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Integrated photon-pair source with monolithic piezoelectric frequency tunability
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This work demonstrates the capabilities of an entangled photon-pair source at telecom wavelengths, based
on a photonic integrated Si3N4 microresonator with monolithically integrated piezoelectric frequency tuning.
Previously, frequency tuning of photon pairs generated by microresonators has only been demonstrated using
thermal control, however these have limited actuation bandwidth and are not compatible with cryogenic
environments. Here, the frequency-tunable photon-pair generation capabilities of a Si3N4 microresonator with
a monolithically integrated aluminium nitride layer are shown. Fast-frequency locking of the microresonator to
an external laser is demonstrated, with a resulting locking bandwidth orders of magnitude larger than reported
previously using thermal locking. These abilities will have direct application in future schemes which interface
such sources with quantum memories based on, e.g., trapped-ion or rare-earth-ion schemes.
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I. INTRODUCTION

Quantum photonic sources and interfaces are predicted
to be a crucial component of future quantum networks, en-
abling the transfer of information with unprecedented security
compared to current classical protocols [1–4]. In addition,
the rapid development of quantum sensing, computation, and
simulation technologies could eventually exploit reliable and
robust quantum networks that distribute quantum informa-
tion and entanglement as a resource. Such a network should
also allow interfacing between the different technologies and
platforms which may be used for these systems, such as pho-
tons [5,6], rare-earth ions [7–9], trapped ions [10–12], and
nitrogen-vacancy centers [13,14].

Integrated photonics is a promising solution to this prob-
lem. It allows large numbers of components to be packaged
together in a compact and stable manner [15], analogous to
the packaging of electrical components in classical comput-
ers. Photonic integrated microresonators, in particular, have
shown increasing potential for a wide range of applications
over the past few years, including in coherent optical com-
munication [16], frequency conversion [17], and chip-scale
frequency comb sources [18]. As photon sources, microres-
onators have already demonstrated excellent performance
[19–29]. They are compact, highly stable, and their heralding
efficiencies have been shown to be comparable to some bulk
optic, narrow-band cavity sources [28,30]—a crucial charac-
teristic for scaling quantum communication to larger numbers
of photons [31–33]. Silicon nitride (Si3N4) is an attractive
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platform for this technology, with low linear loss [34,35],
negligible two-photon absorption in the telecom band [36],
and a wide transparency range, from visible to midinfrared
wavelengths [37]. The latter is especially advantageous with
regards to interfacing between different quantum technology
platforms, as some platforms are not at telecom wavelengths
[7–9]. Moreover, key components such as narrow-linewidth
lasers [38], amplifiers [39], and filters [40] can be fully in-
tegrated on a single chip, leading to mass manufacturable
miniaturized quantum systems.

Integrated photonic Si3N4 microresonators have already
shown they are well suited to the production of narrow-band
photons at telecom wavelengths. More specifically, they have
demonstrated bandwidths compatible with some rare-earth-
ion quantum memories [24,28], which are a cornerstone of
many quantum repeater architectures [3,30]. However, inter-
facing a photon source with a quantum memory for such a
quantum-repeater-like architecture places very strict require-
ments on both the characteristics of the photons and the
stability of the source itself. Of most relevance for this work
is the ability for fast frequency tuning in order to achieve
precise and stable frequency locking to the quantum mem-
ory. Typically, the ability to tune the resonance frequency of
an integrated microresonator cavity (and by extension, the
frequency of the generated photons) has only been possible
by tuning the temperature of the device [19,20,23,24,27,28].
Temperature tuning is not ideal as it is relatively slow in
comparison to electronic switching, with maximum actuation
bandwidths on the order of 10 kHz [41,42], and impractical
if the chip is to be used in cryogenic environments. In addi-
tion, temperature tuning is often monodirectional (i.e., active
heating but passive cooling) [43].

