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Abstract

Ultra-small mode volume nanophotonic crystal cavities have been proposed as powerful tools for
increasing coupling rates in cavity quantum electrodynamics systems. However, their adoption in
quantum information applications remains elusive. In this work, we investigate possible reasons
why, and analyze the impact of different low mode volume resonator design choices on their utility
in quantum optics experiments. We analyze band structure features and loss rates of low mode
volume bowtie cavities in diamond and demonstrate independent design control over
cavity-emitter coupling strength and loss rates. Further, using silicon vacancy centers in diamond
as exemplary emitters, we investigate the influence of placement imprecision. We find that the
benefit on photon collection efficiency and indistinguishability is limited, while the fabrication
complexity of ultra-small cavity designs increases substantially compared to conventional photonic
crystals. We conclude that ultra-small mode volume designs are primarily of interest for dispersive
spin-photon interactions, which are of great interest for future quantum networks.

1. Introduction

The mode volume V is an important figure of merit for an optical resonator as it indicates how tightly the
resonator can confine the photon field. Since the emitter-cavity coupling g is proportional to 1/+/V, small
mode volumes can increase the cooperativity of nanophotonic cavity quantum electrodynamics (QED)
systems, and even push them into the strong coupling regime. Large g cavities are expected to be especially
valuable for platforms aimed at indistinguishable single photon emission or robust, high-fidelity
spin-photon gates, both of which are fundamental building blocks for quantum networks and other
quantum information processing systems [1, 2]. To meet this need, ultra-small mode volume nanophotonic
cavities (USMVC), with V < \? /n® where ) is the wavelength of light, have been recently proposed [3-8].
Enhancement of quantum emitters ranging from solid state emitters such as silicon-vacancy centers (SiVs)
[9] to quantum dots [10] is possible via situation or implantation of the emitter within an USMVC. Moving
beyond simulation, USMVCs have been experimentally realized in materials including silicon-on-insulator
[11, 12], indium phosphide [13], and others.

One cavity QED platform that stands to benefit from USMVC designs is based on SiVs in diamond
nanocavities. This well-established system allowed for demonstrations of various quantum photonics
applications, including quantum network nodes [14-18], and indistinguishable single photon sources [19].
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Nominally, fidelities in all of these applications would substantially benefit from improved emitter-photon
coupling.

In practical implementations, however, there are trade-offs that arise from stronger mode confinement.
For example, strong longitudinal confinement in a photonic crystal can impose non-adiabatic constraints on
the mode, which can negatively impact its quality factor. Hence, an actual improvement in the emitter-cavity
cooperativity, which scales as Q/V, is not immediately obvious. Therefore, design of USMVCs requires
careful consideration of both transverse mode confinement and longitudinal mode confinement. We find
that it is possible for strong transverse confinement to reduce mode volume without significantly lowering
the photonic crystal quality factor. However, the dramatic enhancement promised by USMVCs is possible
only if the quantum emitter is placed at the mode maximum. The extreme localization of the mode results in
a rapid fall-off of the enhancement away from the mode maximum, placing stringent requirements on the
emitter-placement accuracy. For realistic estimations of the performance of USMVC designs, all of these
trade-offs need to be accounted for.

While these considerations are generically applicable to all emitter-cavity platforms, here we focus on
SiVs in diamond. In section 2, we introduce a low mode volume photonic crystal design and demonstrate
that strong transverse confinement does not substantially affect quality factor, allowing significant potential
gains in cooperativity. Following this, in section 3, we evaluate the possible application both as a single
photon source and as a robust high-fidelity spin photon interface, and discuss limitations on the maximum
feasible enhancements from ultra-small mode volume cavities.

2. Design of low mode volume cavities

In this section, we examine the capabilities and design limitations of USMV photonic crystal nanobeam
cavities. We discuss the surprising robustness of USMVC quality factor to the tight confinement of the mode,
as well as challenges associated with the practical implementation of USMVCs. Although here we present
simulations for diamond photonic crystals with triangular cross-sections and with resonant wavelengths
close to 737 nm, the design principles are general and can be used for photonic crystals constructed from
other materials and resonance wavelengths.

