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Abstract: We propose and optimize a vertically-loaded diamond microdisk resonator (VLD-
MoRt) coupled to a nitrogen-vacancy (NV) center in diamond for efficient collection of zero-
phonon-line emission into low numerical aperture (NA) free-space modes. The VLDMoRt
achieves a Purcell enhancement of 172 with 39% of the emitted light collected within a NA
of 0.6, leading to a total external spin-photon collection efficiency of 0.33. As the design is
compatible with established nanofabrication techniques and couples to low-NA modes accessible
by cryogenic free-space optical systems, it is a promising platform for efficient spin-photon
interfaces based on diamond quantum emitters.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

A central challenge in quantum information processing is the efficient entanglement of long-lived
quantum memories. Quantum emitters in diamond such as the nitrogen-vacancy (NV) center
[1-3] and the group-IV emitters [4—6] are promising candidates for scalable entanglement
schemes [7], as they exhibit excellent optical [5,8] and spin coherence properties [2,9,10] .
However, their optical transitions spontaneously emit into many spatial and spectral modes, such
as phonon sideband (PSB) transitions, thereby limiting the spin-photon entanglement generation
rate [11]. Photonic nanostructures have been explored to overcome this issue by engineering the
optical modes resonant with the quantum emitter. Increased optical density of states (Purcell
enhancement) in optical cavities can enable efficient single-mode coupling as spontaneous
emission is directed into the cavity mode. Additionally, the cavity mode can be engineered for
outcoupling to waveguides or specific free-space modes for measurement or transmission to a
larger network [12,13]. Several photonic devices have made use of these effects to improve the
performance of quantum emitter spin-photon interfaces, including one- and two-dimensional
photonic crystal cavities [14—16], ring resonators [17], fiber-based Fabry-Perot cavities [18,19],
and circular grating outcouplers [20]. While previous work has independently achieved high
emitter-cavity cooperativities (e.g. C > 1 in nanocavities) or efficient coupling to free-space
(90% collection in optical antennas), simultaneous optimization of both parameters for maximal
efficiency has not been fully explored. Free-space emission is particularly desirable as it can avoid
the complexity, thermal load and large footprint of cryogenic fiber couplers, potentially enabling
scalable high-density cavity arrays. Here we introduce a vertically-loaded diamond microdisk
resonator (VLDMOoRt) that simultaneously achieves efficient NV emission into the cavity mode
via Purcell enhancement, and efficient collection into a low numerical aperture (NA) free-space
mode via an optimized perturbative grating. The VLDMOoRt reaches a Purcell enhancement
of 172 at the NV zero phonon transition (637 nm), with 39% of emitted field intensity within
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a far-field NA = 0.6. This results in a total spin-photon entanglement efficiency of 0.33 using
a geometry compatible with monolithic diamond fabrication based on quasi-isotropic etching
[15,16,21].

Current quantum networking schemes are limited by the entanglement efficiency 7 that
parameterizes the probability per attempt of collecting a spin-entangled photon into the larger
optical apparatus (i.e. the quantum network link) [11]. Here we consider spin-photon entanglement
generated via spin-selective photon emission from a quantum emitter, in particular the NV center
in diamond. This process is inefficient (7 < 1) due to preferential emission into the PSB [1]
and small overlap between the spatial emission profile of the NV dipole and the collection
optics. As a result, the entanglement rate is reduced proportional to the efficiency in the case
of single-photon schemes [11], or with the square of the efficiency in the case of two-photon
schemes [22]. Other processes, such as limited detector efficiency, background noise, and emitter
dephasing also reduce entanglement rate and fidelity. We treat these contributions as independent
of the device-limited entanglement efficiency that we optimize. We break 7 into two components
n = mn», where i1 quantifies the efficiency of emission into the spin-dependent, cavity-coupled
zero-phonon line (ZPL) and 7, is the far-field collection efficiency based on spatial overlap of the
emitted mode with the collection aperture. The spectral efficiency n; is defined as [23]:
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where F = 3/47%(1/n)3(Q/V) is the Purcell factor of the ZPL emission at a wavelength A within
a cavity of quality factor Q, mode volume V, and refractive index n, I'iar0 is the emitter’s total
emission rate in the absence of cavity enhancement, and I'zpy g is the unmodified emission rate of
the ZPL. Under off-resonant pumping, the N'V center cycles between the ground and the excited
states, leading to fluorescence emission across a broad spectrum consisting of a PSB (97% of
emission) and a ZPL peak at 637 nm (3% of emission), giving I'ow10/TzpLo — 1 = 30 (Fig. 1(a)).
As a result, the Purcell factor is linearly related to 77y in the regime of F < 30, at which point the
gains in efficiency begin to saturate.