In contrast, integrated piezoelectric controllers have the
potential to provide fast frequency tuning, which is both
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FIG. 1. (a) Schematic of the electrically tunable microresonator. A monolithically integrated layer of AlN (dark blue) is placed on top of
the existing Si3N4 structures. A voltage source is connected to the AlN layer in order to provide piezoelectric frequency tuning. (b) Illustration
of chip composition. The Si3N4 waveguide (black) is topped with a layer of silica cladding (green) to preserve the low propagation losses
through the waveguide. A layer of molybdenum (red) acts as the bottom electrode, the AlN (dark blue) is the main piezoelectric material, with
a final layer of molybdenum acting as the top electrode. See Ref. [44] for a detailed description of the chip design and fabrication process.
(c) Microscope image of the electrically wire bonded AlN actuator on top of the Si3N4 microresonator. (d) Photograph of the optically and
electrically packaged chip.

bidirectional as well as compatible with cryogenic environ-
ments [45]. Electronic tunability can be introduced to existing
Si3N4 microresonator designs by the monolithic integration
of an aluminium-nitride (AlN) piezoelectric actuator onto the
Si3N4 microresonator [43,44,46], as illustrated in Fig. 1(b).
The application of a voltage to the actuator induces a mechan-
ical stress, which alters the refractive index of the waveguide
through the stress-optical effect [47], so inducing a shift in the
resonance frequency of the cavity. Such a design has already
been successfully implemented in the classical regime through
demonstrations of voltage-controlled soliton initiation and
stabilization [43], unidirectional flow of light (isolators) [48],
and frequency-agile narrow-linewidth lasers [38]. There have
also been further experiments with this type of technology,
such as the recently implemented high-speed programmable
Mach-Zehnder meshes using AlN piezoelectric actuators cou-
pled to Si3N4 waveguides [45]. However, up until this work,
electronic tuning of photon frequencies generated by such
microresonators has still not been investigated.

This paper reports on a piezoelectric-controlled frequency-
tunable source of entangled photon pairs, based on Si3N4

microresonators. The results show these microresonators have
the ability for fast electronic frequency tuning of entangled
photon pairs, as well as high bandwidth locking to external
lasers. This will be invaluable in the move towards interfacing
with quantum memory platforms in the near future.

II. MATERIALS AND METHODS

Figure 1(a) shows a schematic of the tunable photon-pair
source. The microresonators are based on Si3N4, shown as the
black layer in Fig. 1(b), with a silica cladding (green), and are
fabricated using the photonic Damascene process [51]. The
cladding layer is made to be sufficiently thick to ensure that
the optical field is negligible at the top of the cladding layer,
so preserving the low optical propagation loss of the Si3N4

waveguide [51]. A layer of molybdenum (red) is deposited on
the top silica cladding to act as the ground electrode, the AlN
piezoelectric actuator (dark blue) is the main piezoelectric
material (thickness 1μm), with a final layer of molybdenum
added to act as the top electrode. A detailed description of the
chip design and fabrication process is given in Ref. [44]. The
piezoelectric control is induced through the quasistatic stress-
optic effect, causing strain in the amorphous Si3N4 waveguide
and inducing changes in the refractive index of the Si3N4 [47].

This stress can be compressive or tensile, leading to either an
increase or decrease in the local refractive index, and conse-
quently an increase or decrease in the resonance frequency of
the microresonator. Figure 1(c) shows a microscope image of
the electrically wire bonded AlN actuator on top of the Si3N4

microresonator, with Fig. 1(d) showing a photograph of the
optically and electrically packaged chip.

