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Abstract: Modulation and control of lasers and optical signals are necessary for trapped-ion
and cold neutral atom quantum systems. Given the diversity of atomic species, experimental
modalities, and architectures, integrated optical modulators that are designed to operate across
the visible to near-infrared (NIR) spectrum are a key step towards portable, robust, and compact
quantum computers, clocks, and sensors. Integrated optical modulators that are wavelength-
independent, CMOS-compatible, and capable of maintaining low waveguide losses and a
high resonator quality factor (Q), DC-coupled broadband frequency response, and low power
consumption are essential for scalable photonic integration. Yet progress towards these goals
has remained limited. To show the versatility of this platform, we demonstrate four types
of integrated stress-optic lead zirconate titanate (PZT) silicon nitride (Si3zN4) modulators - a
coil Mach-Zehnder modulator (coil MZM), a coil pure phase modulator, and bus-coupled and
add-drop ring resonator modulators, with operation from 493 nm to 780 nm. The PZT-actuated
coil MZM operates at 532 nm with a Vit of 2.8V, a DC - 0.4 MHz 3-dB bandwidth, and an
extinction ratio of 21.5 dB. The PZT-actuated nitride coil phase modulator operates at 493 nm
with a Vrt of 2.8 V and low residual amplitude modulation (RAM) of -34 dB at a 10 kHz offset.
The bus-coupled ring resonator modulator operates at 493 nm, and the add-drop ring resonator
modulator operates at 780 nm. The ring-based modulators have an intrinsic quality factor (Q;) of
3.4 million and 1.9 million, a linear tuning strength of 0.92 GHz/V and 1.01 GHz/V, and a 3-dB
bandwidth of DC - 2.6 MHz and DC - 10 MHz, respectively. All four modulator designs maintain
the native low optical waveguide loss of SiN, are DC coupled with broadband frequency response,
operate independently of wavelength, and consume only tens of nW per actuator. Such solutions
unlock the potential for further integration with other precision silicon nitride components to
realize chip-scale atomic and quantum systems.
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1. Introduction

High-efficiency integrated optical modulators are an essential component towards realizing
compact and robust quantum technologies. Specifically, the on-chip miniaturization of modulators
responsible for laser stabilization, disciplining to atomic transitions, and quantum functions such
as gating and qubit control will pave the way for portable, robust trapped-ion [1,2] and neutral
atom quantum computers [3], atomic clocks [4,5], and quantum sensors [6,7]. Given the diversity
of atomic species and a wide range of architectures and protocols, it is important that these
modulators can operate across visible to near-infrared (NIR) wavelengths, that they provide a
choice of different modulation formats, maintain characteristics of high-performance integrated
waveguides and components, and operate with low power dissipation and ease of interface to
control electronics. For example, trapped Ba* quantum computing architectures can utilize
integrated phase and amplitude modulators operating at the 493 nm 6S;/, <> 6P/, transition for
cooling and state detection [8,9]. 532 nm modulators can be used for off-resonant atom control
in a variety of systems including driving Raman transitions in Ba* [10], optical dipole traps
[11], and optical lattices [12]. Future space-based cold rubidium atomic clocks [13] and atom
interferometers [14] will benefit from modulation at the 780 nm rubidium D, line. At the same
time, such modulator solutions should be compatible with a high-performance CMOS foundry
compatible photonic integration platform. Such solutions will pave the way for integration with
other precision components to realize lasers, photonics, and systems-on-chip solutions for atomic
and quantum applications.

The CMOS-compatible silicon nitride integration platform [15] is an important solution due
to the ultra-low optical loss across the blue to NIR wavelengths [16,17] and ability to integrate
precision lasers and other photonic components that operate across this range [18-25]. To date,
stress optic ring resonator amplitude modulation based on lead zirconate titanate (PZT) actuation
of Si3Ny waveguides has been demonstrated at communications wavelengths [26]. This class
of control modulator provides strong DC coupling and broadband modulation out to tens of
MHz, wavelength independent operation, and does not affect the nitride waveguide loss. These
characteristics are necessary for precise atom system control functions such as laser locking [27],
power routing/switching [1,28], sideband modulation, feedforward phase noise reduction [29,30],
and agile phase [31] and frequency control [32]. Modulation at visible to NIR frequencies has
been demonstrated using the stress-optic effect in aluminum nitride (AIN) structures [18,33,34]
and the electro-optic effect in thin film lithium niobate [35]. Recent PZT-on-SiN platform based
electro-optic modulators have demonstrated high modulation efficiency and GHz bandwidths by
leveraging the Pockels effect with strong optical mode overlap in the PZT layer [36,37]. While
these approaches achieve low VL and high-speed operation, the strong overlap of the optical
mode in the PZT introduces significant propagation loss and degradation of Q and extinction ratio
(ER), especially at visible and NIR wavelengths [38]. Progress on visible light to NIR modulators
that can achieve DC-coupled broadband modulation, low residual amplitude modulation (RAM),
low power consumption, and wavelength independence in a CMOS-compatible integration
platform is the next critical step for integration of atomic and quantum experiments.

