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ABSTRACT: The longlived electronic spin of the nitrogen-vacancy (NV) center in
diamonds is a promising quantum sensor for detecting nanoscopic magnetic and electric
fields in various environments. However, the poor signal-to-noise ratio (SNR) of prevalent
optical spin-readout techniques presents a critical challenge in improving measurement
sensitivity. Here, we address this limitation by coupling individual NVs to optimized
diamond nanopillars, thereby enhancing the collection efficiency of fluorescence. Guided by
near-field optical simulations, we predict improved performance for tall (>S5 ym) pillars with

tapered sidewalls. This is subsequently verified by fabricating and characterizing a

representative set of structures using a newly developed nanofabrication process. We observe increased SNR for optimized
devices, owing to improved emission collimation and directionality. Promisingly, these devices are compatible with low-numerical-
aperture collection optics and a reduced tip radius, reducing experimental overhead and facilitating improved spatial resolution for

scanning applications.
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lectronic spins associated with individual atomic defects in

wide-bandgap materials' can serve as magnetic sensors
with exquisite sensitivity and nanoscale spatial resolution.”
Notably, near-surface nitrogen-vacancy (NV) centers in
diamond® have been harnessed to image exotic magnetic
materials,”* nanoscale currents,® and single- to few-molecule
samples.” Such experiments profit from the exceptional spin
coherence of the NV, which can exceed 1 ms at room
temperature” and 1 s at cryogenic temperatures.” In addition,
the spin state can be efficiently initialized with a laser'® and
manipulated with microwave fields."! Despite their promise,
measurement sensitivities for near-surface NVs are hampered
by poor signal-to-noise ratios (SNRs) for optical spin
readout.'” SNR scales with the square root of the collected
fluorescence, which is limited by the high refractive index of
diamond (ny = 2.4), causing total internal reflection for
emission outside of a critical angle of ~25°."% Consequently,
improved directionality and collimation of the NV emission are
highly desirable.

Recent progress in nanophotonics'* addresses this challenge
by coupling fluorescence to optical structures.'> This progress
can be divided into two categories: (1) hybrid nanophotonics,
including structures fabricated from alternative materials that
are interfaced with diamond, and (2) diamond nanophotonics,
where optical devices are carved into the diamond itself.
Hybrid approaches may benefit from mature fabrication
techniques available for, e.g, metals,'® silica,’” Si,'® and III—
1920 However, such structures often exhibit
reduced coupling to NV emission,”’ and the presence of
additional materials may reduce proximity to sensing targets.””
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In contrast, diamond optical structures facilitate maximum
coupling to NV centers and proximity to sensing targets.
Recent nanofabrication advances”~ > have paved the way for
creating bespoke diamond devices such as lenses,””’
gratings,28 optical cavities,”>***° and W21v<eguides.3o’31 In
particular, nanoscale pillars containing shallow NVs have
garnered attention for sensing applications. These devices act
as waveguides for NV fluorescence, enhancing broadband
collection efficiency. In addition, ~100 nm device diameters
facilitate exquisite (<50 nm) spatial resolution®” for
applications utilizing the diamond pillar as a probe for atomic
force microscopy (AFM).”** Several generations of devices
have been explored in the literature, including cylinders,”"
truncated cones,” ™’ and parabolic reflectors.”®”” Despite this
progress, further optimizing the device geometry represents a
key challenge in improving optical spin-readout efficiency and
measurement sensitivity.

In this work, we realize an optimized diamond nanopillar for
quantum sensing with the NV center. Starting with a
truncated-cone design®® (Figure la), we develop near-field
optical simulations to explore the role of pillar geometry on
collection efficiency. Specifically, we explore the impact of
pillar height for the first time, finding a substantial improve-
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Figure 1. Nanopillar design and simulations. (a) Schematic of the single-cone geometry. (b) Illustration of an NV center oriented along the [111]
crystal axis. (c) Example pillar facet including two distinct sidewall angles (6, ¢), i.e., the multicone geometry. (d) Collection efficiency 7 as a
function of H for single-cone and cylinder geometries (Rmp = 150 nm for both). (e) 7 as a function of Ry, for the single-cone (dashed) and
multicone (solid) geometries (H = S um for both). Far-field intensity distributions (in air) are plotted for the single cone for Ryp = 123 and 238
nm. Circles corresponding to the experimental NA = 0.75 are overlaid. (f) Schematic of the multicone geometry. (g) 7 as a function of Rypand R
for a multicone device. We consider two sidewall angles (fixed # = 80° and varying ¢) with H; = 4.5 ym and H, = 0.5 um, respectively. Lines

corresponding to the single-cone and multicone structures in (e) are overlaid. (h) 7 vs NA for three pillar geometries (R

