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Quantum technologies based on quantum point defects in crystals require control over the defect charge state.
Here we tune the charge state of shallow nitrogen-vacancy and silicon-vacancy centers by locally oxidizing
a hydrogenated surface with moderate optical excitation and simultaneous spectral monitoring. The loss of
conductivity and change in work function due to oxidation are measured in atmosphere using conductive atomic
force microscopy and Kelvin probe force microscopy (KPFM). We correlate these scanning probe measurements
with optical spectroscopy of the nitrogen-vacancy and silicon-vacancy centers created via implantation 15–25 nm
beneath the diamond surface and annealing. The observed charge state of the defects as a function of optical
exposure demonstrates that laser oxidation provides a way to precisely tune the Fermi level over a range of at least
2.00 eV. We also observe a significantly larger oxidation rate for implanted surfaces compared to unimplanted
surfaces under ambient conditions. Combined with knowledge of the electron affinity of a surface, these results
suggest KPFM is a powerful, high-spatial-resolution technique to advance surface Fermi level engineering for
charge stabilization of quantum defects.
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I. INTRODUCTION

Quantum point defects in wide band gap semiconductors
are utilized for quantum sensing and quantum information
applications due to their long spin coherence times and spin-
selective optical transitions [1,2]. For a given application, a
particular charge state of the defect is required. This charge
state can be passively controlled by Fermi level engineering
of the host crystal, typically through bulk impurity doping
[3–5]. However, control over the Fermi level can be chal-
lenging in wide band gap semiconductors due to limits in
dopability [6]. For quantum sensors and integrated quantum
photonics, the defect must be close (nm to hundreds of nm) to
the surface. This opens up an additional control knob, surface
Fermi level engineering. Control over the surface Fermi level
can be realized via active techniques such as gating [7,8] or
passive techniques such as chemical surface functionalization
[9–12]. Control over the surface termination is additionally
attractive because it not only affects the defect charge state,
it also affects defect spin [13] and optical properties [14].
This surface sensitivity indicates a pressing need for engineer-
ing atomically ordered surfaces with the desired electronic
structure.
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A large body of existing work in diamond surface sci-
ence has focused on electronic applications [15]. Now, the
impact of these surfaces on quantum point defect properties
in diamond is receiving attention. Optical measurements have
directly linked the ratio of fluorescence of near-surface neutral
nitrogen-vacancy centers NV0 and negatively charged NV−

centers to the degree of oxidation and hydrogenation [9,10].
Later work has shown similar switching between the neutral
silicon vacancy SiV0 and negatively charged SiV− [11]. In
both cases, the surface termination was switched in a binary
fashion between an oxidized surface and hydrogenated sur-
face. However, a desired defect may require an intermediate
termination. For example, in the case of SiV0, theoretical cal-
culations of the formation energies suggest that near-surface
SiV may not be in the desired neutral charge state for strongly
hydrogenated or strongly oxidized surfaces [16].

To date, the primary method for determining the effective-
ness of the surface treatment is typically the direct optical
probing of the quantum defects, in particular when the de-
vice size is small ( µm) [8] compared to standard large-area
surface characterization techniques such as ultraviolet photo-
electron spectroscopy (mm). In this work, we combine optical
probing with conductive atomic force microscopy (C-AFM)
and Kelvin probe force microscopy (KPFM) techniques. The
scanning probe techniques work under ambient conditions,
high vacuum, on fabricated electronic devices, and even un-
der optical excitation, enabling measurements under practical
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FIG. 1. (a) Schematic of implantation geometry. The diamond substrate is implanted through a TEM grid resulting in squares of implanted
nitrogen and silicon. The squares are 28 µm (90 µm) wide in sample A (B). (b) Schematic of the sample holder used in the plasma reactor. A
large circular window on the diamond surface is exposed to the hydrogen radicals, while the edges are masked (c) Schematic of cold plasma
reactor. (d) AFM topography measurements before and after the hydrogenation showing similar surface roughness. (e) Water wetting angle
measurements before and after hydrogenation show the expected increase in hydrophobicity.

experimental conditions. We find a strong correlation between
the scanning probe measurements and the charge state and
emission intensity of the quantum defects. We further utilize
the method to study laser-assisted oxidation, which provides
controlled surface modification with optical spatial resolution.
Finally, correlated measurements show a significant accelera-
tion of oxidation of hydrogen-passivated surfaces in ambient
conditions in the presence of implantation damage.

