Rod and slit photonic crystal microrings for on-chip cavity quantum electrodynamics
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Micro-/nanocavities that combine high quality factor (Q) and small mode volume (V') have been used to enhance
light-matter interactions for cavity quantum electrodynamics (cQED). Whispering gallery mode (WGM) geome-
tries such as microdisks and microrings support high-Q and are design- and fabrication-friendly, but V' is often
limited to tens of cubic wavelengths to avoid WGM radiation. The stronger modal confinement provided by
either one-dimensional or two-dimensional photonic crystal defect geometries can yield sub-cubic-wavelength
V, yet the requirements on precise design and dimensional control are typically much more stringent to ensure
high-Q. Given their complementary features, there has been sustained interest in geometries that combine the
advantages of WGM and photonic crystal cavities. Recently, a ‘microgear’ photonic crystal ring (MPhCR) has
shown promise in enabling additional defect localization (> 10x reduction of V') of a WGM, while maintaining
high-Q (= 10°) and other WGM characteristics in ease of coupling and design. However, the unit cell geom-
etry used is unlike traditional PhC cavities, and etched surfaces may be too close to embedded quantum nodes
(quantum dots, atomic defect spins, etc.) for cQED applications. Here, we report two novel PhCR designs with
‘rod’ and ‘slit” unit cells, whose geometries are more traditional and suitable for solid-state cQED. Both rod
and slit PhCRs have high-Q (> 10%) with WGM coupling properties preserved. A further ~ 10x reduction of
V by defect localization is observed in rod PhCRs. Moreover, both fundamental and 2nd-order PhC modes co-
exist in slit PhCRs with high Qs and good coupling. Our work showcases that high-Q/V PhCRs are in general

straightforward to design and fabricate and are a promising platform to explore for cQED.

I. INTRODUCTION

Optical micro-/nanocavities enhance light-matter interactions
through both enhanced photon lifetime (proportional to the
cavity quality factor Q) and strong spatial confinement (quan-
tified by the effective mode volume V)', with whispering
gallery mode (WGM) and defect photonic crystal (dPhC) mi-
crocavities being two commonly utilized platforms in inte-
grated photonics. WGM microcavities support high-Q (typ-
ically >10°) and moderate V (typically tens of cubic wave-
lengths), and are straightforward with respect to design and
fabrication. V is mainly restricted by the radius needing
to be large enough to support total internal reflection at
the curved interface. External coupling, typically achieved
through evanescent mode coupling to an adjacent waveguide,
is mature and advanced coupling tasks can be achieved, for ex-
ample, by pulley couplers®. In comparison, through proper
design and fabrication, dPhC cavities can support sub-cubic-
wavelength V with high Q similar to WGMs, and they are thus
often considered an optimal choice for cavity quantum elec-
trodynamics (cQED)*>. Though recipes such as momentum
space design®, inverse problem approach’, and other deter-
ministic methods®® exist for dPhC design, optimization for
simultaneous high-Q and small-V and subsequent fabrication
with a pattern fidelity adequate for retaining those simulated
properties can be time-consuming and resource intensive.

Given their complementary advantageous features, there
have thus been long-standing efforts to combine WGM and
PhC microcavities!®!7. Most efforts come from two paths.
The first is to create polygonal or circular line defects in two-