=150 nm and H = §

top

pum) and bulk diamond. Triangles indicate NAg, the NA at which 80% of the intensity for NA = 1 is collected.

ment in the fluorescence collimation for tall structures. Next,
we observe that collimation and emission directionality are
enhanced by incorporating a shallow sidewall angle near the
pillar facet. A representative set of structures is then created
using a new fabrication process that is both simple and reliable.
Subsequent optical characterization confirms our theoretical
predictions, yielding a maximum spin-readout SNR of 0.106
for the optimized geometry, a factor-of-three improvement
over a cylindrical device of similar dimensions. Moving
forward, this work will facilitate a new generation of NV
quantum sensing devices with superior sensitivity and
exceptional spatial resolution.

We simulate the optical properties of diamond nanopillars
using a finite-difference time-domain software from Lumerical
Inc.® As a figure of merit, we calculate the wavelength-
dependent collection efficiency 7(4) normalized to the NV
emission spectrum at room temperature I(4),"" yielding

) A n(MDI(A) da

coll

I(A) d4

/f1c0u @ (1)
Here, we consider free-space optical collection from the pillar’s
base with numerical aperture NA = 0.75 and bandwidth A =
650—800 nm (matching our experimental setup). Individual

NVs are modeled as two orthogonal electric dipoles located in
the plane perpendicular to the [111] direction of a (100)-cut
diamond (Figure 1b).*> We assume all defects are located d =
S nm below the pillar facet and centered laterally within the
structure (8 = 0, Figure 1c). We observe only a slight variation
in 7 over the range of possible emitter positions (see see Figure
S2 in the Supporting Information).

Our starting point for developing an optimized nanopillar is
the truncated-cone geometry (hereafter termed the “single
cone” or SC),***” which is fully parametrized by the top radius
R height H, and sidewall angle & (Figure 1a). First, we
explore the impact of H on 7 for Ry,, = 150 nm and 6 = 80°
(Figure 1d). We limit our study to H = 1—7 um, which is the
range over which we can achieve a high fabrication yield
(larger H and smaller Ry, result in device breakage).
Meanwhile, 8 was chosen to match the results of our standard
fabrication process, yielding @ = 78°—86° (details below).

The SC exhibits a substantial increase in 7 vs H that
saturates for H = 5 um, which can be attributed to the
adiabatic expansion of the beam as it propagates down the
structure.””*** Indeed, at the bulk—diamond interface, the
waveguide has expanded by a factor of A ~ 1 + H cot 6/R,,
reducing the divergence angle of the exiting beam by a similar
factor (in the paraxial limit). In contrast, an equivalent
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Figure 2. Mode simulations. (a) Propagating optical intensity for a fundamental-mode source (700 nm) in the diamond at the pillar facet (R, =
150 nm) for a (i) 1 um tall single cone, (ii) S um tall single cone, and (iii) S ym tall multicone. Color bars are saturated at 0.1 of the maximum
intensity for each device to increase visibility. (b) Far-field intensity showing the simulated angular distribution of NV emission for the geometries
in (a) normalized to the maximum intensity of the MC structure (b(iii)). Purple dashed lines indicate NA g, the NA yielding 80% of the collected

intensity for NA = 1.

cylindrical pillar (6 = 90°, Figure 1d) exhibits a slight decay in
7 for tall structures. To the best of our knowledge, this is the
first study exploring the critical impact of tapered pillar height
on collection efficiency. Moreover, the tapered sidewalls of the
SC increase total internal reflection at the top of the device,
facilitating 77 > 0.5. Consequently, we target H = 5 um to
achieve a high collection efficiency and fabrication yield.

