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Self-aligned patterning technique for fabricating
high-performance diamond sensor arrays
with nanoscale precision

Mengqi Wang'?, Haoyu Sun'?, Xiangyu Ye'?, Pei Yu'?, Hangyu Liu"?, Jingwei Zhou'?,
Pengfei Wang"*3, Fazhan Shi'*3, Ya Wang"?3#, Jiangfeng Du"%3*

Efficient, nanoscale precision alignment of defect center creation in photonics structures in challenges the reali-
zation of high-performance photonic devices and quantum technology applications. Here, we propose a facile
self-aligned patterning technique based on conventional engineering technology, with doping precision that can
reach ~15 nm. We demonstrate this technique by fabricating diamond nanopillar sensor arrays with high consistency
and near-optimal photon counts. The sensor array achieves high yield approaching the theoretical limit, and high
efficiency for filtering sensors with different numbers of nitrogen vacancy centers. Combined with appropriate
crystal orientation, the system achieves a saturated fluorescence rate of 4.34 Mcps and effective fluorescence-
dependent detection sensitivity of 1800 cps~"? . These sensors also show enhanced spin properties in the isotope-
enriched diamond. Our technique is applicable to all similar solid-state systems and could facilitate the development

Copyright © 2022

The Authors, some
rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.S. Government
Works. Distributed
under a Creative
Commons Attribution
NonCommercial
License 4.0 (CC BY-NC).

of parallel quantum sensing and scalable information processing.

INTRODUCTION

Arranging artificial atom qubits in a diamond to formulate spin arrays
with long coherence times (1) and efficient spin-photon interface
(2) is attractive for parallel quantum sensing and scalable infor-
mation processing. To improve the diamond-based quantum tech-
nique for practical applications, enthusiastic efforts are devoted in
the past few years to develop diamond nanostructures for enhanc-
ing the photon collection efficiency, such as solid immersion lenses
[~1 mega counts per second (Mcps)] (3-5), pillar-shaped waveguide
(~1.7 Mcps) (6, 7), circular bullseye grating (~2.7 Mcps) (8), para-
bolic reflector (~4 Mcps) (9), and inverted nanocones (~2.7 Mcps)
(10). These photonic structures can theoretically raise the fluores-
cence collection efficiency from 5 to 30 to 80%. Although individu-
al spin qubits integrated with photonic structures (3-16) can now
achieve excellent performance including functional quantum repeater
nodes (17-19) and nanoscale magnetic field sensors (20-22), placing
emitters into the optimal position of the individual photonic nano-
structures remains an outstanding challenge (23). In addition to
achieving nanoscale doping (24-26), the alignment of doping to the
photonic structure also requires nanoscale precision, which is chal-
lenging and a critical barrier to large-scale quantum information
processing with diamond qubits.

Enthusiastic efforts are thus devoted in the past few years to
achieving the above goal by combining and aligning two independent
fabrication systems of the diamond doping and photonic structure
etching, respectively. One conventional strategy is to fabricate the
photonic structure at the prelocated position of color centers deter-
mined by optical fluorescence imaging (9). Because of the randomness
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of color centers, the alignment process of this method is complex and
inefficient. Substantially, the engineering of large-scale photonic de-
vice arrays is challenging to achieve using this strategy. Another one
is to implant target ions into photonic structures prepared in ad-
vance. It thus requires a specially designed implantation system like
atomic force microscope-assisted ion implantation (26-28) and focused
ion beam implantation (29-34). The implantation precision is limited
by the size of the mask hole or the ion beam spot, and the alignment
accuracy is determined by how precisely the structure is imaged. The
reported prelocated or implantation precision and alignment accura-
cy are 20 to 30 nm (9, 33, 35). A promising alternative strategy to
alleviate these constraints is self-aligned patterning, which combines
the independent processes through a single pattern to eliminate the
aligned inaccuracy. At the same time, it greatly simplifies the design
and fabrication process. Therefore, the self-aligned pattern process
has been widely implicated in the semiconductor chip manufacturing.
Recently, preliminary demonstrations of this strategy in diamond
nanofabrication have been implemented (36, 37), but the manual
high-precision hard mask transfer process (38) is required, limiting
its scalability. The expected advantage of self-alignment in making
high-performance diamond devices is not yet demonstrated.