dimensional PhCs, referred as photonic crystal ‘disk/ring’ res-
onators (or PCDRs/PCRRs, respectively)!®'2. This method
naturally retains the small Vs of PhCs, but the coupling is
more similar to PhCs than WGM resonators, and Qs have
been limited to < 10°. The second approach is to imple-
ment a PhC cell in a microring [Fig. 1(a,b)], for example,
by drilling holes in the ring'3!3, as illustrated in Fig. 1(c).
This method retains the mode and coupling properties of typ-
ical WGMs, but with lower Q (< 10°), as well as much larger
mode volumes than dPhC resonators. The band diagram is
well understood and often characterized in cavity transmis-
sion, as illustrated by Fig. 1(a,b). To address the limitations
of these previous approaches, recently, a ‘microgear’ pho-
tonic crystal ring (MPhCR), as illustrated in Fig. 1(d), has
been reported'®!”, with origins derived from at least two in-
dependent precursors, PhC microcavities in the perturbative
regime'® and ‘alligator’ photonic crystal waveguides!®. Im-
plemented in silicon nitride!® and tantala'” thin-film photon-
ics platforms, both designs support band-edge states with high
Q ~ 10°, similar to conventional WGM microrings. More-
over, the MPhCR'® has shown promise in enabling additional
defect localization (> 10x reduction of V) of the band-edge
WGMs, while maintaining Q ~ 10%, WGM characteristics in
coupling, and straightforward design without detailed opti-
mization. This MPhCR geometry is suitable for single mode
lasing?>?! and wide-band nonlinear optical processes’?, in-
cluding frequency comb generation'”-2324,

However, the unit cell in the MPhCR is quite different from
typical PhC designs, calling to question whether this specific
geometry is the only one that can yield high-Q in a PhCR. In
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FIG. 1: Photonic crystal ring (PhCR) for cavity quantum electrodynamics (cQED). a, Band diagram for a PhCR. Air band modes are
pushed up in frequency towards the light cone, and only those below the light cone are observed in waveguide-coupled transmission measure-
ments. Dielectric band modes are compressed in free spectral range (the frequency separation between adjacent modes) around the band edge.
The frequency difference of the air and dielectric band-edge modes a0 and s0 is the bandgap. Through defect localization, a defect mode g
can be created from s0, with its frequency pushed into the bandgap. These mode characteristics can be observed in cavity transmission spec-
troscopy if the modes are properly waveguide-coupled. b, Illustration of the spatial electric field profiles of the defect and dielectric band-edge
modes. All these modes are a redistribution in azimuthal angle, with similar mode profiles in a unit cell. c-f, [llustration of four types of unit

cells in PhCRs, whose characteristic shapes are referred to hereafter as ‘holes’,

‘microgear’, ‘rods’, and ‘slits’, respectively. Quantum dots

(QDs), as a representative quantum emitter for future cQED experiments, are illustrated at the center positions of each cell.

particular, many other PhCR geometries have been studied,
including fully-etched holes'3, partially-etched holes, and
circular ‘rods’2®, but none has been experimentally demon-
strated with high Q close to that of the MPhCR - typical Qs
have been at least 10x lower. In addition, a particular prob-
lem of the MPhCR for quantum optics applications is that its
etched surfaces may be too close to quantum emitters (quan-
tum dots, atomic defect spins, etc.), as illustrated in Fig. 1(d),
which can create traps and surface states that lead to spectral
diffusion and dephasing and thus degrade the quantum emit-
ter’s coherence?’. It would thus be beneficial to separate the
etched surfaces as far from the quantum emitters as possible.

In this paper, we report two types of PhCR designs with
‘rod’ and ‘slit’ unit cells whose geometries are similar to tra-
ditional PhC unit cells (as illustrated in Fig. 1(e,f)). These
designs also allow more space between etched surfaces and
potential integrated quantum emitters. Working in the sili-
con nitride platform, both rod and slit PhCRs have band-edge
WGMs with Q > 10° and waveguide coupling properties pre-
served in comparison to standard WGMs. A further ~ 10 x re-
duction of V by defect localization is observed experimentally
in ‘rod’ PhCRs. Moreover, both fundamental and 2nd-order
PhC band-edge modes co-exist in ‘slit” PhCRs with high Qs
and good coupling at the same time.

Our work showcases that high-Q/V PhCRs in various ge-
ometries are straightforward to design and fabricate, and high-
lights the platform’s promise for applications in quantum op-
tics. In particular, in the context of quantum optics with sin-
gle quantum emitters (including cQED), defects in 2D mate-
rials?®??, single organic molecules®, and colloidal quantum

dots®!32 have all been integrated with silicon nitride photon-
ics. Moreover, there has been recent work investigating single
quantum emitters that are directly hosted in silicon nitride’?
Finally, our PhCR approach can be translated to other single
quantum emitter platforms, by adapting our designs for those
materials or through heterogeneous integration®*.