To demonstrate the frequency tuning capabilities of these
devices, an initial characterization was implemented using
the scheme illustrated in Fig. 2. A cw laser at 1555.7 nm
passes through an electro-optic phase modulator (EOM) used
to generate a Pound-Drever-Hall (PDH) error signal [52] for
stabilization of the laser frequency to the microresonator. The
light then passes through a polarization control stage to align
the polarization with the quasitransverse electric (TE) mode of
the microresonator, and filtering stages to ensure a clean pump
spectrum reaches the chip. Following this, the 1% line from a
99:1 beam splitter goes to a photodiode which is used to mon-
itor the input power. The remaining 99% is coupled directly
into the bus waveguide on the chip through an ultrahigh nu-
merical aperture (UHNA) fiber pigtailed to the chip. When the
laser is brought on resonance, the laser couples evanescently
into the microresonator via the bus waveguide, generating sig-
nal and idler photons through spontaneous four wave mixing
(SFWM) at each mode supported by the cavity. This leads to
the generation of a photon frequency comb with a frequency
spacing ∼200 GHz, corresponding to the free spectral range
(FSR) of the microresonator. The device itself is an overcou-
pled device with an average intrinsic linewidth ∼40 MHz and
total linewidth ∼200 MHz. The chip temperature is stabilized
at 297.32 K to within ±10 mK, using an active proportional-
integral-derivative (PID) stabilization system, which feeds
back to a peltier on which the chip is mounted. The photons
couple out of the ring back to the bus waveguide and out of
the chip, again through a UHNA fiber pigtailed to the chip.
The 1% line of a second 99:1 beam splitter goes to a sec-
ond photodiode for power monitoring. Five dense wavelength
division multiplexers (DWDMs)—FSR = 200 GHz, channel
27—suppress the residual pump light, with the resulting sig-
nal and idler photons passing through a tunable narrow-band
filter (bandwidth of 70 pm), being detected with in-house-
developed superconducting nanowire single photon detectors
(SNSPDs) [49,50]. By simultaneously changing the frequency
of the tunable filter and each time acquiring photon counts,
a spectrum of the photon frequency comb can be acquired.
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FIG. 2. Illustration of the basic experimental setup. The first filter before the microresonator is a dense wavelength division multiplexer
(DWDM) centered at 1555.75 nm (channel 27, 200 GHz bandwidth) to provide a clean pump spectrum. The chip is mounted on a peltier which
provides active temperature stabilization to within ±10 mK. Ultra-high numerical aperture (UHNA) fibers are pigtailed to the input and output
of the bus waveguide on the chip. The pump block filter after the microresonator is comprised of a set of 5 DWDMs to suppress the residual
pump, and the tunable filter has a bandwidth of 70 pm. Photons are detected using in-house developed SNSPDs [49,50]. Photodiodes provide
both power monitoring and a locking signal for the frequency stabilization. EOM: electro-optic modulator, FPC: fiber polarization controller,
BS: beam splitter, PD: photodiode, SNSPD: superconducting nanowire single photon detector.

A measurement of this frequency comb is shown in Fig. 3(a)
(top). See Appendix A for further quantities characterizing the
source.

III. RESULTS

By applying a voltage to the actuator, the frequencies of
the modes supported by the microresonator (and hence the

(b)(a)

FIG. 3. Top: Correlated photon pairs generated by the Si3N4

microresonator for two different applied voltages, 0 V (black) and
30 V (light blue/light gray). The photon pairs form a frequency
comb structure corresponding to the resonances of the cavity around
the pump frequency. (a) Measurement of the wavelength λ of a
single-photon peak (closest signal photon to the pump, red ellipse)
for applied voltages of 0 V and 30 V. (b) Graph of the measured
single-photon frequency shift as a function of applied voltage. A
slight hysteresis is observed between the measured shift when in-
creasing the voltage (blue/dark gray) and when decreasing the
voltage (dashed pink/light gray). The extracted tuning coefficients
from weighted fits are Cinc = 22.0 ± 0.3 MHz V−1 for the increasing
voltage, and Cdec = 23.0 ± 0.4 MHz V−1 for the decreasing voltage.
The shift was extracted through a Gaussian fit to the single-photon
peak. Error bars are the standard error from the fit.

