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Time-correlated photon pairs are generated by triply resonant four-wave-mixing in an IngsGagsP photonic
crystal cavity. Maximal efficiency is reached by actively compensating for the residual spectral misalignment of
the cavity modes. The generation rate reaches 5 MHz in cavities with a Q-factor ~4 x 10*, more than one order
of magnitude larger than what is measured using ring resonators with similar Q factors fabricated on the same
chip. The photonic crystal source is integrated on a Si photonic circuit, an important asset for applications in

quantum technologies.
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I. INTRODUCTION

Parametric downconversion, either through a second-order
or a third-order nonlinear optical process, underlies the
emission of correlated photon pairs, entanglement [1], and
squeezing. The miniaturization and the integration of sources
based on these processes play an essential role in quantum
technologies [2]. Maximizing the efficiency of the parametric
interaction implies an improved generation rate, entangle-
ment, antibunching, and the decrease of the pump power
level [3,4]. Ultimate efficiency (i.e., single-photon nonlinear-
ity) leads to deterministic quantum gates [5]. Considering
resonantly enhanced pair generation through spontaneous
four-wave mixing (SFWM)), its rate R depends [6] on the Kerr
nonlinear index n,, on the Q-factor of the resonances, on the
effective volume for the nonlinear interaction V, [7], and on
the pump power P delivered to the resonator, namely

3
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Therefore, the rate can be enhanced by design (increasing
0, decreasing the size of the resonator) or by choosing a
material with a larger n,. Ring resonators made of AlGaAs,
a group II-V semiconductor with sizable Kerr nonlinearity,
have achieved a high (MHz) internal generation rate with 10
UW on-chip pump [3]. On the other hand, due to scattering
at sidewalls, the radius of high-Q rings made of semicon-
ductors is hardly smaller than 10 pum. In contrast, high-Q
photonic crystal (PhC) resonators with a similar Q-factor
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confine the field in a volume that is orders of magnitude
smaller [8], thereby raising high expectations for a very strong
nonlinear interaction. Yet, efficiency is reached only when the
interacting “pump”, “signal,” and “idler” fields are simultane-
ously on resonance with the corresponding cavity modes. This
condition, trivially satisfied in ring resonators, is extremely
challenging in PhC. Triply resonant SFWM was reported in
a multimode resonator made of three coupled single-mode
PhC cavities [9]. The normalized spontaneous generation rate
(300 MHz mW ~2) is large, considering the moderate Q-factor
(&5 x 10%), due to the small volume of the resonator. Corre-
lated photon pairs have been reported in PhC waveguides [10]
and coupled cavities resonator waveguides [11], both with a
pulsed pump and a peak power level well above 100 mW.

A novel tuning technique, exploiting the inhomogeneous
thermo-optic effect, has enabled triply resonant four-wave-
mixing (FWM) in multimode high-Q (Q > 10°) PhC, ulti-
mately leading to the PhC optical parametric oscillator [7].
We show that this approach, here modified to operate with a
fixed wavelength pump, enables time-correlated pairs emitted
at maximal efficiency (i.e., following the Q3 scaling) within a
PhC resonator, integrated with a silicon photonic circuit.

II. PHOTONIC CRYSTAL SOURCE

The nanobeam PhC cavity [12] is made of IngsGagsP,
a group III-V semiconductor alloy grown lattice-matched to
GaAs. Its electronic band gap (1.89 eV) is large enough to
suppress two-photon-absorption (TPA) of a pump in the Tele-
com spectral range [13]. Thus, large electric fields can be
established, enabling the observation of temporal solitons at
chip scale [14]. Moreover, the residual linear absorption rate is
about 1.5 x 1078 s~!, which is extremely small, compared to
other direct gap semiconductors [15]. The period of the holes
is tapered to establish an effective harmonic potential for the
field, involving nominally spectrally equispaced resonances
at frequencies (w_, wy, w) [Fig. 1(a)]. The PhC is coupled
through an evanescent field to an underlying silicon photonic
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FIG. 1. Parametric PhC source. (a) Squared fields (calculated)
of the first four modes (filled curves) of the PhC cavity and their
envelopes (dashed lines) along the axis x, with x = O the center of
the beam; pump (w,), signal (w;), and idler (w;) photons are resonant
with modes wy, w_, w; in the SFWM process. (b) SEM image of the
Ing 5sGag sP PhC resonator on the silica layer (left) and representation
of the hybrid III-V PhC on a silicon layer stack (right). BCB denotes
benzocyclobutene.

wire [Fig. 1(b)]. The full details on the fabrication and FWM
process are given in Ref. [16] and in Appendix B 1. The
cavities considered hereafter have quality factors ranging from
2 x 10* to 10° and resonances between 192 and 194 THz
(1545-1560 nm). The same chip contains ring resonators fab-
ricated simultaneously with the PhC resonators, with a radius
of 30 um and comparable Q factors.

Compared to SFWM in a ring resonator, a specific fea-
ture here is the tuning process and the dependence of the
emission rate on the injected pump power and the detuning.
This stems from the markedly inhomogeneous and only par-
tially overlapped distribution of the field of the interacting
modes. Consequently [7], when the cavity heats up due to
pump dissipation, the modes experience a differential ther-
morefractive effect, which compensates for the unavoidable
fabrication tolerances. This differential effect depends on the
heat diffusion length [17], hence on the thermal conductivity,
and on the spatial profile of the modes. The pump laser is
operated at a fixed frequency w,,, larger than the @ resonance
at a sample temperature 7 = 28 °C. Hereafter, the overline de-
notes the absence of internal dissipation, hence homogeneous
temperature in the sample. The transmission decreases as the
temperature is decreased below 7' = 26 °C, until the bistable
jump is reached at T = 19°C [Fig. 2(a)]. Optical coherent
tomography (OCT) is used to track the corresponding thermal
drift of the resonances (see Appendix B 3). This is shown in
Fig. 2(b). As wo approaches the pump w,,, the energy stored
in the mode, and hence the internal dissipation, increase and
wo 18 clamped to the pump (within 7 = 26—19 °C); the drift
wy — @y is linearly related to the sample temperature, and it

