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Nitrogen vacancy (NV) centers in diamond have emerged in recent years as leading quantum
sensors in various modalities. Most applications benefit from shallow NVs, enabling higher sensitiv-
ity and resolution. However, near surface NVs (< 20 nm depth) suffer from reduced stability and
coherence properties due to additional noise. We demonstrate a novel surface termination technique
based on nitrogen plasma under non-damaging conditions, achieving significant improvement in NV
optical stability and quantum coherence.

I. INTRODUCTION

Recent years have seen significant interest in optically
active atomic defects in the solid-state in the context
of various quantum science and technology applications,
notably in quantum sensing [1–4]. One of the leading
realizations of such a platform is the nitrogen vacancy
(NV) center in diamond, which exhibits favorable spin
properties even at room temperature [4–6].

For many sensing applications, it is desirable to opti-
mize samples with shallow defects, such that their sen-
sitivity to signals of interest outside of their host mate-
rial will be maximized. However, it has been identified
both theoretically and experimentally that various noise
sources associated with the surface have an adverse effect
on the useful properties of these shallow defects [7–12].

Specifically for NV centers in diamond, several ap-
proaches for mitigating adverse surface effects have been
suggested and demonstrated [12–16]. Nevertheless, a ro-
bust and well-controlled general technique for diamond
surface termination is still of significant interest for a
broad community.

In this paper, we build upon previous proposals and
demonstrations [12, 13, 17], yet develop and imple-
ment extremely well-controlled ultrahigh vacuum non-
damaging diamond surface nitridation. We combine this
with in-situ spectroscopic characterization and quantum
spin measurements, to demonstrate a clear advance com-
pared to the state-of-the-art in shallow NV (< 5 nm from
the surface) fluorescence stability and quantum coher-
ence, reaching on average T2 > 4µs.

II. RESULTS

Our analysis was carried out on a pure diamond sample
grown by chemical vapor deposition (CVD, an ”electronic
grade” sample from Element Six), which was implanted
with 15N ions at an energy of 2 keV and a dose of 5×1010

[ ionscm2 ] (Innovion), creating a low density layer (optically
addressable single NVs) of shallow NVs (approx. 3-5 nm

from the surface based on SRIM calculations).
The sample was then acid cleaned (see Methods for de-

tails), and surface-terminated using both damaging and
non-damaging 14N RF Plasma.

We compare the surface characteristics of a non-
terminated surface, to surfaces terminated with N plasma
under non-damaging and damaging conditions. This
comparison addresses the chemical and structural prop-
erties of the diamond surface, as well as the quantum
properties of shallow NV centers.

A. Chemical and structural analysis

Figure 1 (a) and (b) show the C(1s) and N(1s) XP
spectra obtained from (1) 600 ◦C annealed H-diamond;
(2) non-damage RF(N2) plasma exposed & 300 °C an-
nealed; and (3) damage RF(N2) plasma exposed & 300
°C annealed diamond (100) surfaces. In Figure 1(a), for
600 °C annealed H-diamond (100), the C(1s) XP line
is located at 285.0 ± 0.1 eV (FWHM = 1.25 ± 0.05
eV) associated with sp3 carbon bonds (C–C) in diamond
[18, 19]. Deconvolution of C(1s) XP spectrum revealed
three additional components positioned at 283.6 ± 0.2,
286.1 ± 0.2, eV and 287.2 ± 0.2 eV that are associated
with sp2 carbon bonds and non-diamond species (C=C)
[20], hydrogenated carbon on the surface (CHx) [20], and
oxygen impurity on the surface carbon atom in C· · ·Ox

state [20], which is due to partial oxidation of sample sur-
face during the sample transfer into the UHV chamber,
respectively. Upon the H-diamond (100) surface expo-
sure to non-damage RF(N2) plasma followed by vacuum
annealing to 300 °C, the change in the C(1s) XP line
shape is very minor. The C–C (sp3) component slightly
decreased while there was a minor increase in C=C (sp2)
component compared to the pristine H-diamond (100)
surface. Spectral deconvolution shows minor increase in
intensity of the 286.1 ± 0.2 eV and 287.2 ± 0.2 eV peaks.
These two peaks have been previously attributed to car-
bon atoms bonded with nitrogen in two different bond-
ing configurations: the 287.2 eV peak to C–N(ad)/C≡N

ar
X

iv
:2

30
1.