photon frequency comb) shift by a set amount. This shift was
measured by scanning the tunable filter over a single-photon
peak for different applied voltages. Figure 3(a) shows such
single-photon peaks for two different applied voltages. It can
be seen that the application of 30 V induces a shift of approx-
imately 600 MHz. Figure 3(b) shows these frequency shifts as
a function of the applied voltage, with an average linear tuning
coefficient of 22.5 MHz V−1. A single experiment cycle con-
sisted of measuring the induced frequency shift for increasing
voltages up to 30 V, followed immediately by measuring the
shift for decreasing voltages back to 0 V. Small, linear drifts in
the microresonator resonance frequency were observed due to
changes in the ambient temperature over the long timescales
of each experiment cycle. These were measured before and
after each experiment cycle by sending part of the residual
pump light after the microresonator to a wavemeter. The av-
erage of these drifts was consequently subtracted from the
measurement cycle occurring in between. A slight hysteresis
is observed, consistent with that seen in Ref. [43], which is
most likely due to trapped charges [53].

A. Bandwidth invariance

Quantities such as the photon bandwidth are dependent
on the refractive index of the cavity material, with FWHM
∝ 1/ng, where FWHM is the full width at half maximum of
the cavity resonance and ng the group refractive index [54].
It is therefore natural to question whether there will be a
significant change in the photon bandwidth with the applied
voltage (as the voltage induces changes in the refractive index
of the cavity). This is of particular importance when interfac-
ing with rare-earth-ion quantum memories, where the photon
bandwidths generated by the microresonator should match
the absorption profile of the memory and remain constant
irrespective of any applied voltage. If the photon bandwidths
change such that they increase above that of the memory, then
the memory would begin to act as a filter, with consequently
fewer photons stored [55]. This would lead to a decrease in
the so-called heralding efficiency, which is the efficiency with
which the photon stored by the memory is “heralded” by de-
tection of its partner photon [30]. To experimentally measure
whether the photon bandwidths are voltage dependent, a 50:50
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(b)(a)

FIG. 4. (a) Bandwidth of the signal (red crosses) and idler (blue
dots) photons as a function of applied voltage. The bandwidth is
extracted directly from the linewidth of the signal-idler coincidence
peak. Error bars are the standard error. (b) Signal-idler coincidence
peaks for applied voltages of 0 V and 30 V. The linewidth of both the
signal and idler photons �s,i are ∼194 MHz for both voltages.

beam splitter was included after the pump suppression filter
in the setup shown in Fig. 2, with each arm passing through
a tunable filter set to either the signal or idler wavelength.
Each arm then goes to its own SNSPD, with the coincidences
between detections subsequently recorded. Examples of the
signal-idler coincidences recorded from this setup are shown
in Fig. 4(b) for two different voltages applied to the AlN
layer. The photon bandwidth can then be directly extracted
as the linewidth of the signal-idler coincidence peak. The
coincidence peak is fitted using a convolution of a double-
exponential decay convolved with a Gaussian [28]. This takes
into account the temporal shape of each photon (defined by
the cavity), along with the temporal jitter introduced from
the SNSPDs, which is a Gaussian distribution [49]. Note that
the detector jitter is much smaller than the bandwidth of the
photons.

The measured bandwidth of the signal and idler photons
as a function of the applied voltage is shown in Fig. 4(a).
It can be seen from the figure that there appears to be no
measurable correlation between the bandwidth of the photons
and the voltage applied to the microresonator. To confirm
that the scatter seen in the figure is also not significant, the
overlap between two wave packets which are assumed to
differ in bandwidth by the maximum scatter of 10 MHz seen
in Fig. 4(a) can be calculated, and is found to be ∼99.9%
[56,57]. From this, it can be concluded that there should be no
effect on the heralding efficiency from application of voltages
to the resonator.

