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ABSTRACT

Here, we show photon pair generation from ring resonator and waveguide structures in a hybrid silicon–BTO on an insulator platform with
a pulsed pump. Our analysis of single photon and coincidence generation rates show that spontaneous four-wave mixing is comparable to
that expected from SOI devices with similar characteristics and find γeff of (14.7 ± 1.3) and (2.0 ± 0.3) MHz/mW2 for ring resonator and

waveguide structures, respectively.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0190798

I. INTRODUCTION

Photon pair sources are a key building block for linear optical
quantum computing1,2 and quantum communication.3,4 On-chip
quantum information processing requires the capability of produc-
ing photon pairs with high brightness and high speed modulation.
A hybrid Si–BaTiO3 (Si-BTO) platform was shown by Eltes et al.5

to fulfill the latter, and here, we show that it also fulfills the for-
mer requirement. This is in addition to cryogenic compatibility,6

a requirement for full integration of integrated photonic circuits
with SNSPDs, complementary metal-oxide-semiconductor (CMOS)
compatibility,7 and low loss.8

Integrated photon pair sources can be realized using spon-

taneous parametric down conversion (SPDC), a χ(2) process, or

SFWM, a χ(3) process.9 In these two processes, one (in SPDC) or two
(in SFWM) photons from the pump source are annihilated and two
photons, a signal photon and idler photon, are generated at energy
matched frequencies detuned from the pump. The frequency detun-
ing of the generated photons allows them to be spectrally filtered

from the pump photons. Although the χ(2) coefficient of a material
is typically an order of magnitude larger,10 we have more freedom

in exploiting the χ(3) coefficient as it does not require a wide trans-
parency window. In this article, we focus on the photon generation
properties from SFWM.

It is often desirable to be able to tune the effective refrac-
tive index of the waveguide for integrated photonics applica-
tions. For example, multiplexing schemes can be realized using
Mach–Zhender interferemoters (MZIs) to route photons to differ-
ent outputs by applying a phase shift to one arm. In materials that

do not have a significant χ(2) response, such as Si, this leaves either
thermo-optic (TO) modulation,11 plasma dispersion (PD) modula-

tion,12 or electro-optic (EO) modulation via the χ(3) Kerr effect.13

The TO effect is limited to kHz speeds and its magnitude is reduced
at cryogenic temperatures.14 PD modulators also have poor cryo-
genic compatibility due to carrier freeze out at low temperatures.
While Kerr effect EO modulators are cryogenically compatible, the
tuning efficiency is poor, leading to large device footprints. Another
option is to integrate Si waveguides with a material capable of EO

modulation via χ(2) Pockels effect, which has been shown to achieve
high speed modulation at cryogenic temperatures using compact
devices.5

Photon pair sources in competing platforms, such as lithium
niobate on insulator (LNOI), have been demonstrated to have even
higher chip generation rates by utilizing the more efficient SPDC
process. Ma et al. have reported a periodically polled ring resonator
with generation rates of 2.7 MHz/μW and a CAR exceeding 100.15

LNOI micro-disk resonators have also been demonstrated with a
generation rate of 5.13 MHz/μW and a CAR of 804.16 While LNOI
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also has an electro-optic response, its largest Pockels tensor element
is r42 ≙ 32.6 pm/V, while BTO possesses r42 ≙ 1640 pm/V.17

In this article, we show that as part of a χ(3) photon pair source,
the presence of a BTO layer does not appear to hinder the pho-
ton pair generation rate when comparing to brightness values from
similar devices in silicon-on-insulator (SOI). We use the effective
non-linearity from SFWM, γeff to quantify this.

II. METHODS

We tested the platform by characterizing a series of ring res-
onator devices with a 2.5 mm bus waveguide section. To compare to
the brightness values of waveguide and ring resonator devices in the
literature, we measured the device both on- and off-resonance. This
was done by controlling the temperature to isolate the contribution
from the bus waveguide section and filter the signal and idler wave-
lengths each with a bandwidth of 0.5 nm and separated 4.8 nm from
the pump filter.

