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Advances in laser technology have driven discoveries in atomic, molecular, and optical (AMO) physics and emerging
applications, from quantum computers with cold atoms or ions, to quantum networks with solid-state color centers.
This progress is motivating the development of a new generation of optical control systems that can manipulate the
light field with high fidelity at wavelengths relevant for AMO applications. These systems are characterized by crite-
ria: (C1) operation at a design wavelength of choice in the visible (VIS) or near-infrared (IR) spectrum, (C2) a scalable
platform that can support large channel counts, (C3) high-intensity modulation extinction and (C4) repeatability
compatible with low gate errors, and (C5) fast switching times. Here, we provide a pathway to address these challenges
by introducing an atom control architecture based on VIS-IR photonic integrated circuit (PIC) technology. Based on a
complementary metal–oxide–semiconductor fabrication process, this atom-control PIC (APIC) technology can meet
system requirements (C1)–(C5). As a proof of concept, we demonstrate a 16-channel silicon-nitride-based APIC with
(5.8 ± 0.4) ns response times and >30 dB extinction ratio at a wavelength of 780 nm. © 2023 Optica Publishing Group

under the terms of theOptica Open Access Publishing Agreement

https://doi.org/10.1364/OPTICA.489504

1. INTRODUCTION

Quantum technologies have reached a pivotal stage where the
number of qubits is approaching the limit of classical simulability
[1,2]. A key challenge in achieving practically useful quantum
technology lies in the scalable, coherent control of the individual
qubits. As potential candidates for qubits, several platforms that
rely on atomic or atom-like systems have emerged, including cold
atoms [3,4], ions [5–7], and atom-like emitters in solids [8,9].
Many suitable optical transitions of these systems lie in the visible
to near-infrared wavelength range. Previous work towards quan-
tum control has relied on using a limited number of local address-
ing beams modulated by bulk acousto-optic devices [3,5,10,11].
This approach becomes problematic when scaling beyond tens
of optical control channels. Here, we address this bottleneck by
introducing photonic integrated circuit (PIC) technology based
on compact, resonant, and high-extinction modulators and fab-
ricated in a process compatible with modern complementary
metal–oxide–semiconductor (CMOS) manufacturing.

The development of on-chip high-speed modulators has
mainly been driven by telecom applications [12]. However, O- and
C-band platforms (e.g., silicon [13] and indium phosphide [14])

are incompatible with visible-wavelength operation. Silicon nitride
(SiN) is a leading photonic integration platform compatible with
visible-wavelength operation [15]. SiN is transparent down to
blue wavelengths [16] and extremely low waveguide propagation
losses have been demonstrated (<0.1 dB/m at 1.6 µm [17] and
22 dB/m at 450 nm [16]). Moreover, SiN photonic integrated
circuits are manufacturable in CMOS fabrication processes and
have been demonstrated to enable high-power handling, with
watt-level waveguide-coupled optical powers reported at 1.6 µm
[18]. While SiN’s thermo-optic effect allows slow modulation with
∼µs response times [19], this limit in modulation rate is prob-
lematic for fast optical quantum control. Recently, SiN platforms
with aluminum nitride (AlN) piezoelectric actuators have been
introduced, enabling visible and near-infrared light modulation
with∼ns response times [20–22].

In this work, we present an atom-control photonic integrated
circuit (APIC) platform intended for high-fidelity local quan-
tum control of atomic and atom-like systems, notably with high
extinction (C3) and repeatability (C4). The platform relies on SiN
photonic integrated circuits with fast AlN piezoelectric actuators
[20], thereby satisfying criteria (C1) and (C5). Our APICs are
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Fig. 1. Atom-control photonic integrated circuit (APIC) platform. (a) Photograph of full reticle. (b) APIC modulator array with a modulator pitch of
420 µm. (c) 4× 4 out-coupling and 1× 16 in-coupling area. Chip detail (left) and camera image with light coupled into all ports (right). (d) SEM image
of individual ring (top). Schematic cross section of device with piezo-stack and waveguiding layers illustrated. (e) DRMZM with local in- and out-coupling
gratings, which can be used as an alternative to the grating couplers in (c). Bottom right: illustration of setup. An SLM projects light onto the APIC, where
the light is modulated and after passing through a PBS imaged onto an array of (artificial) atoms. The input light path onto the SLM is not shown.

