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Nitrogen-vacancy (N-V) centers are diamond lattice defects that may be manipulated and controlled
by visible light and microwave irradiation. They are considered a promising solid-state platform for a
broad range of quantum technologies, such as magnetic field sensing. A major limitation in realizing such
applications is the weak optical signal attained from the NVs, making the readout inefficient and prone to
noise. Here, we report the increased brightness and shortened lifetime of N-V centers coupled to hyper-
bolic metamaterial photonic cavities with optimized dispersion characteristics. As a result, we demonstrate
the enhancement of magnetic field sensitivity and measurement SNR. These results introduce a broadly
applicable, robust, and technically accessible platform, promising improved performance relevant for a
multitude of solid-state defects and their applications.
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I. INTRODUCTION

Negatively charged nitrogen-vacancy (N-V) centers in
diamond are structural defects that have well-defined
energy states within the diamond band gap [1–7]. N-V
centers are among the solid-state systems with the longest
spin-coherence time at room temperature and at low tem-
peratures [8]. The spin states and energy levels of electrons
bound to N-V centers are easily manipulated by interac-
tions with microwaves (MWs) at a few gigahertz and by
light in the visible and short-wavelength-infrared (SWIR)
regimes [2,9–11], and therefore this physical system is
considered a potential candidate for quantum technologies
such as quantum sensing (particularly, magnetic field sens-
ing), quantum communications, and quantum simulation
and computing [12–16].

Despite these novel properties (i.e., easy manipulation
and long coherence times), the phonon broadened emis-
sion of the N-V and the high refractive index of diamond
severely limit their interaction with radiation, and thus
make them a faint source with inefficient optical readout
of their spin or energy state [11,17,18].

In recent years, numerous researchers have attempted
to address this issue and enhance the N-V centers’
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emission rate (i.e., assist in radiating photons) by
coupling the N-V centers to photonic structures [11,17,
19–23]. The effect of the photonic structures may be
understood in two complementary ways [24,25]: Quan-
tum mechanically, a photonic structure (such as a cavity)
increases the density of photonic states in the near field of
the N-V center, thus increasing the probability of radiative
decay [17,24–27]. Classically, the photonic structure may
act as an antenna, providing impedance matching between
the small N-V dipole and outgoing (or impinging) radi-
ation [24,25]. As commented by Bogdanov et al. [11],
this approach usually uses either dielectric structures as
high-Q cavities, which “trap” light in the region of N-V
centers to increase interaction time and the local density
of states, or metallic structures, which basically act as
antennas for light [28,29], providing strong field enhance-
ment and impedance matching, but also introducing
losses.

In this manuscript, we report the use of hyperbolic
metamaterial (HMM) cavities to enhance the emission of
diamond N-V centers. HMM cavities are highly dispersive
metal-dielectric nanoscale hybrid structures, made of alter-
nating ultrathin films of metals and dielectric materials.
The alternating layers create an effective highly anisotropic
material with hyperbolic dispersion—namely, it reacts to
radiation either as a metal or as a dielectric material,
depending on the polarization [30–38]. Owing to this
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FIG. 1. (a) Artist’s view of our samples, with ordered arrays of HMM cavities made of interleaved metallic and dielectric layers.
Nanodiamonds are randomly placed between HMM cavities. (b) SEM of our fabricated HMM arrays. Diamonds are not seen due to
the poor contrast between them and the substrate. Scale bar is 500 nm. (c) Schematics of the optical system used for the presented
measurements. Sample is mounted on a three-axis piezo stage. Obj., main objective, 60×, NA = 0.95; CO, coupling optics (a set of
lenses and a 20× objective); SMF, single-mode fiber leading to a single-photon counting module.

curious behavior, nanocavities made of HMMs support
optical modes with ultrahigh K-vectors [24,25], which has
proved particularly useful for interacting with nanoemit-
ters or small dipoles [24,25].