As depicted in figure 1, a photonic crystal nanobeam cavity is a quasi-periodic structure in which a
one-dimensional (1D) chirped lattice of holes couples forward and backward propagating waves resulting in
the formation of photonic band gaps. For frequencies in the band gap, the photonic crystals act as mirrors. A
cavity is formed by the central chirped defect which shifts discrete modes from the band edge into the band
gap of the mirror section. The mode volume of the photonic crystal, V, is given by total electric field energy
divided by the maximum energy,

GGG
max (e(7) [E(P) )

Photonic crystals with very low transverse mode volumes concentrated in the dielectric can be designed
through consideration of electric field boundary conditions [4, 11]. Electromagnetic boundary conditions
require the normal component of the electric displacement field and the tangential component of the electric
field to remain continuous between interfaces of varying permittivity. Through thoughtful design of unit cell
cutout shapes, the ratio of the permittivity of air and the permittivity of the dielectric can be used to enhance
the electric displacement field or the electric field within the dielectric. In one design method, dielectric and
air slots are alternated across a central air hole to force the second order (air-like) mode into a small dielectric
bridge. As the number of slots and anti-slots in a single unit cell approaches infinity, the distribution of
electric field becomes singular [20]. In this limit, the unit cell design resembles a bowtie, and mode volume is
at a minimum.

V= (1

The low mode volume photonic crystals considered here are composed of prototypical unit cells with
bowtie shaped holes (see figures 1(a)and(b)) on a suspended diamond nanobeam with a triangular
cross-section from angled etching [21]. The design concentrates the electric field intensity inside the center
of the unit cell bridge for the relevant cavity mode (see figure 1(c)). Our design consists of smaller bowties in
the cavity defect with their diameter tapered down from the larger bowties of the outer mirror unit cells
according to a third-degree polynomial. A well-established requirement for keeping photonic crystal intrinsic
losses low is for the change in unit cell features between the mirror and cavity unit cells to be adiabatic [22].
We parameterize this adiabaticity by the number of unit cells in the tapered section between the inner cavity
defect cell and outer mirror section. We chose to parameterize adiabaticity in this way following previous
literature on elliptical hole-based photonic crystal nanobeam cavities [3]. In elliptical hole-based photonic
crystal cavities which are scattering Q limited, mode volume increases linearly with the addition of extra unit
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Figure 1. (a) A rendering of the bowtie photonic crystal USMV cavity. (b) A unit cell of a bowtie photonic crystal cavity, with
relevant geometric parameters labeled. (c) The simulated electric field intensity (|E|?) of the triangular cross section at the center
of a USMV photonic crystal cavity with a point-like bridge size of 0 nm.
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Figure 2. (a) The band structure for a bowtie unit cell photonic crystal, with resonant frequency of low mode volume mode
labeled wy, band gap labeled Aw, and mode distance to light line labeled Awyy. (b) The unit cell mode volume, distance from
band to light line normalized by band frequency, and band gap normalized by band frequency for the low mode volume mode,
plotted against bridge size to hole size ratio. Resonant frequencies are near A =737 nm.

cells in the section between the outer mirror cells and the inner cavity defect cell, given that outer mirror unit
cell parameters and inner cavity defect unit cell parameters are tapered following a quadratic profile.

When considering contributions to mode volume in a 1D photonic crystal, there are two directions along
which the mode is confined. The longitudinal direction confines the mode parallel to the axis of the
nanobeam, exploiting the band gap of photonic crystal structure. In the transverse direction, total internal
reflection of the waveguide confines the mode along the two axes perpendicular to the nanobeam, with the
confinement enhanced in-plane by the bowtie design. The transverse and longitudinal directions are
indicated diagramatically over a bowtie photonic crystal cavity in figure 1(a).

We first consider the effects of transverse mode confinement on band structure and loss rates. We
simulate modes and photonic band structures (figure 2) for a bowtie unit cell such that the second order
TE-like mode is concentrated in the center of a dielectric bridge. The unit cells consist of a 1D diamond
nanobeam with a triangular cross-section [23]. We use FDTD and MODE solvers (Lumerical) for our
simulations. To create a metric for transverse confinement in unit cells, we introduce the concept of unit cell
mode volume, which is defined identically to cavity mode volume except across a single unit cell with
periodic boundary conditions, with the integration volume limited to this single unit cell.

