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Negatively charged nitrogen-vacancy (NV™) centers located a few nanometers below the diamond surface
are key quantum defects for nanoscale sensing of external spins. However, the creation of shallow NV~ centers
with high yield remains a materials challenge. Here, we demonstrate that high-angle ion implantation enhances
the creation efficiency of shallow NV~ centers. By implanting '>N ions at angles exceeding 60°, we achieve
high NV~ yields approaching 10% with effective NV~ depths below 10 nm. These yields are significantly
higher than those typically reported for shallow NV~ creation. The enhanced NV~ yield is consistent with
an increased vacancy-to-nitrogen ratio in the near-surface region, which is expected to promote NV formation
during annealing. The created NV~ ensembles show coherence properties comparable to those of single shallow
NV~ centers at similar depths, and allow detection of nuclear spins in van der Waals materials attached to the
diamond surface. Our results establish geometric control of ion implantation as a simple and broadly applicable
approach to engineer shallow vacancy-related quantum defects.

DOI: 10.1103/d8vg-ntsg

I. INTRODUCTION

Negatively charged nitrogen-vacancy (NV ™) centers in di-
amond possess optically addressable and long-lived spins,
and are widely recognized as a leading platform for quantum
sensing [1-3]. Owing to their atomic-scale size, NV~ centers
created at depths of only a few nanometers below the diamond
surface enable the detection of nuclear spins in materials at-
tached to the diamond surface [4-10]. Such sensors capable
of nanoscale nuclear magnetic resonance (NMR) and nuclear
quadrupole resonance (NQR) measurements are scarce, high-
lighting NV~ centers as a unique platform for nanoscale spin
sensing [11].

In this research field, the creation of NV~ centers with
both shallow depth and high magnetic sensitivity is one of
the key challenges. Charge instability of NV~ centers in the
near-surface region [12], as well as noise originating from
the surface and impurities [13—15], are known to limit the
achievable depth and sensitivity. Stabilization of the NV~
charge state requires appropriate surface treatments [16—18].
The physical cleanliness of the diamond surface contributes to
enhanced quantum coherence [19,20]. Furthermore, a higher
NV~ vyield, defined as the ratio [NV™]/[N], is critical for
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achieving higher sensitivity, as nitrogen impurities act as para-
magnetic noise sources [21,22].

A variety of approaches have been used to create shallow
NV~ centers to date. Low-energy nitrogen ion implantation
is the most widely used technique [23-25]. Nitrogen ions
implanted at low acceleration energies (e.g., 2.5 keV) can
introduce nitrogen atoms at depths of a few nanometers below
the diamond surface. In such processes, a small implanta-
tion angle (typically ~7°) is commonly used to suppress
ion channeling effects. Ion implantation masks [26-28] and
postimplantation etching [29,30] have also been employed
to achieve shallower nitrogen doping. However, the yield in
these typical implantation-based techniques is known to be
limited to approximately 0.1%-1%, which is generally at-
tributed to an insufficient number of vacancies created per
implanted nitrogen atom, as well as charge instability in the
near-surface region [23,31]. Although conversion efficiencies
exceeding 5% have been reported in experiments combining
low-energy implantation of nitrogen or nitrogen-containing
ions with thermal annealing in forming gas, such reports re-
main limited [32-34].

Alternatively, shallow NV~ centers can also be created by
chemical vapor deposition (CVD) growth of nitrogen delta-
doped diamond layers [6,35,36]. Nevertheless, the yield is
typically as low as 0.3% even in bulk diamond, resulting
in values comparable to those obtained by low-energy ion
implantation [37]. Attempts to create shallow NV~ centers
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by introducing vacancies into nitrogen-doped diamond via
ion implantation have also been reported, including nitrogen-
helium coimplantation to enhance vacancy generation [38].
However, the achieved conversion yields in related vacancy-
engineering approaches have remained below 2.5% [39].

In this work, we demonstrate the efficient creation of
shallow NV~ ensembles using high-angle nitrogen ion im-
plantation. By implanting N ions at implantation angles
exceeding 60° and applying appropriate thermal annealing,
we demonstrate the formation of high-density shallow NV~
ensembles with substantially enhanced yields. From the signal
strength of !'B spins in hexagonal boron nitride (hBN) flakes
attached to the diamond surface, we estimate that the effective
NV~ depth is shallower than that of NV~ centers created
at comparable implantation energies with low implantation
angles, and decreases systematically with increasing implan-
tation angle. This technique does not require specialized ion
implantation systems, implantation masks, etching processes,
or delta-doped growth layers, and therefore offers a simple,
practical, and efficient route to the creation of shallow NV~
centers.

