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ABSTRACT: Quantum emitters in solids are being developed
for a range of quantum technologies, including quantum
networks, computing, and sensing. However, a remaining
challenge is the poor photon collection due to the high
refractive index of most host materials. Here we overcome this
limitation by introducing monolithic parabolic reflectors as an
efficient geometry for broadband photon extraction from
quantum emitter and experimentally demonstrate this device
for the nitrogen-vacancy (NV) center in diamond. Simulations
indicate a photon collection efficiency exceeding 75% across
the visible spectrum and experimental devices, fabricated using
a high-throughput gray scale lithography process, demonstrat-
ing a photon extraction efficiency of (41 + 5)%. This device
enables a raw experimental detection efficiency of (12 + 1)%

$

with fluorescence detection rates as high as (4.114 + 0.003) X 10° counts per second (cps) from a single NV center. Enabled by
our deterministic emitter localization and fabrication process, we find a high number of exceptional devices with an average count

rate of (3.1 + 0.9) X 10° cps.
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quantum sensing

S olid-state single-photon emitters and spin qubits offer
unique advantages as scalable building blocks for emerging
quantum technologies." Numerous demonstrations have
established these platforms as attractive testbeds for investigat-
ing fundamental physics” and quantum optical phenomena,””*
and implementing quantum networks.” "> Scaling these
systems would require new solutions to existing bottlenecks,
mainly the low photon collection efficiency, which arises due to
substantial total internal reflection in solids. As the single-
photon source, a low photon count rate directly translates to a
small detection probability, precluding the eflicient generation
of large entangled states. As spin qubits, poor optical readout of
spin states limits the number of operations within the quantum
memory lifetime. Through quantum engineering, some of these
platforms are now rapidly maturing as promising practical
technologies. For example, near-unity single-photon sources
have been realized with single molecules coupled to dielectric
antennas'® and quantum dots (QDs) embedded in a photonic
crystal waveguide,'* and QD-microcavity systems'*~'” have
been recently operated as high rate, high purity indistinguish-
able single-photon sources for boson sampling.'® In this work,
we address the photon collection problem for the nitrogen-
vacancy (NV) spin qubit in diamond, although the concept also
works for any emitter in a high index material.
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The negatively charged nitrogen-vacancy color center is a
substitutional defect in diamond with atom-like optical
transitions and millisecond-long spin coherence times." It is
an exceptionally versatile qubit”” with applications ranging from
nanoscale quantum sensing” to quantum information process-
ing.”” High fidelity quantum control of the NV electron and
nuclear spins along with demonstrations of heralded spin—spin
entanglement have established the NV as a leading system in a
quantum node. Central to the operation of the NV qubit is its
spin-dependent fluorescence: an NV center appears bright or
dark depending on its spin state. Improving the efficiency of
this spin readout presents a key challenge due to the high
refractive index of diamond, which results in strong confine-
ment via total internal reflection. As such, there is an intense
research effort into building highly efficient optical interfaces in
diamond.”*™** In addition to the required high photon
extraction efficiency, different applications introduce varying
technical demands on the NV—optical interface. To entangle
distant NV centers via quantum interference, the photon
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Figure 1. (a) Geometrical optics illustration of the photonic device with a single NV center located at its focus f. (b) Mean collection efficiency for
emission wavelengths 4 = 600—800 nm as a function of collection angle for a dipole that is oriented perpendicular and parallel to the axis of the
parabolic reflector. (c—e) Finite-difference time-domain simulations of a device with f = 100 nm and height h = S um for a dipole oriented
perpendicular in-plane, perpendicular out-of-plane, and parallel to the paraboloid axis, respectively. (f) Simulated collection efficiency for NA = 0.5
and NA = 1.3 for a dipole oriented perpendicularly (solid line) and in parallel (dashed line), respectively. For comparison, shown in gray is the
collection efficiency of an NV located in an unpatterned diamond (7 & 0.05). (g) Collection efficiency at 637 nm as a function of a vertical
displacement of the emitter. (h) Collection efficiency at 637 nm as a function of a horizontal displacement of the emitter.