Figures 2(a) and (b) defines and plots key figures of merit of the unit cell performance for varying
bridge-to-hole size ratios, indicating coupling strength (unit cell mode volume), transverse confinement
(distance from light line), and longitudinal confinement (normalized band gap). The mode profiles for the
two modes are also shown in figure 2(b). Unit cell mode volume increases as dielectric bridge size increases,
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Figure 3. For full cavity simulations, effects of cavity bridge size and adiabaticity (number of taper cells) on intrinsic Q, and mode
volume. (a) Longitudinal profile of electric field for adiabaticity of 10, with bridge size of 20 nm. (b) Color plot of mode volume
as a function of adiabaticity and bridge size. (c) Color plot of intrinsic Q as a function of adiabaticity and bridge size. (d)
Longitudinal profile of electric field for adiabaticity of 6, with bridge size of 20 nm.

as expected as the region concentrating light becomes larger. Simultaneously, the distance from light line for
the low mode volume mode increases slightly while the band gap decreases slightly as the bridge size
increases. At the X point in the band structure diagram, the distance of the low mode volume mode from the
light line can be a measure of the quality factor: higher distance minimizes the mode overlap with the light
cone (vacuum-like modes) and results in a higher intrinsic quality factor. In principle, a tighter confinement
requires a reduced bridge size and thus overlap of the optical mode with material. This brings the mode
closer to the light line, which results in a lower intrinsic quality factor. However, this is countered by a
simultaneous increase of the bandgap with smaller bridge size (figure 2(b)). Hence, the net effect is that a
smaller bridge size creates greater transverse confinement (smaller mode volume) but has minimal influence
on scattering for a given number of mirror unit cells. The decrease in quality factor due to the smaller
distance from the light line is small compared to other limits, such as fabrication imprecision.

In contrast to transverse mode confinement, longitudinal mode confinement refers to mode confinement
along the direction parallel to the waveguide. In theory, longitudinal mode confinement affects both cavity
mode volume and intrinsic loss rates. We next consider these effects by simulating full cavities. Increasing the
adiabaticity of the taper from mirror to cavity unit cell reduces intrinsic loss and increases quality factor. In
this paper, we parameterize this adiabaticity « as the number of unit cells in the cubic taper between the
innermost mirror cell and the center cavity unit cell (see figure 3).

Figure 3(b) shows the effect of adiabaticity and bridge size on cavity mode volume for ultra-low mode
volume bowtie photonic crystals. Transverse confinement (parameterized here as cavity bridge size/hole size)
has a larger effect on the total mode volume than the longitudinal confinement (parameterized here as
adiabaticity). Decreasing bridge size improves transverse mode confinement, leading to the rapid decrease in
mode volume shown in figure 3(b). As adiabaticity changes, mode volume experiences only slight changes.
With increasing adiabaticity, mode volume decreases slightly before gradually increasing again. The initial
small decrease in mode volume as adiabaticity increases can be attributed to poor confinement in a leaky
cavity, while the gradual increase in mode volume at higher adiabaticities shows the effect of worsening
longitudinal confinement. These changes in mode volume are small, however. Figures 3(a) and (d) show the
electric field intensity for two photonic crystal cavities of different adiabaticities but the same bridge size. The
longitudinal confinement of the mode in figure 3(d) is tighter than the cavity in figure 3(a), but the mode
volume is relatively unaffected.

In contrast to cavity mode volume, the intrinsic cavity quality factor is strongly affected by longitudinal
confinement (adiabaticity), as shown in figure 3(c). For fixed bridge sizes, and for photonic crystals with very
low adiabaticities, i.e. a taper length of only two unit cells, the intrinsic quality factor is low and the mode
volume is high. As adiabaticity increases, intrinsic quality factor increases. However, in figure 3(c), cavity
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bridge size has no strong influence on intrinsic quality factor. The weak influence of bridge size on the band
structure shown in figure 2(b) also reflects this fact.

In bowtie photonic crystal designs, the low mode volume arises from confining the air mode into a small
dielectric bridge. As the dielectric bridge size decreases, the mode volume decreases while the air-to-dielectric
ratio for the photonic crystal unit cell increases slightly. This effect results in larger band gaps that prevent
greater scattering even with smaller distance to the light line and larger spread in k-space from confining the
mode.