Here, we introduce a facile self-aligned patterning technique wholly
based on conventional engineering technology, and the doping pre-
cision of ~15 nm is achieved. It can be applied to the fabrication of
various photonic structures like nanopillar, parabolic reflector, pla-
nar waveguide, ring resonator, etc. Specifically, we demonstrate this
technique by fabricating diamond nanopillar sensors (6, 7, 39), which
are widely used in nanoscale magnetic resonance spectroscopy (40)
and scanning imaging (41-46). The self-aligned sensor arrays show
high consistency and near-optimal photon counts, high yield ap-
proaching the theoretical limit, and high efficiency for filtering
sensors with different numbers of nitrogen vacancy (NV) centers.
We further controlled the emission dipole orientation through the
diamond crystal orientation, achieving a saturated fluorescence rate
of 4.34 Mcps and the best reported fluorescence-dependent detec-
tion sensitivity.
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RESULTS
The fabrication process based on self-aligned patterning
Figure 1A shows the diamond nanopillar sensor with a single NV
center embedded in it. Figure 1B shows the simulated dependence
of collection efficiency in both longitudinal and lateral directions.
For a typical top diameter of 380 nm, one can find that the structure
approaches its optimal performance for NV centers inside the later-
al central areas of 40-nm radius and near diamond surface (<20 nm)
in the longitudinal direction. The traditional fabrication method
adopts a top-down processing without alignment (Fig. 1C). The re-
sulting distribution of NV centers inside the structure is random. In
comparison, the self-aligned technique controls both the diamond
doping and the fabrication by a well-designed double-layer mask
(Fig. 1D). The top polymethyl methacrylate (PMMA) pattern acts
as both a diamond doping mask to constrain the ion implant-
ation region and a wet etching mask for isotropic wet etching of the
polydimethylglutarimide (PMGI) pattern. The bottom PMGI pattern
constrains the self-alignment between the ion implantation region
and the center of the resist.

Figure 2A describes the whole process of self-alignment in detail.
The lateral straggling of ion in diamond caused by implantation can
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be ignored (about 2 nm at 5 keV) (47). Therefore, the implantation
precision depends entirely on the size of the PMMA mask. As shown in
Fig. 2 (B and C), the ion implantation precision can achieve to about
15 nm, which is characterized by an electron beam evaporation pro-
cess (see the Supplementary Materials for details). In addition, higher
precision can be further obtained by depositing on the PMMA mask
hole’s sidewall (24, 25). Conical cylinders arrays shown in Fig. 2
(E and F) are fabricated through a trifluoromethane (CHF;) and O,
mixed gas etching process, which is also suitable for fabricating a
cylinder (6, 48) and a parabolic reflector (49). In addition, inverted
nanocones can be obtained by introducing Faraday cage-assisted
etching into the process (10). In addition to the devices based on
circular resist etching, the self-aligned patterning technique can also
be applied to optimize the device-coupled single emitter to other
micro-/nanostructures, such as the planar optical waveguide, ring
resonator, bullseye grating, etc. (8, 11, 50), which can be fabricated
by changing the PMMA layer pattern to line, ring, concentric ring, etc.

Performance of self-aligned sensors
To characterize the self-aligned technique, we first compare the NV
sensors’ performance with the same conical cylinder’s shape, fabricated
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Fig. 1. The conceptual demonstration of the difference of fabricating diamond nanopillar sensors with or without self-aligned technique. (A) The finite-difference
time-domain (FDTD) simulation model (see Materials and Methods). (B) The simulation results illustrating the importance of precise localization of NV centers into nano-
pillar sensors. The collection efficiency [numerical aperture (NA) = 0.7] as a function of x (z=8 nm). The inset shows the collection efficiency as a function of z (x=0).
(€) lllustration of the fabrication process of photonic structures based on a top-down method without alignment. The NV center is generated by maskless ion implantation
and annealing. The resist is prepared by photolithography or electron beam lithography, and the photonic structure is formed by reactive plasma etching. (D) lllustration
of the fabrication process of photonic structures based on self-alignment. PMGI + PMMA double layer on the diamond is used to constrain the position of the etching

mask and ion implantation region.
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Fig. 2. The fabrication process to realize self-aligned patterning and based sensor arrays. (A) Schematic of fabrication steps. (I) Spin-coating PMGI ~270-nm (yellow)
and PMMA ~210-nm (pink) double layers on diamond and making holes array in the PMMA layer by electron beam lithography. (Il) Isotropic wet etching of PMGI layer
with 2.38% tetramethylammonium hydroxide (TMAH). (lll) Doping nitrogen into diamond by ion implantation through hole array in PMMA layer. (IV) Removing the PMMA
layer with acetone. (V) Coating titanium of ~100 nm (blue) by electron beam evaporation (VI) liftoff processing in N-methyl pyrrolidone. (VIl) Forming conical cylinder by
CHF; + O, reactive ion etching (CHF3:0,, 5:30 standard cubic centimeters per minute). (VIll) Removing the Ti layer with a buffered oxide etch. (IX) Converting nitrogen to
NV center by annealing at 1000°C. (B) Verification of ion implanted region in (lll) by metal deposition and scanning electron microscopy (SEM) characterization (scale bar,
100 nm). The metal position in the center of the image represents the ion implantation region (see the Supplementary Materials for details). (C) SEM imaging contrast
shows that the radius of ion implantation region is ~15 nm. (D) SEM image of a metal Ti mask in VI (scale bar, 200 nm). (E) SEM image of a conical cylinder by CHF3 + O,

reactive ion etching in VIl (scale bar, 200 nm). (F) SEM image of an array of conical cylinders (scale bar, 2 um).