fabricated at temperatures < 500◦C in a 200 mm wafer, CMOS-
compatible process, permitting co-integration with electrical
circuits for driving control voltages and implementing feedback
[23]. See Appendix A for more details on fabrication and packag-
ing. This approach enables large channel counts, thereby fulfilling
criterion (C2).

The illustration in Fig. 1 shows our proof-of-concept APIC
with an array of 16 high-speed dual-ring-assisted Mach–Zehnder
modulators (DRMZMs) [24] arranged in a 4× 4 grid. We show
that these DRMZMs can, in a fabrication-tolerant way, achieve
voltage-programmable light extinction in a compact footprint,
as required for high-fidelity quantum control devices with large
channel counts. We demonstrate that the spread in ring resonant
frequencies due to fabrication non-uniformity, a major issue in
large-scale PICs [25], can be eliminated using integrated thermo-
optic heaters for tuning. Moreover, power dissipation from such
tuning can be avoided by permanently shifting the resonances via
laser-based trimming.

2. RESULTS

Interfacing between the laser source and the APIC is a large
programmable switch to uniformly distribute light into each
DRMZM (Fig. 1): in this case, implemented holographically via a
commercial megapixel liquid crystal spatial light modulator (SLM)
[26]. While such SLMs—with∼100 Hz update rate—cannot sat-
isfy the speed criterion (C5) directly, they are ideal for static optical
power fanout to balance light across the high-speed DRMZMs
in a scalable and reconfigurable way. By delegating the input light
control to the millions of stable degrees of freedom on the SLM, we
save the need for large-footprint, carefully balanced, fabrication-
sensitive splitter trees [27]. With its single input, a splitter tree is
also more prone to catastrophic failure.

Vertically radiating gratings couple the holographically dis-
tributed light into and out of each DRMZM. We route the inputs
and outputs of the modulators together in one corner of the APIC
[Fig. 1(c)], where we use a 1× 16 array of grating couplers for
coupling in, and a two-dimensional 4× 4 array of grating couplers
for coupling the modulated light out towards the target atomic sys-
tems. Notably, the input and output grating couplers are oriented
at 90◦ with respect to each other, such that a polarizing beam-
splitter (PBS) can be used to separate the in- and outgoing light. At
the system level, a relevant characteristic is the optical power effi-
ciency of each device η=maxV (|Aout(V )|2)/|Ain|

2, where Ain,out

is the field amplitude at the input and output of a DRMZM, and
V is applied voltage [Fig. 2(a)]. Inefficiency is dominated by losses
in the grating couplers. To boost efficiency, we take advantage of
the aluminum layer underneath the grating, which serves as the
top piezo-electrode shown in Fig. 1(d). The reflective aluminum
directs light upward and greatly enhances coupling efficiency [28].
The measured SLM transmission is −2.2 dB (diffraction effi-
ciency into fanout beams). The DRMZM transmission including
gratings is−11.5 dB. The total transmission is therefore−14 dB.

The large channel count criterion (C2) motivates high opti-
cal channel density ρ. The resonant phase modulators used in
the DRMZM afford a higher degree of compactness compared
with conventional phase modulators. With an inter-device spac-
ing of 420 µm in our demonstrator, cf. Fig. 1(b), we achieve a
device density of approximately six devices per square-millimeter
ρ ∼ 6/mm2. If we use the entire reticle (2.2 cm× 2.2 cm) for our
array,∼2900 devices can be realized, with further improvements to
compactness possible.