B. Frequency stabilization of the microresonator

When interfacing these microresonator photon sources
with quantum memories and moving towards a future quan-
tum repeater-like implementation, the photon frequency must
be resonant with the quantum memory at all times. As
such, a frequency-locking scheme will be needed to lock
the resonance of the microresonator to the frequency of the
quantum memory. There have been previous demonstrations
of frequency-locking microresonators by feeding back a lock-
ing signal to the temperature of the microresonators, however
the achievable locking bandwidth in such schemes is very
small, previously reported to be only in the tens of Hertz

MixerEOM

CW

PD

CW Laser

(a) (b)

Laser

Low-Pass FilterLocal Oscillator

FIG. 5. Comparison of transmitted power ratio for unlocked and
locked circuits. Above each graph, an illustration of the relevant lock-
ing circuit is shown. (a) For modulation of the EOM, a comparison
of the unlocked (magenta, uppermost trace) and locked (black) cases
is shown when the locking signal is fed back to the chip, as shown
in the illustration. The power ratio when the locking signal is fed
back to the laser (blue/light gray) is also shown for comparison.
(b) For microresonator modulation, a comparison of the unlocked
(magenta/gray) and locked (black) cases is shown, with the locking
signal subsequently fed back to the laser.

regime [58–61] (although the actuation bandwidth is much
higher [41,42]). Focus has therefore moved away from such
thermal locking schemes, with recent developments including
piezoelectric frequency-locking schemes integrated on-chip
[62]. However, the use of such devices as photon-pair sources
has not yet been demonstrated.

With the AlN integrated microresonator devices, it is pos-
sible to lock the cavity resonance to the pump laser using the
PDH technique [52] and feeding back the signal to the AlN
layer [43]. A schematic of this scheme is shown in Fig. 5(a).
An error signal was generated by sending a local oscillator
modulation signal to an external EOM and monitoring the
residual pump light transmitted by the microresonator when
on resonance with the laser, using a photodiode. The resultant
optical modulation will either be in phase or out of phase
with the applied local oscillator modulation, depending on
whether the laser frequency is positively or negatively detuned
from the resonance frequency. By mixing the resulting optical
modulation signal with the applied local oscillator, and pass-
ing the signal through a low-pass filter in order to suppress
higher-order frequency components, an asymmetric error sig-
nal is obtained, which can be passed to a PID servo loop. The
resultant voltage from the PID servo loop was subsequently
applied to the AlN layer on top of the microresonator cavity,
so adjusting the frequency of the cavity such that it remained
resonant with the pump laser. This scheme mimics that which
will be needed to keep the microresonator resonant with a
quantum memory in the future.

Figure 5(a) shows the results from this locking scheme.
The plot shows the power ratio, which is the ratio of the
transmitted pump power after the microresonator to the input
power of the microresonator. The power ratio provides an
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indication of the stability of the laser with respect to the
microresonator resonance as, at the point of resonance, it will
be at a minimum. Deviations away from this point cause
the power ratio to increase. Shown in magenta (uppermost
trace) is the power ratio for the unlocked resonance, where
large fluctuations can be seen as the laser drifts in and out
of resonance with the microresonator. The locked case is
shown in black, where the power ratio is extremely stable in
comparison. For further comparison, the locked case when the
locking signal is instead fed back to the laser (rather than the
AlN layer) is shown in blue (light gray). The implementation
of this system allowed the chip to remain on resonance with
the laser for in excess of 16 h. The system eventually fell out
of lock when the locking circuit reached its maximum value
of 30 V (that is, to keep the chip on resonance with the laser,
the circuit would have had to provide more than 30 V). Even
though AlN itself can sustain in excess of ±100 V [43], in
this case the maximum was restricted to 30 V in order to avoid
damage to the wirebonds attached to the chip. This experiment
demonstrates that we have a source of photon pairs which
can be frequency stabilized to an external reference laser,
compatible with the requirements for some quantum memory
schemes [8].

