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ABSTRACT
Nanophotonic resonators are central to numerous applications, from efficient spin–photon interfaces to laser oscillators and precision sens-
ing. A leading approach consists of photonic crystal (PhC) cavities, which have been realized in a wide range of dielectric materials. However,
translating proof-of-concept devices into a functional system entails a number of additional challenges, inspiring new approaches that com-
bine resonators with wavelength-scale confinement and high quality factors; scalable integration with integrated circuits and photonic circuits;
electrical or mechanical cavity tuning; and, in many cases, a need for heterogeneous integration with functional materials such as III–V semi-
conductors or diamond color centers for spin–photon interfaces. Here we introduce a concept that generates a finely tunable PhC cavity at
a selected wavelength between two heterogeneous optical materials whose properties satisfy the above requirements. The cavity is formed by
stamping a hard-to-process material with simple waveguide geometries on top of an easy-to-process material consisting of dielectric grat-
ing mirrors and active tuning capability. We simulate our concept for the particularly challenging design problem of multiplexed quantum
repeaters based on arrays of cavity-coupled diamond color centers, achieving theoretically calculated unloaded quality factors of 106, mode
volumes as small as 1.2(λ/neff )3, and maintaining >60% total on-chip collection efficiency of fluorescent photons. We further introduce a
method of low-power piezoelectric tuning of these hybrid diamond cavities, simulating optical resonance shifts up to ∼760 GHz and color
center fluorescence tuning of 5 GHz independent of cavity tuning. These results will motivate integrated photonic cavities toward larger scale
systems-compatible designs.

© 2025. The MITRE Corporation and The Authors. All article content, except where otherwise noted, is licensed under a Cre-
ative Commons Attribution-NonCommercial 4.0 International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/).
https://doi.org/10.1063/5.0242498

INTRODUCTION

Photonic crystal (PhC) cavities are ubiquitous in optics,
with applications including modulation,1 spectroscopy,2 filtering,3,4

sensing,5,6 lasers, nonlinear optics,7 and coupling to quantum emit-
ters.8 Particularly in quantum information processing, PhC cavities
are useful for improving optical coupling to atomic systems that

include color centers in diamond9–12 and silicon carbide,13 quantum
dots in III–V semiconductors,14,15 or other atoms in other solid state
systems.16,17 Moreover, widely tunable cavity resonances with sta-
ble embedded quantum emitters simplify the practical generation
of identical photons for remote-entanglement operations neces-
sary for creating quantum networks or network-based quantum
computers.18 Monolithic diamond PhC cavities have been fabricated
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with high quality factor,19 demonstrating Purcell enhancement20

of the emission from implanted nitrogen vacancies (NVs)21 and
group–IV color centers.9,10,22 Other reported plasmonic–photonic
cavities23 for near-surface NVs have a simulated mode volume
of ∼0.1(λ/n)3. Additional hybrid cavities have been constructed
by patterning high index cavities, usually microdisks, that are
then transferred to bulk diamond.24–26 Hybrid cavities have also
been constructed with other materials such as silicon and III–V
semiconductors.27–29

However, scalable and repeatable fabrication of nanoscale fea-
tures to define cavities remains difficult, especially in materials
that either lack mature processing techniques, are limited to small
substrates, or when short optical wavelengths are required. In dia-
mond cavities, color centers are often placed too close to nearby
patterned surfaces, which can have lattice damage from plasma etch-
ing30 or create unwanted surface state dynamics.31,32 Variations in
surface states and other defect states may cause ionization of the
color centers from the spin-active negatively charged state to a neu-
tral state,33 along with spectral broadening and diffusion,34 and a
decrease in spin coherence time.35,36 Moreover, cavities composed of
non-CMOS-compatible dielectrics can be difficult to integrate into
large-scale, CMOS-fabricated photonic integrated circuits (PICs)
and may require optical isolation from the substrate to avoid low
quality factor and high losses into the substrate. The optimal place-
ment of the emitter at the high-field location to optimize Purcell
enhancement is a stochastic process.12