As we show in this report, the coupling of HMM cav-
ities to N-V centers in nanodiamonds (NDs) yields an
enhancement of the emitted radiation, shortening of N-V
lifetime, and increased signal-to-noise ratio (SNR) in mag-
netic field measurements [23]. This platform thus paves the
way for a robust performance boost relevant for a broad
range of solid-state defect systems and their corresponding
quantum technology applications.

II. RESULTS

A. HMM cavity characterization

Our HMM cavities, an example of which is depicted
in Fig. 1(b), are designed to have strong scattering reso-
nances in the range of 600–800 nm. Owing to fabrication
imperfections, the actual radius is slightly smaller than
designed, and the cavities experience a slight inhomoge-
neous broadening in their dimensions. As a result, the
sharp resonance seen in the simulation [Fig. 2(a)] is less
distinct and at shorter wavelengths than planned; the mea-
sured result is presented in Fig. 2(b). It is worth noting
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FIG. 2. Transmission spectra for HMM cavity arrays. (a) Simulation. (b) Measurement. The minima in the transmission spectra are
the insignia of scattering resonances, coupling radiation to the structures’ eigenmodes. It may be seen that the measured spectrum is
slightly shifted from the calculated spectrum, due to nominal fabricated radii being slightly smaller than designed.
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FIG. 3. Two confocal raster scans, each of 7 × 7 μm2 with 100-nm steps. Left side, NDs on bare glass; right side, NDs on HMM
cavity array with R = 100 nm and filling fraction = 20%. Scale bar length is 2 μm. The emission of NDs on the HMM cavity array is
considerably stronger. Colorbar units: kCounts per second.

that these scattering resonances are high-order modes of
the individual HMM cavities as reported before [24,25],
and are not grating-type resonances, which depend upon
intercavity distances and produce surface waves.

B. Emission enhancement

To characterize the emission of the NDs we use
the home-built confocal microscopy setup sketched in
Fig. 1(c). A pulsed green (532 nm) excitation laser is
directed through a dichroic mirror into an objective lens,
the excitation is focused upon the sample, and the emit-
ted fluorescence is collected by the same objective. The
red fluorescent light passes through the dichroic mirror
and then the coupling optics, a set of lenses and a 20×

objective, which direct the radiation into a single-mode
fiber (SMF), connected at its other end to a single-photon
counting module (SPCM).

Figure 3 shows side-by-side and on the same scale two
confocal raster scans of NDs on bare glass (left-hand side)
and on an HMM cavity array with a cavity radius of
100 nm and a filling fraction of 20% (i.e., a center-to-
center distance of approximately 396 nm). The difference
in ND brightness is apparent, specifically for the four
ultrabright diamonds with intensities above 1.5 × 105

counts/s. Qualitatively, a similar difference can also be
observed for the other NDs.

In Fig. 4 and Table I we quantify these differences
through statistics on five different types of structures:
(i) NDs on bare glass; (ii) on “bulk” HMM, i.e., a region on

FIG. 4. Statistical data on the emission of nanodiamonds on different structures. The emissions of NDs placed on HMM cavity
arrays are significantly stronger than those on bare glass substrate. Black box shows the middle 50% of data, black whiskers show 1.5
times the interquartile range (i.e., nearly 97% of population), red line marks the median. HMM cavity radius given in nanometers.
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TABLE I. Distribution of nanodiamond intensities on different structures: summary of the data presented in Fig. 2. All values (except
for observations) are given in kcps.

Photonic structure Mean SD Min Max Range Median Observations

Bulk HMM 185.15 202.91 55.20 868.43 813.22 119.30 15
Glass 21.15 22.49 0.73 97.25 96.52 16.45 19
HMM R = 60 30.35 24.09 8.96 86.80 77.84 20.50 22
HMM R = 80 77.50 59.94 17.99 229.84 211.85 49.05 20
HMM R = 100 236.45 155.77 54.95 642.68 587.73 205.15 20

unpatterned interleaved layers [24]; and (iii) on arrays of
HMM cavities with cavity radii of 60, 80, and 100 nm, with
a constant filling fraction (FF) of 20% (the filling fraction
is defined as the portion of the array area covered by metal,
i.e., FF = πR2/D2 where R is the cavity radius and D is
the array periodicity). All structures are fabricated on the
same glass substrate and are measured in the same setup
under identical experimental conditions without moving
the substrate.