Sample temperature [°C]

FIG. 2. Achievement of equispaced resonances through thermal
sweep and fixed pump wavelength. (a) Transmitted pump, after
waveguide couplers (circles; the line is a guide for the eyes) as
the sample temperature is decreased. (b) Corresponding resonance
frequency wy (circles); solid and dashed lines represent the pump
w, and the thermo-optic drift of @y, respectively. (c) Correspond-
ing measured FSR (markers), fit (solid lines), and value at uniform
temperature (dashed lines); insets represent the aligned/not aligned
configurations.

can be approximated by the pump offset Ay = w, — &y ~
wy — @p. The differential thermo-optic effect is apparent in
Fig. 2(c), as the intervals Aws = |wi+ — wp| change until they
equalize at a given temperature (23 °C here). The correspond-
ing pump detuning is Ay, While Apig denotes the detuning at
the bistable jump. Let us define the mismatch 2D = Aw; —
Aw_, which is zero when the modes are aligned and FWM is
triply resonant. This is only possible [Fig. 2(c)] if the initial
mismatch (when the temperature in the sample is uniform) is
negative (2D < 0). This is related to the sign of the differential
thermo-optic effect. If this condition is satisfied, the pump
power needs only to be large enough to keep the resonance
locked until triple resonance is reached.

III. GENERATION OF CORRELATED PAIRS

The fixed pump frequency is chosen such that the signal
and idler are both aligned with the channels of the DWDM
(dense wavelength division multiplexing) filter at the output
of the sample [Fig. 3(a)]. A band-pass (BP) filter is also used
to remove the amplified spontaneous emission from the pump
laser before entering the sample. The power at the input of the
cavity is estimated to be P. i, = 250 uW. Considering that,
the 110 dB overall pump suppression at the detectors, ensured
by cascading a BP filter on the signal and idler channels, is
enough for our purposes. Two single-photon avalanche pho-
todiodes (SPADs) (quantum efficiency n, = 20%, deadtime
p = 15 us) are operated in gated mode (signal frequency
f =3 MHz, duty cycle 0 = 0.5) and connected to a time
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FIG. 3. Photon pairs generation in PhC. (a) Simplified time-correlation measurement setup: Dense wavelength division multiplexing
(DWDM), band-pass filters (BPF), power meter (PM), single-photon avalanche photodiode (SPAD), and time correlator (TC). (b) Raw
coincidence (at max. rate 5 MHz) histogram with integration time 7j,, time bin 90 ps. (c),(d) On-chip pair generation rate R (bottom) and
corresponding FSR (top) as a function of the pump offset, controlled by the temperature; symbols and error bars are experimental points, and
the solid line is the theory with no fitting parameters; the vertical dashed line marks the equal FSR; (c),(d) correspond to cavities (A, B). Cavity

A has a lower initial mismatch |2D] than cavity B.

correlator (TC), as shown in Fig. 3(a). The count of single
photons on each channel (N;, N,) increases above the back-
ground simultaneously in both channels as the triply resonant
FWM is established [see Appendix B, Fig. 7(b)].

A raw coincidences histogram, Fig. 3(b), is collected as a
function of the sample temperature with integration time Tiy;.
The raw count of coincidences C,,y (the sum of all coinci-
dences over the main peak of width 27; = 300 ps, where 7 is
the timing jitter of the detectors) is corrected with the estimate
of the accidental counts A (summing over the same width
outside the peak) to generate the “true” coincidences Cr =
Craw — A. The coincidence to accidental ratio is CAR = Cr /A,
following Ref. [18]. To cope with the saturation of the SPADs
as the count rate increases, further correction is applied and
real coincidences are C = Cr(1 — Nytp)~ (1 — Natp)~'o !
[19]. Finally, the coincidence rate is then Ry = C/Tiy, (for
details, see Appendix B 2 f).

The on-chip pair generation rate R, that would be relevant,
for instance, in a quantum chip, is deduced by taking into
account the photon loss in the two channels «; and «; from
the silicon wire all the way to the detectors considering their
quantum efficiency [6], hence R = Ry.¢/c;crs. The attenuation
ranges between 25 and 30 dB, depending on the sample. The
main contributions are the tunable BP filters, the chip to fiber
grating couplers, and the quantum efficiency of the SPADs.
Moreover, in contrast with ring resonators, side-coupled PhCs
emit signal and idler photons with equal probability in both
directions of the silicon waveguide, giving an additional 3 dB
loss.

Figure 3(c) shows the coincidence rate R as the cavity is
tuned towards its maximum efficiency by changing its base-
line temperature, pump wavelength, and power being fixed.
A clear maximum, sharply emerging from noise, is observed
before a decrease due to a deviation from the triply resonant
configuration. The sudden drop after the bistable jump clearly
indicates that the system is then out of resonance. Yet, the

maximum is reached after crossing the point of triple res-
onance, Figs. 3(c) and 3(d). This is explained by a model
introduced hereafter. Starting from the connection between
spontaneous and stimulated FWM [20], the spontaneous emis-

sion rate is
R = f nydv,

with the probability of stimulated conversion 7, integrated
over all the possible combinations of signal and idler fre-
quencies satisfying the photon energy conservation. It can be
expressed in the limit of undepleted pump and low parametric
gain [7]. Combining this with Eq. (2), under the approxima-
tion that the energy in the cavity scales linearly with the pump
offset (true if the absorption is linear), gives (for Ay < Apist)

@

A2 r-r,(r-+r
R— 771 Azo 2+( jz +) e 3)
bist (F_ + F+) + 16D (1 — Ftl))t)
where n7* is the maximum conversion probability at a given

P
pump power (see the definition in Appendix A), and I'_ o+

are the total cavity damping rate. Apiy is the value of Ag
for which the bistable jump is reached, and A,y is the value
at which D = 0, i.e., the resonances are aligned exactly. Let
us note that A%/ Aﬁm < 1 and is close to 1 at maximum
efficiency. Ay depends on the maximum power that can be
dissipated in the cavity P, and it is roughly proportional to the
initial mismatch D. Details on the derivation of these formulas
are given in Appendix A.