In this work, we propose a hybrid PhC cavity concept that
addresses several challenges of scalable cavity fabrication. The design
consists of two parts: (1) a functional dielectric or semiconductor
(III–V or quantum material) patterned into a simple waveguide
and (2) a CMOS-fabricated target substrate with high-resolution
grating mirrors and cavity tuning capabilities made with standard-
ized processing techniques. By heterogeneously stamping material 1
onto material 2, we not only improve the overall fabrication preci-
sion but also enable a tailorable cavity with an optical mode based
on pre-selected devices. We particularly consider the application
to cavity-enhanced spin–photon interfaces in quantum informa-
tion processing applications. We show through simulations that
by simply placing color centers in diamond waveguide “quantum
microchiplets” (QMCs) onto a patterned silicon nitride (SiN) nano-
structure, we can form hybrid PhC cavities with high quality factors
(Q > 106) and small mode volumes [V ∼ 1.2 (λ/neff )3]. Diamond
waveguides place color centers further from potential etch damage
and surface state effects as compared to monolithic diamond cavi-
ties. Color centers within these as-fabricated chiplets and via similar
waveguide fabrication methods have shown near-lifetime limited
linewidths in several studies.9,37

We also calculate cavity out-coupling via the diamond wave-
guide with a theoretical Purcell enhancement of >895 with 90.5% of
the light emitted into the desired optical mode for photon routing via
an underlying PIC. Finally, we simulate the integration of these cav-
ities with a piezoelectrically actuated photonics platform,38 enabling

FIG. 1. General design of a hybrid cavity. A hybrid cavity is composed of a diamond waveguide placed on top of a dielectric (silicon nitride) grating. These two structures
combined form a hybrid photonic crystal cavity. (a) Schematic of a pitch-defect cavity geometry for a dielectric optical mode where the SiN mirrors have a tapered periodicity
starting from narrow at the cavity center to wider at the edges. (b) Schematic of a width-defect cavity geometry for a dielectric optical mode where the diamond waveguide
width is tapered starting from narrow at the cavity center to wider at the edges. (c) Unit cell of a hybrid cavity with a diamond nanobeam, patterned SiN structures, and an
underlying SiO2 on a Si substrate. The cavity modes can be tuned by multiple geometric parameters, including diamond height b4, width b1, width tapering b2, b3, central
grating pitch a1, grating taper length a2, a3, SiN height a4, and grating fill factor a5. (d) and (e) Schematics of the corresponding air optical modes of pitch-defect and
width-defect hybrid cavities, respectively. In these cases, the pitch-defect and waveguide widths are tapered starting from larger at the cavity center to smaller at the edges.
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low-power piezoelectric tuning of both the cavity mode (>760 GHz)
and color center emission spectrum (5 GHz independent of cavity
tuning, up to 50 GHz with cavity-dependent tuning) through strain
and moving boundary effects. This tuning capability should improve
the yield of identical spin-active emitters for high-fidelity quantum
information processing.

HYBRID CAVITY CONCEPTS AND DESIGNS

The general design of the PhC hybrid cavity is shown in Fig. 1.
A pre-etched nanostructure containing quantum emitters, such as
any dielectric or semiconductor material waveguide, is heteroge-
neously integrated via direct placement on a patterned layer stack on
a silicon wafer. For our particular geometry, we assume a diamond
waveguide placed (along the x direction) on a substrate consisting of
SiN on top of a thick layer of SiO2.

Experimentally, arrays of diamond waveguides can be fabri-
cated via a previously well-described process.37,39 Such “quantum
microchiplets” are attached to a diamond substrate via tethers.
Tungsten probes can be used to break these tethers to transfer the
QMC to a PDMS stamp with the smoother top surface facing up.
The QMC on the PDMS stamp is then flipped over, and an optical
microscope can be used to align the chiplet to the SiN nanolines, as
demonstrated in previous work.40

Confinement of the optical mode is naturally achieved by the
diamond waveguide in the lateral (y) and vertical (z) directions while
the evanescent field interacts with the underlying SiN. The SiN is
patterned to form lines alternating with air with a specified pitch and
fill factor to create a bandgap between allowed frequency bands in
the hybridized diamond–SiN system—here the bands are the canon-
ical air and dielectric modes of a periodic structure. Within the gap,
no optical band is supported, so the system acts as a mirror. In this
hybrid architecture, a cavity is formed by varying device parameters
such that a band—either air or dielectric—becomes locally allowed.
Outside of this varied region, the system returns to the mirror state,
leaving an island of confinement amid the mirror.

