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Ultra-efficient generation of time-energy entangled
photon pairs in an InGaP photonic crystal cavity
Alexandre Chopin 1,2,6✉, Andrea Barone 3,6, Inès Ghorbel1, Sylvain Combrié1, Daniele Bajoni4,

Fabrice Raineri2,5, Matteo Galli3 & Alfredo De Rossi1

The typical approaches to generate heralded single photons rely on parametric processes,

with the advantage of generating highly entangled states at the price of a random pair

emission. To overcome this limit, degenerate spontaneous Four-Wave-Mixing is a reliable

technique which combines two pump photons into a pair of signal and idler photons via Kerr

nonlinear optical effect. By exploiting the intrinsic small confinement volume and thermally

tuning the resonances of a 20 μm-long Photonic Crystal cavity, we efficiently generate time-

energy entangled photon pairs and heralded single photons at a large maximum on-chip rate

of 22 MHz, using 36 μW of pump power. We measure time-energy entanglement with net

visibility up to 96.6 % using 1 second integration time constant. Our measurements

demonstrate the viability of Photonic Crystal cavities to act as an alternative and efficient

photon pair source for quantum photonics.
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The development of quantum technologies promises a
paradigm change in the way we process and encode
information, leading to a great leap towards encryption

safety1,2 and exponential computational advantage3–5. Integrated
photonics can provide solutions to address the generation and
manipulation of entangled states of light on-chip and at room
temperature6,7. Single photons can serve as the fundamental
photonic qubit, or can be manipulated to construct more general
entangled states; therefore, efficient single photon sources (SPSs)
are required. Different routes have been explored in this
regard, for example, the emission of defects in diamonds or
semiconductors8–10, artificial solid-state quantum emitters such
as quantum dots11–13, and parametric processes exploiting
intrinsic material nonlinearity. Correlated photon pairs sponta-
neously generated via parametric processes can be used to build
heralded SPSs14–18, in which the detection of one photon in one
input channel heralds the presence of its twin photon in the other.
Such processes can provide highly coherent entangled states but,
relying on spontaneous processes, the pair emission is random
and the source is probabilistic, making it crucial to achieve the
highest generation efficiency. Our system exploits degenerate
spontaneous four-wave-mixing (FWM) that is an ultrafast Kerr
optical nonlinear effect where two pump photons (at frequency
νp) are converted into a pair of signal (νs) and idler (νi) photons.
Because of energy conservation (Fig. 1a), 2hνp= hνs+ hνi, signal
and idler photons are emitted symmetrically relative to the pump,
as in Fig. 1b. As a consequence, resonant enhancement can only
be achieved if at least three resonances of the cavity (at fre-
quencies ν−, ν0 and ν+) are strictly equispaced. This is called the
triply resonant configuration and under this condition, the
internal pair generation rate (number of pairs generated
per second) scales as19,20R / ðn22Q3=V2ÞP2; with n2 the Kerr
nonlinear index, Q the average quality factor of the three modes
defined as Q3 ¼ Q2

0

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Q�Qþ

p
, V the volume of the resonator, and

P the pump power delivered to the cavity. Ring resonators have
gained huge interest for quantum optics as they own the adequate
properties (high Q-factor, equispaced modes, ...) for triply reso-
nant FWM and are now easily integrated on-chip. Time-energy
entangled photon pairs have already been demonstrated in silicon
photonics21 and III–V semiconductors as InP22 and recently
AlGaAs23. This last material has shown efficiency R/P2 as large as
20 GHz/mW2 mainly due to a very large Q-factor up to
1.24 × 106, making it the current state-of-the-art integrated pho-
ton pair source based on semiconductors via FWM. Larger effi-
ciency is reachable by increasing the Q-factor or further
decreasing the volume of the cavity, but bending losses set a lower
bound to the size of the ring.

Yet, whether entangled photons can be generated using a
radically different kind of resonator where the field is strongly
localized within the scale of the wavelength, has not been inves-
tigated at all to the best of our knowledge. We consider a pho-
tonic crystal (PhC) cavity where the very large index contrast
leads to a very strong confinement of light24. Moreover, the
generation of time-correlated photons has just been reported25.
PhC are dielectric sub-wavelength structures where Bragg scat-
tering inhibits the propagation of light within a large angular and
spectral range. This enables the strong localization of the field26

to the scale of the wavelength. This is a fundamental difference
with respect to other dielectric structures, which is appreciated
when considering the possibility of manipulating each single
mode. This gives superior control on the parametric processes,
either desired or undesired, and represents a considerable
advantage when each emitted photon counts. Practical PhC are
one or two-dimensional periodic structures with imperfect
bandgap, yet they are still able to confine a small number of non-
degenerate modes within a volume ≈ (λ/2n)3 (λ being the wave-
length and n the index of the medium) while ensuring a large
Q-factor27, up to 10 million on silicon28 and one million in III–V

