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Recently discovered quantum emitters in 2D materials have opened new prospects for integrated pho-
tonic devices for quantum information. Most of these applications require the emitted photons to be
indistinguishable, which has remained elusive in 2D materials. Here we investigate two-photon inter-
ference of a quantum emitter generated in hexagonal boron nitride with use of an electron beam. We
measure the correlations of zero-phonon-line photons in a Hong-Ou-Mandel interferometer under nonres-
onant excitation. We find that the emitted photons exhibit a partial indistinguishability of 0.44 £ 0.11 in
a 3-ns time window, which corresponds to a corrected value of 0.56 & 0.11 after imperfect emitter purity
has been accounting for. The dependence of the Hong-Ou-Mandel visibility on the width of the postse-
lection time window allows us to estimate the dephasing time of the emitter to be approximately 1.5 ns,
about half the limit set by spontaneous emission. A visibility greater than 90% is within reach with use of

the Purcell effect with current 2D-material photonics.

DOI: 10.1103/PhysRevApplied.19..041003

Two-photon interference is essential for many pho-
tonic implementations of quantum information protocols,
from linear optical quantum computing [1] to distant
entanglement generation [2—4] and quantum communi-
cation [5]. The indistinguishability of two single-photon
pulses—which quantifies their ability to interfere—results
in the so-called Hong-Ou-Mandel (HOM) effect [6], which
refers to the fact that perfectly indistinguishable photons
simultaneously reaching the two input ports of a beam
splitter always exit the beam splitter from the same out-
put port [7]. Experimental observation of the HOM effect
between consecutive photons from a quantum emitter con-
stitutes an important milestone in the use of a physical sys-
tem for the generation of scalable photonic qubits. Among
the physical systems able to generate indistinguishable
photons, solid-state single-photon emitters (SPEs) have
been widely investigated due to their potential for integra-
tion in photonic devices [8]. Thus, photon indistinguisha-
bility has been experimentally demonstrated with III-V
semiconductor quantum dots [9—-12] and color centers in
3D wide-band-gap crystals [13—15].
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In turn, recently discovered quantum emitters in 2D
materials, comprising trapped excitons in transition-metal
dichalcogenides [16—20] and color centers in hexagonal
boron nitride (2-BN) [21-23], have resulted in grow-
ing interest owing to the possibilities of extreme minia-
turization and integration into complex heterostructures
[24]—yet without demonstration of two-photon interfer-
ence to date. Among these systems, a recently discovered
family of #-BN SPEs stands out—a class of blue-emitting
color centers (abbreviated as “B centers” in the follow-
ing) that can be generated at controlled locations with use
of an electron beam. Their zero-phonon-line (ZPL) center
wavelength is consistently found within 3 meV around 436
nm [25-27]. Several studies have already demonstrated
their spectral stability, narrow linewidth, brightness, and
single-photon emission up to room temperature [25,26,28].

In this letter, we characterize two-photon interference of
light emitted by an individual B center. Our sample con-
sists of a single #-BN crystal grown under high-pressure,
high-temperature conditions [29] which we exfoliate on
a Si0,(285 nm)/Si substrate. We generate a SPE ensem-
ble in a commercial scanning electron microscope using a
slightly defocused electron beam (diameter approximately
300 nm) under 15-kV acceleration voltage and 10-nA
current, following Ref. [25] [Fig. 1(a)]. We subsequently

© 2023 American Physical Society
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FIG. 1. (a) Irradiation by a 15-kV electron beam generates B
centers in a multilayer ~#-BN crystal. (b) Energy levels of the
SPE: A 405-nm laser excites the emitter. Nonradiative relax-
ation occurs, followed by emission of a photon at 436 nm. (c)
Low-resolution spectrum of the SPE, where the ZPL and the
acoustic phonon sideband can be observed. The inset shows a
high-resolution spectrum, limited by the spectrometer resolution
of about 100 peV. The phonon pedestal in the main panel is no
longer visible due to the higher resolution. (d) High-resolution
spectra as a function of time measured with an integration time
of 2 s for 5 min, showing the stability of the SPE.

characterize the sample in a confocal microscope operat-
ing in a helium closed-cycle cryostat, keeping the sample
at 4 K. The sample is optically excited by a pulsed diode
laser of 405-nm wavelength, 850-uwW power, and 80-MHz
repetition rate [Fig. 1(b)] that is focused on the sample
with use of a microscope objective of numerical aperture
0.8. The SPE luminescence is collected through the same
objective, and is coupled into a single-mode fiber. In the
following, we focus on an individual SPE with a ZPL cen-
tered at 436.24 nm. Figure 1(c) shows a low-resolution
spectrum of the SPE, exhibiting the usual spectral shape
of the B centers, which comprises a narrow ZPL (40%
of the emission) and an acoustic phonon sideband (60%).
We ensure that spectral diffusion of the ZPL is limited,
as shown Fig. 1(d), where the wavelength fluctuations are
contained below 20 pm.