The collection efficiency into a lens of a given numerical aperture (NA), or equivalently within
a far-field divergence angle of . = sin"!(NA), is
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where |E|? = ‘E(?)e”‘" |2 = |E(?)|2 is evaluated in the far-field at || > A for a monochromatic
field at angular frequency w and wavelength A = 27¢/w.

Maximizing n requires optimizing the tradeoff between 7y, which is maximized in the case of
minimum loss, and 77,, which is maximized when radiative coupling to the desired free-space
mode is the dominant loss mechanism. In the presence of material losses or unavoidable losses
to undesired modes, increased radiative coupling increases the overall loss and thus reduces
n1. As n; saturates with Purcell enhancement, an optimal design can be reached with low
Q/V ~ 10% in comparison to Purcell-optimized nanocavities or bowtie antennas that achieve
Q/V exceeding 10* [24,25]. Whispering gallery mode (WGM) resonators offer high quality
factors at the cost of high mode volume, which satisfies the Q/V requirements of this application
while offering the opportunity to shape the far-field emission by engineering the radiation of the
near-field over multiple spatial periods. In particular, our proposed VLDMoRt design achieves
efficient free-space collection by use of a numerically-optimized, partially-etched grating structure
embedded within a WGM, as described below.
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Fig. 1. VLDMOoRt concept. An NV center is coupled to a WGM resonator with efficiency
11, which in turn emits into the far-field collection mode with efficiency 7, through an
embedded perturbative grating. (a) The WGM is on-resonance with the NV center’s ZPL. (b)
Side view of VLDMOoRt coupling to free space with emission angle 6.. (c) The VLDMoRt
design with a WGM excited. Red and blue represents the WGM near-field, and concentric,
periodic pertubative gratings at two radii are shown. (d) Schematic diagram of the scattering
model for far-field intensity analysis.

2. VIDMoRt design

The VLDMOoRt geometry is summarized in Fig. 1. It consists of a WGM resonator coupled to
an NV center along with a periodic grating outcoupler (Fig. 1(c)). A microdisk of radius R has
mode solutions indexed by azimuthal number P, corresponding to resonances at wavelengths
A= z’r"—;ﬁrR and field profiles Ep o PP, where nef is the effective refractive index [26]. In the
limit of small microdisk thickness & < T there exists only a single confined transverse mode for
each index P. The disk supports modes of both TE (E; = 0) and TM (E,, E4 = 0) polarization, as
well as degenerate modes propagating with e7¢ and ¢/"?. We consider standing wave solutions
that are the superposition of +P, giving Ep cos(2nP¢). To obtain high spectral efficiency 7, by
Purcell enhancement, we choose a disk radius R and thickness & such that a single cavity mode
Ep is resonant with the ZPL transition.

To increase the spatial collection efficiency 7,, we design a periodic grating to couple the
WGM into a low-NA free space mode. We approximate the scattering from a sub-wavelength
refractive index perturbation located at a point 7,, as dipole emission with a corresponding dipole
moment p. The scattered field at location D in this approximation is [27]
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where lm7m =D- 7w and w is the angular frequency of the dipole (see Fig. 1(d)). We further take
the scattering to originate from the local WGM electric field Ep, such that the effective dipole at
the point of scattering is P = AEp(?m) with A being a polarizability dependent on the geometry of
the scatterer. In the far-field £ > 1, the second and third terms proportional to w/ clm ,1/ lm

