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Hong-Ou-Mandel Interference with Imperfect Single Photon Sources
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Hong-Ou-Mandel interference is a cornerstone of optical quantum technologies. We explore both
theoretically and experimentally how unwanted multiphoton components of single-photon sources affect
the interference visibility, and find that the overlap between the single photons and the noise photons
significantly impacts the interference. We apply our approach to quantum dot single-photon sources to
access the mean wave packet overlap of the single-photon component. This study provides a consistent
platform with which to diagnose the limitations of current single-photon sources on the route towards the

ideal device.
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Quantum interference of indistinguishable single
photons is a critical element of quantum technologies. It
allows the implementation of logical photon-photon gates
for quantum computing [1,2] as well as the development of
quantum repeaters for secure long distance communica-
tions [3.4]. The development of efficient sources of single
and indistinguishable photons has become a challenge
of the utmost importance in this regard, with two pre-
dominant, distinct approaches. The first one is based on
nonlinear optical photon pair production [5,6], and multi-
plexing of heralded single photon sources is being explored
to overcome an intrinsic inefficiency [7-10]. The other is
based on single quantum emitters such as semiconductor
quantum dots [11,12] where ever-growing control of the
solid-state emitter has enabled the combination of high
efficiency and high indistinguishability [13-16].

The standard method to quantify the indistinguishability
of single-photon wavepackets is to perform Hong-Ou-
Mandel (HOM) interference [17]. In perfect HOM inter-
ference, two indistinguishable single photons incident at
each input of a 50:50 beam splitter will exit the beam
splitter together, resulting in no two-photon coincidental
detection events at both outputs. In practice, however, the
two inputs only exhibit partial indistinguishability
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described by a nonunity mean wave packet overlap M
(also defined as the single-photon trace purity [18,19]).
Partial indistinguishability of the input states leads to
coincidental detection events at the outputs and reduces
the HOM interference visibility. The interference visibility
Viowm can therefore give direct access to the single-photon
indistinguishability, M = Vyom [19].

For nonideal single-photon sources, for which the
photonic wave packets present a residual multiphoton
component, the HOM visibility remains the relevant
quantity that determines the quality of the above-mentioned
quantum operations. However, the visibility of HOM
interference is reduced due to multiphoton contributions,
even if M, =1, i.e., for an ideal single-photon indistin-
guishability. In most cases, the multiphoton component of
the photonic wave packet, characterized by the second
order intensity autocorrelation at zero time delay g (0),
depends on the system parameters in a manner that is
completely independent of the single photon indistinguish-
ability, and it is critical to have tools to access the latter in
order to understand the physics at play and improve the
performance of single photon sources (SPSs).

Here we explore both theoretically and experimentally
HOM interference with imperfect SPSs. Previously, the
impact of multiphoton contributions on HOM interference
has been investigated in the limited case where the addi-
tional photons are in the same spectral and temporal mode
as the predominant ones [20-22]. It has been shown that the
visibility of HOM interference in this case is given by
Viom = My — g% (0) [19,23,24], where M, is the mean
wave packet overlap of the total input state, i.e., including
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the multiphoton component. Here we show that the proper-
ties of the additional or “noise” photons play a critical role
in HOM interference, and that it is crucial to know the
origin of the imperfections to be able to correctly extract the
intrinsic single-photon indistinguishability M.

We model an imperfect ‘single-photon” state
[¢?)(0) > 0] by mixing a true single photon [¢®*)(0) = 0]
with separable noise at a beam splitter. We limit our
analysis to small g(»)(0) values so that the noise field itself
is well approximated by an optical field with at most one
additional photon and a large vacuum contribution. This
restriction to a weak, separable noise field is relevant in
practice for many SPSs, as discussed later.

It can be shown (see Supplemental Material [25]), that
for separable noise and a small resultant g (typically
g < 0.3), the visibility of HOM interference at a 50:50
beam splitter is given by

1+M
Veaon = M. — S ) g®@, 1
HOM s <1+Msn)9 ( )

where M, is the mean wave packet overlap between the
single photon and an additional noise photon satisfying
0 < M, < M. We have defined ¢® = ¢(»(0) for simplic-
ity. The more general case where the HOM beam splitter
has an intensity reflectivity R and transmission 7 is given in
the Supplemental Material [25].

It is instructive to consider the two limiting cases of
Eq. (1). If the additional photons are identical to the single
photons, i.e., My, = M, then Eq. (1) reduces to the simple
case that Vo = M, — ¢, showing that the total and
single photon mean wave packet overlaps coincide,
M, = M. Alternatively, if the noise has no overlap with
the single photons and M, = 0, then the visibility is further
reduced and given by Vyom = M, — (1 + M,)g!?). The
degree to which HOM interference is affected by a nonzero

g\ is therefore dependent on the origin of the additional
photons.