II. MAIN CONCEPT

First, we describe the main concept of the present tech-
nique. This approach enables shallower introduction of
nitrogen and vacancies, while simultaneously increasing the
vacancy-to-nitrogen ratio, which is often insufficient for shal-
low NV~ centers formation [23,31]. A schematic of this
concept is shown in Fig. 1(a). Nitrogen ions are implanted
at a high implantation angle 6 with respect to the diamond
surface. As the implantation angle increases, the projected
ion fluence onto the diamond surface is reduced by a factor
of cos 6, reflecting the geometrical projection of the incident
beam onto the surface [black dashed line in the left panel of
Fig. 1(a)]. The implanted ions undergo scattering inside the di-
amond, and oblique incidence causes them to stop at shallower
depths compared to conventional normal-incidence implanta-
tion (6 ~ 0°). Enhanced backscattering at high implantation
angles leads to a further reduction in the retained nitrogen
concentration relative to the nominal dose. As a result, this
method increases the number of vacancies relative to nitrogen
near the surface, which is expected to be favorable for shallow
NV~ centers formation.

We validate this concept using simulations based on the
stopping and range of ions in matter (SRIM) [42]. Figures 1(b)
and 1(c) show the calculated depth distributions of nitrogen
atoms and vacancies, respectively, at an acceleration energy
of 5 keV. By comparing the results for implantation angles of
6 = 0°, 60°, and 85°, the simulations show that both distri-
butions become shallower with increasing implantation angle.
Due to enhanced backscattering at high implantation angles,
the retained nitrogen density is reduced near the surface,
whereas vacancies are still generated through collision events
associated with backscattered ions. Figures 1(d) and 1(e) fur-
ther compare the present approach (6 = 60°, 5 keV) with the
conventional method (6 = 0°, 2.5 keV). The present method
provides a higher vacancy-to-nitrogen ratio near the surface
while achieving nitrogen depth distributions comparable to
those obtained by conventional low-angle implantation at
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FIG. 1. Introduction of nitrogen and vacancies by high-angle
nitrogen ion implantation. (a) Schematic of high-angle ion implan-
tation. The implanted ions undergo multiple scattering events within
the lattice, resulting in straggle, and a fraction of the ions is backscat-
tered (right panel). (b), (¢), (d), (e) Results of simulations of nitrogen
ion implantation into diamond. (b), (c) Depth distributions of im-
planted (b) nitrogen and (c) vacancies at an implantation energy of
5 keV for different implantation angles. For clarity, the amplitudes
of the distributions for 60° and 85° are scaled by factors of 1.5 and
10, respectively. (d), (e) Comparison of the depth distributions of
(d) nitrogen and (e) vacancies for conventional implantation and the
present approach. For clarity, the amplitude of the distribution for the
present approach (red circles) is scaled by a factor of 2. The solid
lines represent fits to the simulated profiles, using an asymmetric
Gaussian for implanted nitrogen and an asymmetric Lorentzian for
vacancies [40,41].

lower acceleration energies (see Supplemental Material [43]
for more details). In particular, this ratio becomes increasingly
enhanced in the near-surface region, where vacancies are more
readily annihilated during annealing. These results indicate
that high-angle implantation is effective for generating shal-
low nitrogen and vacancies.

