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ABSTRACT: Numerous theoretical protocols have been
developed for quantum information processing with dipolecoupled solid-state spins. Nitrogen vacancy (NV) centers in
diamond have many of the desired properties, but a central
challenge has been the positioning of NV centers at the
nanometer scale that would allow for eﬃcient and consistent
dipolar couplings. Here we demonstrate a method for chipscale fabrication of arrays of single NV centers with record
spatial localization of about 10 nm in all three dimensions and
controllable inter-NV spacing as small as 40 nm, which
approaches the length scale of strong dipolar coupling. Our
approach uses masked implantation of nitrogen through
nanoapertures in a thin gold ﬁlm, patterned via electronbeam lithography and dry etching. We veriﬁed the position and spin properties of the resulting NVs through wide-ﬁeld superresolution optically detected magnetic resonance imaging.
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demonstrated with three nuclear spins coupled via the NV’s
electron spin system31 but general error correction requires at
least nine spins, a number that becomes diﬃcult and slow to
control with only one NV electron spin. One promising
solution is to increase the number of NVs per error-corrected
quantum register to ∼3 or more, which is feasible as long as
NVs are within ∼10 nm from each other to allow fast (∼tens of
kilohertz) dipolar coupling. (ii) Although room-temperature
quantum computing approaches have been shown to tolerate
some randomness in spin-spacing and hence dipolar coupling
strength, consistent coupling achieves highest performance.
A common requirement for all of these applications is that
the mutual dipolar interaction of two neighboring NV spins be
larger than the coupling of each individual spin with the
surrounding environment. Given demonstrated coherence
times of ∼1 ms and the rapid r−3 decay of the dipole−dipole
interaction with separation,22 NVs must be colocalized to
within ∼40 nm while preserving optimal spin quality. More
precise positioning directly translates into higher theoretical
two-qubit entanglement ﬁdelities, as well as tolerance for
environmental decoherence. The scalable creation of high-

ptically addressable spin systems in solids, such as
quantum dots1−3 and atomic crystal impurities,4−9 are
currently the subject of considerable interest for their potential
as spin qubits for quantum information processing10−12 and
sensors of magnetic ﬁeld and temperature with nanometer
spatial resolution.13−16 The negatively charged nitrogenvacancy (NV) center in diamond17 has become a leading
candidate for the implementation of a solid state quantum
processor that can function at ambient conditions. Its optically
addressable electron spin state can be initiated and measured
with high ﬁdelity and coherently controlled through microwave
pulses,18 thanks to its excellent photostability and millisecond
coherence time at room temperature19 (reaching 1 s at 77 K)20
in ultrapure, isotopically engineered diamond. These unique
features have enabled important recent accomplishments,
including high-ﬁdelity one- and two-qubit gates,21 electronspin based quantum registers,22 entanglement between two NV
centers via dipolar coupling,8 and long-distance heralded
entanglement mediated by photons.23
Central to many quantum information processing applications with NV centers is the ability to produce small clusters of
magnetically coupled spins. Two exemplary applications are (i)
error-corrected quantum registers24 that could serve as
memories in modular quantum computers25 and quantum
repeater networks26,27 and (ii) room-temperature quantum
computing.28−30 (i) Limited error correction was already
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The fabrication process is illustrated in Figure 2 (for details,
see the Methods section). We deposited 8 nm of Cr as

quality NV centers with nanometer-scale positioning accuracy
is therefore a central challenge for these approaches.
Various methods to engineer NV centers through 15N+ ion
implantation and annealing have been pursued. Serial
implantation techniques, using maskless focused ion
beam32−34 or pierced scanning probe,35,36 are ﬂexible methods
for the creation of individual NV centers in predetermined
locations (for focused ion beam) or the technique is not easily
scalable to large areas (for the pierced AFM). Therefore,
parallel implantation employing lithographically deﬁned masks
has been developed to simultaneously address the requirement
of placement accuracy and high throughput. Examples of such
masks include apertures in PMMA37−39 (diameter >30 nm),
high-aspect-ratio nanochannels in mica40 (diameter >30 nm,
randomly positioned), and sub-10 nm linear trenches in
silicon.41 The latter represents the highest lateral resolution
demonstrated to date but suﬀers from limited site-to-site pitch
and low localization in the axial direction. To obtain a spatial
distribution of implanted NV centers with small fwhm and
simultaneously guarantee a high implantation isolation outside
of the deﬁned apertures, masks made with low density and low
atomic weight materials must be thick, that is, on the scale of
hundreds of nanometers. However, thick masks do not allow
closely spaced patterns.
In this work, we present a fabrication technique for creating
arrays of shallow NV centers with ∼10 nm spatial localization
and site-to-site spacing of 40 nm, as illustrated in Figure 1. This