In this work, we report on visible to NIR high modulation efficiency photonic integrated PZT-
actuated SizNy stress-optic amplitude and phase modulators. We demonstrate four modulator
types operating at 493 nm, 532nm, and 780 nm, as illustrated in Fig. 1, for applications to
quantum computing, atomic clocks, and quantum sensing. The coil Mach-Zehnder modulator
(coil MZM) employs a 5 cm long PZT actuator in one arm, the phase modulator is a straight
waveguide modulator with a 5 cm long PZT actuator, and the bus-coupled and add-drop ring
resonators employ PZT actuation over the ring portion. The coil MZM operates at 532 nm with a
Vr of 2.8V, an ER of 21.5 dB, and DC-coupled 3-dB bandwidth of 0.4 MHz. The coil phase
modulator operates at 493 nm with a Vit of 2.8 V, 180° phase lag bandwidth of 1 MHz, and a
low residual amplitude modulation (RAM) of -34 dB at a 10 kHz offset. The critically coupled
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bus-coupled ring resonator operates at 493 nm, has an intrinsic quality factor (Q;) of 3.4 M, linear
tuning strength of 0.92 GHz/V, ER of 18.7 dB, and DC-coupled 3-dB bandwidth of 2.6 MHz.
Finally, the add-drop ring resonator operates at 780 nm, has a Q; of 1.9 M, linear tuning strength
of 1.01 GHz/V, and DC-coupled 3-dB bandwidth of 10 MHz. This progress in visible light to
NIR integrated amplitude and phase modulation establishes a clear path towards fully integrated
quantum technologies in the silicon nitride integration platform.

PZT on SizN, Modulators
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Fig. 1. Tllustration of the four PZT silicon nitride integrated visible to NIR modulators
(blue background chips in center) with applications to various quantum technologies (green
background on right). Examples of the optical wavelength and atomic species experiments
are illustrated (left) with 493 nm modulation used for the Ba™ ion cooling transition and
the 532 nm modulation for Ba* ion off-resonant control, e.g., driving Raman transitions in
137Ba*. The 780 nm modulation is applicable to the Rb D, cooling transition.

2. Results

The modulator layouts for the coil MZM, coil phase modulator, and ring resonator modulators are
shown in Fig. 2. All designs utilize integrated Si3;N4 waveguides with monolithically integrated
PZT actuators [26,39]. The SizN4 waveguides are 20 nm thick and 2 um wide for the 493 nm and
532 nm devices and 120 nm thick and 900 nm wide for the 780 nm devices and are fabricated
using the ultra-low loss CMOS-compatible process [15]. The integrated PZT actuator and
platinum electrode fabrication [40—43] is performed after the upper cladding oxide deposition.
The PZT and electrodes are offset from the waveguide by 2 - 5 um, depending on the design, and
are designed to achieve a high lateral strain across the nitride core for strong optical modulation
while minimizing the overlap with the optical mode [26]. The optical mode is primarily confined
near the SizNy waveguide core and does not overlap with the PZT electrodes due to the 4 um
upper cladding and lateral PZT offset. The electric field is applied between the top and bottom
electrodes of the PZT, producing a predominantly vertical field that induces lateral strain via the
piezoelectric effect. This design enables modulation without requiring direct optical overlap with
the PZT or electrodes, thereby preserving low propagation loss and high resonator Q. Numerical
simulations of the waveguide mode indicate that the electrode-induced loss is negligible. This is
consistent with prior experimental results showing minimal degradation in resonator Q for PZT
actuators with different offsets compared to devices without PZT [26]. This back-end fabrication
process avoids undercut or “pull back™ structures commonly required in aluminum nitride (AIN)
stress-optic modulators [34]. The PZT can be driven with up to 20V, and all these devices
register a leakage current of less than 1 nA, corresponding to a negligible power consumption of
~20 nW.

The coil MZM consists of a Mach-Zehnder design with a 5 cm coil PZT actuator on one of the
arms as shown in Fig. 2(e). By applying a voltage to the PZT, a lateral strain is induced in the
waveguide, corresponding to a change in waveguide refractive index from the stress-optic effect.
As a result, the phase of the light linearly shifts with a measured tuning coefficient of 716 MHz/V
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Fig. 2. (a) Cross section of the silicon nitride waveguide and back-end deposited PZT
actuator. (b) Single bus add-through ring modulator under test at 493 nm featuring GSG
probe to deliver electrical signal to the PZT actuator. (c) Two bus add-drop ring modulator
designed for operation at 780 nm. (d) Coil phase modulator under test at 493 nm. (e) Coil
MZM under test at 532 nm.