III. EXPERIMENTAL METHODS

To evaluate the effectiveness of the present technique, shal-
low NV~ ensembles were created in !>C-enriched high-purity
CVD grown layer [44] on (100)-oriented type-Ila diamond
substrates using high-angle nitrogen ion implantation. After
cleaning, "N ions were implanted at an acceleration energy
of 5 keV with a nominal dose of 1 x 10'* cm~2, correspond-
ing to the dose set by the implantation system for normal
incidence (8 = 0°). High implantation angles were achieved
by tilting the diamond surface relative to the ion beam,
resulting in effective implantation angles exceeding 60°. Fol-
lowing implantation, the samples were thermally annealed in
a forming-gas atmosphere to promote NV center formation,
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FIG. 2. Photoluminescence (PL) intensity and its dependence on
implantation angle 0. (a) PL intensity on the surface of a sample
implanted at & = 60°. The left panel shows the PL intensity map
acquired over an area of (100 um)? with a sampling resolution of
250 nm. The right panel shows the corresponding histogram of the
PL intensity, displayed over a range of approximately £5 standard
deviations of the distribution. (b) Dependence of the PL intensity on
the implantation angle. The top and bottom panels show the standard
deviation op., and average PL intensity Ip, respectively. The inset
shows a PL spectrum for the & = 60° sample; the dotted lines and
arrows indicate the wavelength range used for PL detection. (c) Yield
(INVT]/[N]) estimated from the average PL intensity. Red circles
represent experimental results. The black lines (crosses) indicate val-
ues corresponding to 5% of the implanted nitrogen density estimated
from SRIM simulations. Blue squares indicate the values estimated
from the measured /p;, under the assumption of a Poissonian spatial
distribution.

and subsequently oxygen-terminated by annealing in air to
promote NV charge stabilization. Optical characterization of
the resulting NV~ ensembles was performed using a typical
confocal microscope [45]. Further experimental details are
provided in Ref. [43].

IV. RESULTS AND DISCUSSION

We now present the experimental results obtained using
the present technique. We first discuss the spatial distribution
of the photoluminescence (PL) intensity. The left panel of
Fig. 2(a) shows the PL intensity map measured on the sur-
face of a sample implanted at an implantation angle of 6 =
60°. Except for a small number of localized spots exhibiting

significantly different PL intensities, the PL intensity is spa-
tially uniform over the entire area of (100 um)z. The localized
spots are likely caused by local surface topography that mod-
ifies the implantation conditions.

These PL signals predominantly originate from charge-
stable NV~ centers, as confirmed by the PL spectra discussed
below. The inset in the middle panel of Fig. 2(b) shows
a representative PL spectrum. The emission from neutrally
charged NV centers (NV?, zero-phonon line at 575 nm) is
weak compared to that from NV~ centers (zero-phonon line at
637 nm), and is almost negligible within the detection window
(inside the black dashed lines). Almost identical PL spectra
are observed for samples implanted at all implantation angles
(see Ref. [43]).

The histogram of the PL intensity for all pixels is shown in
the lower panel of Fig. 2(a). The histogram is well described
by a normal distribution (black dashed line) with an aver-
age PL intensity /pp, = 7.04 Mcps and a standard deviation
opL = 0.21 Mcps. Below we exclude pixels corresponding to
anomalous bright or dark spots by analyzing only pixels with
PL intensities within +5 standard deviations. The top and
bottom panels of Fig. 2(b) show the dependence of op, and
Ip. on the implantation angle 6, respectively. They decrease
monotonically with increasing 6. This trend can be attributed
mainly to the reduction in the effective implantation dose with
increasing 6 [black dashed line in Fig. 1(a)], together with
changes in the NV~ yield discussed below.

Using calibration data obtained from single NV~ cen-
ters measured under identical conditions, we estimated the
areal density of NV~ centers from Ip.. The estimated NV~
densities for implantation angles of 60°, 70°, 80°, and
85° are 3.56 x 10!, 2.29 x 10'!, 0.48 x 10'!, and 0.10 x
10" ecm™2, respectively [right axis in the bottom panel of
Fig. 2(b)]. Dividing these values by the corresponding ni-
trogen density estimated from SRIM simulations (4.57 x
102, 2.76 x 10'2, 1.06 x 10'2, and 0.40 x 10'2 ¢cm—2, re-
spectively), we estimated yields of 7.8%, 8.3%, 4.5%, and
2.4%, respectively, as shown in Fig. 2(c). The black lines in
Figs. 2(b) and 2(c) represent a reference yield of 5%. These
values are significantly higher than typical values for shallow
NV~ creation (0.1%—1%) and demonstrate the effectiveness
of the present method.

The decrease in yield at high implantation angles is likely
caused by the reduction in the effective nitrogen dose and
enhanced backscattering, including reflection induced by the
surface potential [46]. These effects increase the nitrogen-
vacancy separation compared to the typical surface-vacancy
separation [23,31]. Even under such high-angle conditions,
higher yields are expected to be achievable by increasing the
nitrogen implantation dose. A more detailed understanding
of the near-surface damage distribution will require further
investigation using molecular dynamics simulations.