Fig. 1 Bichromatic photonic crystal cavity. a Schematic of the energy diagram for degenerate FWM, where two pump photons are converted into a signal
and idler photons. Frequencies (νp,νs, and νi) are dictated by energy conservation 2νp= νs+ νi and h is Planck constant. b Corresponding schematic of the
emission spectra, showing emission at νs and νi symmetrical to νp. c SEM image of the cavity describing the different elements of the design. a and a' are
the periods of the holes. Pin is for the input power in the waveguide. White and orange arrows guide the eyes to see the shift of the lines of holes forming
the reflector. d Reflection spectrum (measured with OCT) of the cavity limited to the first three modes of frequencies ν−,ν0, and ν+ used here for photon
pair generation. The corresponding spatial profile of the modes ∣Ey∣2 are given above. Q is the Q-factor e Thermal tuning, the evolution of the Free Spectral
Range ν0− ν− (red points) and ν+− ν0 (blue points) as a function of the pump offset Δ0 ¼ νp � ν0. Colored circles are measured with pump-probe OCT
and continuous lines are linear fit of the data. Equispaced configuration is reached at Δ0= 31 GHz.
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semiconductors29. Considering the strong dependence of
the photon pair generation efficiency on these parameters, PhC
cavities are very attractive for quantum light generation via
FWM25, provided that the free spectral range is controlled with
very high accuracy. The first demonstration of spontaneous
emission via FWM was reported by Azzini et al.30 by coupling
three identical nanobeam cavities with Q-factor ≈ 5 × 103, which
in the tight-binding approximation, would lead to three sym-
metrically spaced resonances. Unfortunately, the dispersive nat-
ure of the coupling in PhC31 and ring resonators32 fundamentally
leaves a non-zero dispersion Δ2= (ν+− ν0)− (ν0− ν−). This
effect is not severe if the Q-factor is moderate (e.g. ≈ 5 × 103) but
absolutely needs to be controlled if a much larger Q is to be
harnessed. We consider another approach that consists in
designing a cavity which, by construction, results in evenly spaced
modes29. However, fabrication tolerances contribute with addi-
tional random frequency shift, affecting inhomogeneously the
different resonances due to their non-degenerate nature. It can be
corrected with post-fabrication trimming, like in Silicon33. Owing
to a self-tuning technique, we demonstrated time-correlated
photon pairs25 and optical parametric oscillations34 with pump
power in the tens of microWatt level. Here, we will show that our
triply resonant PhC cavity generates correlated photon pairs with
very large efficiency, that are time-energy entangled and allow
heralded single-photon emission.

Results
Bichromatic photonic crystal resonator. The resonator design is
based on the so-called bichromatic lattice35 and is shown in
Fig. 1c. Details on the cavity are given in Methods: Sample design,
fabrication, and characterization. The purpose of this design is to
create an effective parabolic potential for the optical field. Ana-
logously to the quantum harmonic oscillator, modes are equis-
paced in frequencies as desired for triply resonant FWM; and
their spatial profiles are described in good approximation by
Hermite–Gauss functions.

The field distributions for the first three modes of the
resonator, that will be used in the following are shown in
Fig. 1d, along with the reflection spectrum of the resonator.
This is measured using optical coherent tomography (OCT), a
coherent spectral technique providing the phase and the
amplitude of the spectrum. The parameters of the triplet of
resonances are extracted following the procedure in ref. 29. In
the specific case of the resonator considered here, the Q-factors
of the signal and idler modes are different: Q−= 3.8 × 104 and
Q+ = 2.4 × 105, giving an average (defined above) of 2.09 × 105.
The free spectral range is not constant, leading to a deviation
from the required frequency matching condition defined as
Δ2= (ν+− ν0)− (ν0− ν−)=−5 GHz. This mismatch is com-
parable with the largest linewidth of the triplet (≈5 GHz);
therefore, either post-fabrication tuning33 or dynamic tuning
are necessary to bring the cavity to the triply resonant
configuration.

