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Dense, near-surface (within ~ 10 nm) ensembles of nitrogen-vacancy (NV) centres in diamond are
moving into prominence as the workhorse of many envisaged applications, from the imaging of fast-
fluctuating magnetic signals to enacting nuclear hyperpolarisation. Unlike their bulk counterparts, near-
surface ensembles suffer from charge stability issues and reduced formation efficiency due to proximity
to the diamond surface. Here we examine the prospects for creating such ensembles by implanting
nitrogen-rich type Ib diamond, aiming to exploit the high bulk nitrogen density to combat surface-
induced band bending. This approach has previously been successful at creating deeper ensembles,
however we find that in the near-surface regime there are fewer benefits over nitrogen implantation
into pure diamond substrates. Our results suggest that control over diamond surface termination
during annealing is key to successfully creating high-yield near-surface NV ensembles generally and
implantation into type Ib diamond may be worth revisiting once that has been accomplished.

Shallow nitrogen-vacancy (NV) centres in diamond have been
shown to be useful as sensors of weak fluctuating magnetic sig-
nals [5, 8, 16, 18, 20, 23, 25, 35, 38] and as a potential vehicle for
enabling hyperpolarisation of nuclear spins external to the dia-
mond [5, 9, 16, 34]. Much work to-date has focused on the use
(and production) of near-surface single NVs that can sometimes
exist in the required negative charge state within a few nanome-
tres of the surface in spite of the unfavourable local Fermi-level
position [7]. Increasingly, however, applications such as scaled-
up hyperpolarisation [13, 32] and imaging of AC magnetic fields
[4, 8, 22, 36, 40, 45] demand high-density ensembles of stable
near-surface NVs. When sampling a large number of NVs, the
impact of surface-induced band bending becomes clear with the
NV~ depth distribution cutting off at 6-7 nm from the surface
[6, 13]. Taken in combination with the expectation that vacan-
cies produced by near-surface implants, required to form NV
centres during a subsequent annealing process, will tend to out-
diffuse to the surface [28, 30], NV~ yields in such ensembles are
much lower than their bulk counterparts.

©The Author(s) 2023

In the bulk-like regime (mean ensemble depth dnv order
100 nm or more), where the creation of high-density NV ensem-
bles is comparatively well developed, it has been shown that
starting with N-rich (type Ib) diamond grown via the high-pres-
sure high-temperature (HPHT) method and implanting with
arbitrary ions is successful in producing a well-localised sens-
ing layer with quantum properties that compete well with other
methods based on high-quality chemical vapour deposition
(CVD) growth [10-12, 14]. Extending these results to the near-
surface regime is attractive due to the relative cost-efficiency and
accessibility of this technique. Additionally, one may wonder
whether the high nitrogen density of the bulk crystal is effec-
tive in combating the near-surface band bending. However, the
issue of vacancy diffusion during annealing looms as an impedi-
ment to high-yield ensemble formation: under typical annealing
temperatures (800-900 °C) various studies have shown that the
vacancy diffusion length may extend as high as 300 nm [1, 26,
30]. Using a random walk model, Récke et al. [30] showed that
the reduced near-surface NV yield typically observed is largely
explained by vacancy out-diffusion, even without taking the
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surface to be a vacancy attractor. Additionally, diffusion into
the diamond is also problematic as the envisaged applications
require that NVs be confined within &~ 10 nm of the surface,
although in this case we would hope that the actual diffusion
length would fall well short of the theoretical upper bound due
to substitutional N acting as efficient vacancy sinks.

In this study, we examine the merits of creating near-sur-
face NV ensembles through ion implantation of commercially-
sourced type Ib HPHT diamond, in view of the factors outlined
above. By implanting diamonds containing distinct growth sec-
tors (each with a characteristic native N density), we are able
to control for the effect of the bulk N density to determine the
role this plays on ensemble surface proximity and yield. We also
implant at multiple depths (set by the implant energies) and with
two levels of vacancy production (given by the implantation
dose and atomic species) to assess the practical role of vacancy
diffusion in the high-N regime. The quality of the ensembles
produced is assessed by making measurements of the NV yield
and their quantum coherence. We conclude with a discussion

of the limitations of the study and the prospects for future work.