Alternatively, the NV~ yield can also be estimated from
the standard deviation op by assuming a completely ran-
dom (Poissonian) spatial distribution of NV~ centers [43].
Using this approach, the estimated yields for implantation
angles of 60°, 70°, 80°, and 85° are 6.5%, 7.9%, 4.5%, and
2.5%, respectively, which are again higher than those reported
previously. These values are in good agreement with the
NV~ densities estimated from /Ip;,. Similarly, the Poissonian
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estimates of opr, derived from Ip; are also consistent with
the measured values [see blue squares in the top panel of
Fig. 2(b)].

To the best of our knowledge, only two previous studies
have employed high-angle nitrogen ion implantation to create
NV centers [28,47]. In Ref. [47], single NV~ centers were
created using implantation at 8 = 85° and a high implantation
energy of 85 keV, resulting in an estimated depth of ~20 nm
and a yield of about 1%. Reference [28] combined nitrogen
ion implantation at 6 = 45° with a SiO, mask to localize
nitrogen near the surface; however, the yield remained below
1%. In contrast, the present work demonstrates the mask-free
creation of shallow NV~ ensembles with depths below 10 nm,
as described later, and a high yield approaching 10%, which
are well suited for nanoscale NMR and NQR applications.
While the total vacancy density is not expected to be dramat-
ically higher than in conventional methods [43], the origin of
the markedly enhanced yield in the present approach remains
an open question and warrants further investigation.

We next evaluate the fundamental sensing performance
of the created NV~ ensembles by characterizing their spin
properties. Figure 3(a) shows the time-resolved PL intensi-
ties for the # = 85° sample. A clear PL contrast between
the mg = 0 (blue) and mg = —1 (red) spin states is observed
for approximately 1 us after laser excitation. The maximum
contrast reaches about 14%, and the contrast averaged over
a 500 ns detection window is approximately 10%. Although
the contrast varies spatially, the average contrast ranges from
about 5% to 10% for all implantation conditions, which is
comparable to values typically observed for NV~ ensembles
in bulk diamond [48]. This high contrast is likely attributed to
the suppressed contribution from undesired emitters such as
NV, In the following measurements, an initialization time of
5 us was used to ensure sufficient spin polarization.

Then, we performed Ramsey interference measurements
[49]. Figure 3(b) shows a representative result obtained for the
0 = 85° sample. The Fourier-transformed spectrum exhibits a
pair of clear peaks separated by 3.1 MHz, consistent with the
hyperfine interaction in SN~ centers [50]. This result con-
firms that the NV~ ensembles are formed from the implanted
I5N ions, while the contribution from residual nitrogen in
the CVD layer and the diamond substrate is negligible. By
fitting the time-domain data [inset of Fig. 3(b)] with a decay-
ing oscillation described by a stretched exponential function,
we obtain a dephasing time 7;* = 139 ns and a stretch ex-
ponent p = 0.6. For other implantation angles of 60°, 70°,
and 80°, similar values of 7, = 184-272 ns and p = 0.5—0.7
were obtained. The deviation from a single-exponential de-
cay (p ~ 1) suggests a distribution of T," values that differs
from that expected for conventional NV ensembles [21,51],
which is likely associated with variations in 7,* among NV~
centers at different depths. Although the obtained stretch ex-
ponent is close to the value of 2/3 expected for decoherence
induced by a two-dimensional ensemble of dipolar-coupled
spins [52], this mechanism is unlikely to be the dominant
contribution in the present samples, since the measured 7,
values remain similar despite large variations in the nitrogen
density.