with and without self-alignment using a (100)-oriented diamond
with natural isotopic abundances. The radius of the self-aligned ion
implantation mask is set at 40 nm. A total of 207 self-aligned sensors
and 215 nonaligned sensors are investigated for the fluorescence in-
tensity statics. As shown in Fig. 3 (C and D), the nonaligned sensors
show greatly varied photon counts due to randomly distributed NV
centers, while the self-aligned sensors have high consistency and near-
optimal photon counts. In addition, it should be cautious about the
actual number of NV centers and the corresponding photon counts
due to the inconsistency in these nonaligned sensors. The second-
order photon correlation measurement further verifies this. As shown
in Fig. 3A, for nonaligned sensors with similar photon counts of
about 1.7 and 1.8 Mcps, g(z)(O) shows distinct values, indicating that
sensors with the same photon counts may have different NV num-
bers [g(z) (0)~0.03 for single NV centers and g(z) (0)~0.56 for double NV
centers]. In addition, for nonali%ned sensors with photon counts of
about 2.2 Mcps, the values of gz)(O) show between 0 and 0.5 and
may contain two or more single-photon sources with different bright-
ness. Therefore, the criterion of the single-photon source [g®(0) <
0.5] is no longer applicable for the nonaligned sensors. A more
complicated process like performing optically detected magnetic
resonance in a gradient magnetic field is required for safe judgment
(51). In contrast, self-aligned sensors show high consistency, enabling
the direct determination of the number of NV centers by photon
counts. In this case, the measured photon antibunching obeys the
standard criterion [g(z)(O) = 0.096(6) for a single NV center of
1.7 Mcps, g(z)(O) =0.522(3) for double NV centers of 2.8 Mcps, and
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g(z)(O) = 0.804(2) for four NV centers of 6.1 Mcps]. In Fig. 3G, we
count the number of NV centers in the aligned sensors according to
the photon counts. The probability displays the expected Poisson
distribution due to ion implantation, further showing this high con-
sistency. The proportion of single NV sensors has reached 33.4% (A =
0.7), close to the limit of 36.8% (A = 1) under the optimal implan-
tation dose condition. The T,, T,*, and T, coherence times of NV
centers are also estimated by randomly measuring the NV centers
in the same direction. The statistical results (Fig. 3, E to G) show a
similar coherence time distribution in both sensors. Further combing
the isotope-enriched, (100)-oriented diamond (*2C 99.999%), the
devices achieve high photon counts and enhanced the coherence time
(inset in Fig. 3, D to F).

As another critical requirement, dipole direction control should
be considered to achieve optimal performance devices. Because NV
centers have deterministic [111] direction in the diamond lattice,
we show this dipole direction control by adjusting the single-crystal
diamond orientation. According to our finite-difference time-domain
(FDTD) simulation (Fig. 4B), the (111)-oriented single crystal
diamond, with one-fourth of NV centers perpendicular to the dia-
mond surface, will have the best performance in collection efficiency.
The corresponding experimental measurements are summarized in
Fig. 4A. Benefiting from the self-aligned technique, the average sat-
urated photon counts of NV centers are improved to 3.7 + 0.6 Mcps
[with a numerical aperture (NA) = 1.42 oil-immersion objective]
and 2.6 + 0.4 Mcps (measured with an NA = 0.7 air/dry objective).
The photon counts of different directions obey the theoretical simulation
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Fig. 3. Comparison of the self-aligned sensors and nonaligned sensors prepared on a (100)-oriented diamond. (A) The second-order correlation function g?(x)
(measured at an excitation power of ~40 uW) of the nonaligned devices with different photon counting rates. (B) The second-order correlation function g(z)(r) (measured
at an excitation power of ~40 uW) of the self-aligned devices with different photon counting rates. (C) Distribution of photon counting rate of NV sensors without align-
ment (at an excitation power of ~800 uW). (D) Distribution of photon counting rate of NV sensors by self-aligned (at an excitation power of ~800 uW). The black line is the
Gaussian fitting to the data envelope, and the number of NV centers in the photonic device can be distinguished by the envelope. The inset shows the distribution of
photon counting rate of a single NV sensor by self-aligned in an isotope-enriched diamond ('2C 99.999%). (E and F) Histogram of the T> (Hahn echo pulse sequence) and
T,*coherence time. The red and gray bars show the NV center sensors fabricated by self-alignment and without alignment, respectively. In addition, the inset shows the
sensors fabricated by self-alignment in an isotope-enriched diamond (%C 99.999%) (G) The distribution of the number of NV in self-aligned devices obtained from (D) and
fitted to a Poisson distribution. (H) The T; coherence time measurement. The red and gray points show the NV center sensors fabricated by self-alignment and without
alignment, respectively.