Because mode volume (intrinsic quality factor) is only weakly affected by varying longitudinal
(transverse) confinement and is strongly affected by varying transverse (longitudinal) confinement,
independent control of both mode volume and quality factor is possible. Notably, the intrinsic quality factor
of low mode volume cavities will not necessarily be degraded, as long as the confinement is primarily
transverse, rather than longitudinal. In sum, adiabaticity and bridge size essentially provide full control of
quality factor and mode volume, allowing the cooperativity to be increased freely by reducing mode volume.

For the cavities considered in figure 3, the mirror hole radius is 100 nm, the cavity hole radius 70 nm, the
lattice constant 280 nm for the mirrors and 273 nm for the cavity, and the beam width 475 nm. The cavities
have a triangular cross section with a cross sectional angle of 50°. The ‘best’ cavity (i.e. with highest Q/V)
considered in figure 3, which had an adiabaticity of 10 and bridge size of 0 nm (point-like contact), had a
mode volume of 0.03 (\/n)’ and intrinsic Q of 1.4 x 10°. However, it is not currently feasible to make such
small feature sizes in diamond in practice.

For many applications, emitter-cavity coupling, or g, is a critical parameter, with a higher g being desired
(also see Appendix ). The cavity-emitter coupling g is given by [24]

_E-E@)| [
|Emax| V2607V

(2)

where p is the emitter dipole strength, w is the resonant frequency of the emitter, and V is the mode volume
of the cavity mode. In equation (2), the electric field E is evaluated at the location 7 where the emitter is
located, which is not necessarily at the mode maximum Ep,,. An often neglected fact in the literature is that
achieving the maximum calculated coupling strength g for a given mode volume is dependent on the emitter
being placed at the precise location of the electric field energy maximum. Imprecision and depth straggle of
the ion implantation process used to embed SiVs can result in suboptimal coupling (E(7) < Emax), Which
reduces the observed coupling. Other methods of vacancy-center placement including delta doping [25],
in-situ annealing [26], manual placement of nanoparticles [27], and masked implantation [14] have similar
limitations in precision. Figure 4(a) plots the coupling strength g against mode volume, given different
implantation accuracies for an implantation region of diameter D (excluding non-dielectric hole regions) in
bowtie photonic crystal cavities with triangular cross-sections, and in an elliptical hole-based photonic
crystal cavity [21] with a triangular cross-section. In figure 4(a), the coupling strengths are calculated as the
median coupling strength over the implantation region. As variation in the vertical direction is typically
negligible compared to variation in the lateral directions, the region considered is a circle centered on the
point of maximum g in the dielectric. Figure 4(b) further illustrates the probability distribution of g for the
hole-based cavity and two selected bowtie cavities over implantation regions with diameters of 10 nm and 30
nm. The width of the shaded regions at each value of g illustrate their relative weight in the probability
distribution. In the center of each region is a box-and-whisker plot, with the box extending from the 25th to
75th percentile and the whiskers extending across 1.5 times the interquartile range.

Figure 4(a) shows g quickly increases by an order of magnitude as implantation accuracy improves from
an implantation uncertainty of diameter 100 nm to an implantation uncertainty of diameter 0 nm at a mode
volume of 0.026 A\’ /n*. For photonic crystal cavities with larger mode volumes, the drop in coupling occurs
at larger implantation uncertainties. The couplings g for a conventional photonic crystal cavity [16] are
shown as well, demonstrating that cavities based on elliptical holes are much less sensitive to implantation
inaccuracy. Figure 4(b) shows that the tail of the distribution containing the maximal g values becomes
narrower for larger implantation uncertainties and lower mode volumes. The squared edges in those
distributions reflect the sharp cut-off at the edge of the circular region being considered. For the lowest mode
volume of 0.03 (A/n)? at an implantation uncertainty of 30 nm, the probability of attaining the peak g of 40
GHz is extremely small, with the majority of the distribution weighted below 10 GHz. This narrowing in
distribution of maximal g with increasing uncertainty corresponds to the rapid drop-off in median g plotted
in figure 4(a). By contrast, the probability distribution has negligible spread for the elliptical hole-based
cavity, consistent with the low sensitivity to implantation inaccuracy shown in figure 4(a). As state-of-the-art
emitter placement is D > 30 nm for SiVs, we find that currently conventional photonic crystals can on
average outperform USMVCs. A bowtie design could probabilistically achieve substantially higher coupling,
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Figure 4. (a) Relationship between ideal mode volume and average emitter-cavity coupling for different implantation accuracies,
shown for six low mode volume cavities and one elliptical hole-based photonic cavity [15]. The plotted values are the median
value of g over a region of diameter D centered on the point within the dielectric at which g is maximized. Error bars show the
range of 40th—60th percentile in g. The value of the SiV dipole moment is calculated to be y = 2.31 Debye to be consistent with
measured values of g [15]; alternative values for 1 have been found in other work [28]. (b) Violin plot of probability distribution
of g over implantation regions of diameter 10 nm and 30 nm for two low mode volume cavities (V/(\/n)> = 0.03,0.17) and one
elliptical hole-based cavity (V/(A\/n)® = 0.68).