We next evaluate the coherence using Hahn-echo sequence
[53]. Figure 3(c) shows the decoherence curves measured for
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FIG. 3. Characterization of the NV~ spin properties. (a) Time-
resolved PL measurement. The horizontal axis denotes the time
after laser excitation. (b) FFT amplitude of the Ramsey interference
signal. The inset shows the time-domain data. In this measure-
ment, a small magnetic-field misalignment of approximately 1.5°
was intentionally introduced to suppress the polarization of 'SN.
(c) Decoherence curve obtained with Hahn-echo sequence. The ver-
tical black dotted lines indicate the expected signal position of 3C
spins. The inset shows an implantation angle dependence of the
coherence time. (d) Decoherence curve obtained with XY 16-N128.
The vertical red and blue dotted lines indicate the NMR signals of
SN and 'H, respectively. The inset shows a magnified view around
the NMR signals. (e) Dependence of the coherence time 7, on the
number of pulses N. (f) Dependence of the stretch exponent p on the
number of pulses N. All measurements were conducted at a magnetic
field of approximately 29.5 mT, with a misalignment below 1° rela-
tive to the NV axis, except for panel (b).

different implantation angles. No electron spin echo envelope
modulation due to '*C spin [54,55] was observed in any of
the samples, indicating that the NV~ ensembles were formed
exclusively within the '2C-enriched CVD layer. By fitting
the data with a stretched exponential function, we obtained
(T2, p) = (2.83 us, 1.1), (3.97 s, 1.0), (6.32 us, 1.0), and
(7.20 us, 0.9) for implantation angles of 60°, 70°, 80°, and
85°, respectively. The decay shape is approximately single
exponential (p = 1) in all samples. As the implantation angle
increases, the coherence becomes longer [inset of Fig. 3(c)].
Although higher implantation angles are expected to produce
shallower NV~ centers that are more susceptible to surface
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noise, the effective nitrogen dose and implantation-induced
damage are simultaneously reduced, which likely leads to the
observed behavior.

We compare the decoherence rates with the nitrogen areal
densities. When normalized to the density at 60°, the cor-
responding relative nitrogen areal densities are 100%, 60%,
23%, and 8.8% [43]. Taking the 6 = 60° sample as a ref-
erence, the relative decoherence rates 1/7; are 100%, 71%,
45%, and 39%, respectively. Except for the 8 = 85° sample,
the decoherence rate scales approximately with the nitrogen
areal density. The increasing deviation at higher implantation
angles likely reflects additional surface-related noise contribu-
tions that act as an effective offset. Indeed, the long coherence
times exceeding 5 us observed for & = 80° and 85° are com-
parable to those reported for single shallow NV~ centers at
depths of 5-6 nm [19].

The obtained coherence times can also be compared
with previous reports on dense near-surface NV~ ensem-
bles. Reference [24] investigated NV~ ensembles created by
conventional low-energy nitrogen implantation with doses of
5 x 10"'-10" cm~2 and reported 7> = 10-12 us for the low-
est dose and 7T, = 2.5-3 us for the highest dose, with NV
depths of 10—15 nm for 4-6 keV implantation. Reference [7]
reported 7, ~ 3 us for an NV~ ensemble with an areal density
of 3.5 x 10" ¢cm~2 created by 6-keV "“N* implantation with
a dose of 2 x 10'3 cm™2, corresponding to a yield of 1.8%.
The present coherence times are broadly consistent with the
implantation-dose dependence reported in these studies, while
our NV~ ensembles are formed at shallower effective depths.
In addition to being more susceptible to surface-related noise
at shallower depths, the effective nitrogen density per unit
volume also increases as the NV layer becomes thinner.
Therefore, the present results suggest that our method main-
tains a reasonable level of spin coherence even under such
near-surface, high-density conditions.

We note that vacancy-related defects created by the present
process may also contribute to decoherence. Such contribu-
tions could become non-negligible when the vacancy density
is further increased relative to the density of nitrogen-related
defects, for example by implantation of ion species other than
nitrogen [43].

We further investigate the performance under dynamical
decoupling, which is essential for nanoscale NMR and NQR
applications. Figure 3(d) shows decoherence curves measured
using an XY 16 pulse sequence with N = 128 pulses (XY 16-
N128) [56-58]. For all samples, the coherence is significantly
extended compared to Hahn-echo measurements. In addi-
tion, the increased number of pulses enhances the sensitivity
and spectral resolution around 1 MHz, enabling detection of
the NMR signals from protons and the SN of NV~ cen-
ters [inset of Fig. 3(d)]. We therefore attribute the observed
proton signal to hydrogen associated with surface termina-
tion or incorporated within the diamond lattice [59], since
no oil-immersion objective was used and no materials were
intentionally attached to the diamond surface after oxygen
termination. Fitting the decoherence curve yields (7>, p) =
(19.2 s, 0.8), (28.4 us, 0.8), (43.9 us, 0.7), and (54.8 us, 0.6)
for implantation angles of 60°, 70°, 80°, and 85°, respectively.
As observed for Hahn echo, samples implanted at higher
angles exhibit longer coherence times.