In the present work, we resort to the latter option, more
precisely, self-thermal tuning. This technique has already been
discussed and detailed in refs. 25,34,36. It is based on the
differential thermo-optic effect that originates from the inhomo-
geneous spatial distribution of the mode profiles and their
consequently different overlaps with a thermal gradient. The
aftermath of inhomogeneous temperature in the cavity is a
different frequency shift for each mode. Here, the thermal
gradient is generated via residual linear absorption through the
pump mode. Experimentally, the frequency νp of a CW pump
laser is gradually shifted to get on resonance with the pump mode
at frequency ν0 (“�” indicates the frequency without thermal

tuning). We introduce the pump offset Δ0 ¼ νp � ν0 to express
the shift of the pump laser. As Δ0 < 0, the laser starts to be
partially resonant with the pump mode allowing energy transfer
from the laser to the cavity via the pump mode. The effect of the
differential spectral shift of the modes is that as Δ0 changes,
ν0− ν− and ν+− ν0 eventually equalize, which is shown in Fig. 1e
using the pump-probe OCT25,29 technique. We note that the
cavity is kept in the upper (on resonance) branch of the thermal
bistable cycle, which closes when Δ0= Δb. This condition, not
shown in this particular plot, represents a non-equilibrium point
where any additional spectral shift is no longer sustained by the
thermo-refractive effect. Consequently, aligning the modes
requires a minimum pump power (estimated here to be
≈20 μW) that increases with the initial mismatch. It is then
possible to operate at low power only when using resonance
triplets with a low initial mismatch.

Internal generation rate. First and foremost, the internal pair
generation rate R is measured (see Methods: Experimental setups).
Indeed, the pump laser used for thermal tuning is also used to
generate the photon pairs via spontaneous FWM (SFWM). They
are collected by the same lensed fiber and split into two different
channels using Dense Wavelength Division Multiplexing, whose
frequencies are aligned with the signal and idler ones. For that, the
temperature of the sample is set to 32 ∘C. Each of them is followed
by a cascaded bandpass filter with a central frequency matching
signal or idler frequency in order to gain additional filtering of the
remaining pump photons. Detection is accomplished using super-
conducting nanowire single-photon detectors, with a quantum
efficiency of ≈85%, connected to a time correlator. Photons’ arrival
times are measured and represented in a typical histogram shown in
Fig. 2a, after 1 s of integration. It clearly exhibits a main peak
corresponding to photon pairs arriving at the detectors over a
wideband background, which can be the result of broken signal/
idler pairs, the emission of multiple pairs or parasitic processes like
Raman scattering in the input waveguide or in the filtering stage21.
This coincidence peak is not symmetric, that we account for the
unbalanced Q-factors. In order to prove that, the coincidence peak
is fitted using a model taking into account these unbalanced
Q-factors, from which we clearly recover the shape of the peak with
the exact Q-factors (see Methods: Coincidence peak fitting). The
number of coincidences per second, Rdet, is extracted by integrating
over the full-width-half-maximum (FWHM) of the peak. Taking
into account the losses between the output of the cavity and
detectors (αs and αi), estimated to be 12 and 12.84 dB (see Methods:
Experimental setups), we infer the internal pair generation
rate20 R= Rdet/(αsαi). This measurement has been performed for
different values of the pump offset Δ0. As shown in Fig. 2b, the
internal pair generation rate increases as the modes are tuned to the
triply resonant configuration, up to a maximum of 22MHz, cor-
responding to a large measured coincidence rate of 70 kHz. We
note that the maximum of generation rate does not exactly corre-
spond to the triply resonant condition (details in ref. 25). We can
also infer the amount of effective pump power (Fig. 2c) transferred
to the cavity P0, with the power in the waveguide Pc and the pump
offset at which the bistable jump occurs Δb : P= (Δ0/Δb)Pc. This
effective power can be interpreted as the necessary amount of power
required to obtain the corresponding internal generation rate. In
order to resolve the entire evolution, Pc= 56 μW have been sent in
the waveguide. Finally, we calculate the efficiency. The maximum
internal generation rate is obtained for P= 36 μW, that gives a
maximal efficiency R/P2 of 16 ± 1GHz/mW2.