Our results show an increase in ND brightness (as shown
in thousands of counts per second) with increasing HMM
cavity size. This is in accord with our transmission mea-
surements shown in Fig. 2, identifying a strong optical
resonance for HMM cavities with a radius of 100 nm
around a wavelength of 650 nm, immediately above the
N-V centers’ zero-phonon line (ZPL, λZPL = 637 nm).
Interestingly, the enhancement seems to affect not only the
brightest diamonds, but also the faintest diamonds, and this
is seen to be stronger for those on HMM compared with
those on glass. Overall, we see more than an order of mag-
nitude increase in the brightness for NDs that are coupled
to our HMM cavities. The average distance between a ND
and the closest cavity should be of the order of 2 times
the cavity radius (a filling fraction of 20% implies an array
periodicity of around 4 times cavity radius), and therefore
we would expect an average enhancement of 5–10 times,
which is indeed in good agreement with our observation.
This enhancement is a result of the high-order modes of the
HMM cavities. These modes support ultrahigh wave vec-
tors, which provide the impedance matching for excited
N-V dipoles to outcoupled radiation. See Supplemental
Material [39] for the enhancement calculation, which is
also addressed in Ref. [24].

It is worthwhile noting that the large variation in bright-
ness levels of NDs on bulk HMM is attributed to one
ultrabright outlier, while the majority of measured NDs are
brighter than NDs on glass but dimmer than those on the
100-nm cavities. This result, along with the ND charac-
teristic size (40 nm), leads us to believe that the NDs are
located primarily between the cavities and probably not
on top of them—NDs on top of the cavities should have
very high enhancement, which would manifest as a well-
distinguished group with narrow distribution in the data
presented in Fig. 4.

C. Lifetime shortening

The effect of enhancing the photonic density of states, as
discussed previously, would be an increased probability for
photon emission and a shortening of the excited-state life-
time. This is a manifestation of the Purcell effect, which
describes enhanced emission rates by coupling to the elec-
tromagnetic modes. [17,24–26,40]. To identify such a pro-
cess, we perform lifetime measurements on our samples
by illuminating them with a pulsed green laser at 532 nm
with a pulse width of 40 ps, and collecting time-resolved
fluorescence.

Figure 5 shows normalized data of the excited state
lifetime in five diamonds, each on one of our five differ-
ent structures (i.e., glass, bulk HMM, and three types of
HMM cavities), and each being the median lifetime mea-
surement for its sample. It is evident from the plots that
the NDs coupled to HMM cavities have a significantly
shorter lifetime. Together with the enhanced brightness
reported previously, this draws a picture of true enhance-
ment of radiative processes from NDs coupled to HMM
cavities, establishing the main result of this paper. It should
be noted that lifetime shortening alone does not guarantee

FIG. 5. Lifetime shortening in HMM cavity arrays. For each
type of structure (bare glass, bulk HMM, and three types of
HMM cavity array), the lifetime of the median diamond is plot-
ted. HMM cavities show a significant decrease in the emission
lifetime compared with NDs on bare glass. Fitted curves for each
dataset are plotted by a continuous line.
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FIG. 6. Lifetimes of nanodiamonds coupled to different photonic structures. NDs coupled to HMM cavities decay significantly faster
than NDs on glass. HMM cavity radius given in nanometers.

enhanced radiation due to the possibility of photons being
absorbed by the structure (quenching) or emitted into
the structure’s dark (nonradiative) modes, while increased
brightness without lifetime shortening may be a result of
better coupling of the excitation light.

