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Quantum frequency conversion serves a key role in the realization of hybrid quantum networks by interfacing
between wavelength-incompatible platforms. Here we present what is believed to be the first quantum frequency
converter connecting visible and telecom domains on a silicon nitride (SiN) chip, using Bragg-scattering four-wave
mixing to upconvert heralded single photons from 1260 to 698 nm, which covers a 192 THz span. We examine the
noise sources in SiN and devise approaches to suppress noise photons at the source and target frequencies to enable
measurements at the single-photon level. We demonstrate an on-chip conversion efficiency of 5% in photon flux
and describe design modifications that can be implemented to significantly improve it. Our results pave the way
for the implementation of complementary metal-oxide-semiconductor (CMOS)-compatible devices in quantum

networks.
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1. INTRODUCTION

In a mature quantum internet, channels that link processor nodes
will be required to transport quantum information from site to
site with high fidelity [1]. Most candidates for memories and pro-
cessor nodes in quantum networks have emission wavelengths
in the visible and near-infrared portions of the electromagnetic
spectrum. However, commercial single-mode optical fiber has
propagation loss of >5 dB/km at wavelengths below 800 nm,
rendering these wavelengths unsuitable for long-distance fiber
communications. A crucial feature in the development of long-
distance quantum networks will be a method of downconverting
photons to telecom wavelengths, where fiber losses of <0.2
dB/km can be exploited, while simultaneously preserving their
quantum statistics.

Current state-of-the-art integrated devices for telecom-visible
quantum frequency conversion (QFC) use sum-frequency gener-
ation (SFG) and difference-frequency generation (DFG) in y®
periodically poled lithium niobate (PPLN) waveguides [2—11]
and bulk crystals [12]. PPLN-based devices have been shown
to convert light between visible and telecom frequencies at the
single-photon level from attenuated coherent states [5], spon-
taneous parametric downconversion (SPDC) [2—4], nitrogen-
and silicon-vacancy centers in diamond [6-8,12], rare-earth-
doped crystals [9], and semiconductor quantum dots [10,11]. A
promising alternative to QFC based on x'® processes is y©-
based Bragg-scattering four-wave mixing (BS-FWM), in which
conversion between a signal and idler photon is mediated by
two pumps [13—15]. Since the y® nonlinearity is present in all
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materials, a quantum frequency converter based on BS-FWM
can be fabricated directly on a monolithic complementary metal-
oxide-semiconductor (CMOS)-compatible platform. Amongst
CMOS-compatible materials, silicon nitride (SiN) is ideally
suited for telecom-visible conversion due to its broad trans-
parency window from 400 nm up to mid-infrared, and does not
suffer from linear and two-photon absorption that affect silicon
at these wavelengths. In addition, the use of two pump fields
provides an additional tunable degree of freedom that enables
BS-FWM to be used to readily translate photons separated by
megahertz to several hundreds of terahertz; SFG and DFG by
contrast can typically only accommodate large spectral sepa-
rations. Furthermore, BS-FWM allows flexibility in the choice
of pump wavelengths since BS-FWM conversion depends only
on the pump frequency separation. This existence of multiple
pump wavelength configurations for a single signal—idler pair
allows one to choose from commercially mature laser wave-
lengths and to position the pumps in a way that optimizes the
noise performance of the device.

BS-FWM-based QFC has been shown with efficiencies
exceeding 95% in optical fibers with signal and idler wave-
lengths separated by a few nanometers in the telecom band
[16,17]. It has also been achieved using atomic transitions in
rubidium vapor [18,19] to connect a rubidium quantum mem-
ory with telecom wavelengths for optical fiber transmission.
In integrated platforms, BS-FWM has been shown to trans-
late emission from a quantum dot across 1 nm with 12%
efficiency [20]. Despite these demonstrations, wide-spanning
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Fig. 1.

(a) BS-FWM conversion efficiency as a function of pump power in a resonator based on coupled-mode theory assuming overcoupled,

critically coupled, and undercoupled signal/idler. (b) Simulated GVD of our QFC device. (c) Depiction of the various noise sources in silicon
nitride. Inset on left-hand side shows the energy diagram for the BS-FWM process.

on-chip BS-FWM frequency conversion has yet to be shown
in the single-photon regime. The largest signal—idler separation
demonstrated with classical BS-FWM was 115 THz, between
980 and 1550 nm [21]. However, excessive contamination
by noise photons from the nearby pumps made this device
challenging for QFC.