Figures 3(e) and 3(f) show the dependence of the coherence
time 7, and stretch exponent p on the number of pulses in
the XY16 sequence. For all implantation angles, 75 increases
approximately as the 0.4 power of the pulse number (N%4).
This scaling is weaker than that expected for noise dominated
by bulk nitrogen impurities (~N°7) [60], but is consistent
with previous reports on shallow single NV~ centers, where
surface noise dominates (N%2-N%7) [19]. These results sug-
gest that surface-related noise contributes significantly even
for samples where Hahn-echo coherence correlates with ni-
trogen density, except for the & = 85° sample. The fast noise
components that are less efficiently suppressed by dynamical
decoupling may originate from implantation-induced defects
correlated with nitrogen density, or from nitrogen-related im-
purities whose spin dynamics become sufficiently fast to act
as broadband noise sources.

We also observe that the stretch exponent decreases with
increasing pulse number [Fig. 3(f)]. This behavior may
partly originate from a depth-dependent enhancement of 75,
since NV~ centers at different depths experience distinct lo-
cal noise environments. We note that the stretch exponent
appears to approach a value close to 2/3 at large pulse
numbers, which is consistent with decoherence induced by
a quasi-two-dimensional ensemble of dipolar-coupled spins
[52]. However, based on the quantitative analysis presented
in Ref. [43] using the obtained NV~ densities, the expected
coherence times limited by NV-NV interactions are signif-
icantly longer than the experimentally observed 7, values.
Therefore, while the observed decay form is compatible with
a two-dimensional dipolar model, NV-NV interactions cannot
be the dominant mechanism limiting the coherence in the
present samples.

Finally, we evaluate the depth of the NV~ ensembles
created by the present method. Here, we directly apply a
depth-estimation method originally developed for single NV~
centers to NV ensembles and extract the maximum effective
depth (dyny) [43]. As discussed above, proton signals are de-
tected even in the absence of intentionally attached materials,
which requires caution when estimating NV depths using
proton signals from an oil-immersion objective, as commonly
employed in previous studies [61]. Instead, we attach hexag-
onal boron nitride (hBN) flakes to the diamond surface and
detect the ''B spins [9,10]. This approach mitigates the risk
of underestimating the NV depth, since unlike liquids, solid
flakes do not conform to surface asperities and maintain a
finite separation from the surface. On the other hand, this
method tends to overestimate the depth, as a hydrocarbon
layer with a typical thickness of 1-2 nm is known to exist
between hBN and the diamond surface [9,10]. Accordingly,
we regard the NV-hBN separation estimated from the !'B
signal as the d,y.

Figure 4(a) shows the detected !'B spin signals for all
samples. Measurements were performed at one location for
the & = 60° and 80° samples, and at three locations for
the & = 70° and 85° samples. In all cases, a bias magnetic
field of approximately 176 mT was applied along the NV
axis, and an XY16-N256 was used. Signals were observed
at frequencies consistent with the !'B resonance frequency
Jres (2.21-2.22 MHz) for all samples. The inset of Fig. 4(a)
shows the Fourier spectrum of the correlation spectroscopy
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FIG. 4. Depth estimation of NV~ ensembles using detection of
1B spins in hBN flakes. (a) ''B spin spectra measured using an
XY16-N256 sequence at a magnetic field of 176 mT. The transition
probability Py on the vertical axis is normalized by a linear fit to the
spectral edges to remove decay due to decoherence. The inset shows
the spectrum obtained with the correlation spectroscopy. (b) Esti-
mated distance (maximum effective depth) between the hBN flake
and the NV~ ensemble. Red circles represent experimental results.
The black dotted line indicates the nitrogen depth distribution cal-
culated by SRIM. The black solid line indicates the peak position of
the nitrogen depth distribution estimated from the SRIM simulations.
Blue squares show the range of NV~ depths obtained in Ref. [24].