In Fig. 6 and Table II we detail the quantitative analysis
of lifetime data from all structures. The data are fitted by
exponential decays convoluted with our system’s instru-
ment response function (IRF). NDs on glass and bulk
(unpatterned) HMM are fitted by two exponential func-
tions, while those coupled to HMM cavity arrays are fitted
by three exponents—the superfast decay of AgS in the cav-
ities [41] (see Supplemental Material [39] for details of the
AgS PL and decay IRF); the decay to the HMM-cavity
mode; and the decay directly from the ND to radiation.
The results clearly indicate that the lifetime of NDs cou-
pled to HMM cavities is shortened, while the shortening
itself seems to be dependent on the exact properties of the
structure. Comparing lifetimes of NDs coupled to HMM
cavities with a designed radius of 100 nm to NDs on glass
shows an average decrease in measured lifetime of 3 to 5
times, which is equivalent to a Purcell factor of the same
magnitude. It is worth noting that for HMM cavities with a
radius of 60 nm we observe a significant lifetime short-
ening but no increase in brightness (presented in Fig. 3
above). While not thoroughly investigated, this is likely
due to coupling of the NDs to dark cavity modes in the

structure [38,42–45]. This is in contrast to the cavities with
a radius of 100 nm, which enhance the emission of light to
the far field. From the lifetime measurement, the quality
factor of our cavities can be estimated as Q ≈ 5. Previ-
ous calculations [24] indicate that the mode volume in
these cavities may be as small as 5 × 10−5λ3. The mod-
est decrease in excited-state lifetime is attributed to the
fact that the N-V centers are quite far from the field maxi-
mum [26]. This is another indication for NDs being around
the cavities, where the electromagnetic fields are decaying
rapidly with distance [24]. Additionally, the enhancement
depends on dipole orientation, with the strongest enhance-
ment affecting vertically oriented dipoles (which are the
weakest when placed on glass). See Supplemental Mate-
rial [39] for a numerical analysis of this enhancement.
Finally, while the lifetime of NDs on bulk HMM is slightly
shorter (compared with glass) the emission is nearly ten-
fold stronger, as presented in Fig. 4. We attribute this
behavior (enhanced emission without shortening lifetime)
to the increase in collection efficiency by the bulk HMM
as reported in Ref. [21].

D. ODMR contrast, SNR, and magnetic field
sensitivity

An often-discussed application of N-V centers is
magnetometry, particularly high-spatial resolution

TABLE II. Distribution of nanodiamonds’ lifetimes on different structures: summary of the data presented in Fig. 6. All values
(except observations) are given in nanoseconds.

Photonic structure Avg. SD Min Max Range Median Observations

Bulk HMM 16.40 3.15 10.63 22.32 11.69 16.33 12
Glass 18.13 8.17 5.48 28.22 22.74 21.64 19
HMM R = 60 3.25 0.68 2.22 4.85 2.63 3.11 22
HMM R = 80 4.23 1.51 2.43 7.71 5.28 3.61 19
HMM R = 100 6.06 2.23 3.30 9.79 6.50 5.14 18

064074-5



JONATHAN BAR-DAVID et al. PHYS. REV. APPLIED 19, 064074 (2023)

FIG. 7. ODMR contrast (left) and SNR (right) for nanodiamonds coupled to different structures. Left-hand side, NDs coupled to
HMM cavities with large radii show an unexplained decrease in ODMR contrast. Right-hand side, despite lower contrast, actual SNR
for NDs coupled to HMMs is superior due to the higher brightness. Showing all data points with average count rate greater than 104

counts/s. HMM cavity radius given in nanometers.

magnetometry, allowed by the small size and volume
of N-V centers. Often, dc magnetometry would be car-
ried out by performing optically detected magnetic reso-
nance (ODMR) spectroscopy on a precharacterized sam-
ple; changes to the magnetic field in the environment of the
N-V center would be identified as a change in the spectral
response.