In our designs, we use a parabolic41 variation of either the dia-
mond waveguide width (width defect) or grating pitch (pitch defect)
to locally tune the band and create the cavity. There are thus four dis-
tinct cavity configurations depending on whether the width or pitch
is used to create the defect and toward which allowed band the defect
is tuned, each of which may be preferred depending on the physical
situation: (i) pitch defect dielectric mode where the pitch increases
from the center, confining the optical mode in the diamond and
underlying SiN regions; (ii) pitch defect air mode where the pitch
decreases from the center, confining the optical mode in the dia-
mond and underlying air regions; (iii) width defect dielectric mode
where the diamond width increases from the center, confining the
optical mode in the diamond and underlying SiN regions; (iv) width
defect air mode where the diamond width decreases from the cen-
ter, confining the optical mode in the diamond and underlying air
regions. We note that, in all designs, the underlying patterned lines
have an important translation invariant symmetry in the longitudi-
nal (y) direction, allowing greater tolerance in aligning the diamond
waveguide during heterogeneous integration.

There are several geometric parameters that can be varied in
this system for achieving the desired cavity mode. We define each of
the geometric parameters in a set {a1, a2, a3, a4, a5, b1, b2, b3, b4}
with definitions given in Table I. For a pitch defect cavity, a2 and a3
are varied while b2 and b3 are set to 0 (vice versa for a width defect).
The pitch defect varies according to a( j) = a1 + a2( j/a3)2, where a( j)

is the pitch at the jth position away from a central pitch a1, a3 is
the number of periods over which the pitch changes by a2. After
a3 periods, the remaining lines have pitch a1 + a2 for the mirror
section. For a width defect, the equation is similar except the varia-
tion in waveguide width is given by a continuous coordinate (instead
of discrete), which defines the parabolic curve variation between the
central and mirror width sections.

For general quantum networking applications, two impor-
tant cavity parameters must be optimized: the spectral efficiency
η1 and the collection efficiency η2, which combine to make up
the total efficiency ηtot = η1η2. These efficiencies are critical for
the scalable processing of the emitted single photons or executing

TABLE I. List of geometric parameters for SiN lines and diamond waveguide to generate hybrid cavities.

Variable Definition

SiN line parameters (pitch-defect)

a1 Central grating pitch
a2 Change in pitch from center to mirror over taper region
a3 Number of periods in taper
a4 SiN thickness
a5 Grating fill factor

Diamond waveguide parameters (width-defect)

b1 Waveguide center width
b2 Change in waveguide width from center to mirror over taper region
b3 Length of waveguide taper
b4 Waveguide height
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remote-entanglement protocols. Specifically, we consider the case of
spin-selective photon emission from color centers in diamond. The
process is generally inefficient (η1 ≪ 1) due to significant emission
into the phonon sideband (PSB) (e.g., 0.96 for NVs42 and 0.4 for
SnV43) instead of the zero-phonon line (ZPL). Moreover, once the
fluorescent photon is emitted into the cavity, efficient outcoupling
(η2) through a PIC or free-space for processing becomes critical.
The cavity must be maximized for both parameters. The spectral
efficiency η1 is defined as44

η1 = F/(F + Γtotal,0

ΓZPL,0
− 1), (1)

where F = 3
4π (λ/neff )3(Q/V) is the Purcell factor of the ZPL emis-

sion at a wavelength λ within a cavity of quality factor Q, mode
volume V , and effective refractive index neff , Γtotal,0 is the emitter’s
total emission rate without cavity enhancement, and ΓZPL,0 is the
emission rate into the ZPL absent cavity enhancement. The straight-
forward strategy is simply to maximize the cavity Q while reducing
the mode volume V to improve spectral efficiency. However, adjust-
ing the cavity geometry to increase collection efficiency η2 generally
decreases quality factor Q, as the emitter photons cycle less in the
cavity before exiting the desired collection path. For a cavity with a
very large number of mirror sections on both sides, Q will be high
(with equivalent high F and η1 approaching 1), but outcoupling will
suffer. The key design challenge is to proportionally decrease the
mirror reflectivity (and hence the cavity Q) to increase outcoupling
η2 while maintaining a high spectral efficiency η1 to maximize the
figure of merit (FoM) ηtot .