wavepackets should be indistinguishable in frequency and Although NV centers as quantum memories can be optically
maintain excellent optical coherence.”®”"" Whereas the former connected via the interference of the narrow zero-phonon-line
can be controlled via the dc Stark effect,’®”’ the latter (ZPL) emission, NVs as quantum sensors take full advantage of
demonstrations have mainly relied on NV centers that are both the coherent ZPL and the phonon-sideband (PSB)
natural,”® or deep in the bulk crystal” or in a solid immersion emission, which span over ~150 nm in wavelength. This
lens™®”*” for stable optical transitions. Recently, NV centers condition favors nonresonant and spectrally broadband devices.
with coherent transitions have been realized by nitrogen In addition, in many sensing applications such as nanoscale
implantation ~100 nm below the diamond surface,”® opening magnetic resonance imaging and scanning tip magneto-
the prospects for scalable integration of NV qubits with metry”* " the optical interface should provide direct access
photonic devices for enhanced collection efliciency and light- between the NV probe sensor and the target. Therefore, there
matter interactions. Within this paradigm, one of the technical is also a demand for compatibility with near-surface (<30 nm)
challenges is the preservation of the NV’s nearly transform- NV centers.
limited lines, which so far has not been observed in diamond The diamond parabolic reflector introduced here satisfies the
nanophotonic devices.”' > As with the case of a solid various requirements listed above. Our device consists of a
immersion lens, one reasonable route toward optically stable microreflector fabricated in bulk diamond around a quantum
systems is therefore through the coupling to devices that place emitter, as shown in Figure la. The design is based on
surfaces at least 100 nm from the NV. geometrical optics considerations and is inherently broadband
B DOI: 10.1021/acs.nanolett.7b04684
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Figure 2. (a) Schematic of fabrication steps. (b) Atomic-force microscopy (AFM) cross section linescans of a device during the corresponding
fabrication step. RMSE denotes the root-mean-squared-error of the AFM linescan from the underlying model (see Methods). (i) Electron-beam
lithography defines a disk of resist (blue) over a SiN layer (gray) and an NV center. (ii) Thermal reflow produces near-hemispherical shape as shown
by the AFM linescan (dashed lines). (iii) Reactive ion etching transfers this profile into SiN. (iv) The SiN serves as a gray scale etch mask for
diamond. The desired parabola is produced because the dry etch rate into SiN is ~28 times slower than into diamond. See main text and Methods
for more details regarding the fabrication. (c) Scanning electron micrograph of the diamond chip in this experiment. The devices on this chip have a
height of 5 ym. The inset shows an example of a produced parabolic reflector. The irregular arrangement of devices on the diamond is due to a

lithography process that registers the masks to prelocalized NV centers.

and compatible with various NV depths. To produce this three-
dimensional single-photon source device, we developed a gray
scale fabrication process using standard electron-beam
lithography and reactive-ion etching techniques. To the best
of our knowledge, our first experiments here represent the
brightest single-photon source in diamond with photon
extraction efficiency exceeding 42% and fluorescence detection
rates greater than 4.1 MHz. As this device relies only on the
index contrast with air, the design also readily applies to solid-
state quantum emitters in a variety of host materials, includin
other optically active defects in diamond,*® silicon carbide,”
and IlI-nitride compounds,’ as well as quantum dots in III-V
heterostructures.’