II. ‘ROD’ PHOTONIC CRYSTAL MICRORING

In this section we introduce ‘rod’ PhCRs in the stoichio-
metric silicon nitride (Si3Ny4) integrated photonics platform.
Apart from the aforementioned experiments with single quan-
tum emitters, this platform has been previously successful for
wide-band nonlinear optics??, including optical parametric os-
cillation® and frequency combs®®. Moreover, heterogeneous
integration of lasers, amplifiers, photodetectors, and modula-
tors at sub-micron wavelengths has been achieved onto the
silicon nitride photonics platform®’. Our rod PhCR (rPhCR)
devices were fabricated according to our previous method'®.
We show in Fig. 2(a) a scanning electron microcope (SEM)
image with the rPhCR with two coupling waveguides. The
outer radius of the microring (R,,;) is 25 um, containing 324
identical unit cells, with adjacent cells spaced by a = 460 nm.
In the measurements we will show, only the right waveg-uide
is used, with a waveguide width of 750 nm and a ring-
waveguide gap of approximately 650 nm. The zoomed-in
image [Fig. 2(b)] shows ~ 15 cells, with each cell have an
an elliptical shape whose major and minor axis lengths are
RW = 2.25 ym and rW = 354 nm, respectively. We carry out
finite-element method simulation of a unit cell, and find the
fundamental transverse-electric-like (TE1) mode, s0, at ap-
proximately 196.3 THz, using refractive indices of 1.98 for
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FIG. 2: Introducing the rod photonic crystal ring (rPhCR). a, SEM images of the rPhCR device and zoom-in view of several units cells of
the rod structure. The silicon nitride rods sit on top of a silicon dioxide substrate with top air cladding. b, A finite-element-method simulation
of a unit cell of the rPhCR device, showing the dominant (radial-direction) electric field profile in top and cross-section vi ews. The cell is
1/324 of the rPhCR circumference, with a cell width of @ = 460 nm and a thickness of H = 500 nm. The elliptical rod has a major axis length
of RW = 2.25 um and minor axis length of rW = 354 nm, and its outer ring radius is R,,; = 24.875 um. The simulated resonance frequency
for the dielectric band-edge mode (s0) is 196.3 THz. The simulated Qg is 7x 10°. ¢, Transmission spectrum of the rPhCR device that has the
same parameters in design as used in simulation, except a rod width of W = 414 nm in the designed pattern. This W is a critical parameter,
and typically has an offset of approximately 60 nm after fabrication. The modes at the dielectric band edge (red area) are displayed in the
middle panel, with the modes labeled as {s0,s1% s2% 537}, where the labels follow Fig. 1(a) and the plus and minus sign indicate a higher
and lower frequency, respectively. The two right panels show optical fitting to the sO and s 1T modes, respectively, with optical intrinsic quality
(Qp) above 10°. The uncertainties of the Qg values specified here represent the 95 % confidence interval of the nonlinear least squares fitting.

d, Infrared images of the five band-edge modes {s0,s1%,s2%}.

the silicon nitride core and 1.44 for the silicon dioxide sub-
strate. The dominant electric field of the fundamental trans-
verse electric polarized mode (TE1) is in the radial direction,
with an amplitude plotted in Fig. 2(b) with top view (the top
panel) and cross-sectional view (the bottom panel). We find
that the modes are well confined in this rod structure, and al-
most centered in the cell, even though the bending effect as-
sociated with the ring’s radius of curvature is considered. As
schematically illustrated in Fig. 1(a), the simulated sO mode
lies at the dielectric band edge and can be measured by cav-
ity transmission spectroscopy. In Fig. 2(c), we clearly ob-
serve a large bandgap created in the spectrum, with no res-
onances observed between 1450 nm (the lower end of our
wavelength scan range) and 1527 nm. The sO mode is ob-
served at 1527.2 nm (196.4 THz), and many other band-edge
modes (identified by their reduced mode spacing relative to
conventional WGMs far from the band-edge) are well cou-
pled. A zoom-in of the band-edge modes (shaded in pale
red and shown in the central panel of Fig. 2(c)) shows seven