Time-energy entanglement. The original idea to exploit energy
and time correlation to test non-local quantum correlations was

COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-023-01189-x ARTICLE

COMMUNICATIONS PHYSICS |            (2023) 6:77 | https://doi.org/10.1038/s42005-023-01189-x | www.nature.com/commsphys 3

www.nature.com/commsphys
www.nature.com/commsphys


suggested in ref. 37. In this seminal paper, two photons emitted in
an atomic cascade process are used to test Bell’s inequality.
Nowadays, systems based on parametric processes, like the one
presented in this work, are most commonly exploited20,22,23. The
nonlinear medium in the PhC cavity is pumped with a highly
coherent (τcoh≃ 10 μs) laser at a central frequency νp. Photon pairs
are simultaneously generated via SFWM, but their emission time is
undetermined within the coherence time of the pump, because the
coherence time associated with the targeted resonances, 210 and
48 ps for ν− and ν+ respectively, is much shorter than the pump
one. If the pairs encounter an unbalanced Mach–Zehnder inter-
ferometer, the output state of the pair can be written on the path
basis, being Lj i and Sj i the single photon long and short path state,
respectively. When the photons of the pair take different paths, LSj i
or SLj i, they can be distinguished from their time correlations and
the states are separable. If, conversely, the two photons take the
same path in the interferometer, the state is described by the

entangled state ψ
�� � ¼ ð SSj i þ exp½iðφs þ φiÞ� LLj iÞ= ffiffiffi

2
p

, where φs
and φi are the additional phase acquired for each photon of the pair
in the long arm of the interferometer, respectively. As the photons
result from a parametric conversion, this phase inherits the
coherence of the pump. As a result, it will yield an interference in
the count rates with a global phase dependence, φs+i= φs+ φi, even
though the interferometer unbalance is larger than the coherence
time associated with the resonances of the pair.

Time-energy entangled photon pairs have been measured for
three different pump powers. Figure 3 shows the results for
P0= 15 μW, corresponding to an internal generation rate R= 3
MHz. Four coincidence histograms for different values of the
relative signal and idler photon phase φs+i are displayed in
Fig. 3a–d obtained after only 1 s of integration. On the one hand,

Fig. 3 Time-energy entanglement. a–d Coincidence histograms after
Tint= 1 s integration for different values of the phase acquired by the signal
and idler photons in the interferometer φs+ φi. The paths of the photons
are shown in the first histogram (S short and L long). e, f Coincidence rate
for the side peaks (green and red circles) and for the central peak (blue
circles), respectively, as a function of φs+ φi. The black curve is fitted with
a sinusoidal function to extract the visibility of the fringes caused by two-
photon interference. This measurement is obtained for P0= 15 μW of pump
power. Vertical error bars refer to the standard deviation of a Poisson
distribution and horizontal ones to uncertainty on the photon pair phase.

Fig. 2 Time-correlated photon pairs. a Coincidence histogram (blue
squares) obtained for an effective pump power in the cavity of P0≈ 30 μW
after Tint= 1 s of integration. Δ0 is the pump offset. The main peak is thus
fitted (black line) using the model (detailed in Methods: Coincidence peak
fitting) to extract the number of coincidences. b On-chip pair generation
rate R and the corresponding coincidence rate Rdet as a function of Δ0.
Vertical lines denote the point of triply resonant configuration (TRP) and
bistable jump. The black arrow indicates the maximal measured internal
generation rate Rmax. Error bars are due to uncertainty on the measured
coincidence rate, namely a Poisson distribution. c Evolution of the effective
pump power P0 as a function of the pump offset Δ0.
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the side peaks that correspond to photons taking SLj i or LSj i path
sequence are indeed independent of the phase. On the other
hand, the number of coincidences in the central peak, due to
photons taking indistinguishable paths ( SSj i and LLj i), is
oscillating with the phase. In Fig. 3e, independent phase evolution
of the side peaks is confirmed, while oscillations of the central one
are clear over more than 2π in Fig. 3f. The data are fitted using a
sinusoidal function (see Methods: Bell curve data extraction),
from which the raw visibility Vraw is extracted. In Fig. 3f, it is
measured to be Vraw= 93.88 ± 4.07%, violating Bell inequalities
by 5.7 standard deviations, proving the entangled nature of the
photon pairs. As the pair generation rate R increases, the visibility
decreases and drops to 79.81 ± 1.98% at maximum efficiency due
to large increase in the background scaling with P4, which is a
fundamental limitation due to the statistical properties of the
emission process. Finally, the raw visibility is corrected using the
one of the interferometer V. It is directly measured by
introducing the pump laser in the Mach–Zehnder and measuring
first-order interference visibility. Here, V ¼ 0:972 ± 0:001 and so
the net visibility is Vnet ¼ V raw=V. Results are summarized in
Table 1, including also the result obtained with a PhC nanobeam
cavity on a different experimental setup (See Supplementary
Note 1) and whose photon pair emission properties are detailed
in ref. 25. Time-energy entangled photon pairs have thus been
demonstrated with net visibility as high as Vnet= 96.6% with
15 μW pump power.