13
82

4v
1 

 [
qu

an
t-

ph
] 

 3
1 

Ja
n 

20
23



2

(ad) bonds and some C· · ·Ox, and the peak at 286.1 eV
to C=N(ad) along with CHx [21]. Upon the H-diamond
(100) exposure to damage RF(N2) plasma followed by
vacuum annealing to 300 °C, the C(1s) XP line displays
asymmetry in the lower binding energy side, indicating
an increase in non-diamond content on the surface. Peak
fitting reveals a substantial increase in C=C (sp2) compo-
nent compared to pristine H-diamond (100) surface while
the CN associated components intensities are similar to
non-damage RF(N2) case. The increase in C=C (sp2)
concentration on the surface indicates severe damage in-
duced to the diamond (100) surface upon exposure to
damaging RF(N2) plasma conditions. In Figure 1(b),
the N(1s) XP line at 399.0 ± 0.2 eV is narrower for
non-damage RF(N2) plasma exposed diamond (100) sur-
face compared with the one exposed to damage RF(N2)
plasma indicating differences in nitrogen bonding config-
uration and their relative concentrations. The estimated
nitrogen concentration (at.%), assuming homogeneous
distribution within the bulk diamond, on non-damage
and damage RF(N2) plasma exposed diamond (100) sur-
faces followed by annealing 300 °C were 1.4 ± 0.2 and
8.4 ± 0.2 at.%, respectively. Deconvolution of N(1s) XP
lines reveals that the nitrogen bonded to carbon in ni-
trile configuration (398.0 ± 0.2 eV) [22, 23] is relatively
high for damage RF(N2) plasma exposed diamond (100)
surface. Whereas, on the non-damage RF(N2) plasma
exposed diamond (100) surface, the C–N/C=N configu-
ration (399.0 ± 0.2 eV) [22, 23] prevails. A higher nitrile
content in the former case is an indication of substantial
damage induced to the diamond surface.

HREEL spectroscopy is a high surface sensitive tech-
nique, which utilizes the inelastic scattering of electrons
from a solid surface, to study the vibrational modes of
surface or adsorbed species on a surface. Unlike other
spectroscopic methods, HREEL spectroscopy is very sen-
sitive to the upper atomic layer, in particular to the pres-
ence of hydrogen bonding. Figure 2(a) shows the HREEL
spectra obtained from 600 °C annealed pristine, non-
damage RF(N2) plasma exposed & 300 °C annealed and
damage RF(N2) plasma exposed & 300 °C annealed dia-
mond (100) surfaces. Figure 2(b) shows ×5 magnification
of the spectra presented in Figure 2(a) in the range of 240
to 500 meV. In Figure 2(a), spectrum-1 depicts the typ-
ical HREEL spectrum obtained from H-diamond (100)
surface shows two major peaks positioned at 155 and
360 meV, which are associated with mixed fundamental
optical phonon of sp3 bonded C–C stretching vibrations
and C–H bending modes and C–H stretching vibrations
of sp3 bonded C–H species on the diamond surface, re-
spectively. The other two broad and low-intensity peaks
at 303 and 450 meV are the 1st and 2nd overtones of opti-
cal phonons of sp3 C–C stretching vibrations of diamond
carbons. These are signature peaks of a highly crystalline
hydrogenated diamond [24, 25], confirming that the mea-
sured diamond surface possesses high crystallinity.