are small compared to the term oc %, and we neglect them in the remainder of the analysis. The
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far-field electric profile E(b) originating from a total of G subwavelength scatterers located at
points 7, is then [28]
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where k = 27/ A is the free-space wavevector, and the polarizability A is taken to be uniform for
all scatterers m. We consider the case of evenly-spaced scatterers forming a grating along the
resonator circumference at a fixed radius r; and corresponding angles ¢, = 2nm/G [29]. As
both the WGM near-field and the pertubations are periodic, the amplitude of the electric field at
the pertubations is periodic with the difference frequency L = P — G between the two. The field
at the location of the scatterers is then Ep(?m) =E, cos(Lgbm)Ep(({)m), where E,, is the maximum
WGM amplitude at the scattering radius. We have left the mode polarization Ep(qﬁm) as arbitrary
to be discussed below. R

For collection at low angles in the far field /,, = 7,,, Eq. (4) simplifies to:
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Here the difference in spatial periodicity L determines the far-field interference pattern. We let
1, be a constant for all m, and when L = 0 (P = G), the scattered field of each individual scatterer
is in-phase (Fig. 2(d)) and cos(L¢,,) = 1. However, the sum over the polarization }, Ep(qﬁm) is
zero for the cases of Ep(¢m) = Tyn (radial polarization) and Ep(qu) = ¢Tm (azimuthal polarization).
This results in destructive interference at low emission angles for perturbations matching with
the WGM periodicity. With L = 1 (Fig. 2(g)), the cosine term inverts sign (7 phase shift) for

pertubations on opposite sides of the microdisk, cos(¢,,) = — cos(dG/2+m) aS PGj24m = Pm + 7,
and field vector likewise inverts, E,(7,,) = —E, (7 2+m), causing constructive interference at low
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Fig. 2. Far-field emission profiles. The first row shows the near-field electric profile of a
P = 13 with perturbations indicated by yellow circles for the four considered geometries (no
grating and L = 0, 1,2). The second row shows the far-field angular emission profile with
the white circle indicating NA = 0.6. The third row shows the integrated far-field emission
intensity within certain NA, and 7, at NA = 0.6 is marked on each plot. Each column refers
to a dielectric geometry as labelled. The boxes in (c) highlight a 7 shift between scatterers
of opposite positions in a microdisk.
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angles. The interference profile of TE-like modes can therefore be shaped depending on the
grating periodicity, while TM-like (out-of-plane Z polarized) modes cannot. Intuitively, the offset
between the perturbation and mode produces scattering that is out-of-phase on opposite sides of
the disk, leading to a dipole-like radiation pattern [30].

We note that this grating configuration results in pertubations spaced by 2r, across the center of
the disk, effectively creating a double-slit-like interference pattern [31]. For ry > A/2, higher-order
(8. > 0) interference maxima will exist in addition to the low-angle maximum described above.
Small resonators (ry < 1/2), or the addition of a second row of perturbations, can eliminate these
higher-order interference maxima, potentially channeling all emission into low NA.

3. Simulation

We analyze the performance of the VLDMoRt using finite-difference time-domain (FDTD)
simulations of the electromagnetic field (Lumerical Inc.). The diamond WGM resonator has a
material index n = 2.41 and is surrounded by air (n = 1). A dipole point source with an emission
spectrum centered at 637 nm and orientation in a (111) plane [32] simulates an NV center. We
take the NV as located at the mode maximum and the dipole to be oriented radially with respect
to the disk, as the [110] direction can be chosen arbitrarily for a disk with a (100) vertical surface.
First, we evaluate the predicted far-field emission profiles of different grating orders L based on a
test model of a P = 13 WGM. The gratings consist of G fully-etched holes with radii » = 30 nm
located periodically around the disk at a radial position r; matching the maximum of the WGM
near-field Ep (see Fig. 2(b-d)).