Figure 2. Fabrication process schematics. (a) A bulk diamond
substrate was masked by depositing 8 nm of Cr and 35 nm of Au.
Electron beam lithography was used to pattern a 60 nm thick PMMA
ﬁlm. (b) Titanium was deposited at a 30° angle with the substrate to
form a hard-mask on the surface of the developed resist. O2 RIE was
applied to eliminate eventual resist residue. (c) Pattern transfer to the
underlying metal mask was achieved by means of RIE with argon. (d)
Broad-beam implantation of 15N+ ions at 10 keV resulted in the
insertion of substitutional nitrogen within the diamond lattice,
approximately 10 nm below the surface. (e) The resist and the
metal mask were removed with wet chemical treatments. (f) Annealing
the sample at 1000 °C allowed the formation of NV centers.
Figure 1. Concept for the creation of closely spaced electronic spins in
diamond. The implantation of nitrogen through a mask presenting
nanoscale apertures in close proximity to one another, enables the
creation of NV centers with high spatial resolution and ﬁne pitch. This
allows the possibility of entanglement of adjacent spin qubits by means
of direct magnetic dipolar coupling.

adhesion layer and 35 nm of Au by electron beam evaporation
on a high-purity synthetic diamond substrate (Element Six, [N]
< 5 ppb, [13C] = 1.1%). Electron beam lithography (using a
Nanobeam nB4 lithography system) was used to pattern
apertures in a 60 nm thick PMMA ﬁlm spin-coated onto the
gold layer (Figure 2a). After development of the resist, samples
were coated with a 15 nm thick Ti hard-mask deposited at 30°
angle to the surface as shown in Figure 2b. This angular
deposition method decreased the diameter of the apertures
while protecting the top surface of the resist during the oxygen
plasma reactive ion etching (RIE), used to remove any resist
residue from the bottom of the apertures. We transferred the
pattern to the Au layer using anisotropic ICP etching with
argon plasma (Figure 2c). Because the thickness of the oxidized
metal-protected resist was twice that of the Au layer, the
aperture pattern could be transferred without jeopardizing the
integrity of the mask. Note that the underlying Cr layer was not
etched to protect the diamond surface from plasma-induced
damage and to reduce the likelihood of ion channeling during
implantation.37,39,41,42
Figure 3a−c shows SEM micrographs of 40 nm-pitch
aperture arrays in the mask with diameter of approximately
10 nm at various stages in the fabrication process. Before

pitch is suﬃciently small for magnetic dipole coupling between
NVs implanted through neighboring apertures to be faster than
decoherence processes for NVs with demonstrated millisecond
T2 times8 that in principle allow for dipole-mediated
entanglement. Our process relied on high resolution electronbeam lithography in combination with dry etching to create
apertures in a 35 nm thick gold ﬁlm deposited directly onto an
ultrapure CVD-grown diamond substrate. This was subsequently irradiated with high energy 15N+ ions and annealed to
form NV− centers. We imaged the resulting color centers via
super-resolution microscopy and characterized their optically
addressable spins. The high atomic mass and high density mask
ensures excellent implantation isolation (more than 40 dB) that
permits the formation of nanoscale apertures with low aspectratio and close spacing, achieving high spatial resolution and
ﬁne pitch across the diamond sample.
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Figure 3. SEM micrographs of the masks. (a) Top-view image after the deposition of a 15 nm thick Ti hard-mask by angled e-beam evaporation.
Representative cluster composed of a pair of circular apertures with 40 nm pitch and approximately 15 nm diameter. The metal reduces the diameter
of the circular features in the PMMA. The grain size is clearly visible (approximately 10 nm) and introduces edge roughness along the rim of the
apertures. (b) After argon RIE, the Ti surface is smoother and the grains are no longer visible. The diameter of the circular apertures is also reduced.
(c) The resulting Au layer shows clear pattern transfer. Examples of diﬀerent conﬁgurations of circular features constituting the mask design: (d)
chains, (e) pairs, and (f) 2D arrays. (g−i) Scanning confocal ﬂuorescence micrographs of NV centers in diamond after masked implantation and
annealing. The bright spots in the images derive from the NV center PL, and reproduces the design of the mask (shown in the insets) for arrays (1
μm spacing) of 60 nm pitch (g) chains, (h) triangular clusters, (i) and a grayscale photograph with 40 nm pitch apertures (original photo by ullstein
bild/ullstein bild via Getty Images, reproduced with permission).