Heralded single-photon emission. In order to show that the
entangled photons are emitted as single pairs, the heralded
second-order correlation function gð2Þh has been measured. The
channel with the higher emission rate, νi, has been chosen as the
herald, and on the other channel is performed a conditioned
Hanbury Brown–Twiss experiment (see Methods: Experimental
setups), feeding light to a 50:50 beam-splitter and sending the
output to two distinct Superconducting nanowire single-photon
detectors. The gð2Þh can be written in terms of coincidence rate38

gð2Þh ðτÞ ¼ Ri12ðτÞ
Rð1Þ
i1 ð0ÞRð2Þ

i2 ðτÞ
Rið0Þ; ð1Þ

Ri12(τ) being the rate of triple coincidences at delay τ, and Ri1, Ri2
the number of double coincidences between the idler photon and
the signal photon in arm 1 or 2 of the Hanbury Brown–Twiss
setup, respectively. The expression in eq. (1) can be averaged in
time and expressed in terms of measured counts. In this work, a
3-h-long integration leads to the curve depicted in Fig. 4 where
the value of the gð2Þh ð0Þ ’ 0:17 ± 0:02 is a clear sign of the anti-

bunched statistic of the emitted state. Yet, the gð2Þh ð0Þ is not as low
as achieved in other systems (see Table 2). The reason is that we
measured gð2Þh ð0Þ with the pump power level set for maximum
pair emission rate, which was dictated by the need to limit the
measurement time to a few hours. In this condition, the

probability of multiple pairs emission is high, which also explains
the low measured CAR ≈10. To gain more insight, we have
measured the second-order self-correlation g(2)(0) of the heralded
channel (See Supplementary Note 2), which is directly linked to
the purity P and the Schmidt number K:

P ¼ 1
K

¼ gð2Þð0Þ � 1: ð2Þ

As we measure g(2)(0)= 1.58, the purity is 58 ± 1.7%, which
confirms multiple pairs emission. Hence, lower gð2Þh ð0Þ is expected
by repeating the measurement at a lower pair emission rate, as
shown in ref. 39.

Discussion
This work shows that PhC cavities are a different and competitive
platform for the generation of quantum states of light. First, the
performances of our InGaP PhC source are compared to other
semiconductor-based microresonators for photon pair generation
via SFWM as shown in Fig. 5. The figure compares the perfor-
mances as a photon pair source of the nanobeam cavity intro-
duced in ref. 25 and the bichromatic cavity discussed here with
some landmark results reported in the literature. We consider the
generation efficiency R/P2, the ratio of the internal pair genera-
tion rate over the square of the on-chip pump power as a function
of a figure of merit M / ðn22Q3Þ=V2 which represents the
expected scaling with the material nonlinearity, the Q-factor and
the nonlinear interaction volume. This figure of merit is nor-
malized to the value corresponding to the performances of the
AlGaAs nonlinear ring23. The Q-factors and other parameters
differ considerably, yet the expected scaling with the figure of
merit M is followed rather well. A large on-chip generation effi-
ciency, up to 16 GHz/mW2, is achieved with the PhC cavity,
which is very close to the current state-of-the-art, AlGaAs ring
resonator (20 GHz/mW2) and so, much higher than the other
sources. We point out that the smaller Q-factor in the PhC
(2.09 × 105, to be compared with 1.24 × 106 in the AlGaAs ring
resonator) and the smaller nonlinearity of our material InGaP are
compensated by the much smaller nonlinear volume of the cavity
(5.7 μm3, see ref. 34). Thus, the self-tuning technique used here
allows to systematically achieve the maximum efficiency, con-
sistently with the scaling. This implies that a further order of
magnitude increase in the efficiency is expected, considering
Q-factors are twofold larger than in this sample (7 × 105, as
reported in ref. 36). Still, in order to access the ultra-low pump

Table 1 Time-energy entanglement for different effective
pump powers.

Type P0 [μW] Tint [s] Vraw [%] Vnet [%] (Vraw− Vbell)/
σV

B 15 1 93.88 ± 4.07 96.58 ± 4.19 5.7
B 23 1 89.22 ± 4.11 91.79 ± 4.23 4.5
B 36 1 77.13 ± 1.98 79.35 ± 2.04 3.2
N 250 30 93.1 ± 3.4 95.78 ± 3.49 6.6

Tint is the integration time, Vraw(Vnet) is the raw (net) visibility, and σV is the uncertainty on the
raw visibility. P0 is the effective pump power. B stands for Bichromatic and N for Nanobeam.

