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ABSTRACT: Surface termination of semiconductors is important
for their applications in electronics because it governs electrical
properties at interfaces. For quantum sensors and qubits based on
spins in solids, this is crucial when they are located a few nanometers
below the crystal surface. In the case of diamond, oxygen
termination is preferential for quantum sensing with nitrogen-
vacancy (NV) centers. Here, we present local surface modification
of a nonconductive diamond surface utilizing conductive atomic
force microscopy under laser illumination. By applying this method,
we demonstrate not only a removal of fluorescence background but
also control over the charge state of single NV centers. The latter
show an improvement of the optically detected magnetic resonance
contrast from 1% up to 29% after the treatment. We assume that local surface oxidation is happening on the diamond, which has
already been demonstrated for conducting hydrogenated surfaces, but its implementation to nonconductive surfaces remains
challenging.
KEYWORDS: NV center, charge state, conductive AFM, surface oxidation

Diamond is a wide-band-gap (5.47 eV) material that has
been considered for applications in electronics,1

photonics,2 quantum sensing and computing,3,4 electro-
chemistry,5 and medicine.6 These applications typically
demand a certain surface termination, which defines the
electronic properties of the diamond surface. In particular, the
surface termination can be used to control the charge state of
sensing qubits, which is routinely applied to shallow nitrogen-
vacancy (NV) and silicon-vacancy (SiV) centers in diamond.7,8

Oxygen termination is preferential for quantum sensing
because it was shown to preserve the negative charge state of
NV centers (NV−),9 while hydrogen termination results in the
Fermi level positioned below the valence-band maximum,
which leads to neutral (NV0) and even positive (NV+) charge
states of shallow NVs.10 The presence of C�C bonds (sp2
hybridization) on the diamond surface was also demonstrated
to affect the NV centers, bringing them to the NV0 state.11

Less common types of terminating agents on the diamond
surface include nitrogen,12 fluorine,13 and silicon.14

While macroscale surface termination is typically produced
via boiling in acids or plasma etching/treatment,15−17 local
surface modification can be achieved by utilizing scanning
probe microscopy techniques.18 For diamond, the possibility of
changing a hydrogen surface termination to an oxygen one was
demonstrated using conductive atomic force microscopy (c-
AFM).19,20 This technique is based on electric-field-assisted

local electrochemical oxidation in the vicinity of the AFM
cantilever tip at ambient conditions. The required surface
conductivity in the case of diamond is provided by hydrogen
termination. However, the local oxidation of surfaces with
terminating groups that do not guarantee a high surface
conductivity is challenging.
We report here the local surface oxidation of a non-

conductive diamond surface using the c-AFM technique under
green (λ = 520 nm) laser illumination. This allows not only
removal of the fluorescence background at the submicroscale
but also control of the charge state of single NV centers.
The sample used in this work is a (001)-oriented 4 × 4 ×

0.05 mm IIa diamond plate grown by using a chemical vapor
deposition method.
Part of the sample was subjected to nitrogen (15N+)

implantation with an energy of 30 keV (corresponding to
≈45 nm penetration depth) and a dose of 3 × 109 ions/cm2,
while the other part was covered during the implantation. To
create NV centers, the sample was annealed in a vacuum at
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1000 °C for 2 h. After the annealing step, the sample was
boiled in a 1:1 mixture of HNO3 and H2SO4 to remove the
graphitized surface. Before the lithography step, the sample was
cleaned in acetone and isopropyl alcohol.
Afterwards, the presence of NV centers was confirmed with

a confocal photoluminescence (PL) mapping (Figure 1a,b).

