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Restoration of photon indistinguishability in the emission of a semiconductor quantum dot
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We report on a series of experiments on the second-order interference of two single photons emitted
sequentially by a single quantum dot. The visibility of this interference probes the indistinguishability of the
emitted photons; visibilities as high as 0.75 at 4 K have been achieved. At higher temperatures, dephasing of
the quantum dot exciton degrades the indistinguishability of the emitted photons and the visibility of the
interference. However, we demonstrate that engineering of the radiative lifetime of the quantum dot by the
implementation of the Purcell effect in a microcavity, can restore indistinguishability and improve the visibility
of second-order interference. At the same time, we demonstrate the resonant character of the Purcell effect.
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When two indistinguishable single photons enter sepa-
rately, but simultaneously, into the two input ports of a beam
splitter, they both emerge together, along the same output
port of the beam splitter, as if they had “coalesced” into a
two-photon Fock state.! This second-order interference phe-
nomenon has been used to highlight many fundamental as-
pects of quantum optics, such as the nonlocality of quantum
mechanics,? or the measurement of the photon transit time in
superluminal photon tunneling.®> Moreover, the interference
of two single photons on a beam splitter plays a central role
in recent proposals for the realization of two-qubit gates as
key elements of photon-based quantum computing schemes.*
The two-photon interference phenomenon was first observed
using pairs of twin photons produced simultaneously by
parametric down conversion.! More recently, it was demon-
strated using two single photons originating from two dis-
tinct emitters: two independent but synchronized optical
parametric oscillators,’ two sequential emission events of a
single atom,® and a single semiconductor quantum dot’ ex-
cited by a pair of laser pulses.

The situation in which two-photon interference occurs be-
tween truly independent photons presents an important dif-
ference from that of twin parametric photons. Each indi-
vidual emitter may be subject to fluctuations independently
of the other, thus “marking” each of the two photons differ-
ently and destroying their indistinguishability. For the case of
a semiconductor quantum dot, for example, such fluctuations
are due to the exciton-phonon interaction which causes the
dephasing of the emitting exciton state, with a characteristic
dephasing time T; In order to reduce the impact of dephas-
ing on the emission process, and thus restore the indistin-
guishability of the emitted photons, the radiative lifetime of
the emitter (denoted by 7)) must be shortened, so that it
dominates over T, in determining the overall coherence time
of the photon wave train, 75, defined by

S (1)

This can be achieved by embedding the quantum dot in a
microcavity,® thus taking advantage of cavity quantum elec-
trodynamics effects (Purcell effect®). The spontaneous emis-
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sion rate of a dipole w is given by Fermi’s Golden Rule as
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where E,,.(r) is the vacuum electric field at r, the site of the
emitting dipole, while p(fiw) is the density of electromag-
netic modes at the emission frequency w. In the vicinity of
an isolated cavity mode with Lorentzian spectrum of width y
and central frequency (), the density of states can be written
as
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underscoring the importance of the resonance condition in
enhancing spontaneous emission. The idea of exploiting the
Purcell effect has been successfully implemented by Santori
et al.,” who reported the observation of two-photon interfer-
ence with photons obtained from a semiconductor quantum
dot and opened the way to the use of quantum dots as
sources of indistinguishable photons for quantum optics,
such as the observation of entanglement.'’

In this paper, by studying the visibility of the interference
of two photons emitted sequentially by a single quantum dot
embedded in a micropillar microcavity as a function of tem-
perature, we demonstrate that the shortening of the radiative
lifetime of the emitter via the Purcell effect does indeed re-
store photon indistinguishability, while at the same time we
demonstrate the resonant character of the Purcell effect.

In a second-order interference experiment, when two pho-
tons arrive with a relative time delay of 7 on the two input
ports of a beam splitter with (intensity) reflectivity R, trans-
mission T, and no losses (R+T=1), the probability that the
two photons exit through two different output ports (normal-
ized to the value of 1 for the case of random events) is given
by the second-order correlation function defined as

) (E{(0)E5(t + DEL(t + DET (1))
(ET(OET(OXES(t + DE3 (1 + 7))

g , (4)

where Eii(t) are the electric-field operators at the ith output
port of the beam splitter, while the angular brackets denote
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FIG. 1. Experimental setup used to observe quantum interfer-
ence with two consecutive single photons. Inset: Histogram of the
time intervals between “start” and “stop” detection events; the small
area of the central peak (ideally zero) indicates that the two photons
both go to the same output, since the probability of photodetection
coincidence vanishes.

quantum-mechanical averaging with respect to the state of
the electromagnetic field. For the case of photons emitted by
a quantum dot in the presence of dephasing, the second-order
correlation function can be evaluated as'!
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Thus, the probability that two photons arriving simulta-
neously (7=0) exit through different output ports, relative to
the probability of random events, is given by

2RT T
g(2)(0) =1- . 2

—F X (6)
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and can be taken as a measure of the “degree of distinguish-
ability” of the two photons, assuming that there is perfect
polarization, spatial and spectral overlap of the two photons,
and that there is no time jitter in the start of each photon
emission.