The model [Eq. (3)] is superimposed on the measure-
ment in Fig. 3(c), with all these parameters being measured
independently (see Appendix B) and none fitted. By inspect-
ing the equation, we note that R depends on A( via two
terms: one is maximized when Ay = Agy, i.€., triply resonant
FWM, and the other increases with Ag. So, R continues to
increase, although the triple resonance is loosely satisfied
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FIG. 4. SFWM in PhC (circles) and ring (squares) resonators.
(a) On-chip pair generation rate vs power (markers) and P? fit
(dashed line); (b) corresponding CAR vs generation rate (same color
and symbol code); (c) generation rate on-chip normalized with the
equivalent pump power vs the nonlinear interaction volume V, and
the footprint of the device. Circles (squares) denote PhC (rings).

(Ag — Agpt < T'). The agreement with the experimental
points is remarkable. The model predicts that the optimal
choice of the pump power is such that the bistable jump occurs
just a little after the triply resonant FWM. This condition is
shown in Fig. 3(d) using cavity B, where a 5 MHz maximum
on-chip generation rate is estimated with roughly the same
on-chip power as cavity A. Crucially, it demonstrates that
the device can be tuned to its maximum efficiency, which
ultimately depends on the Q factor.

IV. DISCUSSION

Let us compare the PhC with an InGaP ring resonator. The
radius is 30 um, and the Q factor is roughly the same as in the
PhC (see Appendix C 2). As shown in Fig. 4(a), the generation
rate R from rings scales with the square of the pump, as

expected. Yet, it is apparent that for PhC cavity made of the
same material, R is much larger by at least one order of magni-
tude when normalized to the pump power. Figure 4(b) shows
that in rings, the CAR decreases with the generation rate,
indicating that accidental counts are mostly due to lost pairs,
hence insertion loss [18]. The corresponding measurement for
PhC reveals that the generation rate R is much larger at the
same CAR, because of a much tighter confinement. This is
apparent in Fig. 4(c), as the maximum generation rate, nor-
malized to the equivalent pump power (see Appendix B 2 e),
scales as the square of the inverse of V), which is an order
of magnitude larger in the rings. Let us note that V, takes
into account the spatial distribution and mutual overlap of the
interacting modes, therefore it is distinct from the physical
volume of the resonator; indeed, the difference in terms of
footprint is even more pronounced.

Let us now compare our PhC cavity to existing reso-
nant parametric sources made of semiconductor materials in
Table I. A sizable spontaneous emission rate, but not a co-
incidence rate, is reported in a silicon PhC [9], due to the
very small volume where parametric interaction takes place.
Related to the interaction volume is the footprint, which is
at least an order of magnitude smaller than in rings. We
report a relatively modest CAR, which is due to large (7 dB)
insertion losses in the chip to fiber coupling, limited detec-
tion efficiency, and unbalanced escape probability. All these
limitations are not inherent to the PhC technology, and they
can be mitigated through design optimization. InP microring
resonators [23] feature a larger efficiency than our InGaP rings
due to the larger nonlinearity of the material. However, their
maximum measured generation rate is much smaller because
of the strong saturation induced by TPA. TPA is removed in a
silicon ring operated with a reverse biased p-i-n junction [21].

In Fig. 5 we consider the scaling of the generation effi-
ciency R/P? with the figure of merit M = (n3Q?)/V?, which
is the theoretical prediction, Eq. (1), in the limit of vanishing
internal losses. This requires a correction to account for the
coupling efficiency of the pump to the cavity mode. Therefore,
the efficiency R is recalculated by replacing the on-chip power
P, with the equivalent power, which we define as that which
would produce the same generation rate if the cavity had
the same Q factor but no internal losses. This amounts to a
correction 2x /TP, = 0.514 P, (see details in Appendix B 2 e).

It is apparent that scaling is well respected by parametric
photon pair generators. On the other hand, it has been shown
that PhC sources can be tuned to maximum efficiency, which
depends on this scaling. This legitimizes the extrapolation
of the results to the case of a multimode PhC cavity with
parameters extracted from existing samples, as in Ref. [24].
Here the loaded Q-factor is about 4 x 10°, and the intrinsic
one is about 7 x 10° on average. This leads to an estimate
(Table I) of the efficiency of about 300 GHz/mW?, which is
comparable to the state-of-the-art.

V. CONCLUSIONS

In summary, we have reported time-correlated pair gen-
eration from a PhC resonator systematically operated at its
maximum efficiency, due to a thermal tuning mechanism. This
only requires a fixed wavelength laser pump, removing the
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TABLE 1. Comparison between correlated photon pairs sources. R« is the maximum measured rate. The CAR value correspond to a
generation rate of 1 MHz. The brightness B = R/(P?Aw), with Aw the FWHM of the side resonances.