We experimentally test this model by emulating imperfect
SPSs. We prepare a train of near-optimal single photons and
mix them with additional photons to controllably increase
¢® and measure the impact on the HOM interference. We
experimentally emulate the two limiting cases, Mg, = 0 and
Mg, = M, and in each case we measure the ¢’ and HOM
interference visibility of the resultant wave packet in an
unbalanced Mach-Zehnder interferometer (see Supplemental
Material [25] for further details).

We use a state-of-the-art SPS based on a quantum dot
(QD) deterministically embedded in an electrically con-
tacted micropillar cavity [13]. The QD acts as an artificial
atom which we coherently control via resonant excitation to
generate single photons with high single photon purity,
¥ < 0.05, and high indistinguishability, M, > 0.9. The
single photons are separated from the excitation laser using
a cross-polarization setup, as shown in Fig. 1(a).

The experimental setups that enable a controlled increase
of the multiphoton probability are shown in Figs. 1(b) and
I(c) for the two limiting cases. First, to add fully distin-
guishable photons, we mix the single photons from the
quantum dot based single photon source (QDSPS) with
attenuated laser pulses at a different wavelength (see
Supplemental Material [25] for more details). We adjust
the power of the laser beam to alter the magnitude of the
two-photon component, and measure the HOM visibility as
a function of g of this effective source as shown in
Fig. 1(d). Since the spectral overlap between the QDSPS
photons and the additional laser photons is zero (M, = 0)
our model predicts that Vyoy = My — (1 + M,)g?). The
line in Fig. 1(d) shows that this model fits the data very well
with M, = 0.94 + 0.02.

To create a wave packet where the additional photons are
identical to the predominant single photon component, we
build another effective source where we add a small fraction
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FIG. 1. (a) Schematic for the experimental setup of a quantum dot single photon source (QDSPS). For more details see the
Supplemental Material [25]. (b),(c) Experimental setup used to emulate an imperfect single photon source with (b) distinguishable
(Mg, = 0) and (c) identical noise M, = M,. The inset in (b) shows the spectrum of the spectrally distinct noise photons and QD
photons. (d) Visibility of HOM interference, Vyoy measured as a function of ¢ for distinguishable (green squares) and identical (black
circles) noise sources. The lines are the predictions from the theoretical model.
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of photons from the same QDSPS generated at a later time.
This is obtained by performing an unbalanced quantum
interference between two photon pulses produced by the
QDSPS with delay z. The first half wave plate (HWP) and
polarizing beam splitter (PBS) in Fig. 1(c) allow us to tune
the relative intensity of the predominant single photon
pulse and the additional photons. When two subsequently
emitted photons arrive simultaneously at the second beam
splitter they will undergo HOM interference and exit the
beam splitter in the same output port. Therefore, the output
of the second BS has a higher ¢(?), since there is a small
probability that some of the output pulses now contain two
identical photons. By adjusting the splitting ratio at the first
beam splitter, the g{>) of the output state can be controlled.
Figure 1(d) presents the HOM visibility as we increase the
¢» via addition of identical photons, where a clear
difference is observed compared to the previous limiting
case. For M, = M, the model predicts Viom = M, — g%,
a linear dependence with slope of —1. The line in Fig. 1(d)
again demonstrates that the model gives a very good fit to
the data, with an extracted M, = 0.89 4 0.01.

We note that the extracted values of M, for these two
cases represent the upper and lower bound of the intrinsic
single photon indistinguishability of the QDSPS used in
these measurements. If the nonzero ¢'? of the QDSPS was
due to distinguishable noise then we could deduce that
M, = 0.94 £ 0.02. Similarly if the noise was identical then
the QDSPS has a single photon indistinguishability of
M, = 0.89 £ 0.01. This demonstrates that it is necessary to
know the origin of the unwanted photon emission in order
to be able to extrapolate the data back to ¢(? = 0. To the
extent of our knowledge, this has so far only been done in
the indistinguishable case, independent of the physical
phenomena of the multi-photon components. In the follow-
ing, we discuss how to properly estimate the single photon
indistinguishability for QD based SPSs.

There are two distinct categories of QDSPS, depending
on the charge state of the quantum dot: neutral excitons and
charged excitons (hereafter referred to as exciton and trion
states, respectively). The optical selection rules and photon
emission processes differ significantly between the exci-
tons and trions [26], leading to a different origin of the
multiphoton component.