Deconvolution of the 155 meV peak in the HREEL
spectrum of 600 °C annealed pristine H-diamond (100)

FIG. 1. (a) C(1s) and (b) N(1s) XP spectra obtained from
(1) 600 °C pristine; (2) non-damage RF(N2) plasma exposed
& 300 °C annealed; and (3) damage RF(N2) plasma exposed
& 300 °C annealed diamond (100) surfaces.

reveals four peaks positioned at 105, 125, 135, and
180 eV associated with twisting and rocking deforma-
tion of C–H bonds, –CH3 rocking, HC=CH wagging vi-
brations, C–H bending deformation and C=C stretching
vibrations related to defects [26, 27], respectively, in ad-
dition to 155 meV peak. Similarly, deconvolution of 360
meV peak reveals additional peaks at 374 and 390 meV
associated with stretching modes of sp2 and sp hybridized
CH species [24, 25].

The HREEL spectra obtained from the non-damage
and damage RF(N2) plasma exposure followed by 300
°C annealed diamond (100) surfaces show few distinct
spectral changes such as broadening of 155 meV peak,
decrease/absence of 303 and 450 meV peaks associated
with the 1st and 2nd order phonons and appearance of
additional low intensity peak at 420 meV. The new
peak at 420 meV (marked in red-dashed circle) is as-
sociated with –NH stretching mode. [28] To visualize
this spectral feature, ×5 magnification of the spectra pre-
sented in Figure 2(a) in the range of 240 to 500 meV is
shown in Figure 2(b). The absence of 303 and 450 meV
peaks for damaging RF(N2) plasma exposed surface con-
firms loss of structural order in the upper atomic layers
of the diamond (100). Whereas, presence of 303 meV
peak for non-damaging RF(N2) plasma exposed surface
corroborates retention of its structural order. Fitting
of broad 155 meV peaks for non-damage and damage
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RF(N2) plasma exposed surfaces reveals an increase in
C=C content (compared to H-diamond) and presence of
C=N bonding on the surface (indicated in a red-dashed
circle).

FIG. 2. (a) HREEL spectra obtained from 600 °C annealed
pristine, non-damage RF(N2) plasma exposed & 300 °C an-
nealed and damage RF(N2) plasma exposed & 300 °C an-
nealed diamond (100) surfaces. (b) ×5 magnification of the
spectra presented in Figure 2(a) in the range of 240 to 500
meV.

From XPS and HREELS analyses, it can be concluded
that H-diamond (100) surface exposure to non-damaging
RF(N2) plasma would result in nitrogen termination of
diamond surface with minimal defects.

B. Quantum properties of shallow NVs

The NV centers themselves were characterized through
optical fluorescence and quantum spin properties using a
home-built confocal microscope.

In Fig. 3 we present optical fluorescence (FL) scans
of the NV layer, comparing the untreated, acid cleaned
surface, to surface termination with both damaging and
non-damaging N plasma. Both acid cleaning (oxidation)
and damaging RF conditions resulted in unstable NVs,
while the non-damaging RF conditions yielded a dense
2D scan of stable NVs. The following characterization
of quantum spin properties were done under the non-
damaging RF plasma conditions only, as under the other
conditions the NVs were not stable enough to provide
any signal.

Following the non-damaging RF plasma, the quantum
spin properties of the shallow NVs were characterized
by means of spin contrast and coherence measurements.
We first measured the electron spin resonance (ESR) re-
sponse, confirming the expected linear shift of the spin
resonance frequencies as a function of the externally ap-
plied magnetic field (Zeeman shift), presented in Fig. 4.

We define our spin contrast C as C = FL0 − FL1,
where FL0,1 are the normalized fluorescence intensities
for the 0, 1 states of the NV spin. This corresponds
to the high and low fluorescence values in a resonant
driving experiment, i.e. Rabi driving, as presented
in Fig. 5. This contrast value corresponds to the

FIG. 3. 2D scans for the different surface treatments, each
normalized by its own countrate (yellow – max. countrate,
blue – min. countrate). Left to right: oxidation by acid, non-
damaging 14N RF plasma, damaging 14N RF plasma. Both
the damaging 14N RF plasma and the oxidation resulted in
unstable NVs. Fluorescent spots seen in both cases did not
generate any spin signal and disappeared in subsequent scans.
After surface treatment using non-damaging 14N RF plasma
conditions, NV stability increased along with the countrate
and lifetime.