II. SAMPLE PREPARATION AND ANALYSIS
TECHNIQUES

We implanted two chemical vapor deposition diamond
substrates on the (100) surface (Element Six, ELSC grade),
named A and B, with silicon and nitrogen. The nominal
nitrogen and boron substrate concentrations are specified as
less than 5 ppb and 1 ppb, respectively. Prior to implanta-
tion, we etched the top 5 µm of the surface in an Ar/Cl RIE
plasma and oxygen plasma [14] to remove surface damage
from polishing and prior implantation. We co-implant both
samples with nitrogen and silicon at fluences of 1010 cm−2

and 1011 cm−2, respectively. Sample A (B) has a N+ and Si+

acceleration energy of 10 keV and 19 keV (18 keV and 34
keV), respectively. We implanted at an angle of 7 degrees
from normal through a TEM mask, resulting in implantation
squares [Fig. 1(a)]. The mean implantation depth for both
impurities is 15 nm in sample A and 25 nm in sample B,
as simulated by SRIM [17]. We chose the implantation depth
such that the quantum defects lie in the band bending region of
the surface, and thus are sensitive to surface terminations [9].
We utilized the implanted nitrogen to form NV centers, whose
charge state is very sensitive to band bending and relatively
well understood, whereas we used silicon for forming SiV in
order to further our understanding of SiV charge state stabi-
lization. We annealed sample A (B) at 800 ◦C (1200 ◦C) for
2 h under vacuum (10−7 mbar) to mobilize the vacancies pro-
duced by ion implantation and form both NV and SiV centers,
and to anneal out residual implantation damage. Following the
vacuum anneal, we boiled the sample in a 1:1:1 mixture of
sulfuric, nitric and perchloric acid for 1 h and subsequently

annealed at ambient pressure in oxygen at 465 ◦C for 4 h to
form a starting oxidized surface [10].

Next, we exposed the sample surface to a cold hydrogen
plasma treatment, which was developed to achieve record
hydrogen termination on graphene [18]. We mounted the
sample in a holder, which exposes a circular region of
the sample to the hydrogen plasma, with the sample edges
masked [Fig. 1(b)]. In conventional direct-current (dc) and
radio-frequency (rf) plasma processing reactors, high-energy
hydrogen ions generated at the plasma-substrate interface
(so-called sheath) and energetic atoms generated due to
charge-exchange collisions between ions and atoms can
induce substantial damage by irreversible etching and sput-
tering. In contrast, the cold hydrogen plasma is generated by
nonthermal electrons in crossed electric and magnetic fields,
so-called cross-field or ExB plasma discharge [Fig. 1(c)]. The
sample is held beneath the confined plasma to expose the
surface to hydrogen radicals (rather than ions). The electric
field is directed inward, i.e., away from the substrate, pre-
venting energetic ions from impinging on the substrate. AFM
measurements confirm a similar RMS roughness before and
after H treatment [RMS = Fig. 1(d)]. Additionally, the sample
surface becomes hydrophobic [Fig. 1(e)], which is expected
for hydrogen passivation [15]. As we see further below, this
masking allows us to probe the continuous region between the
oxidized and hydrogenated surfaces.

We performed confocal photoluminescence imaging and
spectroscopy at STP to monitor the luminescence from the
NV0, NV−, and SiV−. We excited and oxidized the samples
with a 532-nm laser focused to a 500-nm diameter spot. The
ratio of the NV− to NV0 luminescence is used to serve as a
proxy for the Fermi level [9].

For KPFM and C-AFM measurements, we patterned the
ground electrode onto the face of the diamond using e-beam
evaporation through a shadow mask, and then wire bonded
the electrode to a chip carrier. The electrode consists of a
140-nm-thick gold layer deposited on a 10-nm-thick titanium
adhesion layer. This lateral geometry allows both KPFM mea-
surements and C-AFM measurements on the same area; the
use of a backing plane electrode on a thick insulating substrate
would prevent C-AFM measurements. We performed KPFM
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FIG. 2. (a) Schematic of sample with electrode. (b) C-AFM image of sample A (15-nm depth) with a 5-V sample bias. (c) Stitched
FM-KPFM image of sample A taken with a 10-nm lift height. A constant −70-mV offset is applied to the right scan to match the CPD in
the overlapping region. (d) Confocal photoluminescence image of sample A obtained using 1 mW of 532-nm excitation. Spectra taken at five
locations across the boundary are shown below using 0.8 mW at 532 nm. (e) Total PL intensity for the three defect charge states for the spots
indicated in (d).

