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1. Introduction

Silicon carbide (SiC), especially the 4H polytype, is a promising
platform for realizing large-scale integrated photonics owing to
its prominent material properties, such as high refractive index
(2.6 at the C-band), large transparent window, high second- and
third-order optical nonlinearities!' ), and compatibility with
industry fabrication processes. In addition, 4H-SiC can host
various optically addressable spin defects'®”), which work in
the visible and near-infrared spectral region. Many of them have
proven to be outstanding quantum light emitters with bright
single photon emission'® and long spin coherence time!®.,
The available intrinsic spin hosts and quantum light emitters,
combined with its favorable material properties, make the
4H-SiC platform a real contender for the realization of large-
scale optical quantum circuits!"*'!),

A central challenge of 4H-SiC for spin-based quantum infor-
mation applications lies in the ability to efficiently extract photo-
luminescence (PL) emitted by the optically addressable spin
defects and to simultaneously engineer the two-level solid-state
quantum emitters with a high fidelity!">"'*), A long-proposed
solution to solve the above challenges is to couple the spin
defects with optical microcavities. While many solutions exist,
the photonic crystal (PhC) cavity!'®! that is capable of
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The 4H-silicon carbide on insulator (4H-SiCOI) has recently emerged as an attractive material platform for integrated pho-
tonics due to its excellent quantum and nonlinear optical properties. Here, we experimentally realize one-dimensional pho-
tonic crystal nanobeam cavities on the ion-cutting 4H-SiCOI platform. The cavities exhibit quality factors up to 6.1 x 10° and
mode volumes down to 0.63 x (A/n)® in the visible and near-infrared wavelength range. Moreover, by changing the exci-
tation laser power, the fundamental transverse-electric mode can be dynamically tuned by 0.6 nm with a tuning rate of
33.5 pm/mW. The demonstrated devices offer the promise of an appealing microcavity system for interfacing the optically

Keywords: photonic crystal cavities; silicon carbide; thermo-optic effect.

confining light in an extremely small mode volume is an ideal
candidate. Recently, two independent research groups have suc-
cessfully achieved an enhanced light extraction efficiency of the
silicon-related defects by employing a PhC nanobeam cavity in
4H-SiC. Despite the advance, their achievements were demon-
strated on bulk 4H-SiC and 4H-SiC slab, which were prepared
by complex carving!'®! and mechanical thinning techniques!'®’.
Such complexity imposes a limitation to the device functionality
and versatility, which renders the practical applications in large-
scale integrated photonic circuits inconvenient. A tried-and-true
solution to overcome the complex carving technique in bulk
material is to employ thin-film 4H-SiC on insulator (4H-
SiCOI) prepared by the ion-cutting technique. As compared
to the bulk counterpart, the fabrication of the ion-cutting 4H-
SiCOI is compatible with the mature CMOS technologies, thus
allowing for mass production of a wafer-scale substrate that is
essential for large-scale integrated photonic applications'*),
Thus far, tremendous efforts have been made in the develop-
ment of optical microcavities'>**** on the ion-cutting 4H-
SiCOI platform. However, a one-dimensional (1D) PhC nano-
beam cavity with sufficiently small mode volume to interface the
optically addressable spin defects has not been demonstrated on
the ion-cutting 4H-SiCOI platform yet.
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In this work, we design and fabricate 1D-PhC cavities on a
4H-SiCOI platform prepared by the ion-cutting method. We
characterize the fabricated PhC cavities using a room tempera-
ture PL experiment. The measured PL spectra unveil that the
nanophotonic cavities supported transverse-electric (TE)-like
modes. The fundamental TE (TE;) mode shows the quality
(Q) factor up to 6.1 x 10° and a small effective optical mode vol-
ume of 0.63 X (A/n)* in the visible and near-infrared range,
making them a promising candidate for applications in cavity
electrodynamics and integrated quantum photonic circuits.