The high refractive index (n = 2.4) of diamond permits only
light with a narrow emission angle (0. & 24°) to escape the

bulk material, while higher angles are reflected by total internal
reflection (TIR). In many diamond NV experi-
ments,»*”' 2% 74 3 solid immersion lens is typically milled
around an NV center to reduce TIR in one direction. Rather
than avoiding TIR, our parabolic reflector exploits TIR to
reflect emission downward for collection from the opposite
diamond surface. In the numerical design of the structure, we
consider a dipole emitter located at the focus (f) of a
paraboloidal diamond structure, as illustrated in Figure la. We
verify this geometrical optics argument using finite-difference
time-domain (FDTD) simulations. Figurelb demonstrates high
directionality of the collected photons, approaching its
maximum around 30°, which corresponds to a numerical
aperture (NA) of 0.5. We show the intensity distribution in
Figure 1c—e for a dipole-oriented orthogonal or parallel to the
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Figure 3. (a) Experimental configuration using an inverted confocal microscope. We collect and redirect the NV fluorescence for photon count rate
measurement or Hanbury Brown-Twiss interferometry. (b) Optically detected magnetic resonance at 2.87 GHz and scanning confocal
photoluminescence (PL) image (inset) of a single NV center. (c) The second-order correlation function at zero-delay of the PL is g(z)(O) =
0.1873(5) at P = 1.5 P,,,, indicating the presence of a single emitter (g*’(0) < 0.5). (d) Power-dependent fluorescence count rate measurements
indicate a maximum F,, = (5.70 + 0.99) X 10° counts per second after background correction(red). Using another background correction method
(see main text), the maximum count rate is Fy, = (4.63 £ 0.17) X 10° counts per second (blue). In this experiment, the NV is excited every 7,,4 or at
a rate of 78 MHz, and P,,, = 0.32 mW. (e) By reducing the repetition rate to 4.88 MHz, which corresponds to approximately one excitation pulse
every 167,,4, we obtained a detection probability of 0.14 # 0.01 (red) and 0.12 = 0.01 (blue) using the two methods outlined in the text. Here, P,,, =
0.025 mW, and from these measurements we determine a brightness, defined as the fraction of extracted photons per spontaneous emission, of at
least (0.41 + 0.05) from this NV center.

axis of the paraboloid. In these simulations, as in our registration procedure). Heating the sample above the EBR
experiments, we consider a device height of h = S um with a glass transition temperature causes it to reflow into a curved
single NV implanted at the depth of f = 100 nm. As shown in surface shown in Figure 2a(ii). We found experimentally that a
Figure 1f, ~77% of emitted light can be collected with an oil temperature of 215 °C produces the required curvature. The
immersion objective (NA = 1.3), an ~20-fold improvement in atomic-force microscopy (AFM) in Figure 2b(ii) indicates an
efficiency over collection from an unpatterned diamond. This atomically smooth profile of the reflowed EBR. To replicate
structure is also robust to fabrication imperfections, where this profile in our SiN hard mask, we use an etch chemistry that
deviations from an ideal curvature result in displaced foci, or faithfully transfers the pattern with an etch selectivity of ~1, as
equivalently, a displaced emitter. Simulations indicate that the indicated in Figure 2a(iii) and Figure 2b(iii). An oxygen plasma
efficiency remains above 60% for when the emitter is vertically etch then transfers this pattern into the diamond. This step
displaced by 200 nm (Figure 1g). Similarly, the structure is makes use of exploits the oxygen etch selectivity of ~28:1
insensitive to small lateral displacements of up to 200 nm between diamond and SiN to produce a diamond surface with
(Figure 1h). elliptical profile (Figure 2a(iv)). With sufficient etching (~$
To fabricate these parabolic reflectors in diamond, we um), the structure well approximates a parabolic reflector. We
developed a novel reactive-ion etching technique using two verify a fabricated structure by AFM as shown in Figure 2b(iv),
layers of atomically smooth gray scale hardmasks (Figure 2). this time fitted to a parabolic surface (see Methods). Using this
The processing begins by depositing an ~200 nm thick layer of process combined with aligned lithography, we were able to
silicon nitride (SiN) on a diamond chip. Electron-beam fabricate parabolic reflectors over registered NV centers in
lithography defines disks of a 280 nm thick ZEP 520A polymer diamond. Figure 2c shows a scanning electron micrograph of
electron beam resist (EBR) over prelocalized NV centers as the 50 um thick diamond chip that was investigated in this