however, at lower device yield. Improved techniques for emitter implantation and precise fabrication of small
features are needed to deterministically realize the simultaneous improvement in coupling and cooperativity
from these designs.

3. Applications

In this section, we consider potential applications for USMVC in both the Purcell regime as well as the strong
coupling regime, and we examine the extent of improvement USMVCs can provide in these applications.
Appendix gives further background on the applications described.

In the weak-coupling or Purcell regime, x > g>> (7,7*), and C>> 1, where k is the cavity loss rate, 7* is
the optical dephasing rate of the quantum emitter, v is the quantum emitter optical lifetime, and C is the
system cooperativity. In this regime, low mode volume cavities in diamond have applications as sources of
indistinguishable single photons [19]. The photon must escape the cavity at a faster rate than the rate at
which it dephases or is scattered by the emitter. We consider the case where the phonon sideband is spectrally
well-separated from the zero-phonon-line and analyze the benefit of minimizing mode volume in this
application.

Here, we focus on two metrics: cavity efficiency and indistinguishability of photons. Cavity efficiency is
defined as § = & fooo (af(t)a(t))dt, with the creation and annihilation operators of the cavity field af, a, and
describes the efficiency by which a photon in the cavity will excite the emitter. The indistinguishability [9]

fooo fooo |(a (t+7)a(t))|*dedr

I= S at (k- T)a(t+ 7)) (at () a(r)dedr’

describes the capability of two emitted photons to interfere.
Assuming a Markovian linewidth broadening process, in figure 5 we plot the indistinguishability and
efficiency as a function of g (as well as corresponding mode volume for state of the art photonic crystal
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Figure 5. Predicted indistinguishability I (blue) and cavity efficiency (red) 3 versus single photon-emitter coupling g and
respectively the corresponding mode volume for a silicon-vacancy center with typical emitter-mode overlap in a diamond
nanobeam photonic crystal [15]. For this system, x = kwg = 10 GHz, v = 100 MHz, v* = 50 MHz (solid line), resp.

~* =1 GHz. The vertical dashed line marks the parameters for conventional cavity [15].

cavities) using the best reported « for a diamond nanobeam photonic crystal and using an experimentally
typical emitter-mode overlap [15]. The ultra-small features inherent in USMVC designs could decrease the
scattering quality factor of fabricated structures. Our intent in simulating indistinguishability and cavity
efficiency is to demonstrate any improvements USMVC can provide under realistic but optimal conditions.
We therefore use the best reported « for elliptical hole-based diamond nanobeam photonic crystals as a
‘best-case’ loss rate. Silicon-vacancy center optical properties v and «* at dilution refrigerator temperatures
(~100 mK) are considered. In this work, we assume optical properties of SiVs matching those observed of
SiVs implanted in hole-based diamond photonic crystal nanobeams. A detailed analysis of the effects of
USMVC designs on the optical properties of implanted SiVs is unfortunately beyond the scope of this work.

