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SPECIAL TOPIC — Optical field manipulation

Enhanced single photon emission in silicon carbide
with Bull’s eye cavities
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Wei-Zong Xu(f& 7 5%)"*, Dong Zhou(f%%)!, Mingbin Yu(4x##it)>*, Rong Zhang(7K%%)!,
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The authors demonstrate a Bull’s eye cavity design that is composed of circular Bragg gratings and micropillar optical
cavity in 4H silicon carbide (4H-SiC) for single photon emission. Numerical calculations are used to investigate and
optimize the emission rate and directionality of emission. Thanks to the optical mode resonances and Bragg reflections,
the radiative decay rates of a dipole embedded in the cavity center is enhanced by 12.8 times as compared to that from a
bulk 4H-SiC. In particular, a convergent angular distribution of the emission in far field is simultaneously achieved, which
remarkably boost the collection efficiency. The findings of this work provide an alternative architecture to manipulate light—
matter interactions for achieving high-efficient SiC single photon sources towards applications in quantum information

technologies.

Keywords: single photon sources, 4H-SiC, Bull’s eye cavities, color centers
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1. Introduction

Quantum photonics, which is involved in the emerging
quantum information technologies such as quantum commu-
nication, metrology, sensing, and quantum computation has
been developed rapidly over the past few decades.!!! In the
quest for realizing all these applications, robust, and efficient
single photon sources (SPSs) on demand are highly desirable.
Single photon emission has been demonstrated among a va-
riety of physical systems, including trapped atoms, trapped
ions, molecules, quantum dots (QDs), and color centers in
wide-bandgap semiconductors.?! Of the above different types
of emitters, color centers in wide-bandgap semiconductors are
considered as one of the most promising single photon emit-
ters because it does not need to operate at cryogenic tempera-
tures and has potential in integrated photonic circuits on chip.

For an ideal SPS, a high brightness or emission rate, di-
rectional radiation, a high single photon purity, and indistin-
guishability are required. However, many free-standing semi-
conductor SPSs do not show distinct superiority in device per-
formance compared with their counterparts due to the isotropic
angular emission pattern and intrinsic low emission rate."!
These limit the collection efficiency of emitted photons and
the operating speed of whole system. Great efforts have been
made to improve semiconductor SPSs by coupling the emitters
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with various photonic microcavities such as micropillars, !
micro-disk, ! and photonic crystals!®”! to enhance intrinsic
emission into the zero-phonon line (ZPL). In particular, by
employing photonic crystal cavities in QDs and wide-bandgap
semiconductors for enhancing photon emission, high quality
factors were indeed achieved, whilst the improvement of far-
field profile was still weak. The cavity-induced Purcell effect,
which shortens the radiative lifetimes of the emitters, will also
improve photon indistinguishability on short time scales.®!

Bull’s eye geometries are capable of photon extraction
from emitters, in which the circular Bragg gratings (CBGs)
serve as a resonant cavity that enables an enhancement of
spontaneous emission rate with highly directional emission
and therefore a higher photon collection efficiency. So far,
the CBGs have been employed to enhance photon collection
efficiency from QDs or color centers in diamond.[*!! Silicon
carbide (SiC) and diamond share most of the favorable proper-
ties of color centers in wide-bandgap semiconductors that are
used for single photon emission. However, the implementa-
tion of Bull’s eye cavities in an SiC-based SPS is still vacant
to be of our best knowledge.

In this work, we present a design by introducing CBG into
a 4H-SiC-based SPS where the emitter is embedded in a mi-

cropillar cavity in the center, i.e., the so-called Bull’s eye cav-
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ity. Three-dimensional finite-difference time-domain (FDTD)
method was employed to calculate the emission rates and far-
field distributions of a target color center. With optimized ge-
ometric parameters, a bright and vertically emitting SiC-based
SPS can be realized.

2. Design and simulation

An emitter in an optical cavity will experience a medium-
enhanced radiation rate relative to that in a homogenous
medium given by the Purcell factor (Fp)!'!]

3
Fp = 4372 (A) g, ey
e\ n Vin

where A is resonant wavelength in free space, n is the refrac-
tive index of cavity material, Q is the quality factor, and Vy, is
the volume of the cavity mode. The exciton will radiate faster
in a cavity than in free space if the Purcell factor is higher than
one. The Purcell enhancement can be achieved by increasing
the ratio of the quality factor to the mode volume, i.e., Q/Vp,.
Here the quality factor (Q) is defined as Q = A /FWHM,[!?]
where FWHM (full width at half-maximum) can be deter-
mined from the resonance intensity spectrum. The mode vol-
ume of a dielectric cavity is calculated using the ratio of the to-
tal electric energy to the maximum electric energy density!'?!