using both amplitude-modulated (AM-KPFM) and frequency-
modulated (FM-KPFM) methods. FM-KPFM is sensitive to
the electrostatic force gradient, rather than the electrostatic
force as in AM-KPFM, and therefore yields better spatial
resolution and a more accurate contact potential difference
(CPD), the difference between the work function of the sam-
ple and the tip. AM-KPFM is more efficient at scanning large
areas quickly [19]. The absolute value of the contact poten-
tial difference measured in the KPFM signal is dependent
upon the material and geometry of the tip. We performed
all AFM measurements with an MFP3D AFM (Oxford
Instruments) using metal-coated cantilevers (KPFM: Budget-
Sensors ElectriTap190-G cantilevers; C-AFM: BudgetSensors
CONTG-B contact-mode cantilevers). We performed FM-
KPFM using custom, publicly available code [20] written in
IGOR PRO, as in previous work [21]. We used a typical lift
height of 10 nm during KPFM acquisition.

III. CORRELATED PL, KPFM, AND C-AFM IMAGING

We perform correlated C-AFM, KPFM, and PL spec-
troscopy around a narrow transition region between the
oxygen and hydrogen termination transition [Fig. 2(a)].
C-AFM measurements [Fig. 2(b)] confirm that the hydrogen-
terminated surface on the right is conductive while the left
oxygen-terminated surface is insulating. This provides fur-
ther verification that the hydrogen termination has pushed the

Fermi level into the valence band. Additionally, a dramatic
increase in resistance is observed above the implantation
squares, suggesting either a loss of hydrogenation in these
regions or increased scattering due to interactions between the
holes and the residual implantation damage. Further measure-
ments below support the former hypothesis.

FM-KPFM in Fig. 2(c) in the same region shows a 250–
320 mV potential increase from the oxidized to hydrogenated
surface. The size and sign of the change in surface potential
is similar to prior reports, which range between 100–300 mV
[22,23]. Similar to the C-AFM data, one of the most striking
features of the KPFM image is the ability to visualize the
implantation squares. Additionally, we note that the CPD does
not monotonically increase from the oxygen-terminated to
hydrogen-terminated side, but rather has a maximum between
the two regions. This behavior was observed even in the region
that has not been implanted and will be discussed further
below.

During photoluminescence imaging, we collected a spec-
tral band of 653–815 nm, which includes PL contributions for
NV0, NV−, and SiV−. The PL image shown in Fig. 2(d) shows
bright PL emission under the oxidized surface, with very low
fluorescence shown under the hydrogenated surface. Spatially
resolved spectra across the square, which lies on the termi-
nation boundary show that not only does the total intensity
change (black spectra), but the relative contributions of the
three defects, NV−, NV0, and SiV− vary as well. We extracted
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FIG. 3. (a) Confocal PL image of sample A (15 nm) after laser-assisted oxidation. Laser-assisted oxidation is performed with 20 mW
(1.0 × 1010 mW/cm2) of 532 nm, while confocal imaging utilizes 1 mW (5.1 × 108 mW/cm2) of 532 nm. The entire time of exposure was
10 h. (b) AM-KPFM image of sample A after laser-assisted oxidation. (c) Time dependence of the SiV− PL intensity on sample B (25 nm) using
30 mW (1.5 × 1010 mW/cm2) of 532 nm excitation. Colored data points correspond to the SiV− intensity from the three laser-assisted exposed
regions. Inset: Representative PL spectra taken at the start and end of the laser exposure used to determine total PL intensity. (d) Confocal
image of three laser-assisted exposed squares on sample B using 1 mW of 532-nm excitation. The dashed white line denotes the implantation
square boundary. PL background from deeper native NV is observed throughout the implantation square (bottom half). (e) FM-KPFM image
of the laser-assisted oxidized squares on sample B. (f) Photoluminescence spectra corresponding to the four marked regions in (d) and the
colored data points in (c) obtained using 1 mW of 532-nm excitation.

these relative contributions by fitting the total spectrum to
a weighted sum of the individual defect spectra [Fig. 2(d)].
Figure 2(e) depicts the change in PL intensity for the three
defects across the termination. The PL from the negatively
charged defects monotonically quench with hydrogenation,
while the neutral NV0 PL increases but eventually quenches
at the highest exposure. These results are consistent with prior
reports of NV luminescence after hydrogen plasma treatment,
which show NV centers can be left in the neutral or even
optically dark positively charged NV+ state [9], dependent on
the level of hydrogenation.