2. Device Design and Fabrication

The 4H-SiCOI used in this work was prepared by the ion-cutting
technique, together with a direct wafer bonding technique. The
detailed fabrication process is depicted elsewhere!'”! and has
proven efficient to provide large-scale 4H-SiCOI with accurately
controlled uniformity. First, a 4 in. (1 in. = 2.54 cm) bulk SiC
wafer was implanted by H ions with a dose energy of
170 keV, and the ion-induced defects occurred at about
1.1 pm away from the top SiC surface. Then, the implanted
SiC wafer was bonded onto a silicon substrate with a 3 pm thick
silicon dioxide layer. After annealing at about 850°C, the
implanted 4H-SiC thin film was subsequently transferred to
the silicon substrate, resulting in the formation
of a 4H-SiC thin film on the SiO,/Si substrate, the so-called
4H-SiCOL. Before processing the device, we further thinned
down the 4H-SiC thin film to the nanometer scale by employing
an inductively coupled plasma (ICP), followed by surface
polishing via a chemical mechanical polishing (CMP) technique.
The final SiC film thickness and roughness were examined
through white light interferometer and atomic force microscopy
(AFM), respectively, which yielded a thickness of 280 nm and
roughness below 0.3 nm for the thin-film 4H-SiC used in
our work.

As for the device processing, an 800 nm thick H silsesquiox-
ane (HSQ) resist was spin-coated on top of the 4H-SiCOI sub-
strate, and the PhC nanobeam patterns were defined via an
electron-beam lithography (EBL) process. The patterns were
then transferred to the 4H-SiC film via ICP etching with
SF¢/0, plasma. It should be noted that the etching depth
exceeds the thickness of the 4H-SiC thin film (280 nm), and
therefore the PhC nanobeam cavities can be suspended by etch-
ing the lower SiO, with 10% hydrofluoric acid solution.
Meanwhile, the residual HSQ resist was completely dissolved
during the undercutting process. Figure 1(a) shows a scanning
electron microscope (SEM) image of the fabricated PhC cavity.
The total length of the nanobeam cavity is about 10 pm. The
geometry of the cavity comprises periodically arranged rectan-
gular air-holes at both ends, which act as two highly reflective
mirrors for electromagnetic waves. To form an optical cavity
with well-localized optical modes in the axial direction®>2¢,
we introduce a “defect region” at the center of the nanobeam
by quadratically decreasing the lattice constant from a to 80%
of a. The resonance wavelength mainly depends on the lattice
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Fig. 1. (a) Scanning electron microscope image of a suspended 1D nanobeam
PhC cavity. (b) Zoom-in side view image of the PhC cavity, where t,is the slab
thickness. (¢) Zoom-in top view image of the 1D-PhC cavity. The nominal unit
cell is parameterized by a (lattice constant, hole to hole distance), w (beam
width), hy (air hole length), and h, (air hole width).

constant (a) and slightly decreases with the increasing hole
length (h,) and width (h,).

3. Result and Simulation

To characterize the resonance properties of the fabricated 1D-
PhC cavities, we measured the PL spectra of the devices at room
temperature using a home-built p-PL setup, as depicted in the
previous work®*l A continuous green laser (532 nm) was used
as the excitation laser and was focused at the nanobeam center.
The PL signal was collected by a near-infrared-infinity corrected
objective (Mitutoyo NIR 50x). It was then transmitted through a
dichroic mirror and collected by a single mode fiber. The PL sig-
nal was analyzed by a high-resolution spectrometer (SP-2750)
equipped with a thermoelectric-cooled silicon charge-coupled
device (CCD).