45 To estimate an acceptable value of the
Purcell factor that will enable a high η1, we insert the Debye–Waller
factors (0.04, 0.7, and 0.6 for the NV-, SiV-, and SnV-, respectively)
into Eq. (1). These inputs lead to total Γtotal,0

ΓZPL,0
− 1 values of 24, 0.43,

and 0.67, respectively. Therefore, a relatively small Purcell factor
of even 10 can bring η1 to 96% and 94% for the SiV- and SnV-

(for NV-, a Purcell >100 is required). By assuming a typical normal-
ized mode volume for PhC cavities on the order of V ∼ 1.0(λ/neff )3,
we find that cavity Qs need only reach ∼100–1000 to maintain
a high spectral efficiency. Finally, by adjusting the cavity mirrors
appropriately, we then optimize the outcoupling efficiency η2.

HYBRID CAVITY OPTICAL SIMULATION RESULTS

We proceed to design and simulate optimal cavity designs for
diamond color centers using several 3D numerical simulation tools.
We generally follow the design philosophy of erring on the side
of nanofabrication simplicity. Therefore, because repeatable fabri-
cation of a parabolic shape on diamond waveguides may still be
difficult relative to high-fidelity patterning of SiN, we focus on pitch-
defect cavity designs for the remainder of this paper. However, for
other combinations of materials and emitters, width defect cavities
may be more practical. For example, there are methods for fabricat-
ing periodic grating lines without pitch tapers via photolithography
below the diffraction limit such as interference lithography.46

Figure 2(a) illustrates important design parameters for the
pitch-defect cavity, while Figs. 2(b)–2(d) show a numerically cal-
culated mode (Ansys Lumerical) for an exemplary hybrid cavity
geometry at 619.5 nm to match the SnV ZPL wavelength. We also
calculated the dispersion curves (MIT Photonic Bands) for the dia-
mond waveguide and the SiN/air grating individually, plotted in
Fig. 2(e). Throughout all subsequent numerical simulations, we use
the following refractive indices for air nair = 1, SiN nSiN = 1.95, and
diamond ndmd = 2.42.

The dispersion curves in Fig. 2(e) give initial guidance and
insight into how the hybrid cavity is formed. First, the cavity fre-
quency of interest must lie in the bandgap of the SiN/air mirror
regions but outside the bandgap in the pitch-defect region. This is
easily performed by adjusting the pitch a1 appropriately. Second, the
diamond waveguide mode must couple efficiently to the underlying

FIG. 2. Design of the pitch-defect hybrid cavity. (a) The pitch-defect hybrid cavity is composed of a diamond waveguide placed on top of a dielectric (SiN) grating with
a parabolic-tapered periodicity from the center of the cavity. (b) Numerical calculation of the fundamental TE diamond–SiN hybrid optical mode. (c) and (d) Numerical
calculations of the hybrid cavity mode seen from the top and side views, respectively. (e) Individual band diagrams for the SiN periodic grating structure (labeled dielectric
and air bands) and the diamond waveguide dispersion (labeled diamond waveguide) for the central pitch of an exemplary hybrid cavity with a1 = 170 nm, a5 = 0.5,
b1 = 340 nm, and b4 = 100 nm.
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grating structure, suggesting spatial overlap and phase matching
conditions. Specifically, the approximate phase matching condition
should be satisfied,

neff ,dmd ≈ (1 − a5)nair + a5nSiN. (2)

As the refractive index of diamond is much larger than that of
SiN and air, making the diamond waveguide thin enables both better
phase matching and spatial overlap due to a larger vertical evanes-
cent field. We settle on a diamond thickness of b4 = 100 nm and
widths b1 around 300–400 nm, which satisfy the aforementioned
requirements while being within reasonable fabrication limits.37,47

While the band diagrams [Fig. 2(e)] are a good starting point,
the real optical mode is hybridized between the diamond and under-
lying dielectric grating. We calculate the hybrid mode bandgap
(Fig. 3) using a fully 3D finite-difference time-domain wave prop-
agation simulation (ANSYS Lumerical), which nominally follows
the bands calculated in Fig. 2(e). These hybrid mode simulations

fully account for the phase matching and mode overlap conditions
required to form a usable cavity.

With an understanding of the hybrid mode bandgap, we pro-
ceed to design a high-Q quantum optical cavity. Figure 4(a) shows
the simulation where the cavity mode is found by sweeping a TE
dipole source frequency while monitoring each frequency’s field
decay in time. The cavity mode frequency and quality factor are
extracted and plotted with respect to the diamond width [Figs. 4(b)
and 4(c)] for different grating periodicities (a1). The simulated
unloaded quality factor for these cavities generally ranges from 105

to 106 with relatively little sensitivity to different diamond geome-
tries. Therefore, we observe that, for an already fabricated grating
mirror geometry, we can readily tune the cavity mode over tens
of nanometers by selectively stamping a diamond waveguide of
appropriate width. This can be useful for cavity mode adjustment,
as different diamond waveguides may be placed onto the SiN and
replaced with a waveguide of different geometry if needed, enabling
coarse tuning of the cavity without resorting to new fabrication.