A series of type Ib HPHT diamond substrates (purchased from
Delaware Diamond Knives) containing sectors with vary-
ing levels of native nitrogen were subjected to ion implanta-
tion processes to form NV ensembles. To control for as many
variables as possible and ensure comparisons between sectors
are valid, only two different diamonds were used (initial size
4 x 4 x 0.1 mm). These diamonds were then laser cut into
smaller pieces to undergo different preparations. The implant
parameters were chosen to create vacancy profiles peaking at
approximately 3, 4, and 5 nm from the diamond surface. The
vacancy profiles were predicted using stopping range in matter
(SRIM) simulations [44], shown in Fig. 1(a). Neglecting charge
state and vacancy diffusion considerations, we expect to produce
a uniform NV layer of width wsgrim, which extends from the sur-
face to the depth where the vacancy production decreases below
50 ppm [dotted line in Fig. 1(a)], an approximate NV creation
saturation threshold previously identified in the bulk regime
[12]. The first set of implants chosen to meet this criteria were
160 at a dose of 1 x 102 cm™2 at energies of 2.5, 4, and 6 keV,
respectively. A second set of implants designed to produce an
order of magnitude more vacancies with similar depth profiles
were *'P implants at a dose of 5 x 10! cm™ with energies of 4,
7, and 11 keV, respectively (SRIM simulations in Fig. 2). In both
cases, the implant species were chosen to be electron donors
to the diamond lattice in an attempt to further offset the band
bending from the surface, although these donors will be much

fewer in number than nitrogen atoms in high-N sectors.

©The Author(s) 2023
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Figure 1: Creating shallow NV layers in type Ib diamond (a) SRIM
simulations of the oxygen implants conducted, taking a 7° angle of
incidence. Phosphorus implants were also conducted at energies to
approximately match the expected vacancy depth profile, but creating
an order of magnitude more vacancies. (b) Confocal xz scan of one
diamond sample, showing an NV layer localised at the surface. Two
sectors are visible, with the left- and right-hand regions’ nitrogen
content estimated at 8 and 50 ppm, respectively.
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Figure 2: Phosphorus implant simulations. (a) SRIM simulations of

the vacancy distributions created by the 3p implants conducted. (b)
Implanted ion distributions predicted by the same simulations, with the
total integrated electron donor densities overlaid (right axis), assuming
a native nitrogen concentration of 90 ppm. The grey line shows the
no-implant case, where only the native nitrogen contributes.

For the first set of implants we also controlled for the sur-
face preparation. The as-purchased diamonds arrived with a
polished surface finish (Ra < 5 nm) and an oxygen reactive

ion etching (RIE) process can be used to remove polishing
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damage. For the O implants we only performed RIE on some
of the substrates to see if the process made a difference to
NV yield or quantum properties. The diamonds were then
annealed to form NV ensembles and acid cleaned prior to
measurement (see Methods for additional sample preparation
details).

NV yield

To determine the NV yield in our samples, we used a confo-
cal microscope to measure the photoluminescence (PL) count
rate per unit area (filtering with a 660-735-nm band pass filter)
and translated this to an areal NV density ony by dividing by
the PL given by a single NV centre under the same excitation
and collection conditions. We can then consider two yield met-
rics: the conversion of native nitrogen and created vacancies
to NV centres (dubbed N-to-NV and V-to-NV yields, respec-
tively). The N-to-NV yield is given by the ratio [NV]/[N], where
[NV]= onv/wsrim and [N] is the native N density of a given
growth sector. [N] was deduced by measuring the Hahn echo
T, and taking the relationship determined by Bauch et al. [3],
where the T, was measured away from the influence of the sur-
face where possible and assuming that we can identify sectors
with the same [N] through their bulk PL [see, e.g. Figure 1(b)].
We note that [N] could be overestimated if the nitrogen bath is
not the dominant source of decoherence (most relevant for the
less dense sectors) and that ony could be overestimated by the
presence of background fluorescence or PL due to the neutral
NV charge state.