The microcavities used in this series of experiments are
400-nm-diam micropillars, fabricated by e-beam lithography
and reactive ion etching from a GaAs/AlAs-layered planar
structure grown by molecular-beam epitaxy. These micropil-
lars display a single mode centered around 910 nm with a O
factor of approximately 1500. The 300-nm-thick GaAs cav-
ity spacer bounded by two Bragg mirrors contains in its cen-
ter a single layer of InAs quantum dots whose photolumines-
cence is centered around 950 nm. This large detuning
between the cavity mode and the spectral distribution of the
quantum dots is introduced on purpose so as to reduce the
number of quantum dots coupled to the mode. Thus, most of
the micropillars fabricated in this way contain only one or
two dots in resonance with the cavity mode.

In our experimental setup, presented on Fig. 1, the sample
is mounted in a He-flow cryostat with variable temperature
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control. The micropillar is excited from a steep angle by a
pair of laser pulses separated by T,,,=2.2 ns and resonant
with an absorption of the quantum dot (typically 30—40 meV
above the exciton transition energy, thus corresponding to an
excited state of the exciton). The two-pulse excitation se-
quence is repeated with a period of 12.2 ns. Upon each ex-
citation event, the dot emits only one photon in the micro-
cavity at the exciton wavelength. The emitted photons exit
the microcavity, are collected by a microscope objective
(NA=0.4), and are sent to the two arms of an unbalanced
Michelson interferometer which introduces a propagation
delay between the short and long paths of T,,+ 7. In order to
select radiation only at the exciton wavelength, two 0.32-m
monochromators tuned to that wavelength are placed one on
each of the two output ports i=1,2 of the interferometer. The
output of each monochromator is then fed to a single-photon
silicon avalanche photodiode, connected, respectively, to the
start (¢;) and stop (z,) inputs of a time-interval counter. This
counter builds a histogram of the time intervals ot=t,—1,
between start and stop detection events.

Figure 1 presents such a histogram for 7=0. It displays a
series of five-peak clusters separated by 12.2 ns, the period
of the repetition cycle. Looking at the central cluster, the
central peak (8r=0) corresponds to the situation in which the
first photon emitted by the quantum dot follows the long arm
of the interferometer, thus being delayed to arrive at the same
time as the second photon which follows the short arm; for
the peaks at or=+T,,,, both photons pass through the same
arm; finally, for the peaks at or=+2T,,,, the first photon
enters the short arm of the inteferometer while the second
photon enters the long arm. At each delay setting 7 of the
Michelson interferometer, the value of the second-order cor-
relation function can be deduced from the area of the central
peak of the histogram (8r=0) appropriately normalized as

o 2EAL0)
7= 7)
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where A (5) is the area of the peak at time interval ¢ on the
histogram, with the Michelson interferometer set at a delay
of T,,+ 7. Note that for nonzero delays, 7#0, the central
peak at 6r=0 divides into two peaks separated by 27, how-
ever usually unresolved by our system which has a resolution
of 400 ps.

Two sets of experiments were carried out: In the first ex-
periment, the sample was maintained at 4 K and a micropil-
lar with a resonant quantum dot was chosen, so as to maxi-
mize the degree of indistinguishability of the emitted
photons. The dependence of the second-order correlation
function on the time delay g®(7) is shown in Fig. 2. The
experimental data is fitted by Eq. (5), with R=0.55 and T
=0.45, assuming perfect spatial, spectral, and polarization
overlap. The emission lifetime 7, and the coherence time 7T,
are used as fitting parameters, and a good fit is obtained with
T,=110 ps and T,=165 ps. In order to check the values ob-
tained by the fit, the lifetime 7', is measured independently
using a streak-camera system with a temporal resolution of
5 ps, while the coherence time 7, is measured by balancing
the Michelson interferometer (i.e., removing the extra delay
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FIG. 2. Second-order correlation function for the photolumines-
cence of a quantum dot (T=4 K) excited at 888 nm and emitting,
respectively, at 916 nm. The solid line is a fit to Eq. (5), with T
=110 ps and 7,=165 ps.