FIG. 4. ESR measurements. (a) ESR measurement under
low magnetic field oriented along the z axis (out of plane).
(b) ESR measurement under a magnetic field such that the
resonant frequencies of the different orientations split. We
note that in certain cases multiple NV orientations are found,
as shown in (b), although the implantation parameters were
chosen to result in low NV concentration.

NV charge stability [17, 29], and we obtain following
nitridation with non-damaging conditions a contrast of
C = 0.21± 0.006.

Coherence measurements were done using both Hahn-
Echo and Ramsey FID sequences [5, 6] to determine the
T2 and T ∗

2 decay times respectively. The measured data
(normalized fluorescence signal Secho) is fitted for the
Hahn-Echo measurements using

Secho = Ce

(
− 2τ
T2

)3

+ d, (1)

where C (contrast), d (background noise) and T2 (coher-
ence) are extracted from fits to the data. Ramsey mea-
surements were performed off-resonance to enable more
consistent fits to the decaying envelope, and were fitted
to the normalized signal SFID

SFID = e

(
− τ
T∗
2

)2

×
× {C0 · Cos(πft) + C1 · Cos [π(f + 3)t] + φ}] +

+ d, (2)

where the contrasts C0 and C1, the phase φ, the back-
ground noise d, the detuning f and the coherence time T ∗

2
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FIG. 5. Typical Rabi driving measurement with an extracted
contrast C = 0.26± 0.005. Maximal normalized fluorescence
intensity corresponds to the 0 state and the minimal intensity
to the 1 state.

are extracted from the fits to the data. The power of the
stretched exponential decay of the envelope was chosen to
be fixed (at 2 for FID and at 3 for echo) according to the
expected theoretical dependence [30, 31] and to reduce
the number of fitting parameters. The results obtained
for several different NVs measured are summarized in ta-
ble I and in Fig. 6, depicting average coherence times of
T ∗
2 ' 0.46± 0.24µs and T2 ' 4.53± 1.29µs.

FIG. 6. T2 and T ∗
2 coherence time values are summarized

in (a) and (b) respectively. Characteristic measurements are
shown in (c) and (d), with (c) presenting a T2 measurement
with a coherence time of T2 ' 4.2±0.65 µs and (d) presenting
a T ∗

2 measurement with coherence time of T ∗
2 ' 0.13±0.02 µs.

Full measurement results for the coherence times are summa-
rized in table I.

NV T2[µs] T ∗
2 [µs] Magnetic

Field [G]

1 1.94 0.15 100
2 3.31 1.01 100
3 5.72 0.57 100
4 5.15 0.32 300
5 4.2 0.13 300
6 5.39 0.32 300
7 5.97 0.25 300

TABLE I. Summary of Ramsey FID and Echo measurements
on different FL spots.

III. SUMMARY AND DISCUSSION

In this work we addressed the issues arising in utilizing
very shallow NVs (≈ 3 nm from the surface) for sensing
applications. Such shallow NVs tend to experience signif-
icant noise from the surface (associated with impurities,
dangling bonds and charge traps), resulting in limited
charge/photo stability and reduced coherence times.

We characterized several shallow NVs created using
2 keV ion implantation, which demonstrated highly un-
stable fluorescence, essentially prohibiting spin measure-
ments (ODMR, coherence).

We then terminated the surface, first with an ultra-
clean plasma nitridation process in non-damaging con-
ditions, followed by a similar process at higher energy,
damaging conditions.

Careful analysis of the surface using extensive in-situ
spectroscopy, including XPS and HREELS, showed clean
nitrogen termination of the surface using non-damaging
conditions plasma, while exposing the surface to plasma
in damaging conditions introduced substantial defects.