For a trion based source, the optical selection rules
correspond to a four level system with four possible linearly
polarized transitions [27]. In a cross-polarized setup, this
system behaves like an effective two-level system, and the
single photon emission shows a rapid rise time and
monoexponential decay as shown in Fig. 2(a). Since the
single photon emission process is fast, it can occur during
the laser pulse so that there is a probability that the quantum
dot returns to the ground state before the end of the laser
pulse and gets excited again, leading to the emission of a
second photon [28]. Therefore, the nonzero g(z) for a trion
based source is predominantly due to reexcitation.
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FIG. 2. (a) Time traces of the single photon wave packet

emitted by trion (upper) and exciton (lower) sources. The
excitation laser pulse is shown in gray. (b) Measured ¢\* for
trion (purple squares) and exciton (blue circles) sources as a
function of the excitation pulse duration at z pulse. The error bars
are within the size of the plotted points.

For an exciton, the system is described by a three level
system where the excitation pulse creates a superposition of
the two excitonic linear dipoles with an energy difference
given by the fine-structure splitting [29]. This results in a
time-dependent phase between the two exciton eigenstates,
so that the single-photon emission in cross polarization
beats with a period determined by the fine structure
splitting [26,30], as shown in Fig. 2(a). These optical
selection rules imply that the single photon emission in
cross polarization is delayed with respect to the excitation
pulse, and this delay means that the probability of collect-
ing two photons via reexcitation is very small.

To illustrate this, we measure the g(z) at maximum
emitted brightness for two QD sources, one exciton and
one trion, while increasing the temporal length of the
excitation pulse [Fig. 2(b)]. For the exciton source, the
single photon purity remains very high for pulse durations
up to 80 ps, whereas the single photon purity rapidly
degrades for longer pulses for the trion based source due to
an increased probability of reexcitation. We notice that for
both excitons and trions, the ¢'? is higher for very short
pulses. This is because the power required to reach
maximum emitted brightness (7 pulse) increases as the
pulse duration decreases [31]. For a fixed pulse area, the
Rabi frequency of a pulse of duration 7 is proportional to
1/7, corresponding to a pulse power proportional to 1/7°
and a total energy per pulse (z x P) proportional to 1/z.
This implies that in the very short pulse regime (< 10 ps),
more excitation power is required to reach z pulse and the
g% is limited by imperfect suppression of the excitation
laser. This remains the dominant source of an imperfect g(*)
for exciton sources up to a pulse duration of 80 ps, whereas
trion sources are limited by reexcitation for pulses longer
than 15 ps.

To correctly extract the single photon indistinguishabil-
ity for each type of QDSPS it is critical to account for these
different origins of the multiphoton component. To do so,
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we experimentally increase the multiphoton component by
adjusting the main parameter that is responsible for multi-
photon emission in each type of source, and then measure
the impact this has on the visibility of HOM interference.
By deliberately introducing noise with the same origin as
that which limits the g!?) for each type of source, we ensure
that we can extrapolate the relationship between ¢\® and
Viowm to values below the lowest ¢ that we can measure.
Specifically, we increase the probability of reexcitation for
a trion source and the amount of laser photons for the
exciton source.

For the exciton based source, we have two different
methods to add laser photons to the single photon emission
from the QDSPS. First, we can decrease the pulse duration
which, as described above, means that we require more
power to reach 7z pulse, and therefore there is a higher
probability of detecting a laser photon. Second, we can
rotate the quarter-wave plate (QWP) of the excitation pulse
[see Fig. 1(a)], so that the excitation polarization is no
longer aligned along one of the polarization axes of the
cavity. The light will experience polarization rotation due to
the birefringence of the cavity, and some fraction of the
excitation pulse will now be collected in the orthogonal
polarization with the single photons. By adjusting the QWP
we can decrease the polarization extinction of the laser and
add more laser photons. We increase the g2 of the effective
source according to each of these methods, and measure the
corresponding impact on HOM interference as shown in
Fig. 3(a). We fit Eq. (1) to the data (since the added noise
from the laser is separable), and we extract M, = 0.94 +
0.01 (Mg =0.91+£0.01) and My, = —-0.02 £0.09 (M, =
0.03 + 0.06) for the case where we change the pulse
duration (polarization extinction). In both cases, the
extracted value of Mg, is equal to zero within error.
From Fig. 2(b), we can indeed see that there is very little
overlap between the laser photons and the single photons
emitted by the quantum dot, an observation compatible
with My, = 0. We note that the two datasets were
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FIG. 3. (a) Measured HOM visibility as a function of the ¢'®
for an exciton source. The ¢@ is increased by either decreasing
the pulse duration of the excitation pulse (red), or decreasing the
suppression of the excitation laser (blue). The two methods are
performed on different exciton sources. (b) Measured HOM
visibility as a function of the ¢ for a trion source as the pulse
duration is increased. In both plots, the solid line gives the
theoretical prediction for these data. The error bars are within the
size of the plotted points.

performed on different excitons which explains the slight
difference in M, of the two devices.