modes. These modes in general have high Qs around or above
10, with the s0 and 517 zoomed-in spectra shown in the right-
most two panels of Fig. 2(c). Infrared images (Fig. 2(d)) are
taken with the focus plane at the microring surface and con-
firm the spatial patterns of these slow light modes around the
circumference of the PhCR. The sO mode slightly deviates
from a uniform pattern, likely due to randomness in scattering.
The s1 and s2 modes agree with the theoretical prediction of
|cos()| and |cos(2¢)| intensity pattern (¢ is the azimuthal an-
gle), as illustrated in Fig. 1(b). We note that similar behavior
has been observed for the MPhCR system'©.

The rPhCR device geometry resembles a coupled-resonator
optical waveguide, also termed as CROW?3%3?_ except that in-
stead of a linear chain, the rod lattice is wrapped into a circu-
lar microring. The device also resembles a previous simulated
work?®, where the simulated Q approaches 10° for infinite-
long circular rods, yet below 10* for sub-micrometer rods.
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FIG. 3: Implementing defect photonic crystal cavity in the rPhCR. a, SEM images of a rPhCR device with zoom-in views of cells in the
uniform region (left) and the defect region (right). The unit cell parameters are similar to those in Fig. 2, except that its outer ring radius is
now Ry, = 25 um. In the defect region, a scaling of the unit cell is introduced with a quadratic function across 48 cells and a maximal 15 %
reduction of the RW when it is closest to the waveguide. The center of the rods remain fixed in distance to the rPhCR center. b, Simulation of
the defect photonic crystal cavity mode, labeled as the g mode hereafter. The simulated mode volume is 1.5 um?, that is, 3.3 (k/n)3. The
simulated Qg is 6x 10°. ¢, Transmission spectrum of this defect rPhCR device measured through the waveguide adjacent to the defect, showing
the g mode, dielectric band-edge modes, and the bandgap (which extends as far as the non-defect devices in Fig. 2 beyond the laser scan
range). A zoom-in of the modes at the dielectric band-edge (pale red and blue shaded area) is displayed in the middle panel, labeled as {g,s1
£ s2i}. The right panels show nonlinear least squares fits to the g and s2* modes, respectively. The g mode has a loaded optical quality of O,
= (2.440.1)x10°, with the intrinsic Qp as displayed. The uncertainty of the Q values represents the 95 % confidence range of the nonlinear
fitting. d, Infrared images of the {g, s1 i7s2i} modes. This g mode is a localization of the sO mode in a defect-free rPhCR.

III. DEFECT LOCALIZATION

Defect localization was previously reported with intuitive de-
sign in MPhCRs, where the defect is created by variation of a
unit cell parameter (the PhC ring width modulation amplitude)
across a number of cells, and leads to a localization of sO mode
to g mode'®. This is schematically illustrated in Fig. 1(a-c),
where the frequency shift of the g mode from the band edge
is determined by the depth and width of the ring width mod-
ulation comprising the defect. In this section, we show that
introducing defect localization in the rPhCR while maintain-
ing high performance is also straightforward.

As shown in Fig. 3(a), we introduce a moderately-confined
defect to the right part of the rPhCR. The defect is comprised
of many cells (48 in the example shown here), with a quadratic
variation in the rod linear dimensions (RW and rW), with the
central defect cell linear dimensions being 85 % of RW of an