Finally, fluorescence spin measurements of the shal-
low NVs indicated little improvement in the damaging
case, while for non-damaging conditions the fluorescence
of the NVs was stabilized, enabling complete measure-
ments of the spin properties (ODMR, Rabi driving and
coherence). The NVs exhibited useful coherence times of
T ∗
2 ' 460 ns and T2 ' 4.53 µs.

Our results suggest a novel method for the stabiliza-
tion of NVs situated a few nanometers from the surface
with decent coherence properties. Specifically, using ni-
trogen plasma in non-damaging conditions produce neg-
ligible defects on the surface and results in enhanced NV
properties, compared to previously used oxygen termina-
tion, which creates additional defects and destabilization
of near-surface NVs through etching effects, and nitro-
gen plasma with damaging conditions. These properties
could significantly improve sensing applications based on
shallow NVs. Moreover, we expect similar results using
this technique with nanodiamonds, which would further
expand the toolbox of NV sensing.
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Appendix A: Methods

For XPS and HREELS surface analyses, single crys-
tal (100)-oriented diamonds (8×8×0.5 mm3, Element Six
Ltd.) were used. The samples were cleaned in an ultra-
sonic bath for 10 minutes using acetone and ethanol fol-
lowed by 4 µm thick homoepitaxial buffer layer growth
in microwave chemical vapor deposition (MWCVD) (2.5
GHz, power 6000 W) system using hydrogen (H2) and
methane (CH4) as precursor gases with a flow rate and
gas pressure of 250:10 standard cubic centimeters per
minute (sccm) (H2:CH4) and 150 Torr, respectively. The
substrate temperature during growth was 900 °C. The
buffer layer deposition was carried out at the Israeli Cen-
ter of Advanced Diamond Technologies (ICDAT Ltd.).

The surface RF(N2) plasma treatment and analysis
were carried out in two ultrahigh vacuum (UHV) systems
maintained at a base pressure of 5× 10−10 Torr, as pre-
viously described. The UHV system-1 is equipped with
RF(N2) plasma processing facility and the UHV system-2
is equipped with XPS and HREELS facilities.

Following the buffer layer deposition, the H-diamond
(100) sample was transferred ex situ (exposed to ambi-
ent conditions) into UHV system-1. The diamond sam-
ple was mounted onto a custom-designed 2-in-1 sample
holder and heater (Boralectric resistive heater) that fa-
cilitates in situ annealing. Next, the sample was vac-
uum annealed to 600 °C for 5 min followed by RF(N2)
plasma exposure for 30 min at two different N2 gas pres-
sures: 3× 10−2 (damaging condition) and 7× 10−2 Torr
(non-damaging condition), and at plasma power of 36
W. The RF processing setup consists of a non-line-of-
sight plasma source described in detail previously [32].
After plasma exposure, the RF nitrided diamond (100)
samples were transferred ex situ into UHV system-2 to
carry out XPS and HREELS measurements to evaluate
their surface chemical and structural properties.

The XPS measurements were performed using a non-
monochromatic Mg Kα anode X-ray source (XR50,
SPECS) at an incident angle of 55° from the surface
normal and a hemispherical analyzer (PHOIBOS 100,
SPECS). The incident X-ray photons energy line width
was 0.68 eV, as per the source specifications provided by
the manufacturer (SPECS, Germany). The XP spectra
were measured at room temperature (RT) in the 200-
600 eV binding energy range to determine the chemical
state of the nitride surfaces. In addition, high-resolution
measurements were carried out in the N(1s) and C(1s)
narrow spectral ranges. The pass energy and scan step
used in the XPS measurements were 15 eV and 0.1 eV,
respectively. To minimize the surface charging effects,
a thin (100 µm) Molybdenum plate mask with a cir-
cular opening (diameter = 8 mm) was placed in con-
tact with the sample surface and firmly connected to
the sample holder’s electrical ground. Deconvolution of
XPS peaks was performed after background subtraction
as described by Shirley [33] and using a mixed Gaussian
(Y%)-Lorentzian(X%) peak shape, defined in CasaXPS

software (version 2.3.15) as GL(X%). The C(1s) and
N(1s) peaks are suited to the default