Finally, gold electrodes for the application of microwave
(MW) signals and bias voltages were deposited on the sample
surface using electron-beam lithography. A photograph of the
sample with metal electrodes is shown in Figure 2a. A more
detailed description of the sample preparation procedures can
be found in the Supporting Information (SI).
The PL mapping conducted after the fabrication of surface

electrodes reveals an increased background luminescence of
the sample (Figure 1b), suggesting a change in the surface
properties. As shown below, the NV centers are found to
predominantly be in the neutral charge state, which points to a
change in the electronic properties of the surface after the
electrode manufacturing steps.
To determine if the additional fluorescence could be

removed, the sample was cleaned in acetone using a sonicator,
but the background PL still remained after this treatment.
More harsh cleaning procedures could not be applied without

destroying the gold MW structure. Interestingly, by performing
conductive AFM experiments under laser illumination, we can
change the surface properties. These measurements were
conducted on a combined confocal microscopy−AFM setup
consisting of an AFM and a home-built confocal microscope
(see the SI) with a laser scanning technique,21 where the laser
focal point was scanned around a cantilever that was fixed in
place and in contact with the sample surface (Figure 2b). Here,
we refer to contact as the AFM tip being in contact mode.
During scanning, both the recorded PL and the electric current
through the cantilever are correlated with the lateral position of
the laser to obtain 2D PL and photocurrent maps
simultaneously. A schematic of the experiment is shown in
Figure 2c. In the following, we treat this experimental
configuration as a metal−semiconductor−metal (MSM)
structure,22 with the Schottky-type contact at the cantilever
side and an ohmic contact at the surface electrode side. On the
basis of our findings, we attribute the origin of the
photocurrent to a photoexcitation of valence-band electrons
to states at the metal−diamond interface (cantilever or bias
electrode in Figure 3b at −10 or +10 V, respectively) and to
surface states.23,24 This results in the generation of holes in the
diamond valence band, which act as the main charge carriers
moving in the applied electric potential.
Figure 3 shows the PL from the diamond surface as a

function of the bias applied to the bias electrode. The data
were measured in an area of the sample that was not subjected
to ion implantation to exclude its possible influence on the
results. From the data, we can conclude that the application of
a negative bias (up to −10 V) to the electrode does not lead to
changes in the surface PL. As can be seen in Figure 3b, in these
conditions, the maximum photocurrent of about 300 pA is
induced when the laser is focused on the grounded cantilever
tip (left panel). This agrees with the assumption that the
photogenerated holes are the main charge carriers (Figure S1)
because they are efficiently generated at the metal−diamond
interface with a higher potential23 and move to the lower
potential electrode.

Figure 1. (a) PL map of the sample showing NV centers before metal
deposition. (b) PL map of the sample after metal deposition. The
biased electrode is visible in the top of the scan. The laser power in
both experiments was 500 μW. The scale bars are 2 μm.

Figure 2. (a) Diamond plate with metal electrodes used in the experiments. (b) Schematic (2D, view from the top) of the typical experimental
configuration (e.g., for the one in Figure 3). (c) 3D schematic of the c-AFM experiments under laser illumination. (d) Schematic of the processes
occurring between the cantilever and sample under application of the positive bias to the sample.
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At 0 V, a low photocurrent on the order of 5 pA is induced
when the laser is illuminating the cantilever, which can be
explained by the presence of built-in voltage (Schottky barrier)
at the tip−semiconductor interface.
A positive bias of +5 V results in a photocurrent on the order

of 30 pA when the laser is focused between the cantilever and
the biased electrode. This behavior can be explained by the fact
that, at intermediate voltages lower than the Schottky barrier,
the holes generated at the positively biased contact cannot
reach the cantilever due to the bending. The current in this
case originates only from populating the diamond surface
states. Because the difference between the Schottky barriers
can hardly be on the order of 5 V, it is also assumed that there
is a series resistance (e.g., contact resistance, the water layer
between the cantilever and the sample surface) that reduces
the potential bias applied to the MSM structure.
At the bias voltage of +10 V, the maximum photocurrent of

approximately 600 pA is observed when the laser illuminates
the edge of the metal structure. This agrees with the
assumption of positive charge carriers (holes). The linear
dependence of the photocurrent on the laser power at +10 V
(Figure S3a) suggests that the observed effect is a one-photon
process, which agrees with previous observations of the
photogenerated hole current at metal−diamond interfaces.23
We performed numerical simulations of a model 1D MSM

structure using the AFORS-HET25 software, which confirms
the above-explained mechanism (Figure S1).
As demonstrated in Figure 3a, the background PL is