The setup shown in Fig. 1 was employed to characterize the
photon generation process in this hybrid platform. A pulsed laser
centered at 1550.97 nmwith the bandwidth of 0.52 nm and the pulse
width of 1 ps was amplified with an erbium-doped fiber amplifier
(EDFA) to generate the strong pump for this process. Then, this was
passed through a variable optical attenuator (VOA) to allow full tun-
ability of the power down to −60 dB without changing the pulse
properties. Two dense wavelength-division multiplexer (DWDM)
filters ≥80 dB of combined rejection band suppression were used
to eliminate pump noise from the noise floor of the laser enter-
ing the signal and idler collection bandwidths. These were placed
before a polarization controller to allow optimization of the inserted
light for TE polarization that the grating couplers were designed
for. A 99:1 beam splitter allowed monitoring of the power coupled
to the device under test (DUT) through a V-groove optical fiber
array mounted to one arm of the probe station. After the output
from the probe station, a multi-channel DWDM module was used

to de-multiplex the signal and idler frequencies and reject the pump.
Then, an extra single-channel DWDM was placed on the signal and
idler channels for additional filtering. This filtering after the chip
also offered ≥80 dB of rejection band suppression for each chan-
nel. Finally, the two channels were routed through a fiber network to
two PhotonSpot superconducting nano-wire single photon detectors
(SNSPDs) connected to a time interval analyzer (TIA).

The coupling was optimized in both position and polarization
before each measurement with the pulsed laser and the total cou-
pling loss from the pair of input and output grating couplers, ηcoupling
measured. The chip was mounted to the sample stage of a LakeShore
CPX probe station using thermal resin, and the temperature of this
stage was controlled using a resistive heater controlled by a temper-
ature controller. The VOA was set to sweep over a set of attenuation
values to yield the characteristic plots shown in Fig. 2. It was also
necessary to limit the total time taken to carry out the measurements
to limit the effect of the coupling drift. The integration time was
varied between 30 and 300 seconds, depending on the level of atten-
uation. This was to ensure that the number of coincidence and single
counts remained roughly constant and to minimize the statistical
variation across the measurements.

To find γeff for SFWM, a set of three quadratic equations can

be used to model and fit a set of data, which is taken by measuring
the signal count rate, idler count rate, and the signal–idler coinci-
dence count rate as a function of power.18 For our devices, we found
that a non-negligible imbalance of the input and output grating cou-
pler efficiencies leads to an over or under estimation of γeff when

calculated in this way. This depends on which grating coupler is cho-
sen to be the input or output and increases the uncertainty in γeff .

We propose a method outlined in the supplementary material that
was inspired by the work of Sinclair et al.19 This reduces the overall
uncertainty and was used to calculate the γeff for our devices.

The integration of counts for each attenuation value set on the
VOAwas repeated 10 times for each configuration, and the standard
error calculated from these repeated measurements were passed as

FIG. 1. (a) Experimental setup used for characterizing the device under test (DUT). (b) Schematic of a DUT with a coupling gap of 0.2 μm and bus waveguide length of
2.5 mm. The two possible grating coupler input and output configurations are labeled IO1 and IO2. (c) Electric field distribution of the fundamental TE mode in a waveguide
cross section of the DUT. The details of all equipment are tabulated in Table S2.
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FIG. 2. Raw single count rates (SCRs) as a function of pump power are shown for (a) on-resonance and (c) off-resonance. Coincidence count rates (CCRs) and CAR as a
function of pump power are shown on the right panes for (b) on-resonance and (d) off-resonance. The cyan and magenta lines represent the IO1 and IO2 configurations,
respectively. The dashed, dashed–dotted, and solid lines represent the signal, idler, and coincidence count rates respectively. Raw count rates are represented by the bold
error bars, and the CAR values are represented by the light error bars.

TABLE I. Comparison of the reported photon pair source brightness measurements in order of magnitude of γ
eff . reported.

∗In cases where a γ
eff

value was not directly reported, this was extrapolated using the maximum coincidence count rate
and corresponding value for power. The geometry is defined as material (waveguide width × waveguide height) for strip
waveguide geometry with/material (slab thickness) added for rib waveguide geometry. The excitation methods used were a
continuous wave (CW) or pulsed laser pump with one scheme using additional reverse biasing (RB). Q is defined as the
loaded quality factor.

(a) Comparison of waveguide sources

Refs. Geometry (nm) Excitation CAR L (mm) γef (MHz/mW2)

20 SiN(550 × 300) CW 7 10 0.009
21 Si(500 × 220) Pulsed 14 ⋅ ⋅ ⋅ 1.1
22 AlGaAs(700 × 600) Pulsed 177 4.5 1.91
This work Si(500 × 100)/BTO(225) Pulsed 108 2.5 2.0 ± 0.3
23 Si(100 × 220) Pulsed 25 9.11 2.5

(b) Comparison of ring resonator sources

Refs.
Geometry
(nm) Excitation CAR C (μm) Q (×104)

γeff
(MHz/mW2)