(Fig. 4B). The saturation fluorescence rate of the NV center shown  where 7 is the reduced Planck constant, g = 2.003 is the NV elec-
in Fig. 4C has reached 4.34 + 0.03 Mcps. tronic g factor, up is the Bohr magneton, R = 30% is the optically
The shot-noise-limited magnetic field sensitivity of the single detected magnetic resonance (ODMR) contrast of NV center (see
NV center is mainly determined by a photon counting rate and spin ~ fig. S6 for ODMR contrast measurements of the devices), and S is
coherence time of the NV center, which can be expressed as (52) the photon counting rate of NV center. Typ, is the coherence time
of the NV center (for ac magnetic field detection, Tpin~T5, and for

DC magnetic field detection, Tspin~T2%).

OB o é}flﬁ## Because the background photons account for the reduction of
e HB RS \Tpin NV sensors’ magnetic sensitivity, the shot-noise part is corrected as
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Fig. 4. Performance of the nanopillar sensor arrays with direction control. (A) Histogram of the saturation fluorescence rate (background subtracted) of NV centers.
The blue and red bars indicate the data measured with an NA =0.7 air/dry objective and an NA = 1.42 oil-immersion objective, respectively. (B) Comparison of the simu-
lated and experimental results for different 6 (the angle between NV axis and diamond surface) with an NA=0.7 air/dry objective (blue) and an NA = 1.42 oil-immersion
objective (red). The solid line corresponding to the left axis is the result of simulation. The point corresponding to the right axis is the statistical mean of the experimental
results, and the error bar is the statistical SD. (C) Laser power-dependent fluorescence count rate measurements for one of the NV centers in (A) by NA = 1.42 oil-immersion
objective. The hollow black circles are the photon counting rate data. The bold gray circles are the background count rate data obtained from the value of g*?(0), and
the gray dashed line is a linear fitting for the background. The bold black circles are the background-subtracted fluorescence rates. The red line is the fitted saturation
curve, and the saturation fluorescence rate is 4.34 + 0.03 Mcps. The inset shows the g (1) (measured at an excitation power of ~40 pW). (D) Fluorescence rate as a function
of fluorescence-dependent detection sensitivity. Our results are expressed in red (measured with an NA =1.42 oil-immersion objective) and blue (measured with an
NA = 0.7 air/dry objective objective), where the bold circle and solid line are obtained from the experimental data and saturation curve, respectively. The experimental
results of NV center photonic structures reported are marked as a reference (7-9, 49).
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where § is the fluorescence count rate of NV center and N is the
background count rate.

Figure 4D and table S1 (in the Supplementary Materials) first
compares the shot-noise between the self-aligned sensors and previously
reported sensors. Because of the high photon counts and a low back-
ground, self-aligned sensors show the most heightened fluorescence-
dependent detection sensitivity (S/VS + N) of ~1800 cps~"/%. Compared
with the case without nanostructures (S ~200 keps, ~450 cps™%), the
detection sensitivity is improved by about four times. For the spin
coherence part, as shown in Fig. 3, the self-aligned sensors in isotope-
enriched diamond show enhanced coherence time (T, and T>* are both
increased by about three to five times on average), corresponding to about
two times enhancement of detection sensitivity. Further enhancement
could be achieved by combining with the diamond surface engi-
neering (53) or multipulse dynamical decoupling methods (54, 55).

DISCUSSION
In summary, we propose a facile self-aligned patterning technique
and demonstrate its power in fabricating high-performance diamond
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nanopillar sensors. The ~15-nm doping precision achieved is suffi-
cient for fabricating other high-quality, position-sensitive emitter-
photonic structures such as planar waveguides and ring resonators.
The demonstrated precision can be further improved by sidewall
deposition (24, 25). Although the bottom double-layer masks are
patterned by isotropic wet etching in this work, they can also be
patterned directly by electron beam lithography (56), which would
be suitable for complex patterning applications. For more refined
fabrication, the multilayer masks could be used to construct the un-
dercut structure in the liftoff process. In addition, introducing tech-
niques such as quasi-isotropic etching (57, 58), angular etching (59),
and sidewall polishing would help fabricate complex high-quality
diamond photonics cavities.