Next, we observe a monotonic increase in 7 as a function of
R, (Figure le). Specifically, 77 increases rapidly for small Ry,
and plateaus at ~0.5 for R,,, = 100—150 nm, corresponding to
the radii at which the waveguide supports fundamental modes
within the NV spectrum. Efficiency continues to increase for
Ry, > 150 nm with further plateaus corresponding to higher-
order transverse modes. However, for scanning applications, it
is desirable to reduce Ry, to maximize the spatial resolution.
Thus, we target R,,, = 150 nm as a compromise between high
7, device yield, and spatial resolution.

Inspired by recent results showing that a parabolic structure
can improve collection efficiency,”””” we explore the impact of
introducing an additional sidewall angle ¢ near the facet
(Figures 1c and 1f), yielding a “multicone” (MC) structure.
Again, we consider a S ym tall device with a lower region (H,
= 4.5 um) defined by our standard fabrication procedure (6 =
80°) and an upper part (H, = 0.5 ym) with varying sidewall
angle ¢. Equivalently, the upper region can be parametrized by
the radius at the interface between regions R, = Ry, + H, cot
¢. We simulate 7 for varying Ry, and R4 (Figure 1g) and
overlay a dashed line corresponding to the SC (¢ = 80°) for

comparison. We observe that for every Ry, an MC geometry
with ¢ < 0 exists yielding larger 77. Moreover, the parameter
space for improved efficiency is relatively large (77 > 0.6 for Ry,
= 130—250 nm and ¢ = 40°—80°), providing generous
fabrication tolerances.

Like the SC, the improvement in 7 for the MC can be
partially ascribed to the increased mode diameter at the pillar’s
base. However, introducing a shallow sidewall angle at the facet
also increases the reflection at this interface and, thereby, the
directionality of emission. To gain further insight into the role
of R, we overlay a solid line in Figure 1g for R4 = 550 nm
and plot the corresponding 7 in Figure le. In contrast to the
plateaus observed for the SC, the MC exhibits a relatively
smooth increase in 77 vs R, due to transverse-mode mixing;
indeed, the reduced sidewall angle no longer fulfills the
adiabatic expansion criteria.*”*® This ability to support
additional transverse modes further increases 7 for free-space
or multimode collection.

We summarize our pillar optimization by plotting 77 vs NA
for a cylinder, SC, MC, and bulk diamond (Figure 1h). As
expected, the MC yields the highest collection efficiency for
NA in the range [0.1, 1]. While these efficiencies are
comparable to those achieved with previously reported pillar
designs,””** we emphasize that the MC is optimized for near-
surface NV centers suitable for quantum sensing. We compare
the collimation of each structure by calculating NA gy, the NA
yielding 80% of the collected intensity for NA = 1 (triangular
markers in Figure 1h). The MC exhibits the best performance
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Figure 3. Nanofabrication process. (a) Pillar fabrication process flow (details in the main text and the Supporting Information). (b) Scanning
electron microscopy (SEM) images of fabricated pillar geometries. Pillars 1—3 were etched using an O, chemistry, while pillar 4 was processed with
O, plasma followed by a mixture of O, and SFq.

with NAggy = 0.36, which is very promising for future
applications because compatibility with low-NA collection
optics reduces experimental costs and complexity.

To verify the design principles obtained from Figure 1, we
simulate the propagating intensity of a 700 nm fundamental-
mode excitation at the pillar facet for three representative
structures (Figure 2a), including two SCs of different heights
and one MC. As expected, the SCs (Figures 2a(i,ii)) exhibit an
adiabatic expansion of the mode as it travels down the
structure.**® For the 1 pm tall device, A = 2.2; in contrast,
the S pm tall pillar exhibits A & 6.9 and superior collimation.
The tall MC structure (¢ = 51° and H; = 4.5 um, Figure
2a(iii)) facilitates rapid modal expansion (A =~ 9.0) and
transverse-mode conversion.*”*® While the reduction in
divergence angle depends on the exact modal composition,
the exiting beam exhibits flatter wavefronts than an SC of the
same height (Figure 2a(ii)).

Finally, we simulate the far-field intensities for NV emission
within the same geometries (Figure 2b; see the Supporting
Information for wavelength-dependent plots). Here, we
normalize all plots to the maximum value obtained for the
MC and overlay circles corresponding to NAy g. As expected, a
superior collimation is obtained for the tall MC structure.
Moreover, despite the presence of higher-order transverse
modes, the far-field emission remains approximately Gaussian
and highly compatible with fiber-coupled applications.