24 SiN(8000 × 950) CW 1864 ± 571 386.4 100 1.03 ± 0.09
25 Si(500 × 220) CW 30 42.7 1 1.9
26 Si(500 × 220) Pulsed; RB 602 ± 37 62.8 4 5.3
27 Si(400 × 220) CW >350 62.8 10 5.8
28 Si(500 × 220) Pulsed >100 . . . 5 6.1
29 Si(650 × 220)/Si[70] Pulsed 3000 ± 500 62.8 9 14.6
This work Si(500 × 100)/BTO(225) Pulsed 32 ± 19 248.2 7 14.7 ± 1.3
30 Si(500 × 220) Pulsed . . . 111.8 6 19.9
31 Si(500 × 220) Pulsed 10 94.2 . . . 30.6
32 Si(650 × 220)/Si(70) CW; RB 12 105 ± 1821 62.8 9 146 ± 6
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a parameter in a least-squares fit. The errors in the quadratic coef-
ficients were then obtained from the covariance matrix of these
fits.

III. RESULTS AND DISCUSSION

Table I presents that the value we report for γeff compares

favorably with other waveguide and microring resonator sources
where a similar method of excitation is used. We note that a large
linear component to the signal and idler count rates is certainly a
source of uncertainty in our values. Despite the filtering used hav-
ing ≥80 dB of rejection band suppression on each channel, this still
resulted in a small (of the order of 102 Hz) amount of pump leak-
age. Suppressing this further would require longer integration times
to detect a sufficient number of coincidence events, which is already
low due to high losses inherent in the system. In addition, ηcoupling
was measured to be ∼20 dB. The high insertion loss has been shown
not to be due to the BTO layer.6 It is likely due to a combination of
the use of non-optimized grating couplers and a lack of pitch con-
trol on the optical arm of the probe station. The loss of the optical
connection from where the probe station is located to the detector
system was measured to be ∼4 dB for each channel. Longer integra-
tion times also risk coupling drift over the series of measurements,
which arise due to thermal fluctuations in the environment.

Our reported value for the coincidence-to-accidental ratio
(CAR, the details outlining our calculation of this is provided in the
supplementary material) is relatively low compared to other values
presented in Table I. The main factor contributing to this is the high
channel loss as this increases the probability of broken pairs con-
tributing to the accidental counts. The large error in the CAR is due
to the very small number of accidental counts observed at the low-
est pump power. This was particularly apparent in the off-resonance
case. A higher value with lower uncertainty could be achieved if
coupling could be sustained at lower pump powers for a longer inte-
gration time of the order of several hours. The lowest pump power
setting used was 0.3mWwith an integration time of 300 s.Ma et al.29

achieve a CAR of 2873 using a comparable amount of pulsed pump
power in the waveguide but a longer integration time of 3000 sec-
onds. They also report a ∼7 dB better collection efficiency of photons
generated in the waveguide, which is likely a factor in this higher
value.

We have demonstrated photon generation via SFWM in these
devices at room temperature. Given the results of recent studies on
Si33 and the cryogenic compatibility of the electro-optic effect in
these devices,6 we expect a good photon generation performance at
cryogenic temperatures as well.

Here, we have shown that the effective non-linearity of a hybrid
Si–BTO integrated photon pair source is comparable to an all-Si one
and appears to provide an enhancement compared to some reported
values.21,25–29 Together with the work of Eltes et al.,5 our results sup-
port the case for implementing this platform in scenarios where high
speed modulation and high brightness photon pair generation are
required.

IV. CONCLUSIONS

In this article, we demonstrate that a hybrid Si–BTO platform
shows a similar or better performance than an SOI platform in terms

of SFWM brightness. We characterize the brightness of our source
by analyzing coincidence and single count rates as a function of the
injected pump power, which leads to a calculated γeff of (14.7 ± 1.3)

and (2.0 ± 0.3) MHz/mW2 for the on- and off-resonance condi-
tions, respectively. Given that these devices were not optimized for
photon generation, higher brightness could likely be achieved by
fine-tuning the dispersion engineering of the waveguide geometry.
The maximumCAR value between 32 ± 19 and 24 ± 12 is reasonable
compared to other values quoted in the literature. However, a higher
value with lower uncertainty could be achieved with more efficient
coupling structures and lower loss detection channels. Future stud-
ies repeating this experiment at low temperatures could demonstrate
the predicted cryogenic compatibility of these devices and the effect
on source brightness. In summary, we conclude that the presence of
a BTO layer in a hybrid Si–BTO device provides no drawbacks in
terms of brightness of the photon pair source while providing EOM
capabilities.

SUPPLEMENTARY MATERIAL

The supplementary material contains details of the equipment
shown in Fig. 1 and spectral data of the DUT in the on- and
off-resonance configurations. Specific details on how the CAR was
calculated and a derivation of the method used to calculate the
effective non-linearity are also included.
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