An example xz confocal scan is shown in Fig. 1(b). A well-
defined NV layer is present at the diamond surface although the
resolution of the scan is not high enough to determine if the lay-
er’s extent matches the vacancy distribution predicted by SRIM.
In this image we can see two growth sectors containing variable
amounts of nitrogen: the right-hand sector (estimated nitrogen
density [N]=50 ppm compared to 8 ppm for the left hand sector)
has significant background PL away from the surface and the
PL of the near-surface sensing layer also varies with the native
nitrogen density. In both cases, however, the near-surface sens-
ing layer PL greatly exceeds the background for a given sector,
indicating locally increased NV conversion as expected.

Figure 2(a) shows the vacancy distributions predicted by
SRIM for the phosphorus implants conducted, showing simi-
lar distributions to the corresponding 'O implants but with an
order of magnitude higher vacancy production, allowing us to
probe the dependence of NV yield on vacancy density in the
shallow regime. Figure 2(b) shows the simulated implanted
ion distributions for these 5 x 10'2 cm™ *'P implants, with the
corresponding integrated (from the surface to a given depth)
electron donor density, taking a native nitrogen density of

90 ppm which was the most dense sector probed. This quantity,

©The Author(s) 2023

displayed on the right axis, corresponds to the number of elec-
trons donated to the diamond lattice (from N and P atoms)
and that may be available to compensate for surface acceptor
defects that result in band bending (and hence allow NV~ to be
stable closer to the surface). Here we can see that, compared to
the native nitrogen concentration, the implanted *'P ions are
expected to have a relatively minor impact. The nitrogen donors
are abundant enough in this case, however, to contribute ~ 1013
e/cm? within 5 nm of the surface, which is in principle enough
to compensate the lower end of the typical range of surface
acceptor defects, 1013-101* cm™ [37].

Figure 3(a) shows the computed N-to-NV yields plotted
against the inferred native N density of a given diamond sector,
with the marker colouring indicating the implant energies. For
simplicity, in the presentation of these results as well as those
that follow, we group 2.5-keV '%0 and 4-keV *!P implants as
“shallow” implants, 4-keV %0 and 7-keV *'P implants as the
“middle” set, and 6-keV '%0 and 11-keV *'P implants as “deeper”
implants.

The highest yields are close to 2.5%; however, a majority
of regions have yields of less than 1%, particularly for higher-
N sectors and shallower implants. As we filter the PL for the
negatively charged NV centre, these yields are not necessarily
reflective of the total NV conversion but rather conversion to
the charge state useful for sensing and hyperpolarisation appli-
cations. The reduced yields compared to deeper implants [12]
therefore could be band bending induced or due to reduced
creation efficiency independent of charge state. The yields in
these samples are comparable to typical N implants [13] but do
not appear to offer an advantage in general.

Looking at the V-to-NV yield (“vacancy yield”), plotted in
Fig. 3(b), may give a clue as to the origin of the poor conversion.
Taking the vacancy creation predicted by SRIM for each implant,
we find that around 1072 N'Vs are created per vacancy implanted

in most cases, consistent with the modelling of Récke et al. [30]
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Figure3: NV yield measurements (a) NV yield (N to- V) estimated as
described in the text. (b) Plot of NVs created per vacancy, taking the
NV yield as in (a) and comparing against the total vacancy production
predicted by SRIM, again plotted versus nitrogen concentration. Data
points in (a) and (b) outlined in black are phosphorus implants as
described in text.
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for the case of the diamond surface acting as a vacancy sink. The
spread in vacancy yield may be due to variable surface termina-
tion, motivating further study into maintaining high-quality sur-
face termination during annealing so as to keep more vacancies
within the diamond. No obvious trends were present within our
data based on the two surface preparations carried out, however.