In this work, we show conversion across 192 THz with single
photons in a microresonator and perform a characterization of
noise sources in silicon nitride. Silicon nitride has been a chal-
lenging platform for quantum photonics experiments spanning
visible and telecom bands since it can exhibit strong fluores-
cence at visible wavelengths, and SFWM noise prevents the
placement of the signal or target fields near either of the pumps,
where phase-matching for BS-FWM is most convenient. We
reduce these sources of noise to acceptable levels by placing the
pumps in the normal group-velocity dispersion regime, utiliz-
ing a large 40 THz frequency separation between each of the
pumps and its nearest signal—idler field, and ensuring the near-
visible pump is red-detuned from the idler resonance. We further
optimize the noise properties by adjusting the relative powers
of the pumps, demonstrating that silicon nitride can serve as a
low-noise platform for QFC across widely separated wavelength
bands. This is, to the best of our knowledge, the widest-spanning
demonstration of four-wave-mixing-based QFC in any solid-
state platform, and the first one linking telecom and visible
domains.

2. THEORY OF CAVITY-CONFINED BS-FWM

The conversion efficiency n7 of BS-FWM in a resonator can be
derived using a four-mode model (see Supplement 1 for details).

After optimizing the resonance detunings of both pumps fields,
the efficiency [plotted in Fig. 1(a)] is given by

6,6, 4C
— ———— i 1,

a,q; (1 +C)? or ¢

n= (1)
% for C>1,
@,

where
16y,y,L*P,P.
C — VsV 1 2’ (2)
a’sa’i

and 6,; is the coupling coeflicient at the signal (idler) wave-
length, a;, is the roundtrip loss coefficient at the signal (idler)
wavelength, P, , refers to the intracavity power of each pump, L
is the resonator circumference, and v, is the nonlinear param-
eter at signal (idler) wavelength that depends on the nonlinear
index, effective mode area, and vacuum wavelength. The coop-
erativity C is given by the ratio of the nonlinear coupling rate
to the linear dissipative rate. The conversion efficiency exhibits
two regimes governed by the magnitude of the cooperativity.
When C>1, known as the overpumped regime, the maximum
efficiency saturates at an upper bound given by the ratio of the
resonator-bus coupling coefficients at the signal and idler wave-
lengths to their roundtrip loss coefficients [23,24]. This is the
regime in which we choose to operate.

3. DEVICE DESIGN

The desired BS-FWM interaction must be phase-matched to
optimize the efficiency of the QFC process. Here we set the
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(a) Trace obtained from the optical spectrum analyzer with strong coherent state input at the signal wavelength. (b) Rabi-like splitting

is induced at the idler resonance during frequency conversion due to strong nonlinear coupling between the signal and idler. Different traces
correspond to different pump detunings. (c) Transmission scans of cavity resonances at the signal and pump wavelengths.

target idler wavelength to 698 nm, corresponding to the stron-
tium clock transition, which could serve as a quantum memory
due to its millihertz linewidth. We choose a signal wave-
length that lies in the telecom O-band (1260-1360 nm), where
loss coefficients of <0.5 dB/km are standard for single-mode
fibers. Phase-matching is satisfied by situating the zero group-
velocity dispersion (GVD) point near the center wavelength
of the BS-FWM process. This can be achieved by design-
ing the cross section of the waveguide to be 730 nm x 1300
nm and using the TM mode, which satisfies this constraint
and also maintains both pumps in a region of normal GVD
where spontaneous pair generation is not phase-matched [see
Fig. 1(b)].

Further optimization of the QFC process is achieved by oper-
ating in the higher overcoupled regime at both the signal and
idler frequencies to maximize the conversion efficiency [see
Eq. (1)]. This is challenging at visible wavelengths since at
these higher frequencies the mode becomes tightly confined,
which reduces the evanescent overlap between the mode in
the bus waveguide and the mode in the microring. We address
this issue by utilizing a pulley-coupler design in which the bus
waveguide wraps around the ring to increase the interaction
length [21,30]. We then choose a bus waveguide width that
ensures that the field in the bus waveguide and the field in
the ring remain in-phase as they propagate at the idler wave-
length, so that the coupling coefficient builds up constructively
along the length of the pulley coupler. In our experiment, we
find that the large interaction length required to highly over-
couple the short-wavelength resonances resulted in a reduced
intrinsic quality factor for the telecom-band resonances, due
to increased interaction of the hybrid ring-bus mode with the
waveguide sidewalls in the coupling region. As a result, we
opted for a device that was less strongly overcoupled at shorter

wavelengths, in order to preserve the intrinsic quality factors at
telecom wavelengths. For the device used in this experiment,
we measure loaded quality factors of 1.5 x 10° at 780 nm,
4.5 % 10° at 1283 nm, and 2.8 x 10° at 1548 nm, as shown in
Fig. 2(a).