shown Figure 2a(i)) (see Methods for details on the work.
D DOI: 10.1021/acs.nanolett.7b04684
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Our high-throughput targeted fabrication allows the creation
of 3600 devices within a bulk diamond area of 800 X 800 xm>
As will be described, we achieved a single-NV-device-coupling
yield of approximately one-third, significantly higher compared
to a process without emitter registration. We characterized the
fabricated devices in an inverted confocal microscope with a
nonresonant pulsed (<10 ps) 532 nm laser source and 635 nm
long-pass filter (Figure 3a). We identified NV centers by their
fluorescence spectrum or their optically detected magnetic
resonance as shown in Figure 3b. To confirm single-photon
emission from isolated NV centers, we measured the
normalized second-order correlation function at zero-delay of
¢?(0) using Hanbury Brown and Twiss interferometry with
single photon avalanche diodes. For example, the primary
device studied here exhibited a g(z)(O) =0.1873(5) at P = 1.§
P, as shown in Figure 3c. The autocorrelation at zero-delay
remains significantly below 0.5 with g®(0) = 0.4042(4) at P =
1.3 P, even after increasing the aperture diameter of the
confocal filter to 20 times the diffraction limit for better
collection, demonstrating the low intrinsic background
contribution from the system.

Figure 3d shows the power-dependent fluorescence detection
rate, F, when excited at the approximate inverse lifetime rate of
78.1 MHz. The black curve indicates the detected fluorescence
rate, which includes contributions from single-photon event
rate, S, and background and detector dark count rate, B. One
way to quantify B is to perform a control experiment without an
emitter, which is accurate only for isotropic material environ-
ments. In situations where this is not true, for example, in
patterned materials, it is common to directly extract a linear

background term in the detected fluorescence*’>* through

F(P) — Eat

: + const-P. The first term expresses the
+ Rap
emitter’s saturable response and the second term represents
the (unsaturable) linear response of the background photons.
By subtracting this background term from the detected
fluorescence, we arrive at F,,, = (5.70 + 0.99) X 10° counts
per second (cps), as shown by the red curve in Figure 3d.
To deduce the NV fluorescence using another method, we
use the g(z)(O), which contains information about the photon
purity in the coincidence histogram. At nonzero time delay, the
coincidence histogram area is proportional to (S + B)* but at
zero time delay, the area is proportional to 2SB + B* because
the NV cannot emit more than one photon per triggering.”’

The normalized g*(0) =1 — therefore allows the

SZ
(S+B)?
extraction of B. The blue curve in Figure 3d plots the
fluorescence rate using this independent method with a
fluorescence detection rate as high as (4.114 + 0.003) X 10°
cps (Fy = (4.63 +0.17) X 10° cps) and a saturation power of
P, = 0.32 mW. Although the more commonly used saturation-
curve estimation produces a higher fluorescence rate than the
autocorrelation method (observed also in ref 50), as far as we
know, this lower bound is already the highest detected
fluorescence count rate from a single NV center in diamond.

Although F is frequently used as a metric of efficiency,
practically it is highly sensitive to the emitter lifetime,
electromagnetic environment, setup transmission, and detector
efficiency. In addition, the ground-state population is not unity
at the onset of each excitation because the NV electronic state
could still be in the excited triplet state, in the metastable single
state or in a charge state other than the NV~. For a more
relevant comparison, we measured the NV~ brightness 7,

defined here as the fraction of extracted photons per
. 15,16 i

spontaneous emission. ”° The power-dependent brightness

can be expressed as n(P) = n,0(P) where

P/P - . .
o(P) = / B (1—e TP/T“‘*[HP/P“‘]) is the excited state

1+P/B,
population, P, is the saturation power, 7,4 is the excited
state radiative lifetime, and 7, is the pulse length.**