C. Microresonator-modulated locking

The technique of modulating an external EOM to imple-
ment a PDH lock has been widely implemented for many
decades, however there also exist extensions to the original
proposal where the modulation signal is applied to different
(potentially integrated) components. For example, Padmaraju
et al. [58,59] have previously implemented a scheme whereby
the modulation signal is applied to the microresonator itself
via a resistive heater. There are limitations to the locking
bandwidth of this implementation, however, primarily due
to the slow thermal response of the chip [58,59]. With the
microresonators presented here, a modulation signal can in-
stead be applied to the piezoelectric layer, as demonstrated in
similar scenarios in Refs. [43,62]. This leads to a modulation
of the optical signal and the derivation of a PDH error signal
which can be used to lock the pump laser to the microres-
onator, as shown in the schematic in Fig. 5(b). The plot in
Fig. 5(b) shows power ratio measurements for the unlocked
case where the microresonator was modulated at 40 MHz,
and for the locked case, again with the microresonator mod-
ulated at 40 MHz. Although noisier than when modulating
the external EOM, it can clearly be seen that the laser is
kept on resonance with the chip throughout the measurement,
in contrast to the unlocked case where it drifts in and out.
The increased noise is likely due to the suboptimal locking
regime which had to be used to implement this scheme—see
Appendix B for further information. This demonstration of
microresonator-modulated fast-frequency locking shows the
potential use of this technology in the future for removing the
need for often-expensive EOMs, which are also not necessar-
ily available at all required wavelengths.

D. Locking bandwidth

Finally, to measure the response of the microresonator-
locking system [schematic in Fig. 5(a)] to noise, an external

(a) (b)

FIG. 6. Measured spectral power after the microresonator for
both unlocked (black) and locked (blue/light gray) circuits. (a) Mea-
sured spectral power for low frequencies. (b) Determination of
locking bandwidth using the measured spectral power for several
higher frequencies. Shown is the point below crossing (top), at the
point of crossing (middle), and above crossing (bottom). See text for
further details. A Gaussian filter was applied to the data to better
resolve the characteristics.

noise process was introduced to the system by applying a
linear frequency sweep to the laser current, with part of the
output from the microresonator monitored by a photodiode.
Figure 6(a) shows the measured spectral power from the fast
Fourier transform (FFT) of the photodiode signal for the un-
locked (black) and locked (blue/light gray) systems with a
noise sweep from 1 Hz to 1 kHz (a Gaussian filter was applied
to the data to better resolve the characteristics). Overall, the
intensity noise is suppressed by a factor of ∼8 dB in this
region. However, there are also several noise spikes which
are suppressed by a factor well in excess of this. By driving
the system with increasingly higher noise frequencies, this
allowed an estimation of the bandwidth of the entire locking
circuit (an amalgamation of the response of the microres-
onator AlN layer and the electronic circuitry) to be made.
By looking for the point at which the unlocked and locked
spectral powers overlap, the noise bandwidth that the entire
circuit can suppress can be estimated. Figure 6(b) shows three
graphs around this point of interest: The upper plot shows the
noise regime from 99.5 kHz to 100.5 kHz, where the locked
circuit still gives slight suppression of the noise compared
to the unlocked circuit. The middle plot shows the regime
from 103.5 kHz to 105.5 kHz, where the two circuits are the
same. The bottom plot shows the regime from 107 kHz to
108 kHz, where the locked case actually has a higher noise
level than the unlocked case. From this, the locking bandwidth
can be estimated to be on the order of 100 kHz. This is a
vast improvement on those schemes which use the thermal re-
sponse of the chip for stabilization, with previous reports only
reaching bandwidths on the order of tens of Hertz [58–60].