Fig. 4 Heralded single-photon emission. Heralded second-order
correlation function showing a gð2Þh ð0Þ ¼ 0:17±0:02; measured at pump
power in the cavity P0= 36 μW. The shaded region corresponds to
1 standard deviation.
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power limit, it is necessary to have samples with a minimal
mismatch; otherwise the minimum pump power will be set by the
amount of dissipation required to compensate for it.

Besides resonant SFWM, we also consider spontaneous para-
metric down-conversion (SPDC) in Table 2. Relevant figures are
the visibility of the Franson fringes and the heralded second-
order correlation function at τ= 0 : gð2Þh ð0Þ. Since it is based on
second-order nonlinearity, the SPDC process is intrinsically
much stronger than SFWM, which is based on a higher-order
process. Related to that is also the fact that the scaling with the
pump power is different; therefore, a comparison is possible only
when fixing either the pump power or the pair generation rate.
Here we have chosen the former, consistent with the literature.

First, the data in Table 2 reveal that SFWM sources are almost
on par with SPDC. This is essentially due to the fact that the
former have lower volumes and higher Q-factors. Yet, excep-
tionally large SPDC efficiency has been reported in InGaP (the
same material as here) rings40. This leaves an open question,
namely whether the superior intrinsic efficiency of SPDC offsets

the additional complexity: phase matching over one octave,
handling very different wavelengths and the tensor nature of
second-order processes.

Let us now consider entanglement. From a more practical
standpoint, reduced insertion losses and the use of superconducting
detectors compared to previous settings25 have considerably
improved the detected rate of coincidences (up to 70 kHz), which
allows to measure a large amount of entangled photon pairs with
integration time as low as 1 s or below. The table reports the net
visibility, which does not depend on the interferometer used for the
experiment, therefore providing a rather fair comparison of the
sources. We report visibility up to 96.6%, which is close to the value
measured with the AlGaAs ring23, yet smaller than in refs. 41,42,
where efficiency is much lower.

As for the purity of the heralded photon state, we note that the
measurement of the second-order correlation reveals that gð2Þh ð0Þ
is not very small. The main reason was that the source was
operated at maximal efficiency in order to keep the integration
time below three hours. It is well known that single-pair purity
decreases when the generation rate increases39 and this is why
better results reported elsewhere have been obtained at a much
lower generation rate.

Overall, both the visibility of Franson fringes and the purity of
the heralded single-photon state are limited by the cavity-
detectors losses and unequal Q-factors for the signal and idler
modes, which eventually leads to a different count rate on each
detector, increasing the background. Substantial improvement is
possible by reducing these insertion losses, which are essentially
related to the signal and idler separation, and pump suppression.
This can be achieved by integrating on-chip these passive linear
functions. Another obvious improvement relies on the choice of
similar escape rates (loaded Q-factors) for the idler and signal
cavity modes. Integration in a complete quantum circuit, as
currently pursued with the AlGaAs platform43, is also our per-
spective; therefore, this engineering work will squarely be
addressed in future work.

On a more fundamental standpoint, the demonstration that a
PhC resonant parametric source allows entanglement and heralding
unlocks the possibility of using photonic bandgap engineering to
suppress unwanted photons to a degree which is not accessible to
other kind of resonators. In fact, we have shown that it is very easy
to operate a PhC resonator such that only the required modes are
able to interact through FWM. All the other interactions are
strongly suppressed as they correspond to a very low density of

Table 2 Photon pair sources via resonant parametric processes (SPDC and SFWM) in microresonators.

Material Geometry Process Q Footprint R @1mW Visibility gð2Þh ð0Þ (@R [MHz]) Ref.

[μm2] [GHz]