FIG. 3. Simulations of the hybrid optical mode bandgap. (a) Diagram of Gaussian propagation simulations of the full 3D hybrid geometry for variable SiN periodicity
and diamond waveguide dimensions of b1 = 340 nm wide, b4 = 100 nm high. (b) Normalized transmission plot of the hybrid diamond–SiN propagation with a1 = 170 nm
showing the bandgap as a function of the input wavelength, which accounts for the bandgap of the periodic structure, the diamond waveguide dispersion, and the evanescent
coupling between the two materials. (c) Wavelength band edges extracted from additional transmission simulations. The air and dielectric bands are plotted for various SiN
periodicities.

FIG. 4. Cavity mode dependence on diamond waveguide width with a fixed SiN grating geometry. (a) Diagram of the hybrid cavity simulation with a TE point dipole source
and surrounding E-field monitor. (b) and (c) Cavity mode wavelength and quality factor vs diamond waveguide width for a pitch-defect design with a1 = 170 nm and
a1 = 180 nm, respectively. The other cavity parameters are a2 = 10 nm, a3 = 20 periods, a4 = 150 nm, a5 = 0.5, and b4 = 100 nm. The red rectangle in
(b) highlights the geometric parameters used for the simulations in Figs. 2, 3, 5, and 6.

APL Quantum 2, 026110 (2025); doi: 10.1063/5.0242498 2, 026110-5

© 2025 The MITRE Corporation and The Authors

 30 April 2025 03:47:05

https://pubs.aip.org/aip/apq


APL Quantum ARTICLE pubs.aip.org/aip/apq

TABLE II. List of geometries with Q optimized cavity modes.

Parameter Geometry 1 Geometry 2 Geometry 3

a1 180 nm 180 nm 170 nm
a2 10 nm 10 nm 10 nm
a3 20 20 20
a4 150 nm 150 nm 150 nm
a5 0.5 0.5 0.5
b1 310 nm 400 nm 340 nm
b2 0 0 0
b3 0 0 0
b4 100 nm 100 nm 100 nm
Cavity mode 636.5 nm 657.7 nm 619.5 nm
Q 5.77 × 107 1.50 × 106 3.95 × 105

V 4.54 × 10−20 m3 5.31 × 10−20 m3 4.50 × 10−20 m3

neff 1.81 1.85 1.852
Vnorm (λ/neff )3 1.04 1.19 1.2

Previous work on this PIC platform has shown adiabatically tapered
SiN waveguides robust to repeated placements of different diamond
chiplets for on-chip photon readout.

A summary of selected simulation geometries with quality
factor and mode volume is listed in Table II, with cavity mode wave-
lengths located around the NV ZPL and SnV ZPL. We note that
simulated quality factors are generally accurate only to within an
order of magnitude due to fitting the gradual exponential decay cal-
culated from the field monitors. The extracted mode volumes of
the hybrid cavity are only slightly larger than monolithic diamond
nanobeam PhC cavities,9,12,39 while offering repeatable and flexible
cavity construction.

In order to complete the hybrid cavity design, we note that
simply maximizing the intrinsic Q is not sufficient for quantum
operations. As previously mentioned, a high collection efficiency
η2 is needed. We investigate the trade-off between outcoupling and
intrinsic Q by calculating additional cavity geometries with variable
mirror periods on one side of the cavity. With a simulation setup

as in Fig. 4(a), we vary the number of mirror periods on one side
of the cavity to find how the new “loaded” quality factor Q varies
with η2. We note that the number of mirror periods does not include
the existing taper region from the central pitch of the SiN lines to
the section where the mirror pitch starts. For example, a simulation
with parameters a1 = 170 nm, a2 = 10 nm, a3 = 20 periods, and 0
mirror periods on one side would still have on that side 20 SiN lines
tapering from 170 nm out to 180 nm, where the mirror region would
then otherwise begin in a Q-optimized cavity. The number of mirror
periods dictates the reflectivity at each side of the cavity.