_ [eE*dV
" max (eE?)’

2

(a)

Structure A
*  Emitter

SiC epilayer
SiC substrate

Cavity
Structure C

—
Bull’s eye cavity

' Structure B
i

- v Emitter 1

where € is the permittivity and E is the electric field.

The schematic diagrams of the proposed SiC-based SPS
and the referenced structures are shown in Fig. 1. Struc-
ture A is an SiC epitaxial on an SiC substrate wafer without
any nanostructures. According to Ref. [14], we suppose an
oxidation-related color center in 4H-SiC whose luminescence
spectrum displays a peak around wavelength of 600 nm. Struc-
ture B with a micropillar cavity surrounding the color center
can be formed by window etching on structure A. By introduc-
ing a CBG structure into structure B, we expand to structure C
with a Bull’s eye cavity which potentially enables an improved
Purcell factor due to a higher Q-factor and a smaller mode vol-
ume. The Bull’s eye cavity is also capability of far-field mod-
ulation for an improved emission directionality. The top-view
and cross-sectional schematics of structure C are sketched in
Figs. 1(b) and 1(c), respectively. Here, r, A, g, w, and d rep-
resent the cylinder radius, grating period, teeth width, and the
width and depth of the etched circular trenches. The num-
ber of the teeth around the central cylinder is denoted by the
period number N. Given that a pure dielectric antenna can
preferably avoid the metal-related ohmic loss and emission
quenching,!> we use an all-dielectric design for the Bull’s
eye cavity due to the potential of higher Purcell enhancement

and the ease of fabrication process.[!%!
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Fig. 1. Schematic diagram of the proposed SiC-based SPS. (a) Evolution of the SPS structure design from structure A to structure B and structure C. (b)

Top-view and (c) cross-section schematics of structure C with N = 4.

During the simulation, a dipole source was placed at the
center (x =0, y =0, z= —300 nm) with a depth of 300 nm
This dipole
depth is optimal for achieving a high Purcell factor based on

beneath the top surface of the SiC epilayers.

simulations (not shown). The transverse magnetic (TM) and
transverse electric (TE) modes are defined for the magnetic or

electric fields parallel to the slab (i.e., xy-plane), respectively.

Considering the dipole orientation can be selected as any of
horizontal and vertical directions, we calculated both polar-
izations individually and the results were similar. Thus, only
the case of horizontally oriented dipole was studied in this let-
ter. To ensure an efficient vertical light extraction at 600 nm,
FDTD method was employed to optimize all the structural pa-

rameters. Although these parameters are interlinked in fact
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and there is a trade-off between them, we carry out separate
analyses since they allow us to distinguish different influences
or mechanisms among the central cavity and the surrounding
grating. For simplicity, we assume g = w. The collection effi-
ciency (CE) can be calculated as the ratio of photons collected
by an objective lens with a numerical aperture (NA) to all pho-
tons emitted into far field.!'”! The formula reads as

S0 oM |E (e uy) [P sin0dBdg

CE =
2 2 . '
f;ﬁo (;ZO|E(ux,uy)| sin6d6de

3)

where far field electric field £ is a function of the direction
cosines (uy,uy), and Oy is the half-angle corresponding to a
given NA.

3. Results and discussion

One important figure of merit of the device performance
is radiative decay rate, which can be optimized for structures
B and C by sweeping the geometrical parameters as shown in
Fig. 2. For structure B, when sweeping the radius (r) from
100 nm to 500 nm by fixing the height of the cylinder cavity
(d) to be 500 nm, a series of maxima in intensity are observed
at r = 13, 260, 375 nm, efc., as shown in Fig. 2(a) due to the
lateral mode resonances. Considering a compact device lay-
out, we prefer r = 13 nm for structure B. It can be seen from
Fig. 2(b) that the radiative rate also depends on the height of
the cylinder cavity (d) in structure B. For the emission wave-
length of 600 nm, the value of d in the range of 450 nm-
550 nm is favorable to ensure a high radiative rate. Whilst for

structure C, the suitable value range of d for the same emis-
sion wavelength is from 690 nm to 720 nm (Fig. 2(c)). For
simplicity, we fix d at 500 nm for structure B and 700 nm for
structure C, respectively. Although deeper etching might also
support a high radiative rate due to the multiple longitudinal
modes in the Fabry—Pérot cavity, it will lead to tricky fabrica-
tion process for a larger depth of d.