A key aspect for high-fidelity QFC is ensuring that there are
no sources of noise photons that contribute at the signal and idler
frequencies. We identify two primary sources of noise photons
in silicon nitride to be fluorescence and spontaneous four-wave
mixing (SFWM), both of which are illustrated in Fig. 1(c). Flu-
orescence is primarily an issue when the waveguide is pumped
at wavelengths below 1.1 wm [22]. The origin of fluorescence
noise in silicon nitride is not fully understood. Two possibili-
ties are that it arises from silicon nanoparticle defects pumped
above their bandgap energy [33] or that it is due to bandtail
transitions intrinsic to silicon nitride [34]. In our experiment,
we find that fluorescence is concentrated on the red side of
the 780 nm pump up to approximately 1100 nm, which corre-
sponds to the bandgap of silicon. By placing both pumps on
the long wavelength side of the idler, we can mitigate contam-
ination from fluorescence noise. The second major source of
noise photons from SFWM is localized around the pump wave-
length and is more pronounced and broader bandwidth in the
anomalous-GVD regime. By placing both pumps in the normal-
GVD regime and utilizing a large, 40 THz separation between
the signal or idler and the nearest pump, we suppress contam-
ination from SFWM. SFWM scales quadratically with pump
power and is co-polarized with the pump, whereas fluorescence
should at low powers scale linearly with pump power and be
unpolarized [22,35]. Spontaneous Raman scattering, if present,
should also scale linearly with pump power but be co-polarized
with the pump [13]. This offers an experimental means of dis-
tinguishing these different noise sources at the source and target
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wavelengths in order to characterize the noise properties of the
device.

4. RESULTS AND NOISE CHARACTERIZATION

We investigate conversion in the classical regime by inject-
ing an O-band coherent state into the microresonator. The two
continuous-wave (CW) pumps are then iteratively tuned into
their respective resonances over the course of a few minutes, due
to cavity hysteresis arising from Kerr and thermal nonlinearities.
A maximum conversion efficiency of 6% is observed when the
signal is at 1283 nm and the idler is at 704 nm [Fig. 2(a)]. By tun-
ing the signal to 1260 nm, conversion to 698 nm is achieved with
5% efficiency. Typically, chip-integrated BS-FWM demonstra-
tions are plagued by parasitic nonlinear processes which require
specialized suppression mechanisms to avoid major reductions
in conversion efficiency [25-27]. In our experiment, we keep the
wavelength separation between each field sufficiently large such
that the phase-matching conditions for the desired BS-FWM
process and the parasitic processes are significantly different.
As a result, we do not observe coherent generation of light at
any frequency other than that of the idler, validating the appli-
cability of our four-mode model. We also observe Rabi-like
splitting in the idler mode induced by strong nonlinear coupling
[see Fig. 2(b)] [28,29], which is a signature of the overpumped
regime in which the conversion efficiency upper bound is achiev-
able. By scanning the signal across the cavity resonance, we infer
that it is critically coupled [Fig. 2(c)]. While we cannot deter-
mine the coupling at the idler wavelength since a tunable laser
at the idler frequency was not available, it is likely that the idler
resonance is undercoupled, which according to Eq. (1) would
limit the theoretically achievable conversion efficiency in this
device to less than 25%.

In the absence of an injected signal, we characterize the
pump-induced noise at the idler wavelength with both on- and
off-resonance pumps using a single-photon avalanche detector
(SPAD). We place a 10 nm bandpass filter centered at 700 nm
(Thorlabs FBH700-10) immediately after the chip and measure
resonant noise counts of 55 kHz generated by the 780 nm pump
(which we infer to be 220 kHz on-chip after correcting for linear
losses after the chip and the quantum efficiency of the SPAD).
These counts show a weak pump-polarization dependence and
have a pump power scaling that is linear at low powers and
saturates at high powers [Figs. 3(a) and 3(b)], which is charac-
teristic of fluorescence. Since this noise is broadband, we can
effectively suppress it by replacing the bandpass filter with an
etalon possessing a 3 dB bandwidth of 3.25 GHz, which lowers
the idler transmission by 30% but reduces the noise counts by
15 dB.