[62] acquired at this detection frequency, where a clear peak is
observed at f,., supporting the assignment of the signal to ' B
spins. Notably, the signal strength increases systematically
with increasing implantation angle. This trend is consistent
with a reduction in d,, with increasing implantation angle, in
agreement with the central concept of the present work.

For quantitative analysis, we fitted the experimental spectra
based on the theoretical models [9,10,61] to extract the dy.
Details of the model are provided in Ref. [43]. In the fitting
procedure, the bias magnetic field, the NV-hBN separation
(dny), and the nuclear-spin coherence time 7,*, were treated
as free parameters, while the hBN flake was assumed to be
sufficiently thick (100 nm). The solid lines in Fig. 4(a) rep-
resent the fitted spectra, which show good agreement with
the experimental data. The extracted nuclear-spin coherence
times fall in the range T, = 35.4—66.7 us, comparable to
values reported in previous studies [9,10].

Figure 4(b) summarizes the implantation-angle depen-
dence of the d,,. Consistent with the nitrogen distributions
predicted by SRIM simulations (dotted line), the distance
decreases monotonically with increasing implantation angle.
The extracted d,,, (or their averages) for implantation angles
of 60°, 70°, 80°, and 85° were 8.2, 6.9, 6.2, and 5.9 nm,
respectively. From measurements at multiple locations for
the 6 = 70° and 85° samples, we estimate that the spatial
variation in d,, is approximately 0.5 nm. This variation may

originate from local differences in the NV-hBN contact con-
dition, such as variations in the interfacial hydrocarbon layer
thickness.

From the SRIM simulations, the mean depths and
straggles for these conditions are estimated to be
(4.8 nm, £2.5 nm), (4.0 nm, £2.2 nm), (3.3 nm, £2.0 nm),
and (3.2 nm, £1.8 nm), respectively. The obtained d,,, values
are larger than the SRIM predictions by about 3 nm. This
offset exceeds that expected from a typical hydrocarbon
interlayer alone and may originate from additional effects,
such as residual ion channeling, which remain subjects for
future investigation.

For comparison, we also plot representative values of dyy
for NV~ ensembles reported in Ref. [24] created at similar
implantation energies (4—6 keV) using a conventional low
implantation angle of 7°. The data shown correspond to the
range of 10-15 nm [blue squares in Fig. 4(b)] estimated in
Ref. [24] using proton NMR measurements [61]. In contrast,
the present method achieves shallower NV~ ensembles (d,, <
10 nm) at comparable implantation energies, demonstrating
the effectiveness of high-angle implantation for shallow NV~
creation.

V. CONCLUSION

In conclusion, we have demonstrated the efficient creation
of shallow NV~ ensembles using high-angle ion implanta-
tion. By implanting N ions into high-purity diamond at
implantation angles exceeding 60°, followed by thermal an-
nealing, we achieved charge-stable NV~ ensembles with a
high yield approaching 10%. Using detection of ''B spins
in hBN flakes attached to the diamond surface, we showed
that the maximum effective depth of the NV~ ensembles can
be systematically reduced with increasing implantation angle.
The achieved depths (d,y < 10 nm) are smaller than those
typically reported for NV~ ensembles created at comparable
implantation energies using conventional low-angle implanta-
tion (=10 nm) [24].

Toward further increasing the NV~ density and deepening
the understanding of this process, further optimization will be
important. Because the present method efficiently generates
vacancies in the near-surface region, increasing the nitrogen
dose may eventually enhance vacancy clustering or lead to
amorphization of diamond. For such high-density regimes,
ion implantation under high-temperature conditions may help
mitigate these effects by promoting vacancy diffusion during
implantation. A more comprehensive understanding of the
distributions and dynamics of nitrogen atoms and vacancies,
supported by molecular dynamics simulations, will also be
important.

Beyond NV~ centers in high-purity diamond, the present
approach is expected to be applicable to the creation of
vacancy-related quantum defects in a wide range of mate-
rials [43]. Examples include the formation of NV~ centers
in high-nitrogen, low-NV-density HPHT type-Ib diamond by
implantation of species such as phosphorus [39], as well as the
creation of vacancy defects in other wide-band gap materials
such as hBN [63] and SiC [64-66]. The ability to efficiently
create shallow vacancy-related quantum defects with minimal
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fabrication complexity makes the present technique a promis-
ing platform for quantum sensing and related applications.
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