The lacklustre vacancy conversion observed for the oxygen
implants motivated additional implants to be carried out, using
5 x 10" cm™ 3'P implants at energies designed to match the
vacancy production profile of the oxygen implants (data points
marked with black outlines). These phosphorus implants are
expected to have produced an order of magnitude more vacan-
cies; however, we find that the N-to-NV yield is not improved,
meaning that the useful vacancy creation threshold identified
in previous work [12] of around 50 ppm appears to be retained
in this near-surface regime, despite overall lower NV creation
efficiency. The interpretation may be that in this high vacancy
production regime, the formation of multi-vacancy clusters is
more predominant, which either anneal out or add a source of
spin noise [42], and therefore the number of vacancies available

to form NVs is not much greater.

NV depth

The mean depths of the ensembles created can be measured by
taking NV nuclear magnetic resonance (NMR) measurements
of a hydrogen target deposited on the diamond surface (in this
case viscous immersion oil) [29], see example spectrum show-
ing the appearance of the hydrogen (*H) resonance in Fig. 4(a).
For these measurements (and all to follow), we use a widefield
microscope optimised for high-sensitivity NV ensemble meas-
urements [5, 42], except where background fluorescence was
problematic (in which case the confocal system was used). A
permanent magnet was used to set a magnetic field of 45 mT
and was aligned with one set of NV axes.

All samples studied contained natural '*C abundance
(1.1%), making accurate NV depth determination using XY8
sequences difficult due to the copresence of a *C harmonic
with the fundamental 'H resonance [16]. Where possible, we
use the XY16 sequence as it is less sensitive to the problematic
fourth 3C harmonic [17]. Even XY16 retains some sensitivity
to this harmonic and so all depths quoted should be interpreted
as lower bounds of the true mean depth of the ensembles. Cor-
relation spectroscopy [39] verified that the 13C harmonic was
a relatively minor component of the resonance fit for the shal-
lowest implants (see the FFT in the Fig. 4(a) inset), however was
more significant for some of the deeper implants.

In almost all cases, it was possible to detect a hydrogen
signal from immersion oil placed onto the diamond surface
using the created layers, however, using two of the 16 diamonds
implanted could not, indicating that a shallow layer had not

©The Author(s) 2023
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Figure 4: NV ensemble depth measurements. (a) Example spin
decoherence data obtained with an XY16-64 sequence (black dots) and
fit (blue line) showing the hydrogen resonance. Inset: FFT of a correlation
spectroscopy signal taken on-resonance, showing the hydrogen signal
is dominant over the *C harmonic. (b) Plot of mean ensemble NV depth
dny versus nitrogen concentration, using the same colour coding as in
Fig. 3. Depths quoted are measured using XY16-64 sequences and the
error bars denote either the standard error from the fits or the spread in
fit depths given by sequences ranging from 48 to 128 pulses, whichever
is larger for a given data point. Note that most but not all samples
studied were able to detect a hydrogen signal and those that could not
are not included on this plot.

been successfully created. This failure could be due to vacancy
diffusion into the diamond as increased PL was still observed. It
is also possible that, in these diamonds, the yield enhancement
from the implantation process was too poor for the hydrogen
signal detected by the shallowest NVs to rise above the noise/
background given by deeper NVs. Nevertheless, the fact that
the majority of samples are able to detect a strong hydrogen
signal indicates that the sensing layers are confined close to the
surface. From this observation we infer that vacancy diffusion
into the diamond under the chosen annealing conditions is not
a major factor: substitutional nitrogen is an efficient enough
vacancy attractor to dramatically reduce the vacancy diffusion
length during annealing to within the < 10 nm extent of the
created layers, which is important for the success of implanta-
tion into type Ib diamond as a method for creating shallow NV
layers. Hydrogen signals were detected over the full range of
nitrogen densities probed. The results are summarised in the
plot Fig. 4(b), with mean ensemble depths ranging from 7 to
11 nm. The depths quoted are given by a 64-pulse sequence
in each case, which we take to be a measure of the peak of
the NV~ depth distribution [13]. The error bars represent the
larger of the uncertainty from the fit and the spread in depth
given by measurements with different numbers of pulses (rang-
ing from 48 to 128). Errors due to the copresence of the 1*C
harmonic resonance (particularly for deeper implants) and
contributions from bulk NV fluorescence (for high-N sectors)
are not accounted for, which would cause the underestimation
and overestimation of the actual depth, respectively.