For the trion based source, since the imperfect ¢ arises
from reexcitation, the assumption of separable noise does
not hold because the emission of the first and second
photon are time correlated. However, the extra photon must
be emitted during the laser pulse for re-excitation to occur
[28], whereas the main single photon emission typically
takes place after the laser pulse with the trion radiative
decay time of approximately 170 ps. As a result, the noise
photon, while emitted by the QD, is temporally distinguish-
able from the predominant single-photon emission. This
noise can thus be considered mostly separable and dis-
tinguishable. The validity of this analysis is verified by
increasing the pulse duration to increase the probability of
reexcitation. The ¢ and HOM visibility are measured for
different pulse durations from 15 to 50 ps at z pulse, and the
results shown in Fig. 3(b). We fit our observations with
Eq. (1) and find My = 0.93 £ 0.01 and M, = 0.09 £ 0.02,
indicating that the overlap between the noise photons and
the single photons from the QDSPS is indeed very low. In
fact, if we fit the data using the distinguishable noise model
(M, = 0) we extract a single parameter M = 0.94 £ 0.01,
which is in good agreement with the value extracted
using Eq. (1).

For both the exciton and trion based sources we extract a
single-photon indistinguishability, M, of around 0.93. The
residual distinguishability is due to phonon-assisted emis-
sion into the phonon sideband, as well as pure dephasing of
the zero phonon line. Both of these effects are reduced by
cavity quantum electrodynamics effects, and very high
values of indistinguishability have been measured in high
Q-factor cavities [32]. However, the current implementa-
tion is in a lower Q-factor cavity, and some phonon-
induced decoherence remains.

To summarize, we find that, despite their different
physical origins, the multiphoton component of both
exciton and trion based QDSPSs can be treated as separable
distinguishable noise. In the limit of low ¢(?), the single
photon indistinguishability can thus be obtained using

Vioum + 9%
This correction factor allows one to extract the intrinsic
single photon indistinguishability M, given a measurement
of g(2) and VHOM‘

We note that, among the large number of works dedicated
to QDSPSs, the correction factor that has been used to
account for an imperfect g() differs significantly, with some
using M = Vyom + ¢? [32,33], others using M =
Viom + 29 [13,16], and some using M = Vo x (1 +
2¢1?)) [34], with none of them discussing the nature of the
noise. For the cases where the lower bound was taken,
our study shows that for these QDSPS the actual
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indistinguishability is larger than previously claimed. The
correction factor derived here has been applied to a recent
benchmarking of multiple QDSPSs based on both charged
and neutral excitons [26]. It was found that, despite the g
of the different sources varying between 2% and 7%, the
extracted single-photon indistinguishability was consistently
between 92% and 95% for 12 of the sources.

We finally note that our approach applies to many SPSs,
including all SPSs based on single quantum emitters,
whether the residual g(?) arises from imperfect laser filter-
ing or re-excitation. It is also applicable to SPSs based on
nonlinear optical frequency conversion where the nonzero
¢ is predominantly due to multiple photon-pair gener-
ation. For single-mode sources, the two-photon component
is described by a two-photon Fock state with indistinguish-
able photons in a single, well-defined mode. This can be
reproduced by the beam splitter model presented here via
photon bunching, and hence the separable noise model with
indistinguishable noise photons applies. The case of multi
photon-pair generation in multimode sources, however,
would require further investigations.

In conclusion, we have theoretically and experimentally
revisited the emblematic Hong-Ou-Mandel interference.
This experiment is commonly implemented to test the
indistinguishability of single particles including single
photons, single plasmons, single electrons, or single atoms
[35-37]. We believe that the new insight brought by our
study will benefit these fundamental studies as well as the
development of single photon sources. Here we have
showed how to extract the single-photon indistinguish-
ability M, which gives the upper bound to the indis-
tinguishability that could be achieved with an ideal
experimental setup and fundamentally quantifies how
temporally coherent the source itself is. While this does
not circumvent the fact that it is the overall wave packet
indistinguishability that is crucial for quantum technolo-
gies, this deepened understanding of the Hong-Ou-Mandel
experiment enables us to carefully account for the impact of
multiphoton events on the HOM visibility which is
essential to properly identify the remaining limitations in
the journey towards an ideal SPS.
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