IV. CONCLUSION

This work has demonstrated the suitability of these Si3N4-
based microresonators, with monolithically integrated piezo-
electric actuators, as frequency-tunable photon-pair sources.
It has shown that they continue to produce narrow-linewidth
photon pairs comparable to previous state-of-the-art sources
which lack such piezoelectric-controlled frequency tunability.
They provide reliable, voltage-controlled frequency tuning
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of the generated photon pairs, as well as allowing for PDH
locking with bandwidths far in excess of those achievable
using temperature locking. These abilities add to the exist-
ing “photonic toolbox” available when using such integrated
microresonators as photon-pair sources, and will have direct
application when interfacing with quantum memories based
on trapped-ion or rare-earth-ion schemes in the near future.
In particular, the bandwidths currently achievable with these
devices are comparable to some quantum memories, such
as those based on rare-earth-ion schemes [8]. In addition,
due to the wide transparency window of Si3N4 [37], a large
number of atomic transitions have the potential to be ac-
cessed. Successful visible-telecom photon generation using
Si3N4 microresonators has already been demonstrated [63]
and so, with further engineering, the tunable devices presented
here are expected to be able to generate photon pairs bridg-
ing the visible-telecom wavelength regime. In combination
with the fast-frequency actuation presented in this work, such
developments will allow interfacing of these devices with
rare-earth-ion quantum memories, paving the way for imple-
mentation of repeater-like links for quantum networks.
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APPENDIX A: CHARACTERISTICS OF THE
MICRORESONATOR PHOTON-PAIR SOURCE

This section presents characteristics of the voltage-
controlled, frequency-tunable microresonator photon-pair
source.

The Si3N4 microresonator has waveguides of 2.2μm width
and 900 nm height, with an AlN layer of thickness 1μm.
It is an overcoupled device, with κex ≈ 3 × κ0, where κex

is the external coupling rate from the bus waveguide to the
cavity, and κ0 corresponds to the intrinsic linewidth of the
cavity. This leads to an improved extraction efficiency, with
the device having an average intrinsic linewidth ∼40 MHz and
total linewidth ∼200 MHz.

Figures 7(a) and 7(b) show a photograph of the electrical
and optical packaging of the chip. The UHNA fibers are
pigtailed to the chip using epoxy. The electrical wirebonds
are made from 17-μm-diameter aluminium. Figures 7(c) and
7(d) show the optomechanical frequency response S21(ω) of
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FIG. 7. (a) Photograph of the electrically and optically packaged
chip. The fibers are pigtailed to the chip using epoxy. (b) Micro-
scope image of the electrically wire-bonded AlN actuator on top
of the Si3N4 microresonator. (c) and (d) Optomechanical frequency
response S21(ω) of the microresonator when modulated at frequency
ω. (c) Experimental scheme used to measure the optomechanical
frequency response. (d) Experimental results from a microresonator
similar to the device used throughout this work, except without
optical packaging. VNA: vector network analyzer, PD: photodiode.

a similar device when a modulation at frequency ω is applied
to the AlN layer of the microresonator (i.e., a measure of the
electrical to optical transduction). The experimental setup of
the actuation response measurement is shown in Fig. 7(c). An
actuation voltage at frequency ω is generated from a vector
network analyzer (VNA) and applied to the piezoactuator on
the chip. The pump laser frequency is tuned to the slope of the
Si3N4 microresonator resonance, with a photodiode detect-
ing the optical signal containing the modulation. Figure 7(d)
shows the measured optomechanical S21(ω) response of a
tunable microresonator device similar to that used throughout
this work, except without optical packaging. The actuation
applied to the AlN piezoelectric layer excites many mechan-
ical bulk or contour modes of the photonic chip, leading to
a nonflat actuation response. It can be seen that the response

FIG. 8. Oscilloscope trace of the error signals generated when a
local oscillator is applied to an external EOM. In black (rightmost
trace), the laser piezo was scanned over the microresonator point of
resonance. In blue (gray, leftmost trace), the microresonator point of
resonance was scanned over the laser frequency. Inset: Unsmoothed
data. Data was smoothed by a polynomial of order seven in order to
remove noise present from the laser’s piezo.
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(a) (b)

FIG. 9. Oscilloscope traces of error signals generated when ap-
plying a modulation signal to the microresonator itself, and scanning
the laser piezo over the point of resonance. (a) Error signal when the
microresonator is modulated by a signal of 40 MHz. (b) Error signal
when the microresonator is modulated by a signal of 411 MHz. Note
the difference in voltage scale between this plot and (b). Data was
smoothed by a polynomial of order seven in order to remove noise
present from the laser’s piezo.

is flat up to 340 kHz, where the first mechanical resonance is
visible. Note that these mechanical modes can be suppressed
via techniques such as mode cancellation, apodization, or by
using an acoustic absorber such as carbon tape or a glass
submount [64].