A. Performance Metrics for Quantum Gates

We now establish key performance metrics of our device. These
metrics are guided by the application requirements for optical
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Fig. 2. Dual-ring-assisted Mach–Zehnder modulator (DRMZM). (a) Schematic of a DRMZM. Input light amplitude is indicated as Ain, along
with the transmissive amplitude coupling coefficients for beamsplitters (T0,1) and ring-waveguide (t0,1), and the piezo- Vp0,1 and heater voltages Vh0,1

used for modulation and long-range tuning. a0,1 represents the single round trip ring transmission. (b) Transmitted powers P = |Aout|
2 around a tar-

get wavelength λ0 for individual rings and the DRMZM. (c) Phase φ = arg(Aout) responses. Plots (b) and (c) assume identical rings and beamsplitters.
(d) Measured normalized power P = 10 log10(|Aout|

2/max(|Aout|
2)) dB as a function of heater voltages. (e) Fit of (d) to our model with the parame-

ters: a0 = 0.9962± 1.7 · 10−4, a1 = 0.9975± 1.9 · 10−4, t0 = 0.983± 1.8 · 10−4, t1 = 0.9816± 2 · 10−4. T 2
0,1 = 0.5 is fixed. The R2 value of the fit

is 0.96. These values for a0,1 yield fitted intrinsic quality factors Qi0 = 2.7 · 105
± 1.34 · 104 and Qi1 = 4 · 105

± 3 · 104. The inset shows the profile
along dotted diagonal line (red data, blue fit). (f ) Numerically extracted extinction achievable as a function of T 2

0 (T 2
1 = 0.5) and t1 (t0 = 0.985). We set

a0 = a1 = 0.998. Blue region inside the contour indicates better than 30 dB extinction.

quantum control. The Rabi frequency of an optically driven
atomic transition depends on the electrical field EE (x , y , t) (trans-
verse coordinates x , y ) at the position of the atom. Experimentally,
we measure the optical power using a photodiode P (t)=∫

I (x , y , t)dA, where I (x , y , t)∝ | EE (x , y , t)|2. For sim-
plicity, we consider a rectangular π control pulse with constant
light intensity I1 in the “on” state. The extinction is E = I0

I1
, where

I0 is the residual light intensity in the “off” state. We define the
intensity normalized pulse error by1I = 1I1

I1
. Given an intensity

error1I1, the “on” state error 1−F1 ∼ (1I)2 is proportional to
the square of the intensity error. The “off” state error 1−F0 ∼ E
scales linearly with extinction (see Supplement 1, Section 1 and
[29]).Fi is the fidelity in state i (1=on, 0=off ) (see Supplement 1,
Section 1 for a definition). The requirements on E and 1I for
low pulse error correspond to criteria (C3) and (C4). Criterion
(C5) for fast switching times δτ follows from the need for many
gate operations to be executed during the lifetime of the quantum
state [6,30,31]. Typical gate durations are in the range of tens to
hundreds of nanoseconds for single-qubit rotations or entangling
gates for cold atom systems [31,32], atom-like emitters in solids
[33], and in the range of microseconds to milliseconds for trapped
ion motional gates [6,7].

B. Modulator Architecture

The DRMZM, schematically shown in Fig. 2(a), lies at the core
of our architecture. It consists of a Mach–Zehnder interferometer
(MZI), with two 50:50 beamsplitters, and a ring resonator coupled
to each arm of the interferometer.

Each ring resonator acts as a coupled phase and amplitude
modulator with a well-known response function [34]:

ASRout = ASRine i(π+ϕ) a − te−iϕ

1− tae iϕ
, (1)

where aSRin,out is the field amplitude at the input and output of a
single ring, a is the attenuation coefficient for a single round trip in
the ring, t is the bus waveguide’s self-coupling coefficient, and ϕ is
the round trip phase. For fast modulation, we rely on piezoelectric
actuation, cf. Fig. 4(e). In the overcoupled regime (t < a ), the ring
acts as a “force-multiplier” for phase, where the small phase shifts
possible through the fast but weak piezoelectric actuators can be
amplified to a∼2π phase shift per ring [Fig. 2(c)] [35]. Each ring is
additionally equipped with a local heater [Fig. 1(d)] for long-range
tuning to compensate for fabrication variations (as discussed in
the next section). Each overcoupled ring also modulates the ampli-
tude in each arm of the MZI. By choosing the operating point of
both rings correctly, we can select amplitude and phase in each
arm to achieve in principle perfect destructive interference at the
output port of the second beamsplitter. Furthermore, the two
available degrees of freedom (phase tuning in both rings) afford
full amplitude and phase control over the output electrical field
(see Supplement 1, Section 2). This full field control is especially
desirable in protocols where the phase of the optical field needs to
be changed quickly [36].