The sensitivity of such a measurement is characterized
by [10]

η = PF

(
h

gμB

)
�νσ

√
tm

αβ
,

given in units of G/
√

Hz. η is the smallest recognizable
change in the magnetic field for a given experimental sys-
tem and measurement (averaging) time. This expression is
composed of natural constants: h/gμB = 1/γ , where h is
Planck’s constant, g is the electron g-factor, μB is Bohr’s
magneton, and γ is the gyromagnetic ratio for the elec-
trons in the N-V center, γ ∼= 2.8 MHz/G; PF is a constant
accounting for the spectral line shape; �ν is the ODMR
resonance width in hertz; α is the ODMR contrast (i.e.,
a unitless number; in our system it is typically around
0.02); β is the number of collected photons (depend-
ing on the specific diamond and photonic cavity; in our

FIG. 8. ODMR measurement of two specific NDs. Left, ND on glass substrate; right, ND on HMM cavity array, with cavity radius
100 nm. Fitted curves assume two symmetric Gaussian-shaped resonances, with axis of symmetry taken as a fitting parameter near
2870 MHz. These are taken while applying a constant magnetic field of about 15 G. The multiple resonances of each ND are associated
with the multiple N-V centers inside each ND, which appear at different orientations, and thus are differently affected by the magnetic
field and the coupling to the HMM structure. The fitted curves determine the diamond on HMM structure has a narrower linewidth (6.1
vs. 8.9 MHz), and a higher contrast compared with the diamond on glass, which leads to an improved sensitivity for magnetic fields.
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TABLE III. Magnetic field sensitivity of different nanodiamonds on photonic structures showing the increased magnetic field sensi-
tivity of nanodiamonds coupled to HMM arrays. The sensitivity is evaluated from curve-fitting results, the details of which are in the
Supplemental Material [39].

Photonic structure Diamond no.

Center
frequency

(MHz)

Fitted
contrast

(a.u.)
Resonance

width �ν (MHz) SNR (a.u.)
Count rate

(kcps) �ν/SNR (Hz)

Glass 6 2722 0.012 8.3 8.2 18.9 1.016
Glass 9 2761 0.011 7.2 8.0 0.5 0.902
HMM R = 60 nm 6 2731 0.01 5.6 8.6 14.3 0.653
HMM R = 60 nm 14 2788 0.01 3.9 9.4 33.8 0.414
HMM R = 80 nm 1 2721 0.012 10.1 13.1 51.2 0.769
HMM R = 100 nm 4 2809 0.01 3.5 15.9 122.8 0.220

system it varies between 1 and 400); σ is the measurement
noise (standard deviation); and tm is the measurement time
(which is held constant for all our measurements). One can
also define the signal of this measurement as αβ, such that
the sensitivity is given by

η = PF

(
h

gμB

)
�ν

SNR
√

tm,

where SNR = σ/αβ. For the case of shot-noise-limited
measurements, the noise is σ = √

β, and the sensitivity
becomes η = PF(h/gμB)

(
�νtm/α

√
β
)
.

In this work, we perform ODMR measurements on a
single specific system (and, moreover, on the same glass
substrate), comparing NDs on glass with those on various
nanocavity structures. Thus, our comparison in terms of
magnetic measurement (ODMR) and sensitivity are fair (of
course, in the average sense), with the significant change
between measured NDs resulting from their location with
respect to the photonic structures. In Fig. 7 we plot statis-
tical data for the contrast and SNR of ODMR resonances
on different photonic structures. Despite weak changes in
contrast induced by the HMM cavity structures, the over-
all SNR of our measurement increases, mostly due to the
increase in the N-V brightness (see Supplemental Material
[39] for details of SNR for all measurements).

Based on the presented calculation, tying N-V bright-
ness to SNR and magnetic field sensitivity, we measure
the magnetic field sensitivities of specific NDs on our sam-
ples. To that end, we analyze the ODMR spectra of these
samples (Fig. 8), fitting the resonance features and extract-
ing the relevant parameters (including resonance width,
contrast, and noise).

We use �ν/SNR as the figure of merit for magnetic field
sensitivity, calculate it for each of our ODMR results, and
compare this value with different measurements across the
different photonic structures.

We select resonances with contrasts of roughly
1%–1.2% to compare magnetic field sensitivity. Our
results are presented in Table III.