For these simulations, we also introduce some fabrication non-
idealities for comparison to give a better sense of how real devices
behave. Specifically, we assume two orders of magnitude lower Q
than calculated (this presumes additional losses purely due to scat-
tering and absorption effects) and only 50% alignment of the color
center dipole and cavity-mode electric field. We label these values
with the (fab) designation in the plots.

We make these quality factor assumptions based on prior work
fabricating monolithic diamond cavities, where the as-fabricated
quality factor ranges from approximately one to three orders of mag-
nitude worse than the theoretical calculation in simulation.9,22,39,48

We model a “typical” scenario where the as-fabricated Q is brought
down to match previous experimental results (decreased by two
orders of magnitude from our simulated value) to show that in such
a situation, we can still achieve the necessary Purcell enhancement
for high collection efficiency of photons necessary for entanglement
protocols.

The NV- and group-IV color center dipole orientations are
along the [111] (or an equivalent) axis, and the diamond slab used
for fabrication has a [001]-oriented top surface. The fabrication of
the diamond chiplets is performed to orient the TE mode of the cav-
ity in the [110] direction. The angle between the emitter and TE
cavity mode orientation is then 35.26○. The Purcell effect depends
on the angular overlap of the cavity mode and emitter dipole; there-
fore, assuming the emitter dipole is spatially located at the maximum
electric field value of the cavity, the fraction of maximum Pur-
cell enhancement compared to perfectly aligned dipoles is given by
cos(35.26○) = 0.816, which is larger than our 50% approximation

FIG. 5. Optimizing ηtot for outcoupling of the hybrid cavity to a photonic integrated circuit. Simulations were performed for a dielectric pitch-defect cavity mode at 619.5 nm,
with geometric parameters a1 = 170 nm, a2 = 10 nm, a3 = 20 periods, a4 = 150 nm, and a5 = 0.5. b1 = 340 nm, b4 = 100 nm. (a) Simulated Q as the number of mirror
periods on the photon collection side is varied. More mirror periods generally lead to higher Q. An estimated, lower Q due to fabrication imperfections is also plotted. (b)
Calculated Purcell factor F based on the simulated Q, including an estimated, lower F due to fabrication imperfections. (c) Coupling efficiencies η1

(f ab), η2, and ηtot(fab),
which take into account the lower Q and F due to fabrication imperfections. There is an optimal mirror period number that balances high collection efficiency via the
waveguide while maintaining a high Purcell factor of the cavity.
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used in these calculations. Achieving perfect spatial alignment of the
emitter with the maximum electric field is practically difficult as well
due to the stochastic process by which defects are typically generated
in diamond. Our hybrid system has the advantage that the position
of the diamond waveguide can be adjusted to better align a specific
emitter to the center of the cavity without changing the geometry
of the cavity due to translation invariance along the length of the
diamond waveguide.

Figure 5 shows simulations of the 619.5 nm cavity mode Q,
Purcell factor F, and total collection efficiency ηtot as the number of
mirror periods is varied. We find that in an idealized high-Q regime,
the Purcell factor likewise remains high such that η1 is always effi-
cient and close to 1. Here the total collection efficiency ηtot is simply
dominated by the output collection η2, preferring low mirror period
designs. However, in as-fabricated cavities that typically operate with
much lower Q and F, η1( fab) decreases rapidly as the number of
mirror periods becomes too low [Fig. 5(c)]. Therefore, there is an
optimal number of mirror periods that avoids low reflectivity caus-
ing Q and hence F to lose its effectiveness in maintaining efficient η1
but still allows efficient total outcoupling ηtot . We achieve an optimal
design with F = 11 (with fabrication-imperfect Q) and ηtot = 0.828
at about 20 mirror periods. Once light propagates beyond the mir-
ror region of the cavity, the diamond can be efficiently coupled to

underlying SiN waveguides on an active photonics platform. Previ-
ous results have shown that optimized coupling between a tapered
diamond waveguide and an underlying tapered SiN waveguide can
reach up to 0.95.49 When combining this with SnVs high internal
quantum efficiency of 0.8,42 the total photon collection efficiency
from the cavity to the SiN waveguide is η ≈ 0.629. This is well
above collection efficiencies previously considered for calculating
the percolation threshold of cluster states for quantum computing.50

There are additional techniques that could be implemented to
make outcoupling alignment simpler as well, such as with angled
interconnects.51 We note that vertical free-space collection designs
are also possible (see supplementary material, Sec. 2).