IV. OPTICAL CONTROL OVER THE SURFACE
FERMI LEVEL

In this section, we utilize KPFM to demonstrate that the
hydrogen-terminated surface can be oxidized via laser ir-
radiation in air. Figure 3(a) depicts a confocal image of
a hydrogen-terminated region in sample A. Prior to imag-
ing, we patterned a W on an implantation square using a
20-mW 532-nm laser in air focused to a 500-nm-diameter
spot corresponding to an irradiance of 1.0 × 1010mW/cm2.
The laser-exposed implantation square is visibly brighter,
similar to the oxygen-terminated surface. AM-KPFM of the
same region [Fig. 3(b)] reveals that the bright PL corresponds
to a decrease in the work function. In AM-KPFM, due to
contributions of the work function far from the sharp tip,
this value likely represents a lower limit for the shift. These
correlated measurements suggest that the level of hydrogen
termination and thus the surface Fermi level can be tuned with
laser irradiation. This result is consistent with the observation
of diamond etching via laser-induced local oxidation, which

has been reported at much higher laser powers [24]. At the
laser intensities used in this work, no etching is detectable
via atomic-force microscopy. Finally we observe that the NV
center responds to the laser-assisted oxidation as expected,
showing a conversion to the desired negatively charged state,
which is shown in Sec. I of the Supplemental Material [25].

We tested the hypothesis that the oxidation can be con-
tinuously tuned using sample B. Figure 3(c) shows a time
trace of the PL intensity from SiV− at a single excitation
spot plotted under 30 mW (1.5 × 1010 mW/cm2) excitation.
The increase in intensity is observed to saturate after around
15 min. This relatively slow process and the optical spatial
resolution enable very precise control over the Fermi level.
In contrast to sample A, the spectra taken on sample B after
exposure show that SiV and not NV contribute to the majority
of the signal. The lower formation yield of sample B NV
centers is attributed to the higher annealing temperature [31].

We then exposed three 5x5 µm squares using the 30 mW
(1.5 × 1010 mW/cm2) excitation, varying the exposure time to
obtain three different oxidation levels. These squares overlap
the edge of an implantation square, allowing us to study dif-
ferences in the changes in PL and surface potential between
implanted and nonimplanted regions. As expected, the PL
intensity only increases in the part of the square over the
implanted defects [Fig. 3(d)], while the entire exposed square
is modified in the KPFM image [Fig. 3(e)]. The nonlinear
response in the SiV− PL intensity with laser exposure is used
to estimate the exposure from the tuning curve [Fig. 3(c)].
Similar to the W, we observe an increase in PL intensity and
a decrease in surface potential. Spectra in Fig. 3(f) on the
exposed squares confirm that the PL enhancement is coming
from the SiV−.
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FIG. 4. (a) Band diagram of the top 50 nm of hydrogenated and oxidized diamond surfaces using formation energies calculated in Ref. [30].
The Fermi level for hydrogenated diamond is located at approximately the valence band maximum where the 2D hole gas (2DHG) forms. The
oxidized surface is shown pinned 2.4 eV above the valence band due to the presence of surface defects. (b) Left: FM-KPFM image depicting
the boundary between the masked oxidized and hydrogenated diamond surface of sample A (15 nm). Right: Line scan across the unimplanted
region, averaged over 2.5 µm. (c) Left: FM-KPFM image depicting the square created by the longest exposure to the laser on sample B (25 nm).
Right: FM-KPFM line scan across the square’s boundary, averaged over 1.5 µm. (d) Left: FM-KPFM image of two implantation squares of
sample A after hydrogen passivation. Right: Line scan across the two implantation squares, averaged over 10 µm. The implantation squares
are indicated by the shaded regions.

V. DISCUSSION AND OUTLOOK

In these experiments, KPFM and C-AFM, correlated
with photoluminescence measurements, enable us to link the
brightening of quantum defect luminescence to surface prop-
erties. This connection can be understood using the band
bending diagram depicted in Fig. 4(a). Under both oxidized
and hydrogenated nitrogen-doped diamond, electron transfer
from nitrogen donors to surface acceptors results in an upward
band bending. This upward band bending is more obvious
over larger depths than the 50 nm depth shown in Fig. 4(a)
and can be seen in Sec. II of our Supplemental Material [25].
In the case of hydrogenated diamond, there is an additional
upward bending contribution from the transfer of electrons in
the valence band to atmospheric acceptors on the surface. This
surface transfer doping mechanism results in the conductive
two-dimensional (2D) hole gas [15] detected by C-AFM. It
is also responsible for the pinning of the Fermi level near the
valence band maximum. Under oxidized diamond, the elec-
trons from the nitrogen donors are trapped at surface defects
[27] pinning the Fermi level midgap. The charge state of the
near-surface defects can be determined from the Fermi level
through the calculation of formation energies. In Fig. 4(a)

we illustrate the possible charge states of the NV center as
shaded regions within the band gap. The region that contains
the Fermi level is the equilibrium state, thus for hydrogenated
diamond, we expect the NV+ state. In oxidized diamond, the
charge state will depend on the density of the trap states and
will lie within the NV0 and NV− bands [27].