When introducing a CBG antenna, the resonance modes
exhibit more sensitive to the cylinder radius due to the en-
hanced Q-factors, which can be seen clearly by comparing the
data between Figs. 2(a) and 2(d). Therefore, a more precise
control of the cylinder size is required to make sure a cavity
resonance for the color center in structure C. To ensure the de-
vice with a compact layout and also a feasible fabrication, we
choose r = 140 nm for structure C. As the period length (A)
of the CBG increases from 100 nm to 700 nm (see Fig. 2(e)),
the calculated radiative rate of structure C varies periodically
and its maxima occurs when Bragg conditions are satisfied,
in which an efficient coupling occurs between the same for-
ward and backward modes in a periodic single-mode guided
wave structure. According to the coupled-mode theory, the
Bragg condition can be written as mA = 2negA, where m is
the diffraction order and n is the SiC slab TE mode effective
index. We may choose A = 18, 315, or 455 nm for structure
C, corresponding to m = 1, 2, or 3 that satisfies the 1st, 2nd,
or 3rd Bragg condition. Although the refraction index of SiC
tends to be high, the mode number can be small owing to the

subwavelength size of the structure.
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Fig. 2. Dependence of the normalized radiative decay rate spectra on (a) radius and (b) height of the cylinder cavity in structure B. Dependence of the
normalized radiative decay rate spectra on (c) trench depth, (d) cylinder radius, and (e) grating period of structure C.
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Fig. 4. The simulated near-field (|E|) (logarithmic scale) distributions in (a) structure A, (b) structure B (r = 140 nm), and (c) structure C (r = 140 nm,
d =700 nm, A =315 nm, N = 3) in the xy, xz, and yz planes at the wavelength of 600 nm.

As described above, the Purcell factor (Fp) is proportional
to the ratio of Q and V,,, which can be calculated based on
FDTD simulations. Figure 3(a) displays the calculated radia-
tive decay rate spectra of structures A—C. During the simula-
tion, the light source was set as an electric dipole at the color
center with a unit amplitude of electric field and the orienta-
tion aligned along the y-axis direction, exciting only TE slab
waves. The groove number N in structure C is varied from 1 to
5. As shown in Fig. 3(a), the radiative decay rates of structure
A are quite low and no peaks can be observed throughout en-
tire wavelength range from 560 nm to 660 nm, which means a
heavy emission loss in the block material. In the case of struc-
ture B, a broad peak around 600 nm appears indicating a low
Q-factor. As discussed above, introducing CBG is a promising
way to significantly enhance the intensity of the photon emis-

sion, which can be seen from the higher and narrower peaks
in the spectra of structure C. As compared to structure A, the
radiative decay rate at 600 nm can be enhanced by 12.8 times
in structure C (N > 3). For clarity, we extract the FWHM
values from the radiative decay rate spectra and calculated Q-
factor as shown in Fig. 3(b). It shows a remarkable increase
of Q-factor which reaches saturation when the period number
N exceeds 2. By using the FDTD simulation, the mode vol-
ume Vy, of each dielectric cavity can be calculated and then the
Purcell factor Fp can be obtained according to Eq. (1). When
compared to structure B, the Q-factor is increased by ~ 30.5
times in structure C with N > 3. The mode volume V,, is 0.21
(A/n)? in structure B whilst increases up to ~ 0.82 (4 /n)?
in structure C, where the refractive index of SiC is considered
as n = 2.64 at the wavelength of 600 nm.['8! Eventually, the
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Purcell factor (Fp) in structure C is about 7.6 times as high as
structure B. As shown in Fig. 3(c), the collection efficiency as
a function of the NA is theoretically enhanced from structure
A to structure C (N = 5), which is mainly contributed by the
improved emission directionality. However, the CE of struc-
ture B is the lowest especially when NA less than 0.7, which
might be due to the scattering by the central cylinder.

