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Triangular cross-section nanodevices are among the leading approaches for integrating color centers with photonics for
applications in quantum information processing. We design periodic and aperiodic fishbone triangular grating couplers
in silicon carbide. We optimize the designs for achieving up to ~ 31% collection efficiency from color center integrated
triangular devices to a microscopy system. Using an ion beam angle etching process, we demonstrate proof-of-principle
fabrication of the designed devices for future implementation in wafer-scale quantum nanophotonics.

I. INTRODUCTION

Quantum networks require a medium that can store quan-
tum information for a long time and provide an interface to
transfer the information reliably over long distances. Photons
are excellent quantum information carriers as they experience
low loss and less decoherence when transmitted through opti-
cal fiber networks, making it easier to integrate quantum net-
works into existing infrastructure 2. Color centers, luminous
defects in wide band gap semiconductors®, have sparked in-
terest within the quantum community due to their spin-photon
interface where the electron or nuclear spin acts as a stationary
qubit and spin-entangled photon acts as a flying qubit®. For
quantum networks and distributed quantum information pro-
cessing (QIP), color centers in silicon carbide (SiC) are partic-
ularly interesting as they generate spin-entangled photons near
telecom band wavelengths® with seconds long spin coherence
times’ and ultra-narrow inhomogeneous broadening®. More-
over, compatibility with silicon-based device fabrication pro-
cesses and availability of high-purity wafer-scale substrates
make SiC a potential platform for scalable QIP hardware.

Color centers are required to be integrated with nanopho-
tonic devices to perform on-chip QIP®?. In this regard, sus-
pended photonics paves the way for higher optical confine-
ment due to maximum refractive index contrast with the sur-
rounding medium. Previous efforts in fabricating color cen-
ter integrated SiC suspended devices either limited the per-
formance of color center optical coherence! or encountered
scaling issues®. As color centers exhibit excellent spectral
stability in bulk substrates'!, the angle-etching method has
emerged as a promising technique to fabricate bulk freestand-
ing nanostructures for color center integration. Angle-etching
can be implemented either by a Faraday cage or by ion beam
etching (IBE). In this method, ions are directed at an angle
toward the substrate to undercut the nanophotonic structures
which results in a triangular cross-section profile. SiC color
center photonics and spintronics in this non-conventional tri-
angular geometry have demonstrated robust performance for
QIP applications =19/

Recently, we have developed a reactive ion beam etching
(RIBE) process for wafer-scale integration of triangular cross-
section photonic devices with color centers in SiC1Z. An on-

chip wafer-scale testing mechanism is required for character-
izing color center interaction with triangular shaped nanopho-
tonic hardware. Although edge couplers offer highly effi-
cient coupling over a large bandwidth, they do not support
wafer-level testing and have complex post-fabrication steps
with limited access to the circuits'3®, Vertical grating cou-
pler (GC) is a convenient choice for flexible integration with
other photonic elements on the same chip, consequently, al-
lowing for wafer-scale testing. Fiber-based GCs exhibit ex-
cellent coupling efficiency at the cost of large footprints and
precise fiber alignment!®. As cryogenic environment is re-
quired for color center characterization®”, free-space GCs in
combination with microscope objective have proven to be a
very practical solution®?2, Typical microscopy systems have
a higher numerical aperture (NA) compared to optical fibers
and provide wider bandwidth®3. Moreover, due to the absence
of mode mismatch issues between the fiber core and the GC,
free-space GCs can be optimized for a compact layout.

In this work, we conduct a thorough study on free-space
SiC triangular cross-section suspended GC in light of color
center quantum nanophotonics. Fig. [T(a) shows a perspective
illustration of color center coupling characterization with inte-
grated GC. First, we describe the important parameters of the
GC and evaluate their performance using Finite-Difference
Time-Domain (FDTD) simulations. As we intend to utilize
the wafer-scale RIBE process for device fabrication, we in-
corporate the fabrication constraints in our design. Next, we
optimize the design to maximize the collection efficiency from
color center emission through a microscope objective and dis-
cuss coupling dynamics in the triangular geometry. In the end,
we demonstrate the fabrication of the triangular cross-section
GC using the RIBE process.