Figure 2(a) depicts the experimental setup used for char-
acterization of two-photon interference. The photolumi-
nescence is collected in a single-mode fiber that channels
the photons to a delayed Mach-Zehnder interferometer.
The ZPL is filtered with use of a transmission grating of
1379 grooves per millimeter. Together with subsequent

coupling to single-mode fibers, it implements a narrow-
bandpass filter of 100-GHz bandwidth. This spectral width
is greater than the time-averaged linewidth but much less
than the width of the acoustic phonon sideband of about 7.8
meV (1.9 THz). A polarizer ensures that the input photons
have a well-defined linear polarization at the input port of
the delayed Mach-Zehnder interferometer. One of the arms
is delayed by the same amount as our repetition period
(12.5 ns) with use of a 2.6-m fiber, such that two con-
secutively emitted photons can simultaneously impinge
on the beam splitter. A liquid-crystal retarder is inserted
in the other arm to rotate the photon polarization by 90°
when suited, allowing photon polarization at the two input
ports of the second beam splitter to be either identical
(parallel) or orthogonal. The total count rate of the ZPL
photons at the output ports is about 1200 counts per sec-
ond. Figure 2(b) shows a histogram of the photon-detection
times at the output ports. We first consider photon detec-
tions occurring during the A# = 3 ns time window high-
lighted by the orange shadowing in Fig. 2(b), which is
located after the laser pulse of width 550 ps [gray shad-
owing in Fig. 2(b)]. Figure 2(c) shows the second-order
photon correlations measured in a Hanbury Brown—Twiss
configuration of the interferometer (i.e., in a single arm).
The relative height of the center period allows us to infer a
photon purity g\ (0) of 0.14 + 0.03, which is limited by
residual background signal and dark counts.

We then measure the photon coincidences in the HOM
configuration of the interferometer. Figure 2(d) gives the
normalized coincidences measured during 36 h with alter-
nation between parallel and orthogonal polarizations using
the liquid-crystal retarder, considering photons detected
during the same time window of width Az. The signif-
icant reduction of the center-period value gg())M’” 0) =
0.32 £ 0.05 in the parallel-polarization case as compared
with the orthogonal case, gjy , (0) = 0.58 £ 0.07, is a

signature of photon coalescence. The raw (uncorrected)
degree of indistinguishability of the emitted photons is
then given by the interference visibility defined as Vyom =
1 — gion (0)/giion.. (0). In our case, we find Fiom =
0.44 £ 0.11. In the case of single photons with ideal purity

[i.e., gl({zéT(O) = 0], Vgom ranges between 0 (perfectly dis-

tinguishable photons) and 1 (perfectly indistinguishable
photons). When multiple detection events are not negligi-
ble, the theoretical bounds of gl({%M,H (0) and gl({zg)M’ 1 (0) are
offset upwards [9], such that the corrected visibility reads
Viom = (1 + 281({21;T(0)> Viom. In the case of the SPE
studied, the theoretical upper (lower) bounds accounting
for our finite value of gl({ng (0) are indicated by light (dark)
gray bars on the center period of the histogram shown

in Fig. 2(d). Accordingly, we find a corrected HOM vis-
ibility of Vijjy = 0.56 £ 0.11, which is comparable with

the indistinguishability of nonresonantly excited quantum
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FIG. 2. (a) Experimental setup for the HOM experiment. (b) Histogram of the photon-detection events at the output port. The

instrument response function is indicated by the gray shadow. The orange shading of width A¢ = 3 ns indicates the postselection time
window. A fit to the data (not shown) provides the spontaneous-emission time l";p‘ = 1.9 ns. (¢) Second-order correlation function of
the photons emitted during At, yielding g® (0) = 0.14 % 0.03. The horizontal axis is in the unit of repetition periods. (d) Two-photon
coincidences in the Hong-Ou-Mandel configuration. The orange (blue) dots denote the normalized coincidence rate for the parallel-
polarization (orthogonal-polarization) configuration of the input ports of the second beam splitter. The center peak provides the values
gg())M,H (0) = 0.32+0.05 (parallel case) and gl({zc))M, 1 (0) =0.58 £0.07 (orthogonal case). The light-gray bars mark the theoretical
values for distinguishable photons of g? (0) = 0.14. The dark-gray bar indicates the theoretical value for fully indistinguishable
photons of g (0) = 0.14. APD, avalanche photodiode; BS, beam splitter; FPC, fiber polarization controller; LCR, liquid-crystal

retarder; TCSPC, time-correlated single-photon counter.