unperturbed unit cell. The center of the ‘rods’ remains fixed
in distance to the rPhCR center. We simulate a portion of the
rPhCR containing the defect region using the finite-element
method, and find the ¢ mode at approximately 198.1 THz.
The mode profile is displayed in Fig. 3(b), indeed showing
confinement within the modulated cells. The device transmis-
sion spectrum [Fig. 3(c)] shows the g mode is located around
1536.39 nm (195.2 THz). The deviation from simulation is
likely due to the deviation of the size of the defect cells from
the targeted device pattern, and in principle can be calibrated
if the geometry is characterized more accurately. We can see
in Fig. 3(c) that the g mode is deep in the bandgap, while six
other modes are compressed around the band edge. While the
Q remains high (near 5x10°), the fit shows a decrease in Qg
by a factor of 3 for the g mode relative to the band-edge states
of the rPhCR without defect, potentially due to parasitic loss
associated with scattering induced by the access waveguide.
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FIG. 4: Introducing the ‘slit’ photonic crystal ring (sSPhCR). a, SEM images of the sPhCR device and zoom-in view of the slit structure.
The sPhCR has an outer ring radius of 25 um, a ring width of 2.5 ym, and a thickness of # = 500 nm. There are 332 identical cells in this
sPhCR with a period of a = 450 nm. Each cell has an elliptical air slit that is 2 um long and s = 90 nm wide. b, A finite-element-method
simulation of a unit cell of the sPhCR device, showing the dominant (radial direction) electric field profiles of the fundamental and 2nd-order
band-edge modes in top view, labeled as TE1 and TE2, respectively. The simulated Qg is 6x 10° and 1x 10° for the sO modes of TE1 and TE2,
respectively. ¢, Measured transmission spectrum of the sPhCR device showing two sets of dielectric band modes. d,e, The modes at the TE1
and TE2 dielectric band-edge (pale red shaded areas) are zoomed-in and displayed in the middle panel, labeled as {s0,s1%,s2%,s3%}. The
right panels show nonlinear least squares fits to the s0 and s37/s1* modes, respectively. The uncertainty in Qg represents the 95 % confidence
range of the nonlinear fits. f, The first four dielectric bands simulated by the MIT Photonic Bands software package45. The blue and red curves
at m/322=0.50 (i.e., m=161) correspond to TE1 and TE2, respectively, as shown in (b). The y-axis is in units of normalized frequency, where ¢

is the speed of light.

The slow light modes have higher Qg values as they are under-
coupled and free from this parasitic loss. The infrared images
of the s1 and s2 band-edge modes in Fig. 3(d) are similar to
those of the rPhCR without defect (Fig. 2(d)). In contrast to
s0 in Fig. 2(d), the g mode in Fig. 3(d) shows a clear localiza-
tion within the defect cells (approximately 1/8 of the ring in
dashed circle) with the central defect close to the waveguide
(dashed vertical line) brightest.

The Q and V of the g mode of the rPhCR is similar to the
records in previous PhCR devices'®. For example, a MPhCR
with 48 cells and 15 % defect modulation amplitude has Qp ~
5 x 103and V = 5.0 (A/n)>. Here we demonstrate Qp = 4.5 x
103 with V = 3.3 (A/n)? in a rPhCR with the same number of
cells and defect modulation amplitude. The rPhCR

thus seems to be slightly advantageous in mode confinement
compared to the MPhCR. The increase in modal confinement
from s0 to g (>10x) can be further optimized by incorporat-
ing deeper modulation across a smaller number of cells. We
note that the rPhCR has more degree of freedoms in introduc-
ing the defect, in comparison to the MPhCR, as the boundary
is no longer continuous. For example, the center of each rod
can be shifted, and the orientation of each rod can be rotated.
It is thus interesting to explore what combination of parameter
modulation can lead to the highest Q/V in design and fabrica-
tion. Beyond cQED, the rod geometry can be advantageous in
nonlinear optical interaction in its confined volume and ideal
mode overlap. For example, the localized defect mode can
be promising in achieving efficient second harmonic genera-



tion*” with fundamental mode in the defect rPhCR mode (®)
and second harmonic mode in a single nanorod*!.

The Q/V value of the rPhCR is close to (= 87 %) that of the
state-of-the-art two-dimensional silicon nitride photonic
crystal cavities*?, but still much smaller than (= 1 %) the
records in one-dimensional slotted*? or bowtie** silicon pho-
tonic crystal cavities. Along this direction, we expect a further
improvement of Q/V for the rPhCR with optimized cell num-
ber, cell shape, and modulation as well as reduced thickness,
substrate undercut, and implementation within higher refrac-
tive index contrast platforms.