Il. TRIANGULAR CROSS-SECTION FISHBONE GRATING
COUPLER

In this section, we analyze the design parameters for tri-
angular cross-section suspended GC in SiC. Our triangular
cross-section GC consists of (i) a triangular waveguide, (ii)
an adiabatically tapered region, and (iii) a fishbone like grat-
ing structure. We choose the fishbone grating design in accor-
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FIG. 1. (a) A perspective figure of the triangular cross-section grating couplers (GCs) used for the characterization of color center coupling
with integrated nanophotonic hardware. The red sphere at the center of the waveguide represents the color center. (b) Top view of triangular
cross-section fishbone GC with three regions: (i) waveguide, (ii) adiabatic taper, and (iii) fishbone grating. (c) Coupling efficiency (Cgpp)
of horizontal and vertical dipoles into the fundamental transverse electric (f-TE) and the fundamental transverse magnetic (f-TM) modes,

respectively, of triangular waveguides with etch angle, o0 = 45°.

dance with the fabrication compatibility of the RIBE process
to produce wafer-scale triangular cross-section devices. Fig.
[T[b) shows the top view schematic of the GC with waveguide
width wy, etch angle (half angle at the apex) ¢, taper angle
Otaper taper length Liyper, maximum taper width w;, grating
period a, and the central bone width wygy,e. The refractive in-
dex of SiC is kept ngijc = 2.6 throughout the analysis. We pa-
rameterize the scales w.r.t. wavelength of interest Ay to make
the design scalable for the variety of color centers SiC hosts.
We optimize each component individually to achieve the most
efficient design.

A. Single-mode waveguide

Single-mode propagation is an important requirement in
the waveguide design for performing on-chip QIP223 For
each o, there exists an optimal width for single-mode prop-
agation in the triangular cross-section Waveguide. In this
work, we choose o = 45° as it offers higher confinemen
and couplinéElm compared to other etch angles that have
been fabricated with the RIBE process in SiC1Z. Based on
the dipole orientation in the SiC crystal lattice, color center
emission can couple to fundamental transverse electric (f-TE),
fundamental transverse magnetic (f-TM), and other higher-
order modes supported by the triangular waveguide. Hence,
we optimize the triangular waveguide width wy for maintain-
ing single-mode propagation of both horizontal and vertical

electric dipole radiations with high coupling efficiency (Cgpr)
using Lumerical FDTD package as shown in Fig. [T{c). We
position the dipole sources with emission wavelength Ay at
the centroid of the triangle which is the optimum color cen-
ter position in triangular geometry for the best coupling to
the waveguide mode . We pre-select the w; range us-
ing Lumerical MODE (Finite-Difference Eigensolver) pack-
age so that the horizontal (vertical) dipole couples only to the
f-TE (f-TM) mode. Although the proposed design is a ID-GC
structure in which we can optimize only for a single state of
polarizatio, we choose w; = 0.548¢ to obtain high Cgpp
for both dipole orientations.

B. Adiabatic taper

An adiabatically tapered region is instrumental to coupling
light in and out of the chip=”. It allows for a smooth transi-
tion of light from the waveguide mode to the Gaussian mode
by gradually changing the size and shape of the optical mode
along the taper. The slow transition of the effective refractive
index (n.f) of the waveguide cross-section ensures minimal
mode conversion to higher-order or radiation modes resulting
in high coupling efficiency. Traditional fiber-coupled GCs re-
quire very long taper regions to match the mode field diameter
of the single-mode optical fibers’®. On the other hand, light
coupling through the microscope objective enables very com-
pact designs for such tapers as the focused Gaussian beam



1.2{ @ Buper=1"
W= Braper=2°
1.1 =& Braper=3°

0 1 2 3 4 5 6
Leaper/Ao
(c)

EF?
1.0
08
06
0.4
Ao 02

1 2 3 4 5 6
Ltaper/Ao

(d)

10 —®— Whone < 0.2584¢
—A— Whone =0.32319
B Whone = 0.38749

aldo

FIG. 2. (a) Taper width wy w.r.t taper length Lyaper for taper angles Byuper = 1°,2°,3°. The dashed (black) line shows the fabrication constraint
imposed on w». (b) Effective refractive indices ne¢r of the f-TE and the f-TM modes along Leper for Ggper = 1°,2°,3°. (c) Top view cross-
section of the electric field (E-field) intensity (|E|2) profile for the adiabatic taper design with Oaper = 2°, Liaper = 3.225g, and wp = 0.774 A
where the f-TE mode of the waveguide with w; = 0.548A is injected into the taper region. The cross-section is taken at the centroid plane of
the maximum taper width wj. (d) Grating period a and duty cycle DC which satisfy the 1st order vertical grating phase matching condition for

Whone = 0.2584¢, 0.3231, 0.3871.

spot size becomes orders of magnitude smaller compared to
the optical fiber mode.