The photonic structures increase ODMR sensitivity (as
manifested by our figure of merit �ν/SNR) by 1.5 times
on average, while the sensitivity increase of specific dia-
monds can be up to 5 times depending on the exact spectral
line shape (see Supplemental Material [39] for curve fitting
of ODMR spectra). The SNR statistics shown in Fig. 7
(and in the Supplemental Material) present a broad pic-
ture regarding the possibility of enhanced readout and
superior sensitivity from N-V centers coupled to photonic
structures.

III. DISCUSSION AND CONCLUSIONS

In this report we establish the enhanced brightness
and shortened lifetimes of N-V centers in NDs coupled
to HMM cavities. We also indicate the significance of
this enhancement to magnetic field measurements, result-
ing in higher sensitivity and better SNR, which are both
desirable in all proposed N-V applications related to quan-
tum sensing and quantum technologies. The robustness
and technical simplicity of the presented structures, the
availability and ease of dispersion of NDs, along with
the enhanced performance measured, suggest that the
approach described here could have broad implications
in nearly every N-V-based experiment and technologi-
cal application, such as high spatial resolution or in vitro
magnetometry [46–48].

As no “special” features of NDs have been exploited in
this research, we do not expect these results to change con-
siderably if these experiments are to be repeated with N-V
centers in bulk diamond; however, the lifetime distribution
may be narrower in bulk and annealed crystals.

We note that in this work we invest significant effort in
collecting sufficient data on multiple ND samples. Our data
suggest that N-V properties such as lifetime, brightness,
and ODMR contrast have a large variability; therefore,
statistics of multiple measurements are essential in dis-
cussing NDs, and possibly other types of nanoemitters
such as quantum dots. For example, the average lifetime
of NDs on glass presented in Fig. 6 and Table II is around
18 ns, with a standard deviation as high as around 8.4 ns.
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This variation, likely arising from the specific proper-
ties of each ND (such as N-V-center number, orientation,
clustering, surface defects, etc.) cannot be overlooked.

The variability of ND brightness raises an additional
question regarding the true concentration of NDs on our
surfaces; our data suggest that the ND concentration is
larger on HMM cavity arrays than on glass. It is unclear
whether this is due to the mechanical effect of the different
surfaces, or due to emission enhancement of faint dia-
monds, which becomes detectable with coupling to HMM
cavities. Finally, while our measurements do not indi-
cate a clear correlation between the coupling of NDs to
HMM photonic structures and ODMR contrast, it has been
recently suggested that HMM cavities may couple exter-
nal dc magnetic fields with light [49], potentially causing
changes to ND magnetic behavior. This is not addressed
within the scope of this report and will be studied in future
work.

IV. EXPERIMENTAL TECHNIQUES

A. HMM fabrication

HMMs are fabricated by electron-beam (e-beam) lithog-
raphy on glass substrates using the following protocol:

Glass substrates are cleaned and spin-coated by a
280-nm layer of PMMA 495 A5 used as e-beam resist.
Immediately before e-beam exposure, the samples are
coated by a thin film of E-spacer 300z (Resonac Inc.) to
avoid charging during the e-beam writing process. Sub-
strates are exposed by a 100-keV beam in an e-beam
lithography tool (Elionix Inc.). Following exposure, the
E-spacer layer is dissolved in water and the patterns devel-
oped in a mixture of Methyl isobutyl ketone and isopropyl
alcohol with a volume-volume ratio of 1:3 (MIBK/IPA
1:3). The HMM layers (Ag, Al2O3) are deposited by e-
beam evaporation (VST evaporator); and finally, the struc-
tures are created by lifting off the resist in hot acetone. As
a final step, the entire sample is coated by a 5-nm film of
Al2O3 as a protective layer.

B. Optical characterization of HMMs

HMM samples are characterized by home-built optical
transmission measurements in the visible and SWIR: the
structures are illuminated with the light from a tungsten-
halogen lamp; transmitted light is collected by a Nikon-
Eclipse TE inverted microscope with a 50× objective and
directed into a multimode fiber connected to a spectrom-
eter (Ocean Optics, Flame). The measurements are refer-
enced by the spectrum measured on the glass substrate.
Each measurement is averaged 100 times.