HYBRID CAVITY AND EMITTER TUNING
WITH PIEZOELECTRIC ACTUATION

While we presented an optical cavity with flexible character-
istics, a further advantage of the hybrid design is the ability to
include CMOS-fabricated fine tuning of the underlying dielectric-
grating during hybrid cavity generation. This can help correct for
geometric variation due to fabrication imperfections that shift the
cavity mode away from the theoretically modeled frequency. (We
analyze how variation in the grating fill factor can shift the cavity

FIG. 6. Integrated piezoelectric tuning of the hybrid cavity mode. (a) Cavity strain tuning platform schematic showing the geometry of the hybrid cavity coupled to two
independent piezoelectric tuners: the ZPL tuner and the piston tuner. The voltage VZPL controls the ZPL tuner, and Vp controls the piston tuner. Light green = oxide
cladding, yellow = aluminum, dark gray = aluminum nitride/piezoelectric tuner, purple = silicon nitride grating, light gray waveguide = diamond. (b) Strain profile of εxx when
the ZPL tuner voltage is ±100 V, showing strain propagating up to the diamond waveguide to tune the emitter’s ZPL wavelength. (c) Cavity mode (inset: E-field magnitude
at Vp = 0, XZ cross section) tuning when applying voltage to the piston tuner, tuning up to 760 GHz from −50 to 50 V while preserving quality factor. (d) Total x-displacement
of the hybrid cavity when Vp = ±50 V is applied to the piston cantilever.
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mode in supplementary material, Sec. 3.) This tunability allows
robust alignment of different color centers in different cavities all
to a single frequency.

We propose a tuning method by attaching our hybrid cavity to
a piezoelectric-piston body consisting of the same layer stack as our
previously reported cryogenically compatible photonics technol-
ogy,38 shown in Fig. 6. This chip stack is composed of a piezoelectric
aluminum nitride (AlN) layer sandwiched between two aluminum
(Al) electrodes where applied voltage causes deformations in the
AlN and thereby the entire cantilever. The electrodes are controlled
by underlying routing metal connected to the electrodes by tung-
sten vias. An underlying amorphous silicon (aSi) layer is etched away
by a post-fabrication xenon difluoride gas, creating the free floating
cantilever with a bottom layer of silicon dioxide.

To calculate cavity mode tuning, we first modify the 619.5 nm
cavity mode design to have only 20 mirror periods on each side, in
addition to the a3 = 20 period taper region from the center of the
cavity [Fig. 6(a)]. The taper sections are etched through and con-
nected only at the ends in a snake-like pattern, thereby reducing the
overall mechanical rigidity of the cavity region. One side of the cav-
ity is clamped with the mirror section lines connected at both ends
to each other to maintain their rigidity. This causes a concentration
of any geometric deformations toward the center of the cavity. The
other side is attached to a free-floating cantilever consisting of the
piezoelectric layer (AlN) and electrodes (Al) with a layer of silicon
dioxide at the bottom. The mirror section on this side rests on top of
the cantilever, and the etch of the SiN lines stops at the top Al sur-
face. The cantilever piston will readily push or pull against the cavity
depending on the polarity of the applied voltage. By design, the gen-
erated strain will highly concentrate52 in the cavity region due to the
large difference between the effective mechanical compliance of the
cantilever piston and the cavity mirror regions. To add a second tun-
ing degree of freedom, an additional “ZPL” piezo-actuator is placed
underneath the center of the cavity. By applying±100 V to this piezo,
additional strain is generated in the diamond locally near the emitter
of interest. The ZPL tuner allows us to control the color center’s ZPL
wavelength independently of the cavity piston tuner to better align
with the optical cavity resonance.

We investigate the hybrid cavity tuning using finite-element
(COMSOL) simulations, depicted in Fig. 6(a). We first perform
COMSOL simulations for a combination of piston (−50, 0, 50 V)
and ZPL piezo (−100, 0, 100 V) voltages to strain the cavity. The
re-meshed, deformed geometry and strain values are exported from
COMSOL directly into Ansys Lumerical to accurately capture mov-
ing boundary contributions to the cavity mode shifts. For the strain-
optic effects, we converted volume-averaged strains [Fig. 6(b)] to
material index shifts in the deformed geometry, discretized into sev-
eral regions. However, we found the strain-optic effect had an overall
negligible effect on the cavity tuning (only <10 GHz shift, more
details in supplementary material, Sec. 4). The resulting cavity mode
shifts based primarily on moving material boundaries are shown
in Fig. 6(c). We find that by applying voltages in the range of −50
to 50 V (readily accessible voltages on our platform), we can tune
the cavity mode by ∼760 GHz relative to the unperturbed mode.
Figure 6(d) shows the deformations induced by the piezoelectric
piston at these voltages.