In the SOI platform, it has been observed that linear ta-
pers with very small taper angle (Bpper) result in higher
transmission®”. We apply a similar strategy in designing the
triangular cross-section taper region by linearly increasing the
taper width for Bgpe, = 1°,2°,3°, shown in Fig. Eka). To en-
sure gradual change in n¢¢ of the waveguide mode, we calcu-
late the ngr of the f-TE and f-TM modes (mode #1 and mode
#2, respectively) of the triangular waveguide along Liaper. Fig.
[2Ib) demonstrates that the adiabatic condition for triangular
waveguides?®: dn/dx < (27t/ )| netr.1 (x) — negr 2 (x)|?, where
n is the effective index of the waveguide cross-section with
maximum taper width wy and negr,; is the effective index of
the ith waveguide mode along Lyp., is satisfied for all three
Braper- However, owing to the etch selectivity of the mask in
the developed RIBE wafer-scale process'’, we restrict wy to
be 0.774A9, ~ 40% larger than wy, for undercutting both w
and wy cross-section profiles in a single etch. Although all
three Oaper designs exhibit unity transmission for the f-TE
mode injection from the waveguide, we choose Oper = 2°
leading to Liaper = 3.225A0 for wp = 0.774 2.

C. Fishbone grating

Refractive index variation with periodic configuration in
the direction of light propagation is the most preferred ap-
proach for breaking the device symmetry to achieve out-of-
plane coupling through diffraction'®. Our fishbone grating
is constructed by varying the width of the triangular cross-
section periodically to implement refractive index contrast.
The central bone ensures the mechanical stability of the sus-
pended structure. The diffraction mechanism for a GC is gov-
erned by Bragg phase matching condition: Nggr — 14i:Sin0 =
mAy/a, where Neg is the effective index of the guided mode
in the grating medium, n,;; is the refractive index of air, 6
is the diffraction angle, m is the grating order, Aq is the tar-
get wavelength, and a is the grating period. For 1D-GC,
the 1st order diffracted mode is vertically emitted from the
grating19. Hence, with 8 = 0° and m = 1, we can achieve
vertical outcoupling and the phase matching condition re-
duces to a = Ag/Negr. Due to the 1D periodicity, we can op-
timize for only one polarization state, in our case the f-TE

mode. We estimate the N using the analytical expression®”:

Negr = \/ (1 —DC)n% +DCn%, where DC is the duty cycle, or
the fill factor, of the wider section, and n; and n, are the
effective indices of the triangular cross-section with widths
Whone and wo, respectively. The grating period a and duty
cycle DC that satisfy the phase matching condition for dif-
ferent wyone values are presented in Fig. [2(d). We observe
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FIG. 3. (a) Side view of the FDTD simulation setup for calculating collection efficiency. (b) Collection efficiency (Cyrg) for the f-TE mode
injection from waveguide with variation in DC and a. The dashed (blue) circle indicates the most optimized design for the maximum C¢rg.
(¢)-(d) The far field radiation pattern and the side view cross-section |E|? distribution, respectively, of the triangular GC with DC = 0.2 and

a = 0.742y, marked with blue dashed circle in (b).

that there exists no physical mode in the triangular cross-
section for wpepe < 0.2582¢ at Ay which means the effective
index of the narrow regions is n; = 1. Therefore, we choose
Whone = 0.258 for obtaining maximum index contrast.