(0.68 pm/V), corresponding to a Vzt of 2.8 V, VaL of 14.0 V-cm, and VnLa of 6.71 V-dB, as
shown in Fig. 3(a). The directional coupler is designed to be an equal 50/50 split, achieving
an ER of 21.5dB at 532 nm operation. The advantages of the coil MZM are low optical losses
(a0 =0.24 dB/cm), high modulation efficiency (low V), and PZT power consumption of only 5
nW. To generate the 532 nm laser input for the coil MZM, a 1064 nm distributed Bragg reflector
laser is amplified by an ytterbium doped fiber amplifier and frequency doubled down to 532 nm
with periodically poled lithium niobate.

The coil MZM’s modulation bandwidth is limited to ~1 MHz due to the large area of the
PZT actuator and the high permittivity of PZT. This geometry results in a 19 nF capacitance
for the 5 cm long PZT-actuated coil. Whereas ring resonator modulator bandwidths are often
limited by the photon cavity lifetime, the modulation bandwidth of the coil MZM is limited only
by the capacitance of the actuator, so there is a design trade-off between bandwidth and tuning
efficiency. The waveguide was designed for TEO single mode operation at 532 nm. The coil
MZM exhibits a 90/10 rise time of 1.7 us when driven with a voltage step function. The coil
MZM is operational as an amplitude modulator with high extinction ratio only at wavelengths
near 532 nm since that is the wavelength for which the splitting ratio of the directional coupler is
closest to 50/50; however, simple waveguide design changes could produce similar modulators at
any wavelength in the Si3Ny transparency window.

The coil phase modulator is a SiN waveguide with a 5 cm long actuator, realized by dicing
off the input splitter of the coil MZM and using only the PZT-actuated arm (Fig. 2(d)). To
measure the frequency response of the device, it was placed on one arm of a balanced fiber MZI
to turn phase fluctuations into amplitude fluctuations and modulated at quadrature. The output
of the fiber MZI was sent to a photodetector and the S;; data shown in Fig. 4(a) and 4(b) were
measured using a vector network analyzer (VNA) (Agilent N5230-90017). In PDH locking
schemes and other applications like optical gyroscopes [44], low-RAM modulation is desired
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Fig. 3. Measurements of the coil MZM. (a) Static tuning of the PZT actuator. The coil
MZM operates with a Vit of 2.8 V and ER of 21.5dB. (b) Amplitude response of the coil
MZM showing a 3-dB bandwidth of 0.4 MHz and a 6-dB bandwidth of 0.6 MHz. (c) Phase
response of the coil MZM showing a 180° phase lag point of 1 MHz. (d) Optical response
of the MZM to a voltage step function, showing a 90/10 rise time of 1.7 ps.

[45]. The RAM is measured by detecting the phase-modulated signal on a photodetector and
analyzing the resulting electrical spectrum on the VNA. The RAM is defined as the relative level
of this |S,| signal from the |S;;| measured in Fig. 4(a), attenuating as necessary so the carrier
and RAM have the same optical power. The RAM is limited by the noise floor of the VNA and
photodetector relative to the available optical power of the carrier signal. The RAM may be
lower than reported here, since the design does not inherently generate any unwanted amplitude
modulation as with ring resonator based phase modulators. Etalon effects and associated RAM
were mitigated using index matching gel at the fiber-chip interface.

Two PZT-actuated ring resonator modulators are demonstrated. The first is a 493 nm critically
coupled bus-coupled ring with 750 pm radius and a 20 nm nitride core. The device was tested
using a DRS Daylight Stretto 493 nm laser. We measure a Q; of 3.4 M, loaded quality factor
(Qr) of 1.9 M, full width at half maximum (FWHM) linewidth of 324 MHz, propagation loss
of 0.24 dB/cm, and ER of 18.7 dB. The high ER of the resonator has the potential for quantum
experiment gating functions. The ferroelectric nature of PZT leads to nonlinear tuning when the
drive voltage exceeds roughly +1.5 V. Outside of the hysteresis regime, linear tuning is observed
at 0.92 GHz/V (0.75 pm/V), corresponding to Vm of 20.7 V, VxniL of 9.75 V-cm, and VnLa of
2.34V.dB.