The bandwidth of the photon pairs (shown in Fig. 4 of
the main text) gives an indication of the Q-factor of the mi-
croresonator. For the microresonator used in this work, the
Q-factor was calculated to be ∼1 × 106 (equivalent to an
average photon bandwidth of 194 MHz), comparable to many
state-of-the art Si3N4 photon-pair sources [65].

The intracavity pair generation rate (PGR), defined as

PGR = SiSs

Rcc
, (A1)

with Si(s) the single-photon count rates for the idler(signal)
photons and Rcc the coincidence rate, was found to be on
the order of PGR = 32 × 103 s−1 mW−2. This is compara-
ble to many other microresonator photon pair sources which
lack the voltage-controllable frequency tunability of these de-
vices, such as those in Refs. [28,66]. For the results shown
in Fig. 4(a) of the main text, with an average measured
bandwidth of 194 MHz, this results in a probability of pair
generation per coherence time of p = 0.01.

The heralding efficiency, defined by

ηh,i(s) = Rcc

Ss(i)ηd
, (A2)

is found to be, on average, ηh = 1.6% for both signal and idler,
using a detector efficiency of ηd = 0.84 for both detectors. As
the aim of this work is to demonstrate the frequency-tuning
capabilities of the photon-pair source, and not to optimize
photon-pair production, a large number of DWDMs were

used, as well as relatively high-loss tunable filters. Therefore,
a more useful measure is the coupling efficiency from the chip
into the UHNA fiber. The coupling efficiency is given by

ηcoup,i(s) = Rcc

Ss(i)ηdti(s)
, (A3)

where ts(i) is the overall transmission from the output of the
UHNA fiber pigtailed to the chip to the detector for the sig-
nal(idler) path. The average coupling efficiency was found to
be ηcoup = 14.7% for both signal and idler.

Improvements to the heralding efficiency could be straight-
forwardly implemented by replacing the tunable filters with
fixed-frequency DWDMs at channels corresponding to appro-
priate signal(idler) generation wavelengths. However, these
were not used here in order to allow for scanning over the
photon frequencies to measure the relevant shifts induced by
voltages applied to the microresonator.

APPENDIX B: CHARACTERISTICS OF THE
LOCKING SCHEMES

Figure 8 shows the error signals generated when a modula-
tion frequency of 846.6 MHZ is applied to an external EOM.
Shown in black (rightmost trace) is the signal extracted when
a laser piezo is scanned over the microresonator point of reso-
nance. As the laser piezo introduced noise spikes to the error
signal (inset), the data was smoothed using a seventh-order
polynomial to better see the signal characteristics. In blue
(gray, leftmost trace) is shown the error signal extracted when
instead the microresonator is scanned, through application
of a voltage to the AlN layer, over the laser frequency. The
overall characteristics of the two error signals can be seen to
be identical.

Figures 9(a) and 9(b) show the error signals extracted
by applying a modulation signal to the microresonator itself
at two different frequencies, while simultaneously scanning
the laser frequency over the point of resonance. In the ideal
locking regime, the microresonator would be modulated at a
frequency much larger than the resonance frequency (e.g., at
a frequency similar to the 846.6 MHz applied to the external
EOM). However, it can be seen from Fig. 9(b) that at higher
modulation frequencies, the amplitude of the error signal is
significantly reduced compared to lower frequencies. As such,
a lower modulation frequency had to be used for locking of the
laser to the microresonator for the microresonator-modulated
case than with the EOM. It is likely that this suboptimal lock-
ing regime contributes to the increased fluctuations present in
the locked power ratio shown in Fig. 5(b) of the main text.
If a high-frequency modulation was chosen to coincide with
a high-overtone bulk acoustic resonator (HBAR) mode of the
chip, it is likely that the amplitude of the error signal would
be greatly enhanced, as shown previously in Ref. [43].
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