The shallowest implants (2.5 keV ®0 and 4 keV *'P - repre-
sented by the burgundy points), with peak vacancy production
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predicted below 3 nm from the diamond surface, were measured
to have depths between 6.5 and 8 nm, consistent with high-qual-
ity N implants of a similar energy [13, 29]. This result illustrates
two things: firstly that vacancy diffusion into the diamond is
much less than order 100 nm observed in the bulk [1, 26], which
would cause a much deeper mean ensemble depth that would
preclude detection of the hydrogen signal. Instead these depths
are consistent with the distribution predicted by the SRIM simu-
lation, up to a cut-off introduced by band bending (the same
interpretation as for N implants [13]). Secondly, however, that
these ensembles are (at best) only as shallow as N-implanted
ensembles (i.e. not shallower) suggests that the high bulk N den-
sity does not significantly alter the band bending.

The 4-keV '°0 and 7-keV *'P implants (vacancy distribution
peaking at 4 nm - yellow points) have deeper depth distribu-
tions, with most fit depths ranging from 8 to 9 nm. The deepest
set of implants, 6 keV 180 and 11 keV *'P, (lavender points) had
depths measured to be similar to the 4-keV implants, between
8 and 11 nm. As the deeper implants resulted in higher yields
on average, these depths may still be in a useful regime and in
practice both parameters should be considered alongside one
another in determining which implant is appropriate for a par-

ticular application.

PL spectra

Differences between the ensembles produced can also been seen
in PL spectra, which can allow the relative abundance of the
NV~ and NV? charge states to be inferred. In Fig. 5 we show
some spectra obtained for representative samples under typi-
cal widefield illumination conditions. Figure 5(a) shows spec-
tra obtained for a shallow (2.5 keV '°0) implant, with high-
(80 ppm) and low-nitrogen (8 ppm) sectors highlighted. We

can see that a significant NV signal is evident in both cases,

PL (a.u.)
o

beed .

- 0
500 600 700 800 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 5: PL spectra. (a) Comparison of PL spectra obtained for a 2.5-keV
10 implant in two sectors, containing approximately 8 and 80 ppm N.

A strong NV° character is evident in the spectra (note the strong zero
phonon line at 575 nm), especially for the lower-N sector. Note that

in the higher-N sector the contribution from the bulk background is
more significant. (b) As (a) but for a 6-keV '®0 implant. A stronger NV~
character is evident in both spectra compared to those in (a), supporting
the Fermi-level cut-off interpretation.

©The Author(s) 2023

with a strong zero phonon line visible at 575 nm. The higher-
N sector emits more strongly in general but particularly in the
NV~ band, indicating that the higher-N density does lead to
better NV~ charge stability.