Footprint Rimax R/P B CAR
Material Geometry 10) (um?) (MHz) (MHz/mW?) (mW~2) at R = 1 MHz Ref.
AlGaAs Ring 1.2 x 10° 608 10 20 000 200 2000 [3]
Si Ring 3.75 x 10* 314 123 53 0.001 600 [21]
Si Ring 9.2 x 10* 314 1.1 149 0.15 900 [22]
Si Ring 1.5 x 10* 314 27 6.71 0.00052 120 [2]
InP Ring 43 x 10* 1810 0.05 145 0.031 <2717 [23]
InGaP Ring 4 x 10* 2827 1 2.52 0.00052 25 This work
InGaP PhC 4 x 10* 50 5 80 0.02 35 This work
Si PhC 6 x 10° 10 300 0.009 [97*
InGaP PhC 4 x 10° 50 300 000 600 Extrapolated

“Spontaneous generation rate, no coincidences measurements.

need for a tunable source, which is convenient for integration.
The amount of power to be dissipated in the cavity, in order
to tune the source at its maximum efficiency, depends on
the initial mismatch between the modes D. This means that
fabrication disorder induces a variability in the performances
also because of this mechanism. The agreement with theory is
within experimental error, with no need for fitting parameters.
Simple scaling with volume is demonstrated by comparison
with a ring resonator fabricated on the same chip. Put in
a broader perspective, this class of parametric sources of
photons obeys the scaling rules of generation efficiency with
design parameters, as ring resonators do. This implies that a
sizable improvement is possible by design. On the other hand,
these sources have a unique feature: only a very few modes
(here three) are involved in the parametric interaction. This
property is maintained when operating from pair generation
all the way to optical parametric oscillation. Moreover, with
the integration of the PhC with a photonic circuit, it is still
possible to include the essential functions of pump suppres-

AlGaAs
]
104
S8 x M/Mphc
% 10°
~ InGaP PhC
£ ¢ (this work)
|
= 102 InP
N
R
~ InGaP
& 101 (this work)
- Si
100 -4 -3 -2 -1 0 1 2
10 10 10 10 10 10 10
M/Mphc

FIG. 5. Pair generation rate R normalized to P? from Table I vs
the scaled figure of merit M /Mpyc, relative to the PhC source. The red
diamond represents PhC, blue squares denote ring resonators, and the
black line is a linear fit. For rings, the nonlinear volume is calculated
following V,, = 1.54V, with V the volume of the resonator. The Kerr
nonlinear index n, is 0.6 x 10™'7 m?/W for Si/InGaP, n, is 2.7 x
10717 m?/W for InP, and n, is 4.0 x 107" m?/W for AlGaAs.

sion and signal/idler separation, and in perspective, to operate
several of such sources simultaneously, with reduced concerns
about unwanted competing parametric interactions.
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APPENDIX A: THEORY

1. Triply resonant spontaneous four-wave mixing

A model is derived to account for the generation of photon
pairs via spontaneous four-wave-mixing (SFWM) in photonic
crystal (PhC) cavities. The conservation of the energy as each
pair of pump photon is converted into idler and signal photons
(hence 2w, = w, + w;) implies that these are placed symmet-
rically relative to the pump in the spectra. The probability of
SFWM is maximized when the pump, signal, and idler are all
in resonance with the corresponding modes of a cavity. This
requires three eigenfrequencies to be strictly equally spaced.
This triply resonant configuration (TRC) is rarely met in PhC,
as it requires an appropriate design and then an external tun-
ing mechanism [7] to compensate for residual misalignment
due to structural disorder during fabrication. Let us label the
angular frequencies of the cavity modes w_, wj, and w,,
and their total damping rate I'_, 'y, and " [Fig. 6(a)]. The
cavity modes are coupled to a waveguide through the rates
K—_, ko, k+. The probability of stimulated conversion efficiency
is defined for both inside (ni;“) and outside (1) the cavity.
The link between the internal and external efficiency can be
established with the photon escape efficiency n [25], which is
calculated for a PhC resonator in [7],

n==. (AD

r

Hence a pair is emitted if both signal and idler photons escape
the cavity, leading to [the signal is related to (—) resonance
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FIG. 6. Triply resonant cavity model. (a) Schematic of the system. w,, ,; are, respectively, the pump, signal, and idler angular frequencies.
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the coupling rates k_ o +; nix“‘ (n,) is the stimulated conversion efficiency inside (outside) the cavity. W is the dissipated energy in the cavity.
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resonance shift Aw, and the pump offset A, vs temperature. (d) Pump offset and frequency mismatch D for different operating points of the
system, represented on a typical transmission spectrum. Ay (Apig) is the value of A for which the triply resonant configuration (bistable

jump) is reached.

and the idler is related to (+) resonance]

Ny =n_nymy. (A2)

2. Definition of the detunings and frequency mismatch

As the triply resonant configuration is rarely met in PhC
without an external tuning mechanism, the deviation to this
operating point is expressed with two different quantities.
First, the frequency detuning § between the cavity mode fre-
quencies and the pump, signal, and idler modes is depicted in
Fig. 6(b) and defined as [7]

(S() = Wwp — o,
S =ws —w_,
(A3)

5+ = W — W4.