Photoluminescence of HMM structures is measured by
a confocal Raman microscope (InVia, Renishaw) [41,
50], exciting the sample by illumination at 515 nm, and

detecting luminescence up to 750 nm through a dedicated
spectrometer.

C. Photonics simulations

Photonic structures are simulated by finite difference
time domain (FDTD) software (Lumerical Inc., FDTD
engine). Details are given in recent publications [24,51],
and see Supplemental Material [39] for full simulation
details.

D. Deposition of nanodiamonds

We use NDs with a high density of N-V centers, with a
characteristic size of 40 nm, and suspended in deionized
water (Adamas Nanotechnologies, Inc.). The suspended
NDs are stirred in an ultrasonic bath for 20 min to dissolve
aggregates, and then mixed with DI water with 0.15% of
polyvinyl alcohol (weight/weight); ND concentration in DI
water is 20 μg/ml (weight/volume), resulting in a surface
density of around 0.3 ND/μm2 on glass. Except for the sin-
gle ultrabright ND on bulk HMM, we see no evidence for
aggregates in our measurements—they do not appear in
SEMs, and do not seem to appear in our optical measure-
ments. We expect aggregates to be brighter but have lower
ODMR contrast than single NDs; however, the ODMR
measurements we perform are on NDs with brightness
over 104 counts/s, and no correlation (or anticorrelation)
between brightness and ODMR contrast is found.

E. Diamond characterization

Characterization of NDs is performed on a home-built
reflection-mode confocal microscope. The NDs are excited
by a pulsed 532-nm laser with average power of about
600 μW (in our system this value is within the N-V satu-
ration regime). The fluorescence is filtered by two dichroic
mirrors and two additional band-pass filters, achieving a
filtration ratio of around 10−10 (with a cut-on wavelength
at 650 nm), which is checked to be sufficient for stopping
the reflection of the excitation beam. The fluorescence is
coupled to single-mode fibers leading to SPCMs (Excelitas
Technologies). The signal from these detectors is moni-
tored by a time-tagger unit (Swabian Instruments), with
a timing resolution of 30 ps. Continuous-wave ODMR
measurements are controlled by a pulse streamer (Swabian
Instruments). All electronics are computer controlled.

The sample is mounted on three-axis motorized stages
(Physik Instrumente) allowing for two-dimensional raster
scanning of the sample.

All samples are fabricated on a single glass slide so mea-
surements of different structures require only shifting of
the stage and no sample remounting to assure identical
measurement conditions.

For electron spin resonance ODMR measurements, a
thin copper wire is held above the sample providing suf-
ficient power for such experiments, driven by a signal
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generator (SRS), and amplified by a solid-state amplifier
(ZHL-25W-63+). A dc magnetic field of around 50 G is
applied by a permanent magnet held about 2 cm above
the sample (K&J Magnetics). The ODMR contrast is typ-
ically around 2%; this is attributed mainly to the large
distance (>1 mm) between rf source and NDs. Reports
of ND ODMR contrast vary between about 2% and 15%,
depending on system geometry and ND type [22,52–54].

F. Data collection

To collect data from multiple NDs the sample is raster
scanned over regions of 5 × 5 to 10 × 10 μm2 with steps
of 100 nm; NDs are detected by image recognition tools;
then each diamond is targeted to measure its lifetime and
its ODMR spectrum. The number of tested NDs in each
experiment is usually between 20 and 30 diamonds.

G. Data analysis

Data analysis on single diamonds (including the eval-
uation of brightness, lifetime, ODMR contrast, etc.) is
performed automatically by MATLAB scripts. Statistical
analysis on large datasets (finding medians, means, etc.)
is performed by variability plots using JMP software and
plotted using PYTHON.

All data is available from the corresponding author upon
reasonable request.
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