Figure 5(b) shows spectra obtained for a deeper (6 keV O)
implant. The PL signal is stronger in general and for both N
densities the NV signal is less significant compared to NV™.
This result corroborates the expectation that band bending leads
to a cut-off depth for NV~ charge stability. We can now con-
sider the possibility that NV charge ratios could fully explain
the observed reductions in N-to-NV~ conversion yields in
shallow implants, given that we filtered for the negative charge
state in our previous measurements. The spectra in Fig. 3(a) for
the 8-ppm sector have the highest proportion of NV°. Here,
we estimate a NV :N'V? ratio slightly below 1 (considering the
fluorescence of NV° to be 0.75 times as bright as NV™). This
could account for a twofold increase in N-to-NV yield when
compared to samples containing predominantly NV~ [such
as in Fig. 5(b)]. Whilst this is sufficient to explain variations
observed between the shallow implants plotted in Fig. 3(b), the
largest measured N-to-NV yields would be estimated to be near
3%, still well short of values observed in bulk samples, and the
V-to-NV yields would still be well short of the reflecting surface
limit [30]. Therefore, for the surface to not affect N-to-NV yield,
a significant proportion of the NV ensemble must exist in the
dark NV* charge state. Whilst the vacancy profiles calculated
by SRIM could be consistent with an NV* contribution [21], we
note that deeper implants in high-N sectors such as in Fig. 5(b)
have a strong NV~ character and still have low yields compared
to bulk samples. Therefore, it appears likely that our NV crea-
tion independent of charge state is indeed less efficient in the

near-surface regime.

Ensemble sensitivity

Although the suitability of a sample to perform a given applica-
tion will ultimately be heavily dependent on the precise nature
of the measurement to take place, we can consider some gen-
eral figures of merit to gauge the success of the approach. Since
most applications of shallow NV ensembles will be concerned
with AC signals whose detection can be in principle enhanced
through dynamical decoupling, we first measure the Hahn echo
T of the shallow ensembles, summarised in Fig. 6(a). We see
some evidence for surface-induced decoherence in the shal-
lower implants, with the low-N sector T, values being longer for
deeper implants. At the highest N densities, the various samples
are more tightly grouped, implying a T close to the N-limited
value. The N-limited T, curve determined by Bauch et al. [3] is
included as the black line in Fig. 6(a) to highlight the apparent
impact of the surface; however, again we stress that the deter-

mination of sector [N] may be imperfect and we assume that
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Figure 6: Assessing NV ensemble quality. (a) Plot of Hahn echo T, values for the shallow ensembles measured versus the nitrogen content of the
sectors. Error bars are the standard errors from the fits to measured decay curves. The solid black line gives the N-limited T, value given by the equation
of Bauch et al. [3]. Right-hand panel is a zoom-in on the region shown in the left panel, with some horizontal jitter added to data points for easier
viewing. (b) Plot of the figure of merit Tzd,\’,\? aR (see text) versus nitrogen content. Error bars are dominantly given by the uncertainty in 7> and dny.

all sectors in a “group” (identified through bulk PL) have the
same N density.

To gauge the overall sensing performance of an NV ensem-
ble (crucially also taking into account the fluorescence of the
ensemble, scaling with [NV]), a common figure of merit is
the photon shot noise-limited magnetic sensitivity, which for
AC fields depends on T [2, 33, 41]. As we are concerned here
with the detection of rapidly decaying signals scaling as the
cube of the distance between NV and target (e.g. a magnetic
noise Biys o duy [29]) and our ensembles feature different
mean depths, we consider instead the minimal figure of merit
Tzdis,m, which is proportional to the signal-to-noise ratio
of a measurement for a given acquisition time. Here R o [NV]
is the photon count rate under continuous laser illumination and
«a is the laser duty cycle for a measurement of the optimal dura-
tion T, both setup-dependent quantities (in this case we use a
widefield microscope optimised to measure NV ensembles as a
benchmark, as in Ref. [12]). We plot this quantity versus [N] in
Fig. 6(b), finding that the spread is partly within error but with an
overall tendency for lower-N sectors to perform better. The good
performance of low-N sectors, buoyed by their longer T, is partly
a consequence of considering a widefield measurement requiring
a long laser pulse duration (5 us here) in contrast to confocal
microscopy which will have @ & 1/T, [12], however also reflects
the low yields obtained in higher-N sectors and confirms that
high bulk N concentration does not appear to aid near-surface
NV properties by compensating for electron traps at the surface.
The shallowest implants do perform the best on average despite
them being most affected by imperfections in the surface prepa-
ration which further motivates the pursuit of shallower, stable
NV ensembles. We note also that the motivating application of
NV-based hyperpolarisation does not rely on shot-noise-limited
readout and so a figure of merit scales with [NV] rather than
+/[NVT [13] and hence favours the use of more dense ensembles.

