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Photonic nanocavities in diamond have emerged as useful structures for interfac-
ing photons and embedded atomic color centers, such as the nitrogen vacancy
center. Here, we present a hybrid nanocavity design that enables (i) a loaded
quality factor exceeding 50000 (unloaded Q> 10°) with 75% of the enhanced
emission collected into an underlying waveguide circuit, (i) MEMS-based cav-
ity spectral tuning without straining the diamond, and (iii) the use of a diamond
waveguide with straight sidewalls to minimize surface defects and charge traps.
This system addresses the need for scalable on-chip photonic interfaces to solid-
state quantum emitters. © 2017 Author(s). All article content, except where oth-
erwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4978204]

Solid state quantum emitters, such as defects in diamond or quantum dots in ITII-V materials, have
been demonstrated as high quality single photon sources and quantum memories. The entanglement
rate between quantum repeaters in a quantum communication network, or between quantum bits
(qubits) in a distributed quantum computation platform, scales with the square of the collection
rate of indistinguishable photons from each node. Thus, the cavity enhancement of the transition of
interest can significantly increase secure communication rates or the maximum size of an entangled
network. Photonic crystal (PhC) cavities are an attractive choice for enhancing solid state qubits as
they provide high quality factors (Q) and wavelength-scale mode volumes (V') with direct patterning
of the host material. Cavity enhancement of quantum dots in III-V materials has enabled strong
light-matter coupling' and record rates of indistinguishable photons.>~ Recent advances in diamond
nanofabrication® have enabled the fabrication of free-standing photonic crystal cavities in diamond for
the enhancement of the zero phonon line (ZPL) transition of silicon vacancy centers’-® and negatively
charged nitrogen vacancy (NV) centers.”'”

However, there are currently two main challenges limiting progress in scaling to multiple coupled
emitter-cavity systems for distributed quantum networks. In order to improve the entanglement rate,
the cavity design must not only enhance the emission of the desired transition via a high Q mode at
the transition frequency but more importantly increase the overall collection rate of that transition.
Thus the loss pathways of the cavity must be engineered to funnel the enhanced light into a single
useable mode, such as a waveguide mode for further routing and manipulation. Secondly, fabrication
inconsistencies across a single chip cause a spread in the resonant frequencies of the final devices
that can severely decrease the enhancement of the desired transition. Thus, post-fabrication tuning at
each individual node is necessary.

In this letter, we present a hybrid cavity design that addresses both of these challenges: 75%
of the mode at each cavity is coupled into a single waveguide mode of the underlying photonic
integrated circuit (PIC) that connects all nodes, and the frequency is tunable over 10 linewidths while
maintaining a Q factor within 50% of the maximum value.
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While the design presented in this paper can be easily modified to enhance other solid state
emitters, or connect with other PIC systems, we present a design to enhance the NV center’s ZPL in
a diamond node integrated into an Aluminum Nitride (AIN) PIC.

The NV center has exceptional spin properties for a solid state quantum emitter, with electron
spin states with second-scale coherence times.?%>! The electron spin state can also be optically ini-
tialized, manipulated, and measured,?” and can be mapped onto nearby auxiliary nuclear memories>?
for increased coherence times. The long coherence time and ease of state measurement and manipula-
tion enables entanglement generation and state teleportation between two spatially separate quantum
memories.”*2° However, the reported entanglement rates remain well below even the nuclear spin
decoherence rate, eliminating the possibility of creating entanglement over three or more nodes. This
low entanglement rate is currently limited by the small probability of collecting a photon coherent
with the spin state into the frequency and spatial mode needed for entanglement due to low collection
efficiency, spectral diffusion, and phonon interactions present even at cryogenic temperatures. Thus,
cavity enhanced collection into a single frequency and spatial mode is essential to scale entanglement
from two NV centers to three or more. AIN is chosen to create the optical band-gap at the cavity
region—and as the backbone PIC material—as it has a wide direct band-gap (~6.1 eV at 4 K) that
allows low-loss single-mode operation at the NV ZPL wavelength (637 nm). Moreover, its favorable
piezoelectric properties have made it a widely used material for free-standing nanoelectromechanical
(NEMS) devices,?”?® and electro-optic and frequency conversion devices?>** have been demon-
strated, making it a promising platform for reconfigurable quantum circuits that can interface with
fibers for long-distance quantum communication. This active ability also enables the NEMS needed
to tune the cavity frequency, as discussed below.

The AIN backbone consists of single mode waveguides with all beam splitters and active com-
ponents needed for routing the optical signal between cavity nodes. As indicated in the schematic of
Figure 1(a) and the cross section in Figure 1(b), the substrate at the cavity region is etched away to
leave the AIN suspended in air. A diamond waveguide containing a single, well-characterized NV
center is placed into the cavity region. The diamond waveguide is suspended at the cavity region,
with both ends resting on the substrate and locked into AIN alignment features.