significantly quenched (by ≈3 times) around the cantilever tip
under the application of a positive bias to the surface electrode.
In Figure S3b, the area with the bleached PL is plotted as a
function of the total charge flown through the cantilever during
the scan q = ∑iIiti, where Ii is the photocurrent in the ith pixel
and ti is the laser dwell time per pixel. The observed linear
dependence suggests that the bleaching effect is triggered by
trapping of the charge carriers (holes) by defect states on the
surface. Due to a small cross-sectional area of the cantilever−
diamond contact, the high current density in the vicinity of the
cantilever leads to a visible PL quenching effect, which was not

observed when the potential was applied directly between two
surface electrodes (MW and bias electrodes in Figure 2c).
Kelvin probe force microscopy (KPFM) measurements of

the diamond surface indicate a lower work function (by ≈100
mV) of the PL-bleached area compared to the unaltered
surface (Figure S4). This could be caused either by the
presence of locally trapped charges, by a different material
adsorbed on the surface, or by a change of the diamond surface
termination.26 Because the induced changes in PL cannot be
reverted by a photocurrent with reversed polarity and are
stable for several weeks in ambient conditions, we exclude the
local charging of the diamond surface as a possible reason for
the photocurrent-induced PL bleaching. A different material on
the diamond surface could be residuals of the PMMA-based
resist left after the electron-beam lithography process.
However, these residues should be completely removed after
the sample is sonicated in acetone. Therefore, we attribute the
observed effects to a change in diamond surface termination.
In an attempt to obtain more information about the changes
happening on the surface, we performed X-ray photoelectron
spectroscopy (XPS) on this sample and compared it with a
reference sample, which underwent the same lithography
procedure. Unfortunately, the area modified during c-AFM was
too small to be able to detect an XPS signal from that region.
Nevertheless, XPS spectra could be obtained from other
sample areas, where the C 1s peak shows a slight difference
compared to the reference (see the SI for more details), but
more investigation is needed in order to resolve the chemical
structure.
The most stable common diamond surface terminating

agents, in order of increasing work function, are hydrogen,
oxygen, and carbon sp2 hybridization.26−28 Because we do not
detect an electric current in the absence of laser excitation, we
exclude the presence of hydrogen termination. KPFM
measurements (Figure S4c) and the results obtained with
NV centers shown below suggest, that in our c-AFM
experiments under laser illumination, the amount of carbon
sp2 hybridization at the diamond surface reduces, while the
percentage of oxygen termination increases. However, this

Figure 3. (a) PL maps of the sample surface in the nonimplanted region obtained at different bias voltages during c-AFM experiments. The biased
electrode is located at the bottom of each scan (darker region). The cantilever, located in the center of each scan (indicated by a white triangle), is
grounded. The PL maps at +5 and +10 V demonstrate the PL-bleached area (circled in blue) between the cantilever and the biased electrode (see
also Figure 2b). (b) Photocurrent maps (absolute photocurrent) of the sample surface obtained at different bias voltages simultaneously with part a,
as described in the main text. The laser power in all experiments was 500 μW. The scale bars are 2 μm.
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could not be confirmed by XPS because no signal could be
detected from the c-AFM-treated area.
The illustration of this mechanism is presented in Figure 2d.

Because the experiments are conducted at ambient conditions
(a temperature of 25 °C and a relative humidity of 40%), a
water meniscus is formed between the cantilever tip and the
surface.29,30 While we could not perform a complete contact-
angle measurement due to the small size of the chemically
modified area, a wetting (by a drop of water) of the diamond
surface was clearly observed under a microscope.
The water serves as an electrolyte where anodic oxidation

occurs at the sample−water interface:31−33

+ + ++C OH C O H 2e2 2 (1)

while a counter reaction occurs at the water−cantilever
interface:

+ + ++H O H 2e OH H2 2 (2)

Here C2 represents the C−C surface bond (sp2 hybridization)
and C2O stands for the C−O−C surface configuration, as
shown in Figure 2d.
While in noncontact AFM experiments the size of the

oxidized region is limited by the size of the water meniscus,34

in contact mode under the continuous application of a current,
the oxyanions start to diffuse laterally due to space charge
effects.35 This leads to an increase of the lateral size of the
oxidized area, which in our case reaches up to 30 μm2 (Figure
S3b).