At the TRC, §_ = §y = 64+ = 0. Secondly, the free spectral
range (FSR) can be expressed with the eigenfrequency mis-
match 2D = (w; — wp) — (wg — w_) [7]. This value is also
equal to 0 at the TRC as the modes are equally spaced, i.e.,
wy — w— = w4 — wy. In the absence of dissipation (no pump),
the temperature is uniform in the sample, and we denote as 2D
the mismatch measured under this condition. The overline will
hereafter denote this condition, which we will also refer to as
a “cold cavity.” The mismatch can be compensated by thermal

tuning only if (wy — w_) > (w1 — wp) (2D < 0), because of
the specific dependence of the thermorefractive effect on the
modes [16]. Combining Eq. (A3) and the conservation of the
energy leads to

8. =28 —2D —5_. (A4)

3. Energy dissipation in the cavity

The tuning mechanism harnessed here stems from the
nonuniform temperature profile over the sample generated by
the dissipation from the pumped mode wy. Under steady-state
operation, the cavity is at a stable equilibrium point, where the
cavity-laser detuning is such that energy in the cavity, hence
the dissipation, is exactly what is needed to generate the re-
quired thermorefractive frequency shift. Under this condition,
the energy in the cavity W is proportional to the pump offset
Ao = w, — &y, as long as only linear absorption occurs [7]:

W = aly. (AS)

In our case, the pump frequency is fixed and the temper-
ature of the sample is decreased. In the absence of a laser,
the “cold” cavity resonance @, frequency would be linearly
shifted due to thermo-optic effects. In the presence of a
pump laser, the “hot” wy cavity resonance will drift from the
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expected linear trend of @, and will be clamped to w,
[Fig. 2(b)], inducing spectral shift of the resonance Awy =
wo — @p. It can then be assumed until the bistable jump that
w, ~ wp, and sO

Ag = wp — o X wy — Wy = Awy. (A6)

In the following, Awy will be approximated by the pump
offset, as the latter is directly measurable; Fig. 6(c) demon-
strates that this choice is sensible. The pump offset Ay and
the resonance spectral shift Awy are related via the pump
detuning 8y as Ag = Awg + &9. The previous formula means
that &y can be neglected compared to other detuning terms.
Two important points of the system can be defined here.
The TRC point is reached for a given value W = W, also
defining the corresponding value for the pump offset W, =
alqp. The bistable jump [26] occurs when the dissipated
energy is maximum (Wp,y), corresponding to a pump offset
value Apisi: Winax = @Apist. Apist 1 then directly controlled by
the pump power P. These points and the corresponding values
of D are shown in Fig. 6(d) on a typical transmission curve

with the pump offset. It also follows that
D =D + bA,, (A7)

with b being a coefficient.

D will decrease from its initial cold cavity value D with a
linear evolution. At the triply resonant configuration, D = 0
and Ag = Agy. The parameter b is deduced, and D can be

rewritten,
— A
D= D(l - =0 )
Aopt

4. Expression of the stimulated conversion efficiency

(A8)

Under the approximation of undepleted pump and low
parametric gain [7], the stimulated conversion efficiency 7,
can be expressed as

280\ (25 28,
=MLl — ) Ll — )Ll =— ). A9
e = <F0> (F> (F+ A9
where L(x) = ﬁ is a Lorentzian function. n}*** is the max-

imum value of n, obtained when the resonance triplet is
aligned. It is directly related to the on-chip pump power P,
the coupling, and total damping rates of the different modes
as [7]

2
max KoK—K+ »
X A10
X rgrer: Al0)
The energy stored in the pump mode is
26
W= WmaX,L‘(—O). (A11)
Lo

5. Derivation of the pair generation rate
The internal power of spontaneous emission is related
to the internal stimulated conversion efficiency as shown in
[20,25] by

Pinl

spont = 100 f ny'dv, (A12)

where 7 is the reduced Planck constant, and v is the frequency.
The internal spontaneous emission rate R™ can be linked to
the external conversion efficiency 7, using (A2),

int
1 S n 1
R = % - W/nxdu. (A13)
-N+

Photon pair emission implies that both the signal and the idler
escape from the cavity,

R =n_n R™ = fnxdv. (A14)

Using (A4), (A9), and (A11), we obtain

2
R:n;mX<_WW ) /ﬁ(?>c(4—8o 4FD 28)07\1.
max - +
(A15)

Integration is performed with §_ = 2w (v — vy). Neglecting &y
in the last Lorentzian (see Appendix A 3) and by injecting
(AS) and (AS8), we finally obtain

gt () rrrsr
4 \Mvis) (I_4+T,)2+16D (1 — L)’

Aopt

(A16)

APPENDIX B: EXPERIMENT

1. Sample fabrication

The hybrid structure is composed of an InGaP PhC cav-
ity bonded to a silicon-on-insulator (SOI) platform using
benzocyclobutene adhesive [16]. The cavity is fabricated us-
ing negative single pass e-beam lithography with hydrogen
silesquioxane resist (HSQ), and it is composed of holes,
which are drilled with inductive coupling plasma (ICP) and
etched with an HBr/He/O, gas mix. The advantage of this
platform is that it benefits from the InGaP large band gap
(1.89 eV) to mitigate both nonlinear absorption (particularly
two-photon absorption) and large nonlinearity n,. The inte-
gration on the silicon platform is beneficial as it is widely
regarded in nanophotonics, and the foundry infrastructure is
well-developed. These resonators are designed to have equis-
paced modes by confining light within a parabolic potential.
This sample also contains a ring resonator, which allows us to
compare with PhC cavity without drastically changing the ex-
perimental parameters. A typical spectrum of a PhC (focused
on three resonances) is given in Fig. 6(a).

2. Pair generation measurement
a. Thermal tuning

Deviation from the triply resonant configuration can be
compensated using thermal tuning. A pump laser (Keysight
8164B) is sent into the cavity at a fixed frequency w,, close to
the pump mode frequency @¢. The temperature of the sample
is decreased using a Peltier module driven by an external
temperature controller (ILX Lightwave LDT-5545B) with 0.1
A°C precision. This causes a spectral shift of the pump mode,
allowing the laser to enter the resonance. Direct transmission
of the sample is measured with a power meter (Thorlabs
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FIG. 7. Photon pair generation measurement. (a) Experimental setup. BP filter denotes band-pass filter, PC denotes polarization controller,
P denotes on-chip power, GC denotes grating coupler, PM denotes power meter, and SPAD denotes single-photon avalanche photodiode.
Losses encountered by the pump (red) and the signal/idler (blue) are detailed for each component. The time correlator generates the gating
signal for the detectors. (b) Typical raw counts/0.1 s on each detector and transmitted pump power vs the temperature. DCR denotes dark
count rate. (c) Typical histogram representing the main coincidence peak of &~ 300 ps width (red rectangle) and the background average (green
line). The second red rectangle far from the peak represents the integration window far from the peak to calculate the accidental counts A.