T,,,) and measuring the first-order interference fringe con-
trast as a function of the delay 7. The experimentally mea-
sured values of 7,=105 ps and 7,=170 ps are very close to
the values obtained by the fit, underscoring the good agree-
ment between theory and experiments. It should be noted
that no corrections need be applied to the experimental
g?(7) values obtained from Eq. (7) and shown in Fig. 2, to
account for experimental imperfections, such as misalign-
ments, deduced from the visibility of first-order fringes:
second-order interference is insensitive to this apparent re-
duction of visibility. Contrary to previous measurements per-
formed on single dots,” our raw experimental results fit per-
fectly with theoretical expectations!!: the g® curve dips
down to 1-T7,/2T), as predicted by theory and goes up to the
value of 1 essentially exponentially with a time constant
close to Ty, as expected for purely indistinguishable single
photons. The radiative lifetime obtained in this experiment,
when compared with the typical lifetime of our quantum dots
in the absence of a microcavity (of the order of 1.5 ns at 4 K,
measured directly by time-resolved experiments!?) indicates
an enhancement of spontaneous emission (Purcell factor) of
Fp=1500/110=~=14. The pure dephasing time of T;=660 ps,
obtained from Eq. (1), is similar to that reported by Borri et
al.' and the coherence factor (or degree of indistinguishabil-
ity) for the photon wave packets reaches T,/2T;=0.75, the
highest raw value reported up to now. This coherence factor
is limited essentially by the relatively modest Purcell factor
of 14 that was reached in this experiment.

In the second set of experiments, the temperature of the
sample was varied in the same run at 11 different tempera-
tures ranging from 4 to 46 K. At each temperature, three
types of measurements were performed: (1) the full second-
order correlation function g (7) to extract the corresponding
values for T,,T,, and T;; (2) the contrast of the first-order
interference fringes to provide an independent measure of 7;
and (3) the relative detuning of the quantum dot emission
with respect to the microcavity resonance. .

As temperature increases, the dephasing time T, decreases
monotonically due to the increase of the thermal phonon
population,'* dropping from 420 ps at 4 K to only 36 ps at
46 K, as can be seen in Fig. 3. At the same time, the change
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FIG. 3. Characteristic time for pure dephasing T; (stars), radia-
tive lifetime T (squares), and second-order correlation function at
zero delay g®(0) (circles) of the emitting exciton state as a function
of temperature and of cavity-exciton detuning.

in temperature causes a shift in the quantum dot exciton
energy and to a lesser extent to the frequency of the micro-
cavity, thus modifying the dot-cavity detuning and spanning
approximately 0.55 nm. This changes the resonance condi-
tions and, through the Purcell effect, it modifies the radiative
lifetime of the quantum dot. As can be seen in Fig. 4, the
variation of the lifetime as a function of detuning, expected
from Egs. (2) and (3), follows the spectral profile of the
cavity mode, thus underscoring the resonant character of the
Purcell effect. In the detuning range examined in these ex-
periments, T drops from 117 ps (corresponding to Fp=13)
at AN=0.33 nm to 65 ps (Fp=23) at resonance and in-
creases back to 110 ps at AN=-0.22 nm, indicating that the
detuning span is consistent with the Q factor of 1500.

The strong decrease of the pure dephasing time with tem-
perature degrades the indistinguishability of the photons.
However, the enhancement of the spontaneous emission life-
time by the Purcell effect can partially restore the indistin-
guishability of the photons and the visibility of the second-
order interference. This can be seen in Fig. 3, which presents
the second-order correlation function at zero delay g'?(0) as
a function of temperature. As temperature increases, the vis-
ibility of the second-order interference [corresponding to de-
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FIG. 4. Radiative lifetime 7' and Purcell factor Fp as a function
of the exciton-cavity detuning A\, fitted by a Lorentzian.

041303-3

RAPID COMMUNICATIONS



VAROUTSIS et al.

viation of g®(0) from the ideal value of 0] is degraded,
essentially because of the increased dephasing. However, at
the temperature of 38 K, the second-order visibility starts
improving, reaching a local minimum at 42 K, where the
quantum dot is on resonance with the cavity mode. This
demonstrates that the shortening of the radiative lifetime as-
sociated with the resonant condition of the Purcell effect im-
proves the coherence factor of the photons and restores their
indistinguishability.

In conclusion, the visibility of a second-order interference
experiment can serve as a measure of the degree of indistin-
guishability of the two photons being mixed at the beam
splitter. The presence of dephasing processes, which become
stronger with temperature, degrades the indistinguishability
of the photons. Nevertheless, implementation of the Purcell
effect in a microcavity to shorten the radiative lifetime of a
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quantum dot can overcome the dephasing of the emitting
state, improve the coherence factor of the photons, and re-
store their indistinguishability. Second-order interference
was thus observed for temperatures up to 46 K. The resonant
character of the Purcell effect was clearly demonstrated in
these experiments, where a spontaneous emission enhance-
ment factor of 23 was achieved at resonance. Cavities with a
higher quality factor should permit restoration of photon in-
distinguishability and observation of second-order interfer-
ence at higher temperatures, and the attainment of visibilities
close to 1 at low temperatures, an important requirement for
using second-order interference in cascadable quantum logic
gates.
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