LiNbO3 Disk SPDC 2.9 × 105 6800 5.13 96.5 ± 1.9% 0.0098 ± 0.0021 (70.2) 48

PPLN Ring SPDC 1.0 × 105 9500 2.7 x 0.007 ± 0.0016 (5) 39

AlN Ring SPDC 1.1 × 105 1960 0.0058 x 0.088 ± 0.004 (5.9) 49

InGaP Ring SPDC 1.1 × 105 79 27.5 x x 40

AlGaAs Ring SFWM 1.2 × 106 608 20 97.1 ± 0.6% 0.004 ± 0.01 (1) 23

Si Ring SFWM 9.2 × 104 314 0.15 98.9 ± 0.6% 0.0053 ± 0.021 (0.02) 41

Si Ring SFWM 3 × 104 9000 0.0026 98.0 ± 4.1% (raw) x 42

Si3N4 Ring SFWM 2.0 × 106 42000 0.004 90 ± 7% x 50

InP Ring SFWM 4.2 × 104 1810 0.145 78.4 ± 2.0% x 22

InGaP Ring SFWM 4.0 × 104 2830 0.003 x x 25

InGaP PhC (N) SFWM 4.0 × 104 50 0.08 95.8 ± 3.5 % x 25/
This work

InGaP PhC (B) SFWM 2.1 × 105 69 16 96.6 ± 4.2 % 0.17 ± 0.02 (20) This work

The Q-factor is the loaded one. The internal generation rate is given at 1 mW pump power. For the PhC, B stands for Bichromatic and N for Nanobeam. gð2Þh ð0Þ is given at the corresponding rate [MHz] in
parenthesis. They are extracted or deduced from the references.
PPLN periodically poled lithium niobate.

Fig. 5 State-of-the-art of semiconductor photon pair sources based on
resonantly enhanced SFWM. Efficiency R/P2 vs. the normalized figure of
merit M / ðn22Q3Þ=V2 (being 1 for the AlGaAs ring), with Q the Q-factor, V
the resonator volume, and n2 the Kerr nonlinear index. Q and V are deduced
from the articles as described in ref. 25. Here, we use n2= 0.6 × 10−17 m2/
W for InGaP/Si, 2.7 × 10−17 m2/W for InP, 0.025 × 10−17 m2/W for Si3N4

51

and 4 × 10−17 m2/W for AlGaAs. For PhC cavities, N refers to Nanobeam
and B to a bichromatic cavity.
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optical states. This has many benefits, for instance, more efficient
power conversion in OPOs36, which is more difficult to achieve in
ring resonators and requires nontrivial engineering44–46. The sup-
pression of unwanted interactions is also critical for the generation
of squeezed light47. All these issues are solved using PhC resonators.
As a final note, PhC cavities have the lowest footprint (Table 2),
which is a direct consequence of the strong confinement. This is an
important asset for scalability and the integration of multiple
sources on a single chip for photonic computing tasks.

In conclusion, we demonstrated the very efficient generation of
time-energy entangled photon pairs using an InGaP photonic
crystal cavity. Large efficiency is achieved by operating at low
power and scales well compared to most semiconductor-based
ring resonators due to a smaller volume. This work proves that
PhC cavities are an adequate, different, and competitive candidate
for the generation of quantum states of light and can play an
important role in integrated quantum optics.

Methods
Sample design, fabrication, and characterization. The samples have been fab-
ricated in the Centre de Nanosciences et de Nanotechnologies (C2N). They consist
of an array of 2 × 11 PhC cavities, fabricated by patterning a suspended membrane
of In0.5Ga0.5P lattice-matched to GaAs following the same process as in previous
studies29. The layout is transferred using e-beam lithography and then inductively
coupled plasma etching (ICP), while wet etching is used to remove the material
underlying the membrane.

The cavity, depicted in Fig. 1c, consists of a 2D array of holes with constant
period a, except for two lines with a slightly reduced period a0 where the cavity is
located. A missing line of holes constitutes a waveguide where photons can
propagate and are evanescently coupled to the cavity. A mode adapter is placed on
the edge of the waveguide to realize an adiabatic transition from the mode of the
waveguide to that of the lensed fiber. A reflector is constructed on the other side by
shifting inwards two lines of holes.

High-resolution (20MHz) linear optical spectra are measured using optical
coherent tomography (OCT), as detailed in ref. 29. Based on the linear
characterization, among the different devices with the proper spectral alignment
usable for SFWM, the one with the best trade-off between Q-factors, efficiencies, and
spectral misalignment has been selected for nonlinear and quantum measurements.

Experimental setups. The experimental setup for the state generation is depicted in
Fig. 6a. A fiber-coupled tunable laser source (Santec TSL-710) is used to pump the
process. The sample is stabilized in temperature and accessed through a fiber optical
circulator. A lensed fiber is used to couple light in and out of the resonator and the
emitted photons, as well as the reflected pump, are collected via the circulator
reflection channel. The input polarization is optimized with a polarization controller
monitoring the reflected power. When measuring double coincidences to retrieve the
internal generation rate, the experimental setup used is in Fig. 6b. The emitted
photons are spectrally filtered to attenuate the pump field. The filtering stage consists
of a telecom dense wavelength division multiplexing with 3.6 dB of insertion losses
and a rejection of 85 dB, and then a tunable bandpass filter per channel, with 3.4 and
4.2 dB of insertion losses, respectively. To measure time correlations, the collected
photons are directed into two superconducting nanowire single-photon detectors with
a quantum efficiency greater than 85% and a 37 ps time jitter. Details of all the
encountered losses by the photons are given in Table 3.