PM101-R) and shown in Fig. 2(a). The transmitted power
drops, causing an increase in the intracavity energy W due
to absorption, until the bistable point where the laser is back
out of resonance. Pump-probe optical coherent tomography
(OCT) measurement [24] is performed for different temper-
atures to extract precisely the resonance frequencies. Each
measurement for a given temperature corresponds to a value
of the pump offset, which allows us to compare the experi-
mental data to the model derived in Appendix A.

b. Operation of the detectors

The single-photon avalanche photodiode (SPAD, Aurea
Technology OEM-NIR) has been used with a quantum effi-
ciency n, of 20% and a deadtime 7p of 15 s to compromise
between losses reduction and false detected events such as
afterpulsing or dark count rate (1000 counts/s in these con-
ditions). The gating signal is directly generated by the time
correlator (TC, Aurea Technology Chronoxea) with a fixed
duty cycle o of 0.5. The frequency of the signal has been set to
3 MHz as a tradeoff between minimizing the accidental counts
and reducing the afterpulsing probability (here < 0.01).

c. Single counts and pump attenuation

As SPAD cannot discriminate between different wave-
lengths; it is necessary to reject residual pump photons after
the cavity to limit accidental counts on the detectors. Typical

pump attenuation values are given in Fig. 7(a). Attenuation
is first due to the fall in transmission as the pump mode gets
resonant (X5 dB), then losses in the waveguide and the grating
coupler to extract the light (10 dB). The filtering setup, com-
bining DWDM (AFW technologies SM-D-16) and band-pass
filters (Yenista XTM-50) centered at w; and w;, provides a
necessary additional suppression. However, the total attenu-
ation level of 110 dB is not enough to totally cut the pump
at the detectors. The single counts on each channel can be
directly measured by the two SPAD and are given in Fig. 7(b)
(for cavity B), showing the generation of signal/idler photons
as the modes get closer to the TRC. However, a level of 5000
counts/s above the DCR (1000 counts/s) level is measured
out of resonance, meaning residual pump power (a few fW) is
still present. Total pump attenuation would be obtained if the
pump power at the detectors is lower than the DCR level (here
1 fW). This is almost the case, but these residual counts cause
CAR degradation.

d. Signal, idler losses

Signal and idler photons encounter losses from the output
of the cavity to the detectors, taking into account their quan-
tum efficiency. They are estimated between 25 and 30 dB
per channel. They are described in Fig. 7(a), to which must
be added 3 dB as pairs can be emitted on both sides of the
waveguide, but they are only collected on one output side.
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Losses have been measured using a wide-band source and an
optical spectrum analyzer (Yokogawa) to extract the different
transmission spectra.

e. On-chip and equivalent pump power

The estimation of pump losses through the sample gives a
relation between the injected power in the waveguide P, and
the output measured power P, out of resonance. Assuming
symmetrical coupling insertion losses and knowing that the
cavity is at the center of the waveguide gives an estimation for
the power at the input of cavity P j,:

Pc.in =V Pinpout~

To appreciate the scaling of the generation efficiency on
the Q factor, it is handy to redefine the pump power so as to
account for the internal losses. In fact, Eq. (A10) tells us that,
keeping Q fixed, the maximum efficiency is maximized in the
side-coupled configuration when 2« = I'y. In other words,
maximum efficiency is achieved when the mode in resonance
with the pump has no internal losses. In this case, the same
generation rate is achieved with lower pump power, namely

(BI)

2
Peq = ﬂpc.im (B2)

Proceeding similarly with ring resonators yields

K
P = _Pc,in-

T (B3)

[. Data extraction from the histogram

The histogram [Fig. 7(c)], acquired by the TC during Tjy
= 180 s, is composed of a main peak, corresponding to
coincidences and a wide background distribution due to the
accidental counts. The main peak has a rough width of 300
ps, which changes slightly between the different experiments.
The full width at half-maximum of the peak is given by [27]

Or = \/ Ujizller + Urzes + Uczoh’ (B4)
with o5 & 13 ps being the time resolution of the TC, and
ocoh & a few ps is the lifetime of the photon in the cavity
(Q ~ 3000040 000). It is then limited by the timing jitter
of the detectors, ojiyer A 150 ps. The raw number of coinci-
dences Ci,y is extracted by taking the maximum value of the
histogram [red point in Fig. 7(c)] and adding the coincidences
in each time bin up to 150 ps on each side of the peak. The
number of accidental counts A is calculated by averaging the
background distribution [green line in Fig. 7(c)] and multiply-
ing it by the number of time bins corresponding to 300 ps. The
width of integration (300 ps) has been kept constant to keep
the comparison consistent as the CAR depends on the tem-
poral window width [21], despite losing some coincidences
as the distribution width was increasing with higher coinci-
dence rates. True coincidences Cr = C,,w — A are calculated,
and then a further correction taking into account the detector
response (deadtime and duty cycle) gives a real number of
coincidences on detectors C [19,28],

C= Cr
(1 =Nitp)(1 — Notp)o

(BS)

The coincidence rate is then given by Rgey = C/Tiy. The pair
generation rate is then given by R = «;0;R4e, With o the
attenuation on the signal and idler channel.

8. Measurement errors on the pair generation rate

The experimental error on the pair generation rate R is
calculated by measuring the errors on the attenuation on
each channel (s and i) and the coincidence rate Rge. As
R = o;0;Rye, the error AR is given by

AR /(m,)z (Aas>2 (ARde[>2

— = — + + .