Unlike in waveguide-emitter systems [29], and as seen in figure 5, there is no tradeoff between efficiency
and indistinguishability in cavity-emitter systems, as both follow the same trend, increasing with g. Efficiency
and indistinguishability both increase with increasing ¢ (decreasing mode volume) until g ~ 5 GHz. After
this point, efficiency and indistinguishability increase slowly, before reaching a plateau. Hence, reducing the
mode volume below 1 (A/n)? only yields minor improvements in photon extraction efficiency and
indistinguishability in this system. It appears that for strongly broadened emitters (y* > 2+) the
indistinguishability remains limited by the ratio of dephasing v* over cavity bandwidth .

In the strong coupling regime, where g > k,v,7* (C> 1), USMVC could increase the fidelity of
spin-photon gates. The electron spin of SiVs in photonic crystals have been used as memory qubits in
quantum network nodes, which couple to photons via spin-dependent optical transitions. Of particular
interest is spin-controlled switching of single photons [14, 16, 30], which requires high reflection amplitude
contrast for the two spin states. This simultaneously allows for fast spin measurements, limiting the
decoherence of coupled nuclear spin qubits [30]. Increased coupling g allows for large spin-dependent
contrast over a progressively larger cavity-emitter detuning range, reducing the system’s sensitivity to the
drifts and fluctuations. Furthermore, large detuning tolerance can allow for coarser tuning of cavities and an
increased number of accessible emitters.

In figure 6(a), we plot simulated cavity reflectivity for cavity with ¢ =10 GHz or 100 GHz, corresponding
to state-of-the-art (blue) [14] and ultra-small mode volumes (red line), respectively. A spectral drift of 50
MHpz is incorporated as a Gaussian convolution. The inset shows the shift of the reflection dip, equal to the
differential optical Zeeman splitting, when the silicon-vacancy center changes spin state. In figure 6(b), we
plot the simulated contrast (and spin contrast multiplied by summed spin reflectivity, a metric which
eliminates the normalization factor of summed reflectivity and may be a more useful metric in some
experimental settings) for different couplings and corresponding mode volumes at different cavity-emitter
detunings. The cavity detuning resulting in optimal contrast increases substantially for larger g, and
simultaneously reduces sensitivity of the spin reflectivity contrast to the exact value of cavity-emitter
detuning. The spin-photon gate fidelities will be larger for the larger g around a larger cavity-emitter
detuning range, potentially adding tolerance for the inhomogeneous broadening of SiVs and for photonic
crystal fabrication imperfections.
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Figure 6. (a) The simulated reflection spectra with ¢ = 10 GHz corresponds to current achieved mode volumes (blue, 0.5 A3 /n®),
while the simulated reflection spectra with g = 100 GHz corresponds to a mode volume of 0.005 A* /n? (red). For this system,

K =10 GHz (quality factor Q ~ 40000 ) and v = 100 MHz. The inset shows the differential optical Zeeman splitting (the
difference between the optical transitions corresponding to the spin up and spin down states) of 1 GHz [14]. (b) The spin
reflectivity contrast [R| — Ry|/(R| + Ry) (solid) and summed spin reflectivity multiplied by spin reflectivity contrast

(Ry 4+ Ry)|Ry — Ry|/(R} + Ry) (dashed) with cavity-emitter detuning for different couplings and corresponding mode
volumes, for a differential optical Zeeman splitting of 1 GHz. Simulations incorporate 50 MHz spectral drift for silicon-vacancy
center ZPLs.

4. Discussion

In this paper, we investigated design criteria, sensitivity to fabrication imperfections, and possible
applications of ultra-small mode volume photonic crystals in the context of cavity QED. Confining the mode
along the transverse direction using a bowtie photonic crystal design can reduce mode volume without
necessarily reducing quality factor. While reducing the mode volume improves the cooperativity, the
improvements to indistinguishability and collection efficiency of fluorescence photons from atom-like
emitters are marginal when compared to conventional photonic crystal resonators. For inhomogenously
broadened emitters, indistinguishability cannot fully be restored in all cases. More sizable benefits of smaller
mode volumes can be found in the dispersive regime, leading for example to a reduced sensitivity of
spin-photon gates to emitter-cavity detuning.