For high-performance sensor arrays fabrication, this technique is
fully compatible with other diamond fabrication processes, like dia-
mond surface treatment (53), high-temperature annealing (60, 61),
lattice charging (62), and n-type diamond (63-65), to further improve
the creation yield and spin and optical properties of color centers in
devices. The self-aligned patterning technique demonstrated here for
NV centers could be extended to other similar solid-state systems such
as silicon carbide, rare-earth ions, etc. In addition, this technique should
facilitate the development of parallel quantum sensing and scalable
information processing.
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MATERIALS AND METHODS

FDTD simulation

The FDTD simulation (Lumerical Solutions Ltd.) is used to numeri-
cally calculate the collection efficiency of the nanopillar used in experi-
ment. The emission of fluorescence is associated with two orthogonal
dipoles located in a plane perpendicular to the NV symmetry axis,
which are marked by the red vectors in the inset of Fig. 1A (5, 66).
In FDTD simulation, we take two incoherence electric dipoles
(A = 637 nm) that are orthogonal to each other and perpendicular
to the N'V axis to simulate the fluorescence emission of the NV center.
The nanopillar model follows the actual structure, which was ac-
quired through the scanning electron microscope: height, ~350 nm;
top diameter, ~380 nm; and angle between sidewall and plane, ~69°
(see fig. S4 for the effect of geometry on collection efficiency). As
shown in Fig. 1A, the monitor was set below the nanopillar structure to
get the dipole emission far-field projection. In addition, the far-field
projection is recalculated on the basis of Snell’s law and the Fresnel
equations to consider the reflection and refraction on the interface.
In analyzing the results, the collection efficiency can be expressed as

N = Ina/Isource

where Iny is the integration of the far-field electric field intensity
within the objective collection angle and Isoyyc. is the source power
emitted in bulk diamond.

Device fabrication

The diamond used in the experiment consisted of a 50-um-thick, (100)-
oriented chemical vapor deposition and a (111)-oriented high-pressure
high-temperature (HPHT) single-crystal diamond. In addition, both
are polished to a Ra of <3 nm. The diamond was first cleaned in a
boiling 1:1:1 nitric, perchloric, and sulfuric acid bath to remove sur-
face contamination.

For the sensors array with self-align strategy (shown in Fig. 2), a
PMGI layer with the thickness of ~270 nm and a PMMA layer with
the thickness of ~210 nm were spin-coated on a diamond, and hole
arrays were fabricated on the PMMA by 100 keV electron beam lithogra-
phy. The isotropic wet etching of PMGI pattern was carried out by
2.38% tetramethylammonium hydroxide (TMAH) through holes in
PMMA. Hole arrays in PMMA are used as ion implantation mask to
dope ions into the center of PMGI pattern, and, according to the
simulation, the nitrogen ions with an energy of <20 keV would fully
stopped by the 210-nm thickness of the PMMA layer (47). After ion
implantation, the PMMA layer was removed by acetone and washed
with isopropanol and then dried by nitrogen. The pattern on PMGI
is transferred to Ti masks by an electron beam evaporation of 100-nm
Ti and a liftoff process in N-methyl pyrrolidone. After that, the in-
ductively coupled plasma, reactive ion etching system is used to etch
the conical cylinder photonic structures, with CHF3:0, 5:30-standard
cubic centimeter per minute mixed gas. After buffered oxide etching
of the residual Ti, the nitrogen is converted to NV center by annealing at
1000°C in vacuum. The sample with natural isotopic abundances used
the hole arrays with a radius of 40 nm and implanted with atomic
nitrogen at an energy of 5 keV and a dose of 5 x 10" cm™ In addition,
the sample with isotope enrichment (**C 99.999%) used the hole arrays
with a radius of 15 nm and implanted with atomic nitrogen at an
energy of 15 keV and a dose of 1 x 10" cm™.

For the sensors array without alignment, the maskless ion implant-
ation is used with atomic nitrogen at an energy of 5 keV and a dose
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of 6 x 10" cm™, and the nitrogen is converted to the NV center by
annealing in 1000°C in vacuum. The Ti masks is directly made by an
electron beam lithography and liftoff process, and the same diamond
etching process as self-aligning sensor is used. Before the test, all of
the sensors are cleaned in an additional acid bath and annealed at
580°C in air for 20 min.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn9573
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