As shown in Figure 1(a), the cavity region consists of two suspended parallel AIN waveguides
with a height H /Ay =0.345 and width W /Anv =0.383, where Ay = 637 nm is the free-space ZPL
wavelength. These are patterned with periodic holes with constant spacing (a/Anv =0.356) and
constant radius (r/a =0.295). A diamond slab with the same height as the AIN layer containing a single
NV center at the center of the beam is centered between the two AIN beams (D = D, = 0.235Anv).
The width of the suspended diamond membrane increases parabolically from W; /Ay =0.157 to
W, /Ay = 0.314 over 7 periods. The periodic patterning of the two AIN waveguides creates a bandgap
in the x direction. The increased width of the diamond membrane at the center of the structure increases
the effective refractive index in a localized spot in the otherwise periodic structure. Moreover, the
diamond refractive index (ngmg =2.42) is higher than that of AIN (nan =2.10), and so the mode
resides in the diamond as seen in the energy distribution (IEI*) shown in Figure 1(c). The gentle
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FIG. 1. (a) Structure of the hybrid cavity. Two suspended AIN beams (gray) periodically patterned with holes sit on either
side of a width-modulated diamond (blue). (b) Cross section through x = 0 plane of the cavity. (c) Unloaded cavity mode
profile (E?).
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parabolic width increase reduces scattering,®! and finite difference time domain (FDTD) simulations
show a radiation-limited Q factor of >1 million with 50 holes on either side of the center of the cavity.

FDTD simulations reveal a mode volume of V ~ 10(Ayy / ndmd)3. Due to the large transverse extent
of the hybrid structure, this mode volume is larger than other nanobeam cavity designs, which provide
mode volumes on the order of (A/ n)3 . However, the high Q ensures a large Purcell enhancement for
an optimally placed and oriented NV center. The mode maximum is at the center of the structure, or
110 nm in depth and 100 nm from each side of the diamond. The mode is within 90% of the maximum
within £20 nm, +30 nm, and +60 nm for the x, y, and z directions, respectively.

The central positioning of the NV center (=100 nm from each surface) is also beneficial for
the optical properties of the NV. Although the NV exhibits long-lived electronic spin states, they
are especially sensitive to stray electric fields, and the nanofabrication of PhC cavities can introduce
defects in the crystal and on the surface due to the ion bombardment that is necessary to etch the host
material. These defects trap charges in unstable configurations that lead to pure dephasing and spectral
diffusion that in turn leads to a decrease in entanglement rate due to reduced indistinguishability
between photons emitted by distinct emitters. The spectral diffusion of solid state emitters increases
with proximity to fabricated surfaces,'>*? and previous work in bulk diamond has demonstrated
lifetime limited linewidths of NVs 100 nm from the surface,’® suggesting that this design could
provide the same with adequate surface treatment. In this design, the diamond is only minimally
patterned, and instead the periodic change in the dielectric environment needed to produce a band
gap is provided by the patterning in the AIN.

To efficiently collect the NV emission into the backbone PIC, the cavity must be coupled to
the waveguide. The unloaded design described above has a high Q, but the emitted light cannot
be efficiently collected into the waveguide as it radiates mainly into the z-plane. Thus, despite the
large Purcell enhancement due to the high Q/V, there is only a marginal increase of light collected
into a single AIN waveguide mode over a simpler, broadband architecture of an NV coupled to a
single diamond waveguide mode that is adiabatically tapered to transfer the optical mode to the
underlying PIC mode.?? To increase the collection enhancement, the cavity is loaded into a single
AIN waveguide mode by reducing the number of holes on one of the four sides of the cavity, as seen
in Fig. 2(a). In general, the fraction of emission into the waveguide can be estimated from the ratio F
= Qi/(Q; + Q;) where Q; is the intrinsic Q factor, and Q is the loaded Q factor. However, modifying
the cavity geometry can also increase scattering into other loss pathways. Moreover, the figure of
merit of interest is the overall collection enhancement, which is a function of Q and F. Therefore,
we performed detailed FDTD simulations to measure the collection enhancement into the waveguide
port. As seen in Fig. 2(a), the collection enhancement is maximized when the number of holes leading
to the output waveguide is N,,, = 16. At this configuration, the loaded Q is 55 000, with 75% of the
light coupled into the waveguide as calculated with FDTD simulations. The collection spectra into
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FIG. 2. (a) The enhancement of collection into the waveguide mode vs the number of holes leading to the loading waveguide.
(b) The spectrally resolved intensity fraction collected into the waveguide mode as well as the losses into the —x, y, and z
planes at Noy; = 16. (c) Loaded cavity mode profile log(IE] 12y,
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the waveguide, as well as into the y and z planes are shown in Fig. 2(b). Fig. 2(c) shows the mode
profile (log(IEI)) of the loaded cavity, with clear coupling into the bottom right waveguide.