Figure 2(e-h) shows the calculated far-field emission angular distribution and Fig. 2(i-1) the
integrated angular intensity for a bare WGM and for gratings with L = 0, 1,2. We quantify the
integrated intensity as 7, which is the fraction of emission collected in a cone defined by a given
NA (Eq. (2)). Without the perturbative gratings, the far-field emission concentrates at NA > 0.87.
As predicted from Eq. (4), the L = 0 grating results in an anti-node at low angles, forming a
“donut” beam. Compared to the WGM without a grating, however, the L = 0 perturbations
improve emission with 77, = 0.3 at NA = 0.6. The L = 1 design maximizes emission into low
NA as shown in Fig. 2(h). As predicted by theoretical analysis, this design results in a large
fraction of emission into low angles with 77, = 0.37 and a near-Gaussian mode profile near 6 = 0.
Finally, a higher-order L = 2 results in a donut-like mode with additional quadrupolar lobes. The
efficiency at low angles is reduced in this case with 7, = 0.27 at NA = 0.6.

We note that all systems emit only 50% into the upper half-plane (z > 0) due to the unbroken
vertical symmetry. We also note that the far-field profile in Fig. 2(f-h) has secondary lobes at
higher NA, which lowers the overlap with the preferred low-NA Gaussian profile. As discussed
above, this is expected for a grating with r; > 1/2, which is the case for this disk (r; = 0.729 um).
To further improve 77,, we consider partially etched gratings which break the vertical symmetry
and enhance emission into the upper half-plane. We additionally consider adding a second row
of perturbations at the given angles ¢,, to shape higher-order constructive interference in the
radial direction.

Beginning with the L = 1 design described by the analysis above, we numerically optimize the
VLDMoRt for the figure of merit 5. Figure 3(a) summarizes the initial geometry. We consider
the following parameters as the optimization variables (see Table 1): the WGM disk radius R,
disk thickness A, outer grating pertubation radius | and radial location from the center s, and
inner grating pertubation radius r, and radial location s;. We initially set 2 = 1/2n to confine
a single vertical mode, which results in the near-field profile in Fig. 3(b). Because changes in
R result in changing the mode order P resonant with the NV ZPL, we first identify the set of
radii Rp corresponding to different resonant modes P, and subsequently optimize the grating
parameters for each fixed Rp using the built-in particle swarm method in 3D FDTD (Lumerical).
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The results are shown in Fig. 3(c). The maximum 7 is reached using a P = 13 WGM, with the
optimized parameters shown in Table 1.
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Fig. 3. Parameter optimization. (a) The dielectric profile defined by the microdisk of
radius R, thickness &, grating radii | and r, at positions s; and sy, and etch depth ¢. (b)
Electric field intensity across the VLDMoRt taken at the midpoint #/2. The NV dipole
is indicated by the yellow arrow. The full width of the region is 1.76 pm. (c) Optimized
grating parameters in the set of R corresponding to different resonance P. The yellow star
indicates the maximum 7 = 0.33 when P = 13. (d-g) The dependence of 71, 17, and 17 on ry,
t, 51, sp normalized by 2’ = A/n separately. The red curve is the overall efficiency n, while
blue and green curve plot n7; and 77, respectively. The yellow star indicates the optimized
solution. (h) Dependence of n on random variations in the radius of the grating apertures
with standard deviation o1, presented in box-and-whisker format. The dashed line indicates
maximum performance.

Table 1. Optimized VLDMoRt Structure

Optimized Result | R h 1 193 S 52 t
Units of A’ 333 | 057 | 0.11 | 0.19 | 2.83 | 095 | 0.15

To understand the relationship between the parameters and 7, we analyze the change in
efficiency with deviations from the optimized parameters in Fig. 3(d-g). The grating design
offers trade-offs between 77; and 77,. Both | and 5| influence the scattering amplitude from the
WGM, trading off coupling to the desired far-field mode with resonator loss and therefore Purcell
factor. This is shown clearly in Fig. 3(e), where increasing r; above the optimized r; = 0.11
leads to an increase in 17, at the cost of decreasing 71, resulting in an overall loss of efficiency
n. Similar to rq, s; also influences the scattering amplitude, with a maximum at the position of
highest near-field intensity Ep.

The design of the second ring of gratings has a less obvious trade-off between quality factor
and emission directivity. Figure 3(f) shows the relationship between s, and n, with s, = 0.951’
being the optimized solution. Since the near-field intensity at the inner ring is small compared
with the outer ring, maintaining comparable scattering amplitudes between the two rows requires
ry > r1. Indeed, we find that r, is maximized at 0.194’, where the inner ring’s scattering field
constructively interferes with that of the outer ring.