©The Author(s) 2023

The main limitations of N-implantation for the creation of
thick sensing layers is the vacancy overproduction (e.g. peak
vacancy production for a 100-keV N implant exceeds the num-
ber of implanted ions by a factor of up to 100 [12]) compared to
lower-dose implants into (for example) N-rich HPHT diamond
and the inability to create layers of arbitrary thickness with a
single-implantation stage. In the shallow regime, neither of these
issues are relevant as the nitrogen depth profiles optimal for the
applications discussed are easily attainable with N-implantation
and the vacancy yield generally is low. Indeed, the localisation
of vacancy production to the implanted ions may be beneficial
for the purpose of curbing diffusion to the surface by converting
vacancies to NV centres most efficiently, although the forma-
tion of multi-vacancy clusters may still be problematic [42]. In
view of the above, it would appear that N-implantation is the
most suitable technique for creating near-surface NV ensem-
bles. Beginning with a high-quality CVD diamond also carries
the benefit of allowing the use of refined doping of the crystal
so as to promote NV formation through mechanisms such as
vacancy charging as well as Fermi-level control [19], although
these techniques have yet to be applied in the high-nitrogen,
near-surface regime.

Nevertheless, in this work we have demonstrated that well-
confined sensing layers can be produced within 15 nm of the
diamond surface via implantation of HPHT diamond. This
result shows that vacancy diffusion into the diamond bulk is
not the limiting factor for N-to-NV yield near the diamond sur-
face. The low yields may then instead be understood as vacancy
diffusion to the nearby surface boundary that acts as a sink. If
the surface can be engineered to be vacancy reflecting during
annealing (for instance, through vacancy charging [19]), in line
with the simulations of Ricke et al. [30] N-to-NV yields towards

the bulk values of near 10% may be achievable.
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We note that this surface needs to be maintained throughout
the annealing process, with maximum temperatures typically
ranging from 800 to 1100 °C [42]. These temperatures over-
lap the removal temperatures for common termination species,
with oxygen being removed above 600 °C [27] and hydrogen
above 900 °C [31]. We chose a maximum temperature of 800
°C to mitigate these effects; however, even at this temperature
and under high vacuum conditions of ~ 1 x 107 hPa, small
amounts of oxygen present in the chamber could disrupt the
surface termination. Annealing at higher temperatures comes
with the benefit of improving spin properties [42]; however, the
surface termination will be even less well controlled and we can
expect vacancy diffusion into the diamond to be more signifi-
cant in this regime, motivating further studies in this area.

The depths and yields measured in this work are broadly
similar to typical values measured for shallow ensembles cre-
ated by N-implantation, indicating that implantation of type Ib
diamond could be a cost-effective method of creating shallow
NV layers. However, the high bulk nitrogen density present in
some sectors does not appear to significantly combat surface-
induced band bending meaning the method does not provide
any advantages over N-implantation in this regime. N-implan-
tation of electronic-grade diamond is naturally well suited to
creating well-defined shallow NV layers and will not suffer from
vacancy diffusion into the diamond, even though our results
suggest this is not a major concern regardless. This result also
indicates that the surface acceptor density is too great to be fully
compensated by ultra-near-surface N atoms at densities below
100 ppm and so a more promising immediate route for improv-
ing near-surface NV charge stability is in optimising the prepa-

ration of the diamond surface.