When measuring time-energy entanglement (Fig. 6c), the photons encounter a
Franson interferometer. It is a single, fibered, heavily unbalanced Mach–Zehnder
interferometer, in which the difference in length between the two arms is L= 2 m.
The unbalance has to be larger than the coherence length of each of the photons of
the emitted pairs Lcohsingle (on the order of 10 cm for this device), to wash out classical
first-order interference; but simultaneously shorter than the coherence length of
the pair, that, in this experiment, is given by the coherence length of the
continuous-wave pump laser Lcohpair (~1 km).

The phase is actively stabilized on an ultra-stable laser (Orbits Lightwave
Ethernal) with a feedback correction signal sent to a fiber phase shifter. Changing
the offset voltage of the phase shifter allows to change the relative phase of the two
arms within an estimated error of less than 10∘. After leaving the interferometer,
the photons encounter the same filtering stage as before. Figure 6d show the
Hanbury Brown–Twiss setup for heralding single photons measurement.

Coincidence peak fitting. We illustrate the heuristic model we adopted to fit the
asymmetric coincidence histogram measured in the experimental configurations
depicted in Fig. 6b, c. We assume that the emission time of each photon pair is a
Poisson point process, but with an average time constant τi that is different for the

signal and idler channel, respectively

piðtÞ ¼
1
τi
exp � t

τi

� �
ΘðtÞ ð3Þ

where Θ(t) is the Heaviside step function. To take into account the time jitter of the
detector, we assume a Gaussian time response gjitt(t0= 0, σ) with σ= 37 ps, as
characterized by the manufacturer. The probability pi(t) of measuring a photon at
delay t for the signal or idler channel after measuring no photons in the time
interval [0, t] is then proportional to the convolution

γiðtÞ ¼ ðgjitt � piÞ ðtÞ ð4Þ

The probability of a coincidence at zero delay is then proportional to the con-
volution of the probabilities of the independent signal and idler events

Γðt; τs; τiÞ ¼ ðγs � γiÞ ðt; τs; τiÞ ð5Þ

that is, the lineshape used to fit the coincidence histogram. In Supplementary
Note 3 are shown the values of τs and τi given by the fitting procedure, that

Fig. 6 Experimental setups. a Experimental setup for the generation of the
photon pairs in the PhC cavity. PC stands for polarization controller. The
blue and red arrows denote signal and idler photons. b Time-correlation
measurement setup. DWDM stands for dense wavelength division
multiplexing, BPF for bandpass filter, and SPD for single-photon detector.
c Time-energy entanglement measurement setup. PS stands for phase
shifter, MZI for Mach–Zehnder interferometer. d Heralding single-photon
emission measurement setup. BS stands for beam-splitter, here with a ratio
of 50:50.
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correspond to the dwelling times retrievable from the linewidth of the resonances
measured with spectroscopic techniques.

Bell curve data extraction. Using the experimental setup depicted in Fig. 6c, a
number of histograms have been acquired for different values of the phase φs+ φi.
The same process detailed in section Coincidence peak fitting is used to extract the
number of coincidences in each of the three peaks in a typical histogram (see
Fig. 3a). The error on the coincidences is assumed here to be Poissonian. The
dependence of the coincidence rate Rdet with φs+ φi is fitted using the following
sinusoidal function as in ref. 21 :

f ðf 0 ;A;φ0ÞðφÞ ¼ f 0 þ Acosðφþ φ0Þ ð6Þ
with f0, A, and φ0 are fit parameters. As a consequence, if Rc is the number
of coincidence rate of the central peak, the raw visibility defined as Vraw=
(Rc,max− Rc,min)/(Rc,max+ Rc,min) can be directly extracted from the fit parameters
using eq. (6) : Vraw= A/f0. The error on each fit parameter is obtained from the
covariance matrix giving the standard deviation on the visibility:

σV raw

V raw
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σA
A

� �2
þ

σf 0
f 0

� �2
s

ð7Þ

Finally, we can deduce the number of standard deviations from which the Bell
inequality is violated, knowing entanglement is proved if Vraw > 70.71%.

Data availability
All essential data were available in the paper. Additional data were given in the
supplementary file. Further supporting data can be provided from the corresponding
author upon request.
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