Ill.  DESIGN OPTIMIZATION

The GC design optimization is focused on enhancing the
collection efficiency from color center integrated nanopho-
tonic devices for characterizing light-matter interaction. Fig.
Bla) shows the side view of the 3D FDTD simulation setup for
calculating the collection efficiency. We use a mode source to
inject the f-TE mode of the waveguide (width w;) at Ag into
the grating. A field and power monitor is placed above the
triangular cross-section GC at a Ay /2 distance for measuring
the fraction of power going in the upward direction. As we
are interested in maximizing the light collection through a mi-
croscope objective, we add another field and power monitor
very close to the top surface of the GC to calculate the far
field radiation pattern and subsequently the fraction of power
collected by an objective with a given NA (0.65 in this work).
The collection efficiency is obtained by multiplying the power
fractions calculated from these two monitors. We use a field
and power monitor before the source to check the amount of
light reflected back into the waveguide.

For a given design, the collection increases with the number
of gratings and saturates for 5 unit cells. As a result, we use 5
grating periods for all the GCs in our analysis. Fig. [3[b) ex-
hibits the collection efficiencies (C¢rg) from the injected f-TE
waveguide mode with variation in DC and a. We observe that

reflection decreases with the increase in Cypg. The maximum
Crrg 1S ~ 29%, acquired from a design with DC = 0.2 and
a = 0.742)y. The obtained Csrg value is comparable to an-
other compact GC design realized in silicon nitride platform
for microscope objective collection where the theoretical cou-
pling efficiency reaches up to 40% (60% with a reflective mir-
ror coating on the substrate)*>. Notably, the most efficient de-
sign does not satisfy the phase matching condition which can
stem from the broken symmetry of the triangular profile com-
pared to rectangular structures. This phenomenon is observed
in another theoretical work with triangular cross-section GCs
in gallium nitridé®®. Fig. Bfc)-(d) shows the far field radi-
ation pattern and side view cross-section of electric field in-
tensity (|E|?) distribution, respectively, at Ay for the most ef-
ficient design. We also simulate the collection efficiency of
the optimized design as a function of normalized wavelength
A/Ag. The collection efficiency for the f-TM mode at Ay is
~ 13%, lower than half of C¢rg, which is expected. Con-
ventional 1D grating couplers have to deal with bandwidth
issues*122 whereas the triangular cross-section GC broadband
response appears flat, meaning the same design can be uti-
lized for studying different zero-phonon line (ZPL) emissions
from a color center in SiC. To characterize the incoupling
efficiency of the optimized design, we employ a Gaussian
source focused from above by an objective with 0.65 NA and
a power monitor in the waveguide region as shown in Fig.
[b). For higher incoupling, the source needs to be focused
on the first grating period. Focusing on other unit cells re-
sults in lower incoupling as a large amount of light readily
couples to the guided mode of the adiabatic taper as seen in
Fig. f{d). The s-polarized Gaussian beam mostly couples to
the f-TE mode while the p-polarized beam couples mostly to
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FIG. 4. (a) Collection efficiency of the optimized design with periodic grating for the f-TE and f-TM modes as a function of normalized
wavelength A /Ay. (b) Side view of the FDTD simulation setup for calculating the incoupling efficiency. (c) Incoupling efficiency for the
s-polarized and p-polarized Gaussian beams as a function of normalized wavelength 4 /A. (d) The side view cross-section |E|? distribution of
the triangular GC for an s-polarized Gaussian beam focused from above at Ay.

the f-TM mode. Although we observe some initial coupling to
high-order modes, they diminish as the incoupled light prop-
agates through the waveguide. Fig. f{c) illustrates the broad-
band response for the incoupling efficiency of the optimized
design. The incoupling efficiency is much lower than outcou-
pling as our optimization technique prioritizes the collection
efficiency.

Non-uniform GCs have proven to be very effective in en-
hancing the overall efficiency!”#34. Non-uniformity is gen-
erally introduced by linearly apodizing the DC or a along the
direction of propagation. In search of the most optimized de-
sign, we opt for a similar technique. Keeping a = 0.7421¢
constant, we linearly change the DC of each unit cell with
the following equation: DC; = DCy % r X i, where r is the
apodization factor, DCy = 0.2, and i = 0,1,2,3,4. However,
we observe the Cerg slowly decreasing for both cases with
variation in r from O to 0.02. On the other hand, we linearly
change a for each grating section, with constant DC = 0.2,
by the following equation: a; = ag(1 & f x i), where f is the
aperiodic factor, ag = 0.742A¢, and i = 0, 1,2,3,4. Fig. a)
demonstrates that Cyrp gradually increases (decreases) with
increasing (decreasing) a and starts to decrease (increase) af-
ter reaching an inversion point. We notice that even for the
most optimized aperiodic design, with f = 0.07, C¢tg only in-
creases by ~ 2%. However, we observe a significant change
in the broadband response, Fig. Ekb), and the far field radi-
ation pattern, Fig. [(d), of the aperiodic GC. The far field
radiation appears less dispersive compared to the periodic de-
sign. While collection and incoupling efficiencies for the f-
TM mode remain invariant for the aperiodic optimization, the
broadband response for the f-TE mode becomes a normal dis-
tribution. Based on the specific application requirement, one