Following mask fabrication, the broad-beam implantation of
10 keV 15N+ ions (carried out by INNOViON Corp.)
introduced shallow nitrogen atoms at the predicted depth of
7.5 nm below the diamond surface at the location of the mask
apertures, as illustrated in Figure 2d. The isolation provided by
the multilayered mask prevents ion implantation in correspondence with masked regions with >99.98% probability
(details of the ion implantation are supplied in Methods; SRIM
simulations43 are presented in Supporting Figure S1). NVs
implanted within the same aperture have a predicted mean
spacing of 12 nm in three dimensions (see Supporting Figure
S2), enabling entanglement between colocated NVs within a
coherence time of the order T2 ∼ 50 μs. After the implantation,
we removed the mask and annealed the sample at 1000 °C to
mobilize lattice vacancies, allowing them to be captured by
substitutional nitrogen atoms, thus forming NV centers44,45
while at the same time repairing lattice damage (Figure 2e,f).
We performed a ﬁnal acid treatment and surface termination
with oxygen to increase the yield of formation of negatively
charged NV− versus neutral NV0 centers as well as their
photostability.41,46−48
We imaged the NV spin arrays via scanning confocal
ﬂuorescence microscopy using an oil immersion objective (NA
= 1.3) and excitation by a 532 nm continuous wave laser (see

applying the Ar plasma, the Ti hard-mask coating the resist
presented the granular structure typical of thin ﬁlms deposited
by e-beam evaporation, which introduces an apparent edgeroughness along the rim of the holes in PMMA, which
otherwise are circular with smooth edges. Following the pattern
transfer with Ar etching, the top surface of the mask appeared
smooth due to the sputtering action of the Ar+ ions, and the
diameter of the apertures in the resist was reduced, possibly
because of structural changes in the heavily cross-linked
polymer during exposure to the Ar plasma. To conﬁrm the
pattern transfer to the Au mask, we removed the PMMA layer
from a test sample and imaged the gold surface directly,
observing apertures as deﬁned by the e-beam patterned PMMA
(Figure 3c). We created a mask containing arrays of apertures
with various conﬁgurations to demonstrate the ﬂexibility of this
high-throughput approach for the precise positioning of NV
centers. Figure 3d−f displays linear chains, isolated pairs and
two-dimensional arrays of 60 nm pitch apertures in a mask with
lateral cross-section as sketched in Figure 2d. The diameter of
the circular features was varied between 10 and 20 nm by
controlling the e-beam dose to allow separations as small as 20
nm between neighboring apertures in the case of 40 nm pitch
arrays.
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Figure 4. NV localization via super-resolution microscopy. (a) Wide-ﬁeld image of the PL of NV centers created via implantation through a mask
presenting triangular arrays of 60 nm pitch circular apertures (shown in the inset). Three representative sites (circled and labeled A, B, and C) were
further analyzed with super-resolution microscopy. (b) Four-quadrant contrast ESR image of the same region for four microwave resonances
corresponding with the diﬀerent crystal orientations of the NV centers. A decrease in PL intensity upon application of a microwave is indication of
the presence of at least one NV center in the selected orientation and is represented in the image by a bright spot. (c−e) Super-resolution imaging of
NV positions at the three selected sites. Gaussian ﬁt of the contrast ESR signal (above) and reconstruction of the NV locations within the triangular
cluster (below) for (c) point A, (d) point B, and (e) point C. Error bars correspond to the 95% conﬁdence interval of the Gaussian ﬁt. (f−h) Second
order autocorrelation function of NV PL allowed the estimation of the number of NV centers present in a cluster, indicating (f) 2 NV centers if 0.5 <
g(2)(0) < 0.66, (g) 3 NV centers if 0.66 < g(2)(0) < 0.75, and (h) a single NV if g(2)(0) < 0.5.