Experimentally, the brightness is reduced by setup losses
(Mserp = 029 + 0.03), yielding instead a measurement of the
triggering and detection probability. To ensure maximal ground
state population for efficient single-photon generation, it is
important to excite the NV at a rate that is significantly slower
than the excited state population decay rate. From the
correlation histogram in Figure 3¢, we extract the NV~ radiative
lifetime of 7,4 = 12.67 ns. We therefore used a pulse picker to
lower the pulsed laser repetition rate to R = 4.88 MHz, which
corresponds to one excitation pulse every 1674 Figure3e
reports the detected fluorescence (left axis) and single-photon
triggering and detection probability (right axis). Again, using
the two background correction methods as discussed earlier, we
determine a maximum count rate of (0.68 + 0.11) X 10° cps
(red curve) and (0.60 + 0.07) X 10° cps (blue curve) with a
saturation power of P, = 0.025 mW. These rates correspond to
a probability of single-photon triggering and detection that is
greater than (0.12 + 0.01), which yields a brightness of at least
Mo = 0.41 + 0.05. We also observed a similar brightness of 7, =
0.40 + 0.05 from another device.

The process of emitter registration and targeted fabrication
presented in this work also enabled the high-yield creation of
single-NV-coupled devices. Of the 98 devices characterized in
this work, 28 parabolic reflectors contain single NV centers (see
Methods). This yield of approximately one-third is significantly
higher than that without a deterministic alignment step. We
postselected and carefully evaluated 12 single NV-coupled
devices that exhibit low background fluorescence, which permit
reliable saturation measurements. From these exceptional
devices, we determined an average saturation count rate of
(3.1 + 0.9) X 10° cps with an average saturation power of (0.45
+ 0.21) mW.

The optimization of the fabrication process is expected to
yield better efficiencies, which is bounded by the loss to the
upper portion of the device where the TIR is not satisfied.
Direct methods to improve the fraction of reflected photons
include the deposition of a metallic layer or by truncating the
paraboloid at the top to preserve TIR. Several other factors
currently limit the device brightness. First, as the NV center
undergoes photoinduced charge state switching between the
optically detected NV~ and the filtered NV° emission (ZPL
wavelength at 575 nm), our measured brightness under-
estimates the actual efficiency. For an ideal characterization, the
brightness can be improved by including a charge initialization
sequence in the measurement. Second, the internal quantum
efficiency of the NV center is nonunity and estimated to be
above 0.86 for deep NVs and smaller for shallow NVs,*® which
could also account for the reduced efficiencies.

The efficient light collection presented here is promising for
a variety of applications and in particular for quantum sensing
and quantum networking based on atomic defects in solids. We
note that heralded photon-based entanglement schemes with
NV centers require additional characterizations that are beyond
the scope of this work. In particular, cryogenic investigations
and two-photon quantum interference experiments could reveal
the indistinguishability and optical coherence of the emitted
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wavepackets. Finally, photon purity can be improved with a
more efficient delivery of the excitation laser, along with
optimized spectral and spatial filtering.

We have described the design, fabrication, and evaluation of
an all-diamond parabolic reflector located around a single NV
center. Already in this proof-of-principle demonstration, to the
best of our knowledge, our results represent the highest photon
flux from a single NV center and also the highest brightness of
any quantum optical device in bulk diamond. The combination
of emitter localization and targeted fabrication simultaneously
allows for much lower nitrogen implantation doses, which has
been demonstrated to yield superior NV properties,”” and a
high yield of single-NV devices. As these devices incorporate
implanted NV centers at a depth of 100 nm, it should also be
possible to observe near lifetime-limited line widths®® for high
rate, high visibility quantum interference, which will be
investigated at low temperatures in a future work. With such
an NV center in a parabolic reflector, the present extraction
efficiency should lead to an order-of-magnitude improvement
in photon-mediated electron—electron entanglement gener-
ation rates.”®”'" As calculated in Figure 1g, when integrated
with near-surface NV centers, it is also possible to realize
scanning NV diamond ma§netometers for exploring exotic
condensed matter systems.”” > Although demonstrated with
NV centers in diamond, this robust, spectrally broadband
platform could be directly integrated with other color centers
such as the silicon-vacancy and germanium-vacancy centers in
diamond or for other quantum emitters in numerous materials.'