The simulated phase and amplitude response for both the
isolated rings and the DRMZM is shown in Figs. 2(b) and 2(c) as
a function of wavelength, assuming the ideal situation where the
beamsplitters and rings are identical. We achieve perfect extinc-
tion at the output port when the differential phase is π and the
light amplitude in both MZI arms are exactly balanced to match
the amplitude splitting ratio of the out-coupling beamsplitter.
Figure 2(d) shows the experimentally measured output light power
as a function of the heater voltages for each ring, which are used for

https://doi.org/10.6084/m9.figshare.24084489
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https://doi.org/10.6084/m9.figshare.24084489
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long-range tuning to this ideal operating point. The points of min-
imum power are clearly visible in both branches of the “avoided
crossing” of the two resonances (E = 31 dB in the top branch and
30 dB in the bottom branch).

We fit the experimental data to a model with parameters defined
in Fig. 2(a). The result is shown in Fig. 2(e), in good agreement
with the measured data (R2

= 0.96).
DRMZM extinction—a critical figure of merit for (C3)—is

robust to large fabrication variations, in contrast to regular MZMs.
In MZMs, the principal limitation to the achievable light extinc-
tion is given by how well the two beamsplitters comprising the
MZM are matched to each other. Unequal beamsplitter ratios
in the DRMZM are manifest in the output power distribution
[Fig. 2(e)] as a breaking of mirror symmetry along the diagonal.
The two points of minimum power translate along both branches
as the difference between the beamsplitters increases. In Fig. 2(f ),
we show that a high extinction ratio is achievable for a wide range
of fabricated parameters. In our case, we attribute the primary
limitations to the measured extinction ratio to originate from small
drifts of the resonance position during the measurement along
with input polarization misalignment.

C. Resonance Tuning

Fabrication-induced variations in resonance frequency are a major
issue in integrated photonic devices [25]. While our piezoelectric
actuators are fast, their range is not sufficient to account for this
fabrication-induced resonance spread. In our system, as-fabricated
resonances are distributed over hundreds of picometers or tens
of linewidths, making modulation of a single laser frequency
across the full array of devices impossible. To retune the system
to a common resonance, we developed a combination of tunable
and nonvolatile resonance shifting based on (i) integrated heaters
[37] and (ii) laser trimming [38–40]. Figure 3 plots the resonance
positions for 10 different DRMZMs before and after alignment.

For reconfigurable thermo-optic tuning, heating power is
generated by a resistive coil in proximity of the waveguide, as
shown in Fig. 1(d). We measure resonance tuning efficiencies of

#10, laser trimming

#9

#8

#7

#6

#5

#4

#3

#2

#1

Target

Fig. 3. Resonance tuning of DRMZMs. The top nine panels show the
simultaneous alignment of the 18 resonances of nine channels to a target
wavelength (780.6 nm) using the integrated heaters. The bottom panel
shows resonance alignment for a 10th channel using nonvolatile laser
trimming.

Table 1. Performance Metrics

Metric Symbol Value Criterion

Wavelength λ0 780 nm C1
Channel density ρ 6/mm2 C2
Power efficiency η 7% C2
Extinction E >30 dB C3
Infidelity “off” state 1−F0 1.5 · 10−3 C3
Pulse error 1I 1 · 10−3 C4
Infidelity “on” state 1−F1 0.6 · 10−6 C4
10%–90% rise time δτ (5.8± 0.4)ns C5

6 pm/mW (see Supplement 1, Section 4). Negating fabrication
spread requires powers of the order of 50 mW per ring. This may
prove a hindrance as we scale to 1000s of channels. We therefore
developed a nonvolatile laser trimming process.