An experimental PL spectrum of the PhC nanobeam cavity is
shown (blue line) in Fig. 2(a). The broad emission background is
likely attributed to lattice imperfections and oxygen-related sur-
face defects introduced by the proton implantation and device
fabrication process, which was extensively observed in SiC PL
measurement!”’ ), In the experimental spectrum, a series of
TE-like modes and transverse-magnetic (TM)-like modes are
observed. The fundamental, second-, and third-order TE-like
modes, denoted as TE,, TE,, and TE,, are located at 825.1 nm,
871.6 nm, and 919.6 nm, respectively. To identify these resonant
peaks in the PL spectrum, we employ a three-dimensional (3D)
finite-difference time-domain (FDTD) method. The geometric
parameters of the cavity are extracted from an SEM
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Fig. 2. (a) Experimentally measured PL spectrum (blue line) and 3D-FDTD simulation spectrum (purple line) from a PhC with a lattice constant of 230 nm.
Resonance peaks in the simulated spectrum show a good consistence with the experimental results at room temperature, especially the TE-like polarized
modes. (b]-(d) 3D finite-element-method (FEM) simulated optical profiles (£, component) of the (b) TEo, (c) TE;, and (d) TE, modes.

measurement, which gives the slab thickness (t;) of 280 nm,
beam width (w) of 400 nm, lattice constant (a) of 290 nm,
and rectangular hole size (h, x h,) of 160 nm X 285 nm. Since
4H-SiC has a hexagonal crystal structure (6 mm point group),
its optical anisotropy plays an important role in determining
the cavity performance. To take this effect into account, we
include the ordinary refractive index (n,) and the extraordinary
refractive index (n,) described by the Sellmeier equation®® in
our simulations. The purple line in Fig. 2(a) shows the simulated
spectrum. The good agreement between the simulated and
experimental resonant peaks confirms our mode assignments.
We also take a 3D finite-element-method (FEM) simulation
to confirm the results above, and the electric field profiles (E,
component) of TE-like modes are shown in Figs. 2(b)-2(d).
Aside from TE-like modes, TM-like modes are observed in
the shorter wavelength range with weak intensity. The 3D
FEM simulations show that these TM-like modes have bigger
mode volumes and larger scattering losses than the TE-like
modes, and thus they prefer to form weaker resonances.
Besides, an unidentified optical mode appears between the
TE, and TE, modes but is not found in the experimental spec-
trum of another cavity with the same parameters. Although the
origin of this mode is not clear at this moment and it occurs pos-
sibly due to the Fabry-Perot resonance between the nanobeam
and the silicon substrate, or the travelling mode in the nanobeam
reflected by the pad on both sides, the underlying mechanism
could be further understood by enhancing the signal-to-noise
ratio of the spectrum through increasing the thickness of the
buried oxidation layer and the length of the nanobeam.

Next, we characterize the geometry-dependent cavity proper-
ties. Figure 3(a) shows the normalized PL spectra of the cavities
with different lattice constants. The fundamental TE, modes are
preferentially supported by the PhC nanobeam cavity and have
stronger resonant peaks as compared to the high-order TE-like
modes. To further quantify the mode properties, we theoretically
fit the resonant peaks of TE-like modes with a Lorentz peak
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Fig. 3. (a) PL spectra of 1D-PhC cavities with lattice constants of 270 nm and
290 nm. The fundamental TE-like modes are located at 753.8 nm and 825.4 nm,
respectively. (b), (c) Normalized PL spectra and theoretical fitting (red lines) of
the TE; modes for cavities with lattice constants of (b) 270 nm and (c) 290 nm.

function. The PhC cavity with a =270 nm exhibits a Q-factor
of 2.8 X 10°, while the PhC cavity with a =290 nm exhibits a
much higher Q-factor of 6.2 X 10°. The high Q-factor of 6.2 X
10° obtained in our work is on a par with the previously reported
nanobeam cavities fabricated with bulk 4H-SiC material''*>"],

In addition, we evaluate another critical parameter of the PhC

cavities, i.e., the mode volume (V). It can be defined by the equa-
. [26,32]
tion

VeE) )} v "