In this design, the ZPL of a color center in diamond will also be
tuned by the strain field, whose effect will somewhat vary depending

on the exact location in the cavity. Based on experimental strain tun-
ing of SnVs with a ZPL near 619.5 nm of ∼0.5 PHz/strain,47 our
max strain values using the center ZPL piezo alone are on the order
of 10−5 [Fig. 6(b)] corresponding to a ZPL tuning of ∼5 GHz. Given
an implanted ensemble of SnVs with a transform-limited linewidth
of ∼30 MHz, we can readily tune across dozens of SnVs to isolate
a single emitter within the cavity. We note there is additional tun-
ing of the ZPL due to the strain induced by the piston cantilever,
on the order of 10−4 corresponding to a ∼50 GHz shift for the ZPL.
However, because the cavity mode shift is an order of magnitude
larger, it is possible to find a pair of tuning voltages for the piston
and ZPL tuner (fine adjustment) that align the cavity mode and the
ZPL wavelengths. Finally, since the strain due to the piston can-
tilever is approximately one order of magnitude higher than that
due to the ZPL piezo, we found the cavity tuning resulting strictly
from the ZPL piezo was below the accuracy threshold of the optical
simulation.

DISCUSSION

The hybrid cavity provides several inherent advantages in
terms of fabrication reliability and scalability compared to exist-
ing approaches. Our approach transfers the complexity of high-
resolution fabrication into mature CMOS materials such as SiN
or SiO2, enabling integration with existing complex photonic layer
stacks38 while increasing yield. These features would enable both
direct piezoelectric tuning of the cavity (faster and more flexible than
existing capacitive,53,54 laser tuning,55,56 or gas tuning methods)9,48

as well as photon collection into reconfigurable photonic circuits
such as integrated switches and multiport interferometers.57 On the
diamond material side, the geometry of the stamped waveguide may
be post-selected for additional reliability when targeting a specific
wavelength, such as 620 nm for SnV in diamond. Fabricating rect-
angular diamond waveguides is also a simpler process compared to
fabricating fine-featured nanobeams or PhC cavities in the diamond
itself. In addition, the color centers may be placed further from dia-
mond etched surfaces in the waveguide compared to a PhC, thereby
decreasing potential effects of nearby surface states to cause defect
ionization or spectral diffusion.58 High quality fabrication of dia-
mond waveguide microchiplets has already been demonstrated in
prior works37 and shown to couple efficiently to underlying PICs,
with modeling showing up to 95% coupling efficiency via adiabatic
tapers.49 Experimental readout of color center photons via the SiN
waveguides in the underlying PIC indicates good physical contact
between the two materials.

To realize our device experimentally, we may leverage our
CMOS-fabricated photonics platform38 by designing both the ZPL
piezo and the piston tuner around a prepared film of SiN. We can
utilize back-end-of-line processes such as electron beam lithogra-
phy, focused ion beam, or deep UV lithography59,60 to write the
desired pitch-defect lines into the SiN. Once the SiN component is
patterned and released, we can directly pick and place with a PDMS
stamp to transfer a separately fabricated diamond QMC onto the
SiN pattern to complete the hybrid cavity. The highly reflective end
of the cavity is attached to the piston cantilever, whereas the end
designed for photon output can have an array of underlying tapered
SiN waveguides47 where the output photons through the diamond
waveguide can be coupled for further photon routing, entanglement,
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and detection schemes. The pick and stamp process may be scaled by
potentially designing our wafer stack with a lock and release method
previously demonstrated for large-scale heterogeneous integration
of diamond QMC arrays on a CMOS platform.61

SUPPLEMENTARY MATERIAL

The supplementary material includes Ansys Lumerical simula-
tion details, cavity designs for free space collection, cavity mode shift
calculations due to potential variations in fabrication etch duty cycle,
and details for calculating the strain-optic effect in cavity tuning 3D
simulations.
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