can adopt either the periodic or the aperiodic design as both
designs exhibit comparable collection efficiencies.

IV. PROOF-OF-PRINCIPLE FABRICATION AND
DISCUSSION

Designed grating couplers can readily be implemented with
the wafer-scale quantum nanophotonic fabrication processes.
As illustrated in Fig. Eka), we envision fabricating a sus-
pended triangular waveguide with grating couplers positioned
on both ends. One coupler is used to direct the laser into the
waveguide and stimulate the color center with off-resonant ex-
citation. The other one couple both the excitation light and the
color center emission out into a microscopy system where the
excitation beam is selectively filtered out. With this mecha-
nism, light-matter interaction in the triangular geometry can
be experimentally characterized for all the suspended active
and passive photonic devices.

We test the key step in the fabrication of the studied GC
designs in SiC with the RIBE process. In this method, a col-
limated and uniform beam of high energy reactive and inert
gas ions are directed toward a substrate holder that can be ro-
tated and tilted at an angle. The tilt of the substrate holder
defines the o of the triangular cross-section and the rotation
ensures a uniform device undercut. The presence of physical
etch, due to the inert gas ions, reduces the mask etch selectiv-
ity as well as causes higher re-deposition from the sputtered
material which makes the etching process slower. Hence, we
have considered these constraints in our designs as explained
in Section

We choose A9 = 1243 nm, one of the ZPL emissions from
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FIG. 6. (a) Fabrication process flow of triangular cross-section fishbone GC in SiC. (b)-(c) SEM images of triangular cross-section aperiodic
and periodic GCs, respectively, with a 52° tilted view. (d)-(e) Top view SEM images of periodic and aperiodic GCs, respectively. All the SEM
images are obtained with the nickel hard mask on top of the devices.

NV center in 4H-SiC, for both the periodic and aperiodic GC
fabrication. Fig. [6[a) shows the nanofabrication process flow.
We use electron beam lithography for defining the GC pat-
terns on 4H-SiC substrate. Then, we deposit 120 nm thick
nickel as a hard metal mask using electron beam evaporation
and transfer the GC patterns on to the mask through a lift-
off process. The triangular cross-section waveguides and GCs
are then fabricated by the RIBE process using SFg, O», and Ar
gas ions. During the etching process, we deliberately set the
substrate tilt angle to 60° for obtaining ot = 45917 The SEM

images of the fabricated GCs are presented in Fig. [6(b)-(e).
‘We observe that the undercut in these devices are ~ 250 nm,
after an hour of etching, which can be a bottleneck for exper-
imental characterization as a significant amount of light can
couple to the bulk. This issue can be resolved by performing
a prolonged etch. However, a practical robust solution can be
the inclusion of inductively coupled plasma-reactive ion etch-
ing (ICP-RIE) in the fabrication process flow. The etch rate for
ICP-RIE, with the same SFg and O, chemistry, is much higher
compared to the RIBE process. As a result, performing a ver-



tical etch with ICP-RIE, before the angle-etching step, can
result in a deeper undercut essential for experimental charac-
terization of the fabricated devices.

Triangular cross-section photonic devices can be fabricated
at a wafer-scale in SiC with the RIBE process. This process
preserves color center optical properties which facilitates the
implementation of on-chip QIP with integrated quantum pho-
tonic mesh architecture. With the addition of the proposed
GCs on the same chip, wafer-level testing can be executed
on the fabricated devices. Our simulation results show that
the triangular cross-section fishbone grating design can yield
high collection efficiency (~ 31%) for studying the color cen-
ter coupling with the integrated nanophotonic devices and ini-
tial fabrication results demonstrate the feasibility of producing
the optimized designs with the RIBE process.
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