Tuning the laser to the quadrature point of the resonator and biasing the PZT electrode
above its region of hysteresis, small-signal modulation is applied to the device and the response
measured using a VNA. A 3-dB modulation bandwidth is measured to be DC - 2.6 MHz and
6-dB modulation bandwidth to be DC - 3.4 MHz with a 180° phase lag point of 1.8 MHz. The
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Fig. 4. Measurements of the coil phase modulator. (a) Frequency response of the coil
phase modulator with 493 nm laser input. The phase modulator was placed on one arm
of an off chip balanced fiber MZI to turn the phase response into an amplitude response
for measurement. The maximum of 20 measurements at each frequency offset is plotted.
(b) Phase of Sy of one of the 20 measurements shown in (a). (c) RAM measurement of the
coil phase modulator with 493 nm laser input showing a RAM of -34 dB at 10 kHz frequency
offset.

bandwidth of the modulator is limited by the capacitance of the PZT actuator and the photon
lifetime in the ring resonator, which motivates the use of a ring modulator with only moderate
quality factor (Q) [26]. These ring modulators can also be used as a phase modulator by tuning the
laser to the resonance minimum and actuating with small signal modulation. This is demonstrated
in Fig. 5(f) to generate an error signal that can be used for PDH locking.
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Fig. 5. Measurements of the single bus add-through 493 nm ring modulator. (a) Resonator
quality factor measurement. The orange trace is a 40.2 MHz FSR fiber MZI used as a
frequency ruler to measure and fit to the resonance. (b) Transmission spectra of the resonator
for applied DC voltages to the PZT electrode every 0.25V from 0V to 5 V. (c¢) Linearity
of static PZT actuator tuning. Excluding the 0—1.5V region of hysteresis, a linear tuning
of 0.92 GHz/V is observed. (d) Amplitude of S| frequency response as measured by a
VNA. (e) Phase response of the S| measurement. (f) By applying a 1 MHz small signal
modulation to the PZT actuator, an error signal that can be used for PDH locking is observed,
and the resonance broadens due to the sidebands.

The second type of ring modulator is a 750 um radius add-drop resonator modulator. The
resonator is slightly under-coupled at 780 nm, achieving an ER of 12.1 dB, and achieves a Q;
of 1.9M, Qr of 0.7M, FWHM linewidth of 539 MHz, and propagation loss of 0.27 dB/cm
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(Fig. 6). Outside of the hysteresis regime, linear tuning is observed at 1.01 GHz/V (2.1 pm/V),
corresponding to Vit of 18.8V, VziL of 8.86 V-cm, and VriLo of 2.39 V-dB. Both resonators
also have thermal tuners if additional slow tuning is required for more advanced locking and
modulation schemes.
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Fig. 6. Measurements of two-bus add-drop 780 nm ring modulator. (a) Resonator Q
measurement. The orange trace is a 24.8 MHz FSR fiber MZI used as a frequency ruler
to measure and fit to the resonance. (b) Transmission spectra of the resonator for applied
DC voltages to the PZT electrode every 0.5V from 0 V to 13 V. (c) Linearity of static PZT
actuator tuning. Excluding the 0-3 V region of hysteresis, a linear tuning of 1.01 GHz/V is
observed. (d) Amplitude of Sy frequency response measured by a Red Pitaya. (e) Phase
response of the Sp| measurement.

3. Discussion

We report a class of versatile photonic integrated PZT-actuated stress-optic modulators capable
of operation over the 493 to 780 nm visible to NIR range. We demonstrate Mach-Zehnder
interferometer, pure phase, and bus-ring and add-drop modulator designs with Vr as low as
2.8V, DC-coupled 3-dB bandwidth up to 10 MHz, on-off ER as high as 21.5 dB, and only tens of
nWs of electrical power consumption. The PZT actuator maintains the ultra-low silicon nitride
waveguide loss and ultra-high Q, and provides a path to integration with other silicon nitride
photonic integrated components including lasers for external amplitude or phase modulation and
direct agile frequency tuning [19]. The bandwidth of stress-optic PZT-on-SiN actuators has been
demonstrated up to 70 MHz [39] and they are well suited to atomic quantum control functions and
protocols such as polarization gradient cooling frequency control sequences [32], Zeeman qubits
[46], and PDH locking integrated lasers to integrated coil reference cavities [47]. Additionally,
the strong DC stress-optic coeflicient of PZT provides stronger quiescent set points and tuning
that is orders of magnitude stronger than other stress-optic actuators [48]. The measured VziLa
values of 6.71 V-dB for the coil MZM and 2.34 V-dB for the 493 nm ring modulator have the
potential in the future for sub-volt levels with a further reduction in waveguide losses [16,49].
These modulators can find applications in scaling quantum technologies such as optical tweezers
[50,51], trapped-ions [52], and non-Abelian anyons [53]. These results provide a clear path to
integration of modulators with other visible Si3sN4 components for fully integrated cold atom and
trapped-ion systems on-chip.
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