In order to characterize the noise at the signal frequency,
we use a series of fiber Bragg gratings to isolate a 1 nm win-
dow at 1260 nm and observe noise counts in this range using
a superconducting nanowire single-photon detector (SNSPD).
We find that the 1550 nm pump generates a negligible number
of noise photons, but counterintuitively we do see substantial
noise generated by the 780 nm pump. This noise is co-polarized
with the pump and scales linearly with pump power [Figs. 3(c)
and 3(d)]. Noise photons of this nature could arise from high-
frequency-phonon-induced spontaneous Raman scattering and
material-surface-induced y® nonlinear processes. Since the
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telecom band noise photons are primarily resonant with the cav-
ity, a different noise suppression approach must be implemented.
To this end, we utilize the extra degree of freedom provided by
the dual-pump nature of BS-FWM to suppress the noise. Since
the conversion efficiency depends only on the product of the
pump powers [Eq. (1)], we operate with a pump power imbalance
by reducing the power of the 780 nm pump and compensating
with a higher power at 1550 nm. We find that by utilizing an
on-chip pump power of 90 mW at 1550 nm but just 4 mW at 780
nm, we measure a total noise photon rate of <3 kHz at the idler
wavelength when both pumps are resonant, while still retaining a
large enough pump-power product to keep us in the overpumped
regime so that we do not sacrifice conversion efficiency. We note
that this noise figure is over four orders of magnitude smaller
than what has previously been reported for interband BS-FWM
in SiN [21].

Finally, we investigate the QFC process with single-photons
injected at the signal wavelength. As shown in Fig. 4(a), the
signal photons are generated by pumping another SiN microres-
onator at 1270 nm to generate photon pairs via SFWM at 1260
and 1280 nm. The generated photon pairs are separated using
a diffraction grating and narrowly filtered by propagating them
over 6 m in free space, which provides >100 dB rejection at
the pump wavelength. The 1260 nm photon is then routed to
the QFC chip, where it is upconverted to 698 nm. In order to
eliminate noise photons arising from spontaneous Raman scat-
tering in the input fibers, both BS-FWM pumps are coupled
out of fiber and filtered in free space using a narrowband filter,
before they are combined using a dichroic mirror and sent onto
the QFC chip. We generate photon pairs at a sufficiently high
rate to obtain a singles rate of 5 kHz for the frequency-converted
idler photons, which is well above the noise photon rate of 2-3
kHz measured by the SPAD. We send each photon to a sepa-
rate detector and obtain a delay histogram of coincidence counts
between the heralding and frequency-converted heralded pho-
tons [Figs. 4(b) and 4(c)]. A clear coincidence peak is observed
both before and after conversion, indicating the viability of this
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(a) Schematic of experimental setup. Photon pairs are generated in a separate SiN microresonator. One member of the pair is routed

directly to an SNSPD (D1), while the other is sent to the QFC chip where it is upconverted to 698 nm and detected by a SPAD (D2). The
unconverted signal is sent to another SNSPD (D3). We measure a 3 dB filtering bandwidth of 55 GHz, 3 GHz, and 90 GHz before detectors
D1, D2, and D3 provided by the free-space grating filter, etalon, and FBGs, respectively. Here DM, dichroic mirror; LPF, low-pass filter;
FBG, fiber Bragg grating; TTM, time-tagging module. (b),(c) Delay histogram showing coincidence counts between (b) detectors D1 and D3

and (c) detectors D1 and D2.

frequency conversion device in a quantum network. The reduc-
tion in visibility is due to the limited conversion efficiency, which
can be improved by more strongly overcoupled signal and idler
resonances.

5. CONCLUSION

We have developed a CMOS-compatible system for photon-pair
generation and QFC that can translate quantum photonic states
between the red portion of the visible spectrum with the near-
infrared and telecom bands. We expect such a system can also
be used in the reverse configuration for visible-to-telecom con-
version without affecting the phase-matching, noise properties,
or conversion efficiency. In addition to the telecom-visible con-
version shown here, such a scheme can also be used to interface
between rubidium and strontium atomic species by swapping
the 780 nm pump with the signal. Our system overcomes the
broadband noise generated by the 780 nm pump by operating at
a power imbalance between the 780 nm and 1550 nm pumps,
enabling us to recover low-noise operation without sacrificing
conversion efficiency. We further note that fluorescence-induced
noise is not a fundamental constraint and can be eliminated by

using nitrogen-rich SiN [31] or in stoichiometric SiN by per-
forming rapid thermal annealing in argon gas [32]. We expect
that further optimization of the ring-bus coupling region, for
instance through the use of interferometric couplers or an air-
clad device that enables separate bus waveguides for the visible
and telecom fields, will allow us to access highly overcou-
pled resonances to achieve the near-unit conversion efficiencies
predicted by Eq. (1). In the future, by shifting the 1550 nm
pump to longer wavelengths in the mid-infrared, we expect to
be able to take advantage of the same phase-matching and noise
suppression techniques to enable frequency conversion linking
the telecom O-band with other commonly used single-photon
emitter wavelengths such as emission from nitrogen- and tin-
vacancy centers at 637 nm and 619 nm, using this process of
microresonator-confined BS-FWM.
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