R i o Raet
Measurement error on Ry is estimated with the measurement
error on the raw number of coincidence C;,,, (Poisson distri-
bution) [27], the accidental counts A (being standard deviation
of the distribution) and errors on average counts (Nj, N;)
on each detector, which correspond to the standard deviation
of the distribution. Errors on the deadtime and the duty cy-
cle are supposed to be negligible compared to the previous
terms. Concerning the losses, relative error on the attenuation
a (defined by a power ratio) is related to the relative error
(measured in dBm) (AP):

A
2% ~0.23V2AP.
o

(B6)

B7)

AP is taken as 0.1 dBm.

3. Pump-probe optical coherent tomography measurement

Optical coherent tomography (OCT) is an interferometric
measurement used to measure either the transmission or the
reflection spectra of a sample using a sweeping laser as the
source. Resonances frequencies, quality factors (total damp-
ing rates I'_, I'p, I';.), and FSR can be extracted from this
phase-sensitive measurement with Fourier analysis and an
appropriate model [24].

To reveal the evolution with temperature of the triplet
frequencies (w_, wy, w;) when the cavity is pumped, pump-
probe OCT measurement is performed [Fig. 8(a)]. In addition
to the sweeping (probe) laser (Keysight 8164B), a pump laser
(PurePhotonics PPCL200) at fixed angular frequency is in-
jected in the cavity, and transmission spectra are measured for
different temperatures. A 90/10 coupler is added at the end
of the waveguide to directly measure the pump transmission
with a power meter (Thorlabs-PM101R). To be consistent
with the pair generation measurement, the same pump power
must be injected on-chip, otherwise the bistable jump occurs
at a different temperature. The measurement is based on op-
tical homodyne detection, therefore it is not hampered by the
pump, and the pump is contradirectional to the probe beam.
First, the resonance shift Awy = wg — @p [Fig. 8(b)] (assim-
ilated to the pump offset Ay) is calculated, and its maximum
value (just before the bistable) jump is by definition Ay;g. This
requires us to calculate the cold cavity pump mode resonance
@y, which is linearly fitted with the temperature using “out-
of-resonance” points of wy, thus it is unaffected by the pump
laser [Fig. 2(b)]. Secondly [Fig. 8(c)], FSR are calculated and
linearly fitted once the transmission starts to drop. The two
curves cross at the triply resonant configuration, revealing the
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FIG. 8. Pump-probe OCT. (a) Experimental setup: PM, power
meter; PC, polarization controller; Freq. Ref., reference interferom-
eter; and Det., balanced photodiode (Thorlabs PDB450C). (b) Pump
offset vs the temperature and extraction of Apg. (¢) FSR (blue, red
triangle) vs temperature and extraction of Ay, and A . The values
of the pump offset displayed above the figure are calculated with (b).

value of A,y Additionally, the initial frequency mismatch A,
is also estimated by considering out-of-resonance points.

The values of Ay, and Ay are limited by the number
of temperature points. It is taken as the space between two
points, namely 4 GHz. Measurement error on A, has been
determined with a statistical study as it can be calculated
for each “out-of-resonance” point [for example, five times in

Fig. 8(c)].

4. Stimulated conversion efficiency

The maximum value of the stimulated conversion effi-
ciency (SCE) n}™ is the last of the parameter to be assessed,
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FIG. 9. Stimulated conversion efficiency measurement (SCE).
(a) Experimental setup: PC, polarization controller; OSA, optical
spectrum analyser. (b) SCE for different values of the probe detuning
for a given temperature. (c) SCE vs temperature. These values corre-
spond to the maximum value scanned with the probe laser around the
signal wavelength as depicted by the gray arrow. Extraction of 7,
is done by taking the maximum value (black circle).

with a CW pump-probe measurement. It is done by pumping
the cavity with a laser (PurePhotonics PPCL200) at a fixed
frequency w, and changing the temperature to scan the pump
mode around the laser. Additionally, another laser (Keysight
8164B) is swept across the signal resonance to stimulate the
process [Fig. 9(a)], with a power one order of magnitude
lower than the pump. At the output of the waveguide is an
optical spectrum analyzer (Yokogawa AQ6370D). Measuring
the output idler power Py ou, the output signal power out of
resonance (which can be accounted as the incoming signal
power) P, iy, and the losses for each wavelength between the
output of the cavity and the OSA gives an experimental value
for n,:

7, = a5 P out
= .
o Psin

(BY)

For a given temperature (a given pump offset Ag), a scan
around the signal frequency reveals stimulated idler photons
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TABLE II. Measured model parameters.

Parameter Cavity A Cavity B Cavity C
1 (pum) 150 125 100

w (nm) 500 500 400
a; (dB) 26.6£0.5 27£0.5 29+£0.5
a, (dB) 26.5+0.5 26.6£0.5 27.5+0.5
I'_ (GHz) 9.20+0.5 9.12+0.5 9.41+0.5
I'y (GHz) 4.60£0.5 474£05 490+£0.5
I'; (GHz) 3.88+0.5 3.8+0.5 3.07£0.5
D (GHz) —6.7£0.3 —164+0.3 —4+£0.3
Aop (GHz) 25+4 64+4 16+4
Apise (GHz) 57+4 69+4 42+4
ny™ (%) 0.08 £0.02 0.13£0.03 0.18 £0.05
Ruax (MHz) 1.2+£03 52+05 4.8+0.5

shown in Fig. 9(b) for different probe (signal) detuning §_ =
wy — w_. The maximum value is kept and the procedure is
repeated for each temperature [Fig. 9(c)]. The maximum value

in temperature (pump offset Ag) is then extracted and cor-
responds to 7} following its definition and Eq. (A9). The
measurement error calculation is similar to Eq. (B7), given by

Any
Nx

~ 0.23+/6AP.