array sites, we estimated a Poisson parameter λ = 0.5 NVs per
15 nm diameter aperture, corresponding to a 15N+ to NV
implantation yield of approximately 2.7%. Additionally, we
estimated a mask isolation of 41 dB from the ratio of on-site to

Methods for details) as shown in Figure 3g−i. The bright dots
in the scans correspond to NV center photoluminescence (PL),
and the relative brightness varies according to the number of
NVs per cluster. From the observed number of nonﬂuorescing
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Figure 5. Statistics of NV−NV spacing. (a) Forty-one pairwise NV−NV separations resulting from linearly paired apertures with 60 nm pitch, (b) 80
from linear triplets, and (c) 106 from triangles (the mask is shown in the SEM images). The green curves are the predicted pairwise NV−NV spacing
distributions for each two-aperture pair (including combinatorial weights), derived from the Chi distribution with one (X, Y) and two (R) degrees of
freedom, and the red curve is the overall predicted distribution for shown aperture conﬁguration.

oﬀ-site NV density (see Supporting Information and Figure S3
for details of the calculation). This estimate of the isolation is
lower than the simulated limit, possibly due to modiﬁcations of
the resist layer during the argon plasma etching and to the
polycrystalline nature of the metallic mask resulting in a
reduction of eﬀective thickness at grain boundaries. Large-scale
arbitrary patterning is also possible. We demonstrated this by
creating a reproduction of a photograph on the mask varying
the density of 15 nm apertures with 40 nm pitch to achieve a
grayscale image. The scanning confocal ﬂuorescence micrograph of the resulting NVs after implantation through the
grayscale image on the mask is shown in Figure 3i.
To measure the precision in placement of the NV arrays, we
employed wide-ﬁeld super-resolution localization through
optically detected magnetic resonance (ODMR)41,49 (see
Methods for details). This technique allows for localization of
NVs within each of the four distinct geometric classes available
in single-crystal diamond, corresponding to the four possible
(111) crystallographic orientations, by sequentially driving each
class into a low-ﬂuorescence “dark” state. A representative
measurement of an array of triangularly arranged NV centers is
shown in Figure 4. We measured the photoluminescence
intensity of the array without microwave drive (Figure 4a), as
well as under continuous-wave driving on resonance with NVs