Methods. Sample Preparation. The sample consisted of a
50 um thick type IIA CVD-grown, (100)-oriented single-crystal
diamond (Element6) implanted with '*N at an energy of 85
keV (depth ~100 nm) at a dosage of 10° “N/cm’ We
subsequently annealed the sample at 1200 °C to form NV
centers following the recipe detailed in ref 30. Finally, we
cleaned the diamond in a boiling mixture of 1:1:1 sulfuric,
nitric, and perchloric acid.

Emitter Registration. Following nitrogen implantation and
annealing as described above, we etched alignment markers
into the diamond (see Figure 2c) using a similar fabrication
recipe as detailed in this section. We localize the emitters
relative to these predefined markers using a home-built
autonomous wide-field microscope with a registration precision
of 25 nm. Then, we utilize electron-beam lithography to overlay
devices over emitters with an alignment accuracy of 26 + 7 nm.
Using this process, we obtained a device yield (defined as the
ratio of single-NV-coupled devices to the number of fabricated
devices) of 29%, significantly higher than the yield of a process
without emitter registration. The yield of our deterministic
process can be further improved by postselecting the registered
emitters for NV centers via spectral characterization or optically
detected magnetic resonance in our autonomous localization
step.

Device Fabrication. We deposited 200 nm thick silicon
nitride (SiN) via plasma-enhanced chemical vapor deposition.
Electron-beam lithography defined an annulus in a positive-
tone electron-beam resist (ZEP 520A exposed at 500 4C/cm*
and developed at 0 °C in ortho-xylene for 90 s) around a
preregistered NV center. The inner diameter of the annulus
determined the device diameter, and the developed area
exposed the material to dry etching. Following development,
we thermally reflowed the resist above its glass transition
temperature at an optimized temperature of 215 °C for 15 min.
We used a tetrafluoromethane (CF,) plasma to transfer this

pattern into SiN. Finally, we produced parabolic structures in
diamond by transferring the SiN pattern using inductively
coupled oxygen plasma reactive-ion etching (0.1S Pa, bias
power 500 W, RF power 240 W). We characterized the device
using atomic-force microscopy (AFM) to illustrate the
principles that enable the production of parabolic structures.
In Figure 2b, the AFM is performed on a different diamond
chip to prevent contamination of the high-purity diamond
sample used in the experiment. The fabrication parameters are
identical to those in the main text and above except for the SiN
thickness (125 nm) and diamond etch depth. Because the AFM
tip is asymmetrical, we show the cross-section for only one side
of the device. The shaded area is a fit to a spherical surface in
steps (ii)—(iii) and parabolic surface in step (iv). The final
RMSE of 21.23 nm indicates a good fit and smooth surface
down to 1/12n where 4 is the NV~ ZPL wavelength. The flat
surface in step (iv) is due to premature etch termination.
Experiment. We collected and detected the fluorescence
using a 1.3 NA X 100 oil-immersion infinity-corrected objective
(Nikon Plan Fluor) and a single photon avalanche diode
(SPAD, Excelitas SPCM-AQRH). The quantum efficiency of
the SPAD is 7, = 0.69 = 0.01 for a typical NV spectrum. The
setup has a transmission of 7, = 0.42 + 0.0S. The total setup
efficiency is 1,7, = 0.29 + 0.03. When excited at 532 nm
(Coherent, Sapphire 532 SF; NKT Photonics, SuperK Extreme
with tunable filter), the maximum fluorescence detection rate F
increases with increasing power. As such, it is conventional to
quantify F by a single number, F,, = F(P — o0) This limit can
be obtained by fitting the measured count rates to

F(P) = 1+F;‘ . We note, however, that the NV could exhibit
sat/P

anomalous quenching at high powers due to charge state
conversion-induced spin depolarization,”® which we did not
observe with the excitation powers used in our experiments.
Otherwise, a more straightforward metric would be the
maximum detected fluorescence rate, for example, (4.114 +

0.003) X 10° cps in our experiments.
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