dots [9,11] or color centers in wide-gap 3D semiconduc-
tors [15]. This observation of HOM interference from
single photons emitted by a 2D-material quantum emitter
constitutes the main result of our study, and suggests pos-
sible practical applications of #-BN for optical quantum
information, upon further improvement of the visibility.
The limited value of the corrected HOM visibility can be
possibly attributed to fast dephasing of the optical dipole.
The total dephasing rate of an optical transition can be
written as y = 'y, /2 + y*, where I'y, = 1/T is the spon-
taneous emission rate and y* = 1/7; denotes the rate of
dephasing caused by reservoirs other than the vacuum elec-
tromagnetic field. In the pulsed regime, only y* causes
a reduction of the photon indistinguishability [30,31]. An
expected consequence of dephasing is that extending the
integration window A¢ would degrade the HOM visibil-
ity by allowing a longer delay time between detected pairs
[7,32-35]. It is then in principle possible to estimate y*
by observing the influence of the postselection time win-
dow on the interference visibility. Figure 3(a) (blue dots)
plots the measured HOM visibility Vi, as a function of
the postselection window size Af. We observe an over-
all decrease of the HOM visibility as At increases, which
is consistent with the effect of dephasing. The decay of

Viom(Af) can be fitted by an exponential function, of
which we fix the intercept to be 1. This result is compat-
ible with the assumption that finite purity and dephasing
are the main sources of imperfect HOM visibility. The fit
yields the decay time 7 = 2.0 ns. To relate this timescale
to an estimation of y*, we simulate the two-photon inter-
ference visibility of a two-level atom with dephasing based
on numerical integration of a master equation [36—39]
accounting for spontaneous emission and dephasing in
the Lindblad form. Our simulation accounts for a time
postselection of the coincidences in the same way as
experimentally realized. The details of the simulation are
given in Supplemental Material [40]. We compute the
two-photon interference visibility while varying the posts-
election time window, from which we extract the visibility
decay timescale ty. By repeating this process for different
values of the dephasing rate y*, we obtain a one-to-one
relation between 7y and y*, which we plot in Fig. 3(b).
The dephasing rate associated with our experimental data
corresponds to 75 = 2.4 4= 0.7 ns, which is in agreement
with prior estimations of B-center dephasing time based on
the decay of Rabi oscillations in resonant excitation [28],
where values of 75 between 0.7 and 2ns were estimated,
depending on the emitter and the laser power. In turn, this
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FIG. 3. (a) HOM visibility Vj5,, as a function of the postselec-

tion time window width A¢ shown as blue dots. The orange line
is an exponential fit to the data, yielding )y = 1.7 ns. (b) Sim-
ulated value of 7y as a function of the dephasing rate y* (in the
unit of radiative lifetime FS?) shown as the blue line. The orange
dot represents the value corresponding to the experimental data
in (a).

places the total dephasing time 7, = (I'y,/2 +y*) ! =
1.5 ns about halfway from the perfect indistinguishability
limit, T2 = 2T1 = 3.8 ns.

The value of indistinguishability we measure could be
further increased by use of resonant excitation, which
selectively addresses the transition of interest. This leads
to a decrease of the saturation power by several orders of
magnitude and therefore of the environment noise, yield-
ing up to Fourier-limited linewidths [41]. Additionally,
embedding the emitter in a cavity would increase the ratio
between the rates of spontaneous emission and dephasing.
We calculate that a Purcell factor of 7 (15) would increase
the indistinguishability to 80% (90%), while increasing at
the same time the collection efficiency. Similar or greater
spontaneous-emission enhancements have been achieved
in 2D materials [42,43]. Integrating B centers into elec-
trical gates for fine-tuning of the optical resonance would
then allow interference between distinct emitters [44]. The
indistinguishability of photons emitted by #-BN B centers,
together with their already-established advantageous pho-
tophysical properties and the possibility to locate them at
a prechosen position, opens the way to a broad range of
applications in integrated quantum photonics and optical
quantum information based on 2D materials.
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