Also depicted in Fig. 4(a) is the difference in CPD be-
tween the two surfaces. Both the Fermi level and electron
affinity will change with surface termination, which can result
in a seemingly complex spatial dependence of the CPD. In
Fig. 4(b), a horizontal line scan of the work function is shown
across the hydrogenated-oxidized boundary. For simplicity,
this scan is taken in a region with no implantation. An initial
increase in the work function is observed as the diamond
becomes oxidized, before finally dropping 250–320 meV be-
low the hydrogenated level. This behavior can be understood
by noting that the CPD has two contributions, the electron
affinity χe and the Fermi level EF . Specifically, the change
in CPD over a material with a constant band gap is given
by �W = �χe − �EF , where W is the work function, χe

is the electron affinity, and EF is the Fermi level measured
from the valence band maximum. The electron affinity should
monotonically increase as oxygen replaces hydrogen due to
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the opposite polarity of the two surface dipole moments.
This increase can happen spatially across the surface due to
masking, or over time by our laser-induced oxidation. The
Fermi level also increases as the surface is oxidized; on a
hydrogenated surface, it can lie as deep as 0.7 eV below the
valence band [32], while oxidized diamond is believed to be
pinned around 1.8–2.4 eV [27,28] above the valence band. We
utilize the upper estimate 2.4 eV for the oxidized Fermi level
to explain our measurements, which is discussed in Sec. II of
the Supplemental Material [25]. The dependence of the Fermi
level on the surface termination is more complicated than the
electron affinity dependence as it also depends on electron
transfer between the diamond and the surface wetting layer.
We hypothesize that the initial increase in the work function
is caused by a Fermi level that remains pinned near the valence
band despite the increasing electron affinity.

The nonmonotonic behavior of the CPD with oxidation
results in some unique features in the KPFM images of laser-
exposed and defect-implanted surfaces. In Fig. 4(c) a KPFM
scan of the square with the largest laser exposure is shown.
We observe a dark oxidized patch surrounded by a lighter
halo. The work function of this halo is even higher than the
surrounding unexposed surface. We attribute this halo to the
Gaussian laser profile, which results in a weaker exposure at
the edge of the square, combined with the CPD’s nonmono-
tonic dependence with oxidation. This effect is analogous to
the boundary effect we observed in Fig. 4(b).

The nonmonotonic CPD effect can also be used to explain
two different characteristic behaviors observed at the surface
of seemingly identical implantation squares. These squares
have not received the laser oxidation treatment. As illustrated
in Fig. 4(d), we observe an increase in work function over the
entire surface of some squares, while others we observe only
an increase in a halo around the square. For the halo squares,
the interior may exhibit a slightly higher to significantly lower
work function than outside the square. These results can be
explained by accelerated oxidation of the diamond surface
in ambient conditions due to implantation damage, even at
the low implantation fluence in this study corresponding to
one ion per (30 nm)2. Squares that are early in the oxida-
tion process will have an all-positive surface, with the halo
forming later in the process when the interior of the square
becomes more oxidized. This implantation-induced acceler-
ation is significant; only the implanted regions in sample A

show signs of oxidation after two years in ambient conditions.
More theoretical work is needed to elucidate the mechanism
for accelerated oxidation given the importance of near-surface
defects for quantum technologies.

In summary, we utilize correlated scanning-probe mi-
croscopy and photoluminescence to study surface oxidation
of hydrogenated diamond surfaces. We continuously vary the
hydrogenation/oxidation in two ways: by shadow masking
an oxygen-terminated surface in a cold hydrogen plasma
and by controlled laser-assisted oxidation. In both cases, we
observe the nonmonotonic increase in work function with oxi-
dation. KPFM measurements are consistent with the observed
charge state of quantum defects beneath these functionalized
surfaces. Correlated measurements further uncover that the
surfaces over implanted defects oxidize more quickly than
pristine surfaces. Combined with knowledge of the elec-
tron affinity of a surface, these results indicate KPFM can
be a powerful, high-spatial-resolution technique to advance
surface Fermi level engineering for charge stabilization of
quantum defects.
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