For high fidelity entanglement between two NV centers, they both must emit into the same
lifetime-limited frequency mode. The ZPL transition frequency of 2 or more NV centers can be tuned
to overlap via the Stark effect.>* However, the cavities’ resonances must also be at the same frequen-
cies. Unfortunately, fabrication imperfections across a single chip can cause inhomogeneities in the
resonant frequencies. Therefore, it is necessary to tune the frequency of the cavity post-fabrication
without a significant drop in the quality factor of the cavity. Previous works have demonstrated cav-
ity tuning in other material systems. For instance, the fast and reversible tuning of PhC cavities in
semiconductors such as Si and GaAs has been demonstrated via injection of free carriers, either
electrically® or via two photon absorption.® However, PN junctions are notoriously difficult to
make in diamond and doping the diamond may have deleterious effects on the NV center. Previous
cavity results in diamond®'# have used gas adsorption and sublimation to tune a cavity’s resonant
frequency, but this approach affects all cavities on the chip simultaneously and cannot be easily
used to stabilize the resonant frequencies of many cavities on the same chip over a long period of
time.

Works in other material systems employed nano-electrical-mechanical systems (NEMS) to cou-
ple two cavity modes®’*® or modify the evanescent field of the cavity mode to induce wavelength
shifts.3**! This is not currently feasible in an all-diamond system as large-scale free-standing mem-
branes are not widely available, and moving the diamond would cause strain which would shift the NV
center’s optical transitions.*> In the hybrid design presented in this paper, the AIN layer can provide
the needed NEMS functionality using electrostatic or piezoelectric?’-?® actuation. FDTD simulations
show that displacing the two patterned AIN beams changes the cavity’s effective refractive index, and
thus the resonant frequency. The tuning simulations were performed on the loaded cavity. Moving
the waveguide-coupled AIN beam a certain distance (D) provides different tuning than moving the
non-coupled beam the same distance (D, = D). Figure 3(a) summarizes the results showing the
effect of beam displacements on resonant frequency and Q, plotted against (D, — D). Figure 3(b)
demonstrates that the cavity can be tuned over 10 linewidths while maintaining Q > 0.5 Qnax. While
this device’s tuning range is small due to the high Q, it allows the individual tuning of multiple cavities
on the same chip with no crosstalk. If necessary, coarse tuning of cavities can be accomplished by
a variety of other techniques such as photochromic*? or chalcogenide index-changing** materials.
The cavity fine-tuning, as proposed here using NEMS actuation, is required to tune and maintain
many high-Q on-chip cavities on resonance for the realization of on-chip quantum networks and
entanglement distribution in envisioned quantum repeater architectures.*

Finally, this hybrid cavity design is compatible with the scalable hybrid assembly of a photonic
backbone populated with pre-selected quantum nodes.>>*¢*® The proposed approach requires care-
ful alignment between the diamond and AIN components. Vertical alignment (z) is assured by the
diamond membrane’s physical contact with the plane of the substrate. x alignment must be within
+30 nm to maintain an enhancement >90% of the maximum. Various pick-and-placement techniques
have already been demonstrated with excellent in-plane alignment, including optical microscopy
with better than 200 nm in-plane tolerance®>*’ and scanning-electron microscope based alignment
with 25 nm tolerance,”*? aided by lithographically defined alignment structures as indicated in
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FIG. 3. (a) Resonant wavelength and Q factor as the two AIN DBRs are displaced. (b) Cavity spectrum for different positions
of the AIN beams.
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Figure 1(a). Finally, any remaining error is correctable in situ using AIN NEMS actuators in x and y
directions.

In conclusion, we introduced a novel hybrid cavity design that enhances the collection of photons
from a transition of an embedded quantum emitter that is at the resonant frequency of the cavity.
This is achieved by loading a high-Q cavity directly into a single mode PIC network. Moreover,
the emitter remains >100 nm away from every surface, reducing spectral diffusion due to trapped
charges on the surface. Finally, NEMS actuation permits the reversible and stable tuning of the
resonant frequency. The implementation of this design across a multi-node PIC will enable efficient
multi-qubit entanglement across the PIC.
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EFRI-ACQUIRE program Scalable Quantum Communications with Error-Corrected Semiconductor
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