spectrum plotted in the inset of fig. 1.

fig. 4(d) clearly indicates that the energy dependence of
I'r is due to the absorption-induced variation of the pump
rate 7. In other words, intra-dot excitation increases the
occupation probability of X for decreasing § in the same
way as for increasing excitation power. A similar increase
of ' was observed in a QD coupled to a micro-cavity
when the X state was brought into resonance with the
cavity mode [27]. However, in that case the spontaneous
exciton decay rate was enhanced by the Purcell effect, and
the increase in I'r was due to the increase of I'x instead
of to an increase of v in eq. (4).

The phenomenon of photon bunching under intra-dot
excitation, also observed in figs. 3(a), (b), sometimes
named as “memory effect”, has been explained by the
“blinking” of single QDs [10,19,30]. It is due to the
random change of the QD between “bright” and “dark”
states, so photons tend to bunch during the bright
periods [31,32] causing positive correlation. The blinking
periods correspond then to the bunching times. In our case
the “bright” and “dark” states are naturally assigned to
the bright and dark states of the neutral exciton. Charged
vs. neutral exciton states are not likely to be at the origin
of the observed bunching [31] as CX is very weak under
intra-dot excitation. The bunching rates I'p are approxi-
mately 50 times smaller than the antibunching ones. Con-
trary to the case of I'g, the I' g dependence on ¢ is not clear
due to relatively large experimental noise.

In summary, the dynamics of the optical response of an
InP/GalnP QD has been studied by optical spectroscopy
including photon correlation under intra-dot excitation at
the QD p-shell state for different values of energy detun-
ing and excitation power. At constant excitation power
the antibunching rate I'p increases as the pump rate for

17002-p4
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resonant excitation (|6] — 0). The spectral dependence
of I'p is maintained for different excitation powers, as the
exciton decay rate remains essentially unchanged. The
presence of bunching is explained by the QD “blinking”
originated by random changes between bright and dark
exciton states.
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