in each of the four geometric classes (resonance proﬁle
presented in Supporting Figure S4). The diﬀerence between
the oﬀ-resonance and on-resonance PL intensities (Figure 4b)
isolates the signal originating from NV centers associated with
each particular orientation, which we then ﬁtted with a 2D
Gaussian curve (Figure 4c−e) to determine the position of
each NV below the diﬀraction limit. In this example, we
identiﬁed three diﬀerent NV conﬁgurations, corresponding to
NV centers implanted through diﬀerent apertures with a
minimum lateral spacing of 13 ± 5 nm for two NVs observed in
Figure 4e. Finally, as this super-resolution method cannot
distinguish between two NVs in the same geometric class, we
conﬁrmed the NV number through second-order photon
correlation measurements, as shown in Figure 4f,g, with Figure
4i presenting a single-NV photon antibunching curve for
reference.
To demonstrate that we have nanoscale control over the
position of the engineered NVs, we repeated these wide-ﬁeld
super-resolution measurements across several arrays consisting
of apertures conﬁgured in pairs, linear triplets, and triangular
arrangements with 60 nm pitch. We identiﬁed approximately
200 sites containing more than one NV. For each, we
computed the NV−NV spacing of all independent pairings
(227 pairings in total). The resulting frequency histograms are
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A likely source of decoherence in this sample is constituted by
proximal surface spins, which recently have been shown to
dominate the magnetic noise spectrum at depths similar to the
nominal 7.5 nm implant of this sample.52,53 Arrays implanted
with a lower 15N+ ﬂuency (1012 ions/cm2, 10× reduced) show
similar spin coherence times (see Supporting Figure S5),
indicating that implanted nuclear and electronic dark spins are
not the dominant source of decoherence.
To further decrease the decoherence rate to match the maskdeﬁned coupling strength at separations of 40 nm, a reduction
of the magnetic noise is needed. This could be achieved by
increasing the mask thickness, allowing for a deeper implant but
with expected increase in straggle and poorer localization.
Alternatively, diﬀerent surface terminations such as overgrown
diamond,54 nitrogen reconstruction,55 or high-dielectric constant materials56,57 could be used while maintaining a shallow
implantation depth. Though the contribution of surface
electron spins is likely dominant, eliminating the 13C nuclear
spin bath through isotopic puriﬁcation19 could also increase
coherence times in these shallow-implanted spin arrays.
Beyond increasing the coherence time of implanted NVs via
elimination of electric and magnetic noise sources, the
fabricated spin arrays have several avenues of further improvement. The single-aperture NV yield of 0.5 reﬂects an N to NV
conversion yield of only 2.7%. This could be improved by
repeated coimplantation,58 which could increase the NV−
formation yield to 25%. In turn, this would allow for signiﬁcant
reduction in implantation dose, simultaneously reducing
noise59 while increasing the probability of multi-NV sites. If
surface issues are resolved, allowing for even shallower implant
with comparable or better spin coherence times, the mask
thickness could be reduced and aperture pitch could be
decreased toward the limit of electron beam lithography,60,61 as
shown in Supporting Figure S6 for a pair of apertures with 20
nm pitch. Likewise, roughness introduced by ﬁnite grain size of
the metal could be overcome through the use of single-crystal
metallic masks, either by improving the deposition62 or transfer
of chemically synthesized membranes.
The current fabrication methodology already allows for the
production of millions of implantation apertures in arbitrary
patterns, which could enable the development of solid-state
spin arrays or spin chains on the length scale of dipolemediated spin diﬀusion. The engineering of near-surface NV
centers could also become central to many sensing applications,
in which the distance of the NV sensor to the object of interest
must be controlled with nanometer precision. Furthermore, the
resulting NV arrays could be integrated with nanophotonic,
plasmonic and electronic devices by performing subsequent
aligned processes using etched registration marks created
concurrently with the fabrication of the mask, paving the way
for the development of a quantum network. Finally, the NV
quantum registers themselves can be extended by implanting
into a 13C-enriched layer, so that multiple nuclear spins can be
addressed by means of individual NV center and error
correction can be implemented within each site.31,63
Methods. Fabrication of the Nanopatterned Mask. The
small diamond substrate was mounted onto a carrier silicon
chip and by means of electron-beam evaporation (Angstrom
EvoVac) performed at a rate of 0.5 Å/s while maintaining the
chamber pressure below 5 × 10−7 mbar, a thin ﬁlm of 8 nm of
Cr and 35 nm of Au was created. An indium wire was then used
to establish an electrical connection between the top surface of
the gold-coated diamond sample and the carrier silicon chip, as

shown in Figure 5. The pairs and linear triplets have
characteristic peaks at about zero and 60 nm separation in
the X direction, associated with NVs implanted through the
same and neighboring apertures respectively, while the linear
triplets also have a peak at 120 nm associated with NVs
implanted through apertures at opposing ends. For both
arrangements, the distribution in the Y direction is centered at
zero with no features elsewhere. In contrast, the triangular
conﬁguration results in a signiﬁcantly diﬀerent proﬁle with
characteristic peaks prominently occurring at Y = 51 nm,
reﬂecting the presence of the vertically displaced aperture. In
total displacement R, the linear triplets display a long tail
toward 150 nm, while the pairs and triangles are more tightly
spaced. We modeled the expected outcomes using the Chi
distribution with one (X,Y) and two (R) degrees of freedom, as
shown in the solid curves in Figure 5. The variance of the
distribution reﬂects the combination of several sources of
broadening, including the width of the implantation aperture,
the implantation straggle, and the super-resolution measurement error, while each possible pairwise aperture combination
is treated as a separate distribution with a mean determined by
the aperture spacing for that combination. We considered the
combinatorial weights of each population (green curves) and
summed them to create a predicted NV−NV spacing model
(red curves), which agrees with the experimental data. In fact, it
reproduces the characteristic features of triplets and triangles in
X and Y respectively, showing that NVs created with this
technique are indeed controllably patterned at the nanoscale.
Finally, we characterized the coherent spin properties of the
implanted NVs using wide-ﬁeld pulsed ODMR at ambient
conditions. We performed Hahn spin−echo and CPMG-N
sequences for pulse number N = 2, 4, 8, 16, 32, 64 on the
implanted NV arrays with the averages across the array shown
in Figure 6. The array-average coherence time T2 echo = 10 μs
was increased to T2,CPMG‑64 = 67 μs through higher order
decoupling with a ﬁtted relation T2,CPMG‑N = aNλ describing the
NV performance scaling with increased pulse number. The NV
coherence times reached here are comparable to shallowimplanted NVs16,50,51 and are suﬃcient for the coherent
manipulation of entangled NV spins separated by up to 20 nm.