Vo= / [max (ve(r)|E(r)|

where (r) is the dielectric constant, E(r) is the electric field pro-
file, and r is the position vector. The TE,, TE,, and TE, modes of
the PhC cavity with a = 290 nm have a calculated effective mode
volume of 0.63 X (4/n), 0.89 x (4/n), and 0.96 X (1/n)3,
respectively. The mode volumes can be less than one cubic wave-
length, and therefore these PhC nanobeam cavities are envisaged
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to provide a tight confinement for light fields at the center of the
nanobeam so as to achieve an enhanced light-matter interaction
at the sub-wavelength scale. When considering the coupling of
spin defects with these nanobeam cavities in 4H-SiC, a Purcell
enhancement can be expected, and the Purcell factor can be

evaluated by!**
3
F= (i) Q 5
4n-\n) V,

Given the calculated mode volume V =0.63 X (1/n)* and
measured Q = 6.1 X 103, the Purcell factor is calculated to be
740. The Q/V ratio is much larger than the whispering gallery
mode (WGM) resonators on 3C-SiC material platform[27’34] and
comparable with the PhC cavities in crystalline bulk SiC!"*). This
prominent enhancement allows for the realization of a spin
defect-cavity system, which is an essential step to acquire
enhancing light emission and further quantum information
processing on the SiCOI integration platform.

In order to overcome inherent variations of the resonant
wavelengths and the inhomogeneous broadening of the spin
defects in 4H-SiC, a critical step for realizing an efficient
cavity-defect system will be the demonstration of spectral tuning
of cavity modes. So far, various techniques such as cryogenic gas
condensation!"”! and laser-assisted oxidation®®! have been
explored. We show here that the cavity modes can be tuned
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Fig. 4. (a] Measured PL spectra as a function of the excitation power.
(b] Resonance shift of the TE-like modes (rectangle for TEg, circle for TE,, tri-
angle for TEs) as a function of excitation power.
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by changing the excitation power. As shown in Fig. 4(a), the
power-dependent PL spectra indicate that the peak positions
of TE-like modes for the cavity with @ = 290 nm can be dynami-
cally shifted with the excitation laser power. This phenomenon
can be interpreted by the intrinsic thermo-optic effect of the 4H-
SiC material>®3”). Specifically, when the excitation laser is
focused at the center of the nanobeam, the self-heating effect
takes place, which modifies the cavity temperature and, conse-
quently, shifts the cavity resonant positions. The shift efficiency
of the TE, mode can be fitted with a quadratic function, which
yields a tuning rate of about 33.5 pm/mW. Similarly, the TE, and
TE; modes can be red shifted in the same manner, as shown in
Fig. 4(b). A different tuning rate is found, and this difference is
ascribed to the big discrepancies of the mode volumes for differ-
ent modes. A more compact mode leads to stronger self-heating
effect. Interestingly, we find that the Q-factor of the TE, mode
remains at the value of 6 X 10° without measurable degradation
as with the increasing excitation power. This characteristic, that
is, the cavity mode tunes with the change of excitation power,
could be leveraged as an effective means to realize the tunability
of PhC nanobeam cavity modes.

4. Conclusion

In conclusion, we have demonstrated 1D-PhC nanobeam
cavities on an ion-cutting 4H-SiCOI platform. The cavity modes
are located in the visible and near-infrared wavelength range.
The cavity shows experimental Q-factors up to 6.1 X 10° and
mode volumes down to 0.63 X (4/n)*, corresponding to a
Purcell factor of about 740. We believe that the Q-factor can
be further improved by reducing the scattering and radiation
losses using an optimal etching process and cavity geometry.
Furthermore, the cavity mode wavelength can be dynamically
shifted by changing the excitation power with a tuning rate of
33.5 pm/mW for the fundamental TE mode. Going forward,
to achieve the coupling between the presented cavity and the
color center, we will continue to optimize our fabrication proc-
esses to create higher Q 4H-SiC thin films and develop the ion
implantation methods. Moreover, the tuning methods of the
cavity mode, such as excitation power tuning reported here
and cryogenic gas condensation'**), need to be applied to our
nanobeam cavities. With the progress of this work, the nano-
beam cavities demonstrated here are expected to accelerate
the development of the 4H-SiCOI platform in integrated quan-
tum photonics.
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