To complement thermal tuning and relax requirements on
dissipated power, we can permanently but non-reversibly shift
resonances by trimming rings with a blue laser, notably with-
out degradation of the optical quality factor (see Supplement 1,
Section 5). The accessible trimming range is larger than the
observed variations in resonance positions, and operates with suf-
ficient precision to target within the limited range of piezoelectric
actuation.

To limit the need for post-fabrication tuning, future devices
may include adiabatic rings, which have been demonstrated to be
more robust against fabrication variations [19].

D. Fast Switching

With resonances aligned at a desired operating point, we next
demonstrate that our DRMZMs operate as fast light modula-
tors with repeatable switching at high extinction ratios under
piezoelectric actuation (C3–C5). To enhance resonance stabil-
ity, we strongly overcouple the rings (effectively broadening the
linewidth), while ensuring that each ring can be actuated to∼π/2
phase over the voltage range of 30 V achieved by our amplifiers.
Our measured actuation efficiency conforms with the previ-
ously demonstrated 0.4 pm V−1 [20]. The driving voltage of our
devices can be reduced by using enhanced piezo-materials such as
scandium-doped AlN, which has a piezoelectric response that is
up to five times larger than that of AlN [41]. We can also choose to
operate at lower driving voltages at the expense of a reduced light
efficiency, as lower driving voltages result in smaller resonance
shifts. Figure 4(a) plots the measured normalized individual pulse
area for a 1 MHz rectangular pulse train of 1 ms total duration.
We chose these pulse train properties with Rydberg–Rydberg
interaction mediated gates in mind, as typical Rydberg lifetimes are
∼100 µs to<1 ms, at typical ground-state-Rydberg Rabi frequen-
cies of 1−10 MHz [32]. This measurement indicates a pulse area
consistency with a (1σ ) standard deviation of 1I = 9.8 · 10−4

(C4). Figure 4(d) shows the fast switching behavior of our device
(C5). We observe a 10%–90% rise time of (5.8± 0.4) ns. Further,
we demonstrate a high extinction ratio of E ∼ 30 dB during
switching (C3). Figure 4(b) shows the extinction ratios for a pulse
sequence with randomized pulse lengths (between 300 ns and
1 µs), as displayed in Fig. 4(c) (see Supplement 1, Section 3 for
eye diagrams and a measurement of the modulation bandwidth).
Table 1 summarizes key performance metrics.

https://doi.org/10.6084/m9.figshare.24084489
https://doi.org/10.6084/m9.figshare.24084489
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Fig. 4. Fast switching using piezoelectric actuators. (a) Normalized pulse area versus time. Each point corresponds to a single pulse. Pulse area consis-
tency (1σ )1I = 9.8 · 10−4 for a pulse train of 1 ms duration. These data use duty cycle 50% and frequency 1 MHz. (b) Extinction ratio E for a random
pulse train with pulse durations in between 300 ns and 1000 ns. Inset with error bars. Mean extinction is 32.3± 0.14 dB, indicated by horizontal red line.
(c) Randomized pulse sequence. The optical output power in the “on” state is 0.2 mW. (d) Determination of the 10%–90% rise time δτ . Black dashed
lines indicate the 90% and 10% levels. (e) Simulated ring waveguide displacement resulting from applied voltage of 15 V to the bottom electrode of the
piezo-stack.