Figure 6. Coherence time extension via CPMG. The coherence time
of engineered NVs is increased by means of CPMG-N pulse sequences
for N = 2, 4, 8, 16, 64, 128 from left to right. Black lines: ﬁts to
x

Ae−(t/t2) . Inset: Scaling of extracted T2 time with number of decoupling
pulses.
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required during electron-beam lithography. Next, the chip
carrying the diamond was attached onto a glass coverslip and
mounted oﬀ-center on a spinner, to increase the tangential
velocity and avoid the accumulation of resist at the corners of
the 2 mm × 2 mm diamond, observed in the case of centered
spin-coating. Poly(methyl methacrylate) (PMMA) of molecular
weight 495 K (2% solution in anisole) was spun to create a 60
nm thick ﬁlm and baked at 180 °C for 15 min. The electronbeam exposure (Nanobeam nB4 lithography system) was
performed using 80 kV accelerating voltage, current 400 pA,
varying the dose between 1500 and 3600 μC/cm2. The layout
contained diﬀerent arrangements (singles, pairs, triplets,
triangles, linear chains, 2D arrays) of 40 and 60 nm pitch
ensembles of circles, covering the whole surface of the sample.
The resist was developed for 60 s in a solution of methylisobutyl ketone/isopropanol (MIBK/IPA, 1:3 by volume) at 5
°C, applying ultrasonic agitation for increased resolution and
contrast, and rinsed in IPA to stop the development. The chip
was mounted on a 60° inclined support (with respect to the
vertical) to perform a tilted deposition of a 15 nm thick Ti ﬁlm
by means of electron-beam evaporation (Semicore S-2000),
forming a protective hard mask. The samples underwent a 10 s
oxygen plasma treatment (Diener Tetra 30 PC plasma cleaner,
0.25 mbar, 4 sccm O2 ﬂow, 212 V DC bias, 300 W RF power at
13.56 MHz) meant to eliminate residual resist from within the
developed features. The pattern transfer to the gold layer was
accomplished by means of an argon plasma, applied for a total
of 6 min (Oxford PlasmaLab 80 Plus ICP 65, 60 W forward
power, 0 W ICP power, 50 sccm of Ar repeated 18 times for 20
s each, spaced by 30 s Ar ﬂushing).
Ion Implantation, Annealing, and Surface Passivation.
The sample was implanted (INNOViON Corp.) with 10 keV
15 +
N ions at an angle of 6° from the perpendicular to the
surface (100) to decrease ion channeling38,45 and with ﬂuencies
ranging from 1010 to 1013 ions/cm2. We then removed the mask
using solvents and acids (acetone to remove the resist, KI/I2
gold etchant, CR7 chrome etchant, dilute HF to remove
titanium). To promote vacancy diﬀusion and the formation of
NV centers with the implanted interstitial nitrogen atom, we
annealed the sample at 850 °C in a vacuum furnace for 2 h.
During the annealing process, the surface of the diamond
sample develops graphitic carbon impurities that we removed
by immersion in a mixture of perchloric, sulfuric, and nitric acid
(1:1:1), which does not attack the diamond sp3 bonds. An
additional annealing step at 1000 °C in a high vacuum furnace
(<10−6 mbar) was performed to increase the NV− formation
yield and its electron spin coherence time.45 Finally, the
diamond was baked at 475 °C in a dry 30% O2 atmosphere for
2 h to achieve oxygen surface termination.46
Photoluminescence and ODMR Measurements. The PL
measurements were performed on a custom-made ﬂuorescence
microscope. Optical excitation illumination was provided by a
532 nm laser either focused on the back focal plane of the
objective for wide-ﬁeld illumination or collimated for confocal
operation. The emitted NV ﬂuorescence was collected using an
oil-immersion objective with NA = 1.3, separated from the
excitation beam path through a dichroic mirror, spectrally
ﬁltered with a 635 nm long-pass ﬁlter, and directed either onto
an EMCCD for wide-ﬁeld measurements or into single mode
ﬁber for single-photon detection. Resonant microwaves were
applied to the sample through a 15 μm wide copper wire
positioned on the diamond surface within ∼20 μm from the
measured NVs.
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