We also not that here, we design the unit cell to be an el-
liptical shape, which caters better to WGMs than the circular
shape®®. Going forward, it will also be interesting to study cir-
cular rPhCR, particularly with defect localization and on the
II1-V photonics platform, to minimize adverse surface-related
effects on embedded quantum dots?’ for quantum photonics
applications.

IV. ‘SLIT’ PHOTONIC CRYSTAL MICRORING

The success of the rPhCR with an elliptical unit cell, in con-
trast to the lower-Q circular-rod PhCR previously studied,
seems to suggest that a design principle for a high-Q PhCR is
to maximally cater (and minimally perturb) the conventional
WGM mode shape. Following this principle, we try to shrink
the aspect ratio of the air holes holes in previous PhCRs'3~1>,
forming a ’slit” PhCR, or sPhCR. This operation is possible
in PhCRs because only a bandgap along the propagation (az-
imuthal) direction is needed, in contrast to two-dimensional
PhCRs, where a large-enough air-filling fraction is needed to
open a full bandgap for all propagation directions.

We fabricate the sPhCR device and show SEM images in
Fig. 4(a). These SEM images seem to indicate that the air
slit is fully etched through the silicon nitride layer, but a full
inspection (i.e., focused ion beam cut and SEM imaging) of
its cross-section has not been performed. We carry out finite-
element-method simulation of a unit cell using the parameters
specified in the caption, and find two set of band-edge modes
for the fundamental (TE1) and 2nd-order (TE2) mode fam-
ilies at 192.4 THz and 203.6 THz, respectively. The mode
profiles are shownin top view, with T E2 h aving t wo col-
ors (red and blue) indicating the the field node that results in
the electrical field pointing in different radial directions (in-
ward and outward). In the experimental device transmission
spectrum of Fig. 4(c), these two bands are clearly observed,
with TE1 and TE2 band edges at 1541.5 nm (194.6 THz) and
1462.0 nm (205.2 THz), respectively. The close correspon-
dence of the simulations and experiments suggests that the
slits are (or close to) fully etched. The TE1 modes show Qps
above 10° and are mostly well coupled, while the TE2 modes
show lower Qg = 0.7x10°. A simulation using MIT Photonic

Bands*® shows the first four dielectric bands in Fig. 4(f), in-
cluding TEI (blue, I) and TE2 (red, II) bands, and also two
modes that cross each other. The third mode (yellow, III)
at the X-point (m/322=0.5) is TM1 mode (hybridized a bit
with the TE2 mode), and the fourth mode (purple, IV) at the
X-point is likely the TM2 mode (hybridized a bit with TE3
mode).

The existence of two high-Q mode families with intuitive
design may be useful in cQED. For example, it is possible to
have defect localization in these two mode families simulta-
neously, so that the TE2 defect mode can be used to AC Stark
shift a quantum emitter into precise resonance with a TE1 de-
fect wavelength. Through this method, high Q/V can be sup-
ported simultaneously for both modes, resulting in potentially
fast and efficient spectral control of the relative tuning of the

coupled dipole-cavity system™S.

V.  CONCLUSIONS

We report two types of photonic crystal microrings (PhCRs)
with ‘rod’ and ‘slit’ unit cells, and show that high-Q at the
10° level can be supported in both geometries. Taken together
with previous work on ‘microgear” PhCRs!®, our work sug-
gests that intuitive design for high-quality-factor PhCRs is in
general possible with a variety of unit cell geometries. Com-
bined with the ease of defect localization, and the capacity for
multi-defect localization recently reported*’, we believe that
PhCRs are a promising platform for cavity quantum electro-
dynamics applications. Going forward, understanding both
the design of high Q/V air-mode PhCRs for interactions with
gas phase atoms*®# and extending our intuitive PhCR design
approach to III-V photonic materials hosting quantum emit-
ters are both of interest.
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