Investigating design criteria, we find that the mode volume of bowtie structures is dominated by the
smallest possible feature size. The mode volume is minimized for a resonator that is just long enough to form
a well-confined mode, here a defect of about 10 unit cells. A further increase in resonator-length has little
influence on the mode volume, but can further increase the quality factor up to a nanofabrication-based
limit, or until a target bandwidth is reached. Thus, intrinsic quality factor does not necessarily suffer in
ultra-small mode volume photonic crystal designs. Intrinsic quality factor diminishes for ultra-small mode
volume photonic crystals with strong longitudinal confinement, but it is virtually unaffected by changes in
transverse confinement for bowtie photonic crystals.

The promise of a photonic crystal with high quality factor and ultra-small mode volume, however, is
tempered by fabrication and implantation precision constraints. Achieving ultra-small mode volumes in
diamond photonic crystals with resonant wavelengths at silicon-vacancy center optical transitions requires
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fabrication of critical features at ultra-small sizes, as well as precise implantation to align emitters to the
optical mode maximum. The requisite tolerance for emitter implantation error lies beyond current
capabilites of scalable, ion-implantation-based methods. Hence, novel emitter placement and fabrication
capabilities are required to unlock the potential of ultra-small mode volume cavities.

In conclusion, we find that the benefits of ultra-small mode volume photonic crystals to near-term
experiments with narrow, atom-like solid state emitters are limited by current state of the art nanofabrication
capabilities. However, with fabrication advances, ultra-small mode volume cavities could be beneficial for
dispersive spin-photon gates, as well as for broadband indistinguishable photon sources. These devices could
contribute to scalable cavity QED platforms, especially through their reduced sensitivity to emitter-cavity
detuning.

5. Methods

The photonic crystal band structure and mode simulations were performed using Lumerical FDTD and
MODE. The index of refraction of diamond used in our FDTD and MODE simulations was 2.40, which is
equal to the index of refraction of diamond between the frequencies of 300-500 THz within 0.4 % [31]. This
will introduce frequency uncertainties in our photonic band structures of around 0.4 %. In FDTD
simulations, we used finer spatial meshing of 2 nm on fine features of the bowtie photonic crystals, and
coarser mesh on the features with larger critical dimensions. We also ran convergence tests with different
sized spatial meshing to confirm that our mesh size was small enough to produce consistent results. In
practice, imperfections during the fabrication process such as surface roughness or asymmetry can lower
experimentally observed quality factors of fabricated photonic crystals from quality factors simulated with
FDTD.
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Appendix A. Theory of single photon-emitter coupling

Here, we review the theory behind the benefits of ultra-low mode volume photonic crystals for creating high
cooperativity cavity QED systems. Mode volume and photonic crystal loss rates are included explicitly in the
equations that govern cavity-QED systems. The dynamics of a silicon-vacancy center coupled to a single
mode of a photonic crystal follow the master equation,

p= 1 [+ (apal —{ala,p} /2) 47" (040_poso {0100} /2)

+v(0-poy —{oro-,p}/2),
where p is the density matrix, o, and o_ are the two-level system lowering and raising operators, a and af
are cavity mode ladder operators, « is the photonic crystal loss rate, v* is the optical dephasing rate of the

defect, and +y is the silicon-vacancy center optical lifetime. (For the silicon-vacancy center optical transition
over short times, v & 2y*). The interaction Hamiltonian after the rotating wave approximation is equal to
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H=hg(o_a' +oa).

To obtain a useful figure of merit for a cavity QED system, the photon-emitter coupling can be compared
to decoherence and loss rates, yielding the cooperativity C = 4¢*/ (k7). For many quantum applications, the
strong cooperativity regime, with C > 1 is desired, such that the coupling rate is larger than the loss rates.
For fixed v, the cooperativity can be increased by decreasing «, or increasing coupling g. For a cavity coupled
to a waveguide, there are two cavity loss components: waveguide-cavity coupling loss (#,) and intrinsic
cavity loss typically limited by scattering of light (). The total loss is then given as k = Kyg + Fc.

Some applications (e.g. single photon sources) require high photon collection efficiencies through the
waveguide, so high cooperativity and waveguide coupling are required simultaneously. In these cases, cavity
designs that minimize mode volume can increase cooperativity while ensuring sg >> k. For other
applications, it is desirable to achieve large quality factors (and small ) in tandem with achieving small
mode volumes, in particular for applications that require very high cooperativities, such as reflection
amplitude readout of spin qubits.
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