(B9)

APPENDIX C: COMPARISON OF EXPERIMENTS WITH
THE THEORY

1. PhC model and experiment comparison

Experiments have been performed on three different PhC
cavities (A, B, and C) on the same chip with different ge-
ometrical parameters such as the cavity length / and the
width of the waveguide w. The pair generation rate and the
model parameters (shown in Table II) have been measured,
and a comparison is shown in Fig. 10. Theory (blue line) is
calculated with Eq. (A16), and the parameters are measured
as presented in the previous section. No fitting has been done.

(a) Cavity A (b) Cavity B
| =150 gm, w = 500 nm | =125 pm, w = 500 nm
1.75
— 1.50 — 51
N N
T T
s 1.25 = 41
= l =
o @
100 SNy 55
€075 ~ €
. L]
S ‘ 5 2
o 0.50 o
0.25 1
. L)
0.00 > 01— ——
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 80
26.0 245 235 22.0 21.3 20.0 19.0 18.0 33.0 31.0 30.2 29.2 28.2 27.0 26.1 25.1 23.5
Pump offset Ay [GHZz] Pump offset Ag [GHZ]
Sample temperature [°C] Sample temperature [°C]
(C) Cavity C
| =100 pum, w = 400 nm
—48 -=-31.8 °C]
30.8 °C|
-30.0 °C|
— =50 -29.2 °C|
E -28.4 °C|
-27.6 °C|
= — 52 26.8 °C|
‘E g 54 -26.2 °C|
g h
+ [
© v —56
- :
S T _s8 W
© W
—60 .
u
n
—— 62 i
0 10 20 30 40 50 193.18 193.20 193.22 193.24 193.26 193.28
31.6 29.8 28.2 27.1 25.9 24.6

Pump offset Ay [GHZz]
Sample temperature [°C]

Frequency [THz]

FIG. 10. Theory vs experiment pair generation rate for three different PhC cavities (red points, experiment; blue line, model). Parts (a),
(b), and (c) correspond to cavity A, B, and C, respectively. The inset shows transmission spectra around a resonance for different temperatures.
The resonance can gradually be shifted out of the transmission window of the filter, generating a drop in the pair generation rate.
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The third PhC measurement (cavity C) has been impacted
by temperature-dependent losses leading to a drop in R. First,
spectral shift can gradually push the resonance out of the
bandwidth of the filters (AWG + band-pass filter) and induce
additional losses as depicted in the transmission spectra in the
inset of Fig. 10(c). Secondly, for this waveguide width, FSR is
around 500 GHz, which is wide enough to induce a different
transmission through the output grating coupler. The expected
maximum value has not been reached, which should have
been the best observed rate (theoretically: roughly 6 MHz)
because the volume for this cavity was the smallest (although
lower quality) factors Table II.

As for the cavity A, a lower pair generation rate has been
measured. Although the volume is bigger for this one, it does
not completely explain this value. The pump modes of cavity
A and B both roughly have the same linewidth (Table II). The
lower value for Ay for cavity A shows that the bistable jump
has not been pushed as far as for cavity B, highlighting that the
pump resonance might not be well-coupled. This can result in
an overestimation of the pump power really coupled to the
cavity.

2. Measurements on a ring resonator

Measurements have been done on different ring resonators.
The results presented here have been performed on a ring
resonator of radius » = 30 pum, width 600 nm, and compa-
rable Q-factor with the PhCs. The width of the waveguide is
also 500 nm [Fig. 11(a)]. Although no tuning mechanism is
necessary as modes are roughly aligned as presented in a mea-
sured transmission spectra of one ring resonator [Fig. 11(b)],
thermo-optic effects still have to be dealt with. For a given
on-chip pump power, single counts on each detector are mea-
sured. They are maximum just before the bistable jump as the
intracavity energy is maximum. At this operating point, a his-
togram was acquired during Ti,;, with the same experimental
parameters, and the same post data treatment was applied to
retrieve the generation rate R. The losses on each channel are
24.5 and 25 dB, which is consistent with PhC measurement
without the additional 3 dB for emission on both sides of the
waveguide (Table II). The quadratic scaling rule is recovered
for the coincidence rate Ry (as for R) as the decrease of the
CAR with the increasing on-chip pump power [Fig. 11(c)].

3. Comparison between PhC ring resonator

The maximum value of the generation rate R for each
PhC cavity have been taken and compared with a ring res-
onator. This comparison highlighted the importance of the
cavity volume. Our PhC cavity was able to confine light in
a smaller volume than the ring resonator, leading to a better
generation rate. To quantify this point, the nonlinear interac-
tion volume V, has been calculated by taking into account

188 190 192 194 196
(c) Frequency [THz]
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FIG. 11. Ring resonator study. (a) Picture of the ring resonator
coupled to the waveguide. (b) Typical transmission spectrum of the
ring resonator (PSD denotes power spectral density). (c) Pair gen-
eration rate (blue circles) and CAR (red triangle) vs on-chip pump
power P. The polynomial fit (blue line) closely retrieves the quadratic
scaling rule of R.

the spatial overlap of the different waves in the cavity [16]
and extrapolating these values for our PhC cavity. For the
ring, Vy ring = 1.54AciL [7], with Aefr being the effective area
of the cavity, and L is its perimeter. Finally, the CAR has
been calculated, showing that PhC can achieve decent CAR
values with a better generation rate. Big error measurements
on the curve can be explained by the acquisition time of the
histogram, which was set to 180 s, which is consistent with a
good coincidence rate, but it was not long enough to correctly
fill all the bins in the accidental distribution. The standard
deviation is bigger than the average accidental distribution,
giving a big error on the accidental and corrected counts, thus
on the CAR.
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