This work has shown that it is possible to create dense, well-
confined, shallow NV ensembles via the ion implantation of type
Ib HPHT diamond, with yields in the range of those typically
achieved using N-implantation. Although we did not find strong
evidence for high bulk nitrogen density improving near-surface
NV~ charge stability, these results do show that economical
production of shallow ensembles is possible using this method.
Along with near-surface band bending, vacancy diffusion to the
surface is likely limiting the yield by reducing NV formation
efficiency and we speculate that the large spread in measured
yields is due to variable surface termination in the diamond
samples. A simple oxygen RIE process prior to implantation
was not found to dramatically change results by itself and so
focusing on achieving high-quality surface termination during
annealing is a logical next step.

The annealing processes conducted here are not expected

to be optimal, and the relatively unknown role they have played

©The Author(s) 2023

motivates more systematic studies that could allow improved
near-surface ensemble properties. For instance, the use of
a higher-temperature anneal has previously been shown to
improve the spin properties of shallow ensembles [42] and the
N-to-NV yield could be improved through greater control over
the diamond surface termination. Annealing during the implan-
tation process is also an appealing option that has been shown to
improve NV yields in the bulk [15]. Charging vacancies during
annealing by introducing shallow electron donors to the dia-
mond crystal may also improve the vacancy yield by limiting the
formation of multi-vacancy clusters and perhaps out-diffusion
to the surface on electrostatic grounds [19], although in this
case we note that using a diamond with high levels of pre-exist-
ing nitrogen may not be beneficial due to the requirement for
activating electrical donors prior to NV creation. The areas for
improvement identified in this work will hopefully allow the
creation of shallow ensembles approaching bulk values to be
feasible through ion implantation of both electronic-grade and

type Ib diamond in the future.

Ton implantation at the doses and energies described in the main
text were carried out by a commercial provider (InnovION) with
a sample tilt of 7° to minimise ion channelling and thus produce
the best agreement with the SRIM simulations, which assume
an amorphous substrate.

We used an ICP-RIE system (Plasmalab100 ICP380) for the
oxygen RIE process. A recipe containing 50-sccm oxygen flow
rate, 10-W bias (RF) power, and 600-W ICP power at a 10-mTorr
chamber pressure was used for etching the samples.

Following implantation, all samples were annealed in a
vacuum furnace (pressure held below 107> hPa) using a ramp
sequence that culminated with one hour at 800 °C (2-h ramp
to 400 °C, 3 h at 400 °C, 3-h ramp to 800 °C, 1 h at 800 °C, 2-h
ramp to room temperature). The one-hour plateau was chosen
in an attempt to maximise NV yield whilst minimising vacancy
diffusion into the diamond, in practice there is expected to be
a trade-off between these two factors. The diamonds were then
cleaned in a boiling (heated on a hot plate at & 450°C) mixture
of sulphuric and nitric acid (approximately 1:1 ratio) for 30 min
to achieve a standardised, oxygen-terminated surface.

NV measurements were carried out on both confocal and
widefield systems. The widefield system features a sCMOS cam-
era (Andor Zyla), an immersion oil objective (Nikon CFI S Fluor
40x, NA = 1.30) and ~ 200 mW laser illumination (532 nm,
Laser Quantum Opus) focused to a spot of diameter ~ 50 pm.
Laser pulsing is achieved using an acousto-optic modulator
(AA Opto-Electronic MQ180-A0, 25-VIS) and MW delivery
is from a Rohde & Schwartz SMBV100A signal generator, IQ
gated by an arbitrary waveform generator (Keysight P9336). A
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PulseBlasterESR-pro card provides TTL signals to sequence the
laser and MW pulses. The confocal system uses a higher mag-
nification immersion oil objective (Olympus UPlanSApo 100,
NA = 1.4) and PL is collected onto a fibre-coupled avalanche
photodiode (Excelitas SPCM-AQRH-14-FC). Input laser power
was ~ 1 mW, focused to a diffraction-limited spot.

PL spectra were collected using a StellarNet GREEN-Wave
spectrometer under typical widefield illumination conditions.
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