We verify our simulation results by fabricating four
representative pillar geometries for experimental character-
ization (see the Supporting Information for further fabrication
details). To ensure consistent material properties, all devices
are created from the same diamond crystal sliced into 20 pm
thick membranes (facilitating optical collection through the
substrate). Figure 3a illustrates the fabrication process flow:
first, a high-quality diamond surface is prepared using an
inductively coupled plasma reactive-ion etching (ICP RIE)
process, relieving crystal strain and smoothing the surface to
<0.2 nm rms. The substrate is then cleaned in a boiling triacid

10113

mixture (1:1:1 ratio of HNO;, H,SO,, and HCIO,) and
implanted with '*N ions. Finally, nitrogen is converted to § +
2 nm deep’” NV centers via high-vacuum annealing.

Next, we lithographically define four pillar geometries
(pillars 1—4, Figure 3b) using a layered electron-beam resist,
followed by electron-beam lithography. Specifically, we pattern
circles with radii of 200, 275, 400, and 650 nm (for pillars 1—4,
respectively). Following development, aluminum masks are
deposited by electron-beam evaporation and transferred into
the diamond by ICP RIE (details below). Etching is
terminated when R, ~ 150 nm, which is determined using
scanning electron microscopy (SEM); consequently, the height
of the final structure is determined by the initial mask
diameter. After etching, aluminum masks are removed in a
triacid mixture.

Pillars 1—3 are created using an O,-plasma recipe
interrupted by SF4 plasma to avoid micromasking. Initially,
this process reduces the mask height, while the diameter is
mainly unaffected, resulting in SC structures with 6 = 78°—86°.
This modality is used to fabricate pillar geometries 1 and 2
(Figure 3b(ijii)), with H = 13 ym and H = 1.8 um,
respectively. However, prolonged plasma exposure causes
lateral mask erosion, which reduces the sidewall angle and
forms MC structures.*® Indeed, pillar 3 is fabricated using the
same plasma recipe but exhibits a second, shallow sidewall
angle with ¢ = 78° (Figure 3b(iii), H; = 2.1 ym and H, = 1.9
pum).

While promising, the fabrication of MC structures by mask
erosion is difficult to control and requires constant monitoring
with SEM. Consequently, we develop an alternative method
for achieving a second, shallow sidewall angle based on new
plasma chemistry (4:1 flow ratio of O, and SF) with different
etch selectivity. We created the MC in Figure 3b(iv) by first
etching with the O, recipe (H; = 5.2 um), followed by the new
plasma mixture (H, = 0.9 pm). Interestingly, the resulting
structure exhibits two additional sidewall angles: ¢ = 64° (H =
5.2—6.1 yum) from the new chemistry and ¢ = 82° (H = 2.9—
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Figure 4. Experimental characterization. (a) Back-focal-plane images of representative pillar 1 and 4 devices. Measurements are normalized to the
peak intensity of pillar 4, and dashed circles corresponding to NA = 0.75 are overlaid. (b) An example fluorescence saturation measurement for a
multicone device (pillar 4) fit with eq 2 (P, = 59 + 2 uW, I® = 1464.9 + 9.8 kets/s). (c) Histogram showing the number of viable devices vs I
for the four geometries with Gaussian fits. (d) Simulated 77 vs measured I® for each geometry with a linear fit overlaid. A similar relative uncertainty

was obtained for all devices.

5.2 pm) caused by mask erosion during the O, process.
Simulations of this structure suggest that the additional
tapering further improves the directionality and collimation
of the output beam.

Nanopillars are characterized using a home-built confocal
microscope (see the Supporting Information for details). First,
we identify devices containing single NVs from intensity
autocorrelation measurements.” We survey over 400 pillars of
each geometry, yielding 59, 43, 73, and 74 viable structures for
geometries 1—4, respectively. Back-focal-plane imaging is
employed to assess the difference in collimation between
structures. Figure 4a shows the angular intensity distribution of
representative pillar 1 and 4 devices, verifying that the
optimized MC exhibits superior collimation.