To further understand the Purcell factor enhancement, we
plot out the electromagnetic field configurations in logarith-
mic scale at the wavelength of 600 nm in structures A, B, and
C (with N = 3) in Fig. 4. The light source was set as same
as Fig. 3. Apparently, the electromagnetic field extends over a
relatively large area in bulk SiC (i.e. structure A). In structure
B, the emission starts to be concentrated by the micrometer-
scale resonator due to Fabry—Pérot resonance, while the res-
onant TE mode becomes leaky and features the capability of
interacting with outside owing to the small geometric size. By
coupling with CBG in structure C, the electromagnetic field

(a) Structure A (b)

200

300
@ (um)

Structure B (c)

Period, A (nm)

is squeezed into the area of Bull’s eye rings when N > 3, in-
dicating that our designed structure has been optimized for a
Purcell factor as high as possible. As shown in Fig. 4(c), a
lower bound of spatial field distribution is found with two sec-
ondary maximum pots appearing on the sidewall of the central
cylinder. This indicates a larger mode volume that has been
discussed above. As explained in Ref. [19], vertical light scat-
tering at the CBG antenna in structure C is partial, so that the
2nd-order Bragg reflections towards the central cavity lead to a
vertically leaky cavity resonance as shown in Fig. 4(c). At the
SiC-air interfaces of trenches, the large index contrast leads to
strong reflections and out-of-slab-plane scattering, which are
evidenced by the strong field concentration at the Bull’s eye
center and a fast field decay in the couple of trenches from
the center.!'?! It interprets the larger enhancement of field in-
tensity in structure C, eventually higher Q-factors and Purcell

factors.
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=
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Fig. 5. (a)—(c) Simulated far-field polar plot (|E|?) of structures A—C at A = 600 nm. (d) Normalized electric field distribution (|E|) along the propagating
direction in xz-plane of structure C (left), and along the dotted gray line for changed period length (right). (e) The dependence of the maximum E intensity at

the focal point on the period number.

The directionality of emission can be quantified by exam-
ining the angular distribution of the emitted light in farfield
(see Figs. 5(a)-5(c)). During the simulation, the dipole source
was set as same as Fig. 3. Comparing the results obtained
from structure A, the simulated emission intensities of struc-

tures B and C are enhanced by one or two orders owing to the

resonance. However, the directionality of structure B remains
poor with an emission angle of about 50°, which is consisted
with the low collection efficiency. Importantly, an obvious im-
provement of far-field directionality can be seen from struc-
ture C, clearly indicating that the Bull’s eye cavity not only
supplies a higher Q-factor but also strongly governs the prop-
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agation direction of light emitted from the center cylinder. To
clearly illustrate the physical mechanism of the light-focusing
functionality, we calculated the electric field distribution of
structure C in the xz-plane at the wavelength of 600 nm (see
the left image of Fig. 5(d)). A bright focal spot can be seen at
z=>5 um in free space. The focusing process can be attributed
to the scattering of the emitted light at different positions of the
grooves and the corresponding in phase field superposition due
to the constructive interference on the optical axis.?"! In the
simulation, we additionally included a linear profile monitor
for structure C (i.e., the dotted gray line shown in the left im-
age of Fig. 5(d)). This allowed us to examine the E-field cross-
sectional profile cut along the z axis. As shown in the right
image of Fig. 5(d), when the period (A) varies from 100 nm
to 600 nm with fixed parameters of d = 70 nm, r = 140 nm,
and N =5, the focal point (where the maximum E intensity
occurs) moves gradually. It can be understood that the period
length decides the groove locations where the scattering or re-
flection will happen. The variation leads to the change of the
near field distribution, and ultimately influences the intensity
and location of the focal spot. Confirmed by the calculated
far-field distributions shown in Fig. 5(c), the CBG antenna
with A = 315 nm acts as a near-field focusing lens to a small
degree (~ 15°), which can concentrate more emission in the
vertical direction and bring excellent far-field directionality.
This is also verified by the increase of CE. It was found that
the directionality depends on the period number Nas shown in
Fig. 5(e). When N increases, the E-field at the focal point is
gradually enhanced due to an improved focusing capability of
CBGs and then saturates when N > 6 where the Bragg scatter-
ing is balanced by the leakage of light in the plane of grating.
Although N = 3 is enough to reach the saturation value of Q
or Fp, the period number still needs to be increased up to 6 for
an optimal directionality.

4. Conclusion and perspectives

In summary, we demonstrated the improvement of pho-
ton emission and beam directionality in an SiC-based single-
photon source by employing circular Bragg gratings coupled
with a cylinder cavity, in which a resonance cavity mode at
600 nm with Bragg reflection occurred. The structural pa-
rameters, including cylinder radius, grating period, and trench
depth, etc., are identified and optimized based on FDTD nu-
merical simulations. For quantum light emitters, Purcell en-
hancement, and convergent angular distribution of the emit-
ted light in far field are achieved, which indicated that this
structure allows for efficient transmission of light in SiC. The
proposed structure design plays a vital role in quantum elec-

trodynamics and could have potential in application of high-
performance quantum light sources.
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