Local modification of the surface termination can be
beneficial for preserving certain charge states of color centers.
We demonstrate this on NV centers created in the implanted
region of the sample. Here, the application of the photocurrent
reduces the background PL, while the NV center PL remains
almost at the same level (Figure 4a,b).
To probe the predominant charge state of the NV centers

before and after the c-AFM experiments, we first used the
optically detected magnetic resonance (ODMR) technique. In
this method, the NV center PL is monitored during the
application of MWs through the MW electrode as a function of
their frequency. The negatively charged NV− center exhibits a
magnetic resonance at a frequency of 2.87 GHz (at zero
magnetic field), which results in a decrease in PL.36 The NV0
center shows no magnetic resonance in such an experiment. As
demonstrated in Figure 4c, the ODMR contrast of NV centers,
defined as = | |C I I

I
res off

off
, where Ires and Ioff are the resonance

and off-resonance NV PL, respectively, increased significantly
from approximately 1% to 29% after the c-AFM surface
treatment. This observation shows that the application of c-
AFM under laser illumination influences the NV charge state
likely caused by the local oxidation of the diamond surface.11

PL spectra illustrating changes in the PL of the NV center
are shown in Figure 4d. The data demonstrate the transition of
the NV center from the predominantly neutral charge state
NV0 before application of the photocurrent to a predominantly
negative charge state NV− with the characteristic zero-phonon
line at 637 nm after PL bleaching.36 This shows that we were

Figure 4. (a) PL map of the sample surface showing single NV centers before application of the photocurrent. (b) PL map of the same area after
application of the photocurrent and retraction of the cantilever from the surface. During photocurrent application, the cantilever was placed 3 μm
away from the surface electrode (located in the top) that was at +10 V potential. The light-green circle indicates the NV from which the ODMR
and PL spectra shown below were obtained. (c) ODMR spectra on the single NV center before (brown points) and after (dark-blue points)
photocurrent application. Each data set is fitted with a Lorentzian function (orange and green lines, correspondingly). The ODMR contrast
increased from 1% up to 29% after application of a photocurrent. (d) PL spectra from the single NV center (background subtracted) before
(brown) and after (dark blue) application of a photocurrent.
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able to “revive” the NV− charge state by applying this
technique, similarly to previously demonstrated shallow NV
revival at ultrahigh-vacuum and low-temperature conditions
due to water adsorption.7 The background PL shown in Figure
S5a represents a wide spectrum with a maximum at a
wavelength of 650 nm.
To analyze how improvement of the ODMR contrast

depends on the NV position in the confocal scans, we
measured ODMR on several NV centers before (Ci) and after
(Cf) photocurrent application. The difference between the
ODMR contrasts (Cf − Ci) as a function of the distance from
the NVs to the border between the bright and dark regions
after photocurrent application is shown in Figure 5. The data

demonstrate that all measured NV centers located inside the
dark region (positive distances) show a significant improve-
ment of the ODMR contrast (up to about 29%). The NV
centers located at the border show a moderate increase in the
ODMR contrast of about 15%, while for NVs further than 0.5
μm from the border (negative distances), the ODMR contrast
improvement drops below 10%. The ODMR contrast values
used to obtain this dependence are presented in Table S1.
In conclusion, we demonstrated here the local oxidation of a

diamond surface at submicron spatial dimensions using c-AFM
during laser illumination. The observed effect opens a novel
way for extending the existing local anodic oxidation technique
to semiconductors exhibiting photoconductivity. The depend-
ency of the area of the oxidized region on the duration time of
the measured photocurrent allows one to control the resulting
oxidized pattern by tuning the laser power, applied bias
voltage, proximity to the biased electrode, and scanning rate.
The demonstrated benefits of the technique for NV centers

highlight the potential applications of our method for the local
charge state control. Given that the lateral size of the
conductive cantilever tip is on the order of tens of nanometers,
local surface modification could be useful in quantum sensing
based on ensembles of NV centers for improving the spatial
resolution of the sensor by creating an area with NV− centers
of a size that is less than the diffraction limit.
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Figure 5. Dependence of the ODMR contrast difference Cf − Ci on
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Positive (negative) distances correspond to NVs being inside
(outside) the bleached region. The larger error bars are due to the
poorly defined border between the two areas.
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