Next, we compare the performance of each structure by
measuring the NV fluorescence at an infinite pump power
(I*), which scales linearly with 7. I* is obtained by fitting
power-dependent fluorescence measurements (Figure 4b) to

+ cbgP @

I is the measured count rate, P is the excitation power, P, is
the fitted saturation power, and ¢, is a linear background
contribution. Critically, saturation measurements allow us to
account for variations in the excitation power between devices.
The results are illustrated in a histogram (Figure 4c) showing
the number of devices vs I* for the four geometries; the
increase in collection intensity afforded by tall pillars and the
MC geometry confirms our simulation predictions. A
quantitative comparison can be gained by plotting simulated
7 against measured I® for each test geometry (Figure 4d),
yielding a linear relationship with slope (850 + 50) X 107 s/
ket.

Finally, we assess the potential of our optimized structures
for NV quantum sensing. We consider an experiment where
the measured signal is encoded in the populations of two

) =r>—*

sat
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ground-state spin sublevels, denoted 10) and I1). These
populations can be discriminated by their integrated spin-
dependent fluorescence, a; and a;, due to the optical contrast
between spin states (C = 1 — a;/a,). Typically, ay,, < 1 for
off-resonant optical readout, and measurements are dominated
by ghot noise, yielding a single-measurement spin-readout SNR
o

C
SR O =¢ ()
We estimate this quantity for a representative pillar 4 device by
measuring @, and C at different laser powers (circular markers
in Figure 5; see the Supporting Information for details). Here,
we apply a small magnetic field (B ~ 2 mT) along the NV axis
to lift the degeneracy of the m, = 1 ground states and work
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Figure 5. Measured optical contrast (C) vs integrated photon counts
per measurement (@,) for a representative pillar 4 device at five
different excitation powers (circular markers). The corresponding
spin-readout SNR is calculated and overlaid in a color plot. The
maximum experimental SNR = 0.106 is obtained for @y = 0.154 and C
= 34.7 + 0.9%. For comparison, we estimate the corresponding
maximum SNR for pillars 1—3 as 0.064 (squares), 0.073 (diamonds),
and 0.095 (crosses), respectively.
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within the m, = —1 (11)) and m, = 0 (I0)) manifold. We
estimate C at each laser power by fitting power-dependent
Rabi experiments and calculate the average a, per measure-
ment by integrating the spin-dependent fluorescence for a fixed
measurement time T,,, = 300 ns. While we use a fixed value for
simplicity, T,, can be optimized at each laser power to
maximize SNR.” We then overlay the calculated values from
eq 3 for comparison, yielding a maximum SNR = 0.106 for C =
347 + 09% and @, = 0.154 photons/measurement.
Promisingly, an SNR of 1 could be achieved by integrating
only 90 measurements.

For comparison, we estimate the corresponding peak SNR
for pillars 1—3 (Figure S). Here, we assume the same optical
contrast of C = 34.7 + 0.9% because the internal NV dynamics
and background fluorescence should not change between
device geometries.”> Moreover, we scale @, = 0.154 by the
ratio of average I values obtained for each structure (Figure
4d), resulting in a spin-readout SNR of 0.064, 0.073, and 0.095
for pillars 1—3, respectively. Consequently, pillar 4 should
exhibit a factor-of-three reduction in measurement time to
obtain the same SNR as pillar 1.

This work presents a diamond nanopillar structure that is
optimized for NV sensing experiments. We perform the first
systematic study showing superior performance for tall (H > S
um) truncated-cone structures, which is further enhanced by
additional tapering near the facet. Next, we develop a novel
fabrication process and create four representative test devices;
subsequent optical characterization verifies our design
principles, yielding a factor-of-20 improvement in collection
efficiency for an optimized device compared to bulk diamond
and a single-measurement spin-readout SNR = 0.106.

The improved performance of this optimized device will
significantly benefit future quantum-sensing technologies.
Beyond ex;gerimental speedup, SNR improves the magnetic
sensitivity.”” In addition, the spatial resolution of the MC
could be further optimized for AFM measurements by
reducing R,,; indeed, 77 > 0.5 for radii approaching 20 nm.
Finally, the resulting beam of the optimized MC device is
highly Gaussian and collimated, compatible with free-space or
fiber-coupled technologies utilizing low-NA collection optics.

Beyond NV centers, the devices developed here could be
easily translated to alternative diamond defects, including the
negatively charged group IV emitters™ and other emerging
color centers.”” Finally, our design principles also apply to
emitters in alternative materials, such as defect centers in SiC>°
or rare-earth ions in doped glasses.””
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