Increasing the etch depth ¢ also increases scattering. Unlike | and s, however, changing ¢
breaks the vertical symmetry of the VLDMoRt, thereby producing a directional emission into (or
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away from) the upper half-space. These effects are maximized for n at = 0.152” (Fig. 3(g)),
where 56% of emission is directed upwards for a 17, = 0.39.

Finally, we examine the effect of random radial variation on . We consider variations in the
radius of the etched holes, where the deviation from the nominal radius is chosen at random from
a Gaussian distribution with zero mean and standard deviation o,;. We evaluate five random
configurations for each roughness, with the resulting degradation in 7 is shown in Fig. 3(h).
Variation beyond 5 nm has a significant impact on average, but the wide spread in n indicates
that variations with the same statistical properties have differing effects.

4. Discussion

The optimized VLDMoRt achieves high 11 = 0.77, but relatively lower 1, = 0.39 primarily
limited by emission into the lower half plane (> 40% towards the substrate). One potential
solution is to add a reflective layer under the device to improve directional radiation [33,34]. In
practice, there will be a diamond substrate several microns under the VLDMoRt along with a
central supporting pillar, which we did not consider in the simulation [21]. By appropriately
choosing the separation distance between the underside of the VLDMOoRt resonator and the back
reflector, leakage into the substrate can be reduced via destructive interference. Diamond, as
a dielectric material, is not a perfect reflector, so only a fraction of leakage to the lower plane
will be directed upwards. Depositing an additional metallic layer on the substrate will increase
the reflectivity, resulting in an maximal improvement of 7, by a factor of 1.8 corresponding to
n = 0.54.

In this work, we have considered the collection efficiency of an NV center’s emission into a
low-NA cryogenic objective as the figure of merit. However, a different figure of merit may be
desirable depending on the external optics. One example is to directly couple the resonator mode
into an optical fiber. In this case, the goal would be matching the far-field emission profile to a
Gaussian fiber mode. We note that the L = 1 geometry already achieves good overlap with a
Gaussian mode, and expect that this could be improved with direct optimization of the grating
structure for this particular figure of merit. Other optimization procedures can be used, such as
inverse design [35,36], to numerically evaluate performance based on the analytical direction
described here.

VLDMoRt-type grating structures can also be designed to enhance 1 of diamond group-IV
emitters or other solid-state defects such as SiC defects [37], rare-earth ions [38] and quantum
dots [39,40]. The silicon-vacancy (SiV) center in diamond is promising because its spontaneous
emission is highly concentrated in the ZPL [41]. In this case, 17 can be enhanced to 0.41 which
is a 30% improvement over that of the NV center with the same design. As NV centers are
known to suffer from optical dephasing near surfaces, group IV emitters with inversion symmetry
could offer an advantage in spectral stability. We note here that the VLDMoRt design isolates
emitters from etched surfaces and therefore noise as compared to 1D cavities, with the nearest
sidewall >150 nm and top/bottom surface ~ 75 nm from the mode maximum. Material platforms
with demonstrated high-quality WGM resonators are also of particular interest [42]. Silicon, for
example, has a high refractive index that enables high mode confinement but prevents efficient
outcoupling, so applications using vertical far-field collection could benefit from the VLDMoRT
design.

5. Conclusion

This work proposed a new design, VLDMOoRt, which radiates directionally into free-space for
efficient collection of emission from diamond quantum emitters. Analysis based on scattering
theory identified a candidate design based on a L = 1 perturbative grating, and numerical
optimization in FDTD simulations resulted in an spin-photon entanglement efficiency n = 0.33.
With efficient emission into free space, this design avoids the complexity, thermal load, alignment
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precision requirements, and footprint of fiber-based cryogenic outcoupling. Combined with
existing scalable fabrication techniques [15], the VLDMoRt can form the basis of high-density
arrays of efficiently coupled and cavity-enhanced quantum emitters.
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