3. DISCUSSION

We introduced a SiN atom-control photonic integrated circuit
(APIC) technology intended for scalable quantum control of
atomic systems. Fabricated in a 200 mm wafer, CMOS-compatible
process, our APICs achieve pulse errors of 9.8 · 10−4, extinction
ratios >30 dB, and rise times of (5.8± 0.4)ns, enabling high-
precision optical manipulation of quantum states. Furthermore,
we showed that the fabrication-induced variations in resonance
frequencies can be compensated for by integrated heaters or non-
volatile laser trimming, an essential feature for large-scale resonant
PICs. The CMOS compatibility of our fabrication process also
enables us to manufacture our photonics architecture directly
on top of a high-voltage CMOS driver [42]. There are no funda-
mental limits to scaling our approach to thousands of channels in
such an architecture. While we demonstrated operation at around
780 nm, the design of our devices can be tuned to allow operation
at any wavelength within SiN’s transparency window. Replacing
SiN with wide-bandgap waveguiding materials such as aluminum
oxide [43] or nitride [8] could enable operation down to UV
wavelengths.

We anticipate that coherent optical control by our APIC plat-
form will find widespread application for manipulating quantum
systems, especially for atomic quantum control on arrays of neutral
atoms [3,4,9,44], ions [6,7], and color centers [8,9]. In our future
work, we plan to use a second SLM to reconfigure the modulated
beams coming out of our chip such that they match with the con-
figuration of the targeted quantum system, whether this is an array
of atoms or color centers residing in a cryostat. This approach has
been introduced in [26]. Our modulator architecture could also
be directly combined on-chip together with ion traps or hetero-
geneously integrated with diamond color center waveguides [8]. In
simulated condensed matter systems [45], we anticipate that our
architecture will enable experimental studies beyond global many-
body effects and towards local phenomena such as topological
defects and their associated quasi-particles [46].

APPENDIX A

1. Device Fabrication

Our devices are fabricated at Sandia National Laboratories on
200 mm silicon wafers using deep ultraviolet optical lithography
[20]. The devices have three metal layers interconnected through
vias: a routing layer (Al/Ti), a bottom electrode layer (Al), and a
top electrode layer (Al). A piezoelectric AlN layer sandwiched in
between the bottom and top electrode layers enables piezoelectric
actuators. The bottom and top electrode layers are connected to
bond pads through vias and the bottom metal routing layer. On
top of the piezoelectric actuators, a SiN waveguide layer (300 nm
thickness) is fabricated with silicon dioxide cladding above and
below. An amorphous silicon release layer fabricated below the
piezoelectric actuators can be used to undercut devices via XeF2

etching [20]. The devices presented in this work are not released,
to allow for a larger modulation bandwidth due to the “stiffer”
resulting actuator. In Fig. 5, the on-chip electrical routing is
illustrated.

2. Packaging and Drivers

After fabrication, we dice the wafers into chips. The chips are glued
on a copper block using a thermal epoxy. Wire bonds connect
the chip to a printed circuit board (PCB). Figure 6 shows a pic-
ture of the wire bonded chip. The PCB connects our chip to the
heater and piezoelectric actuator drivers. The heaters are driven
by Qontrol Q8iv modules delivering a maximum voltage of 12 V
and a maximum current of 24 mA (per channel). The piezoelectric
actuators are driven by Spectrum M2p.6566-x4 arbitrary wave-
form generators with a maximum output rate of 125 MS/s and an
output level of±3 V into 50�. This signal is amplified by a factor
of five to±15 V using high-bandwidth electronic amplifiers (Texas
Instruments THS3491) on the PCB, fed by a±16 V power supply.
The maximum slew rate of the amplifiers is 8000 Vµs−1. We also
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Fig. 5. We show two orthogonal cross sections through the wafer. (a) Cut showing the connection to the bottom electrode of the piezo-actuator. Close
to the waveguide, we can see the cross section of the heater spiral in the top metal. (b) Microscope image illustrating the position for the cuts in (a) and (c).
(c) Cut showing the ground (GND) and heater connections. The heating current flow from the heater terminal to ground via the high-resistance heater spi-
ral is shown. An SEM inset shows the region around the coupling waveguide.

Fig. 6. Wire bonded chip on top of copper block. We can see the
individual devices arranged in a 4× 4 grid at the center of the chip. Image
credit: Merrimack Micro.

note that multiples of our modulator chips could be combined in
a single package to achieve a larger number of channels. Several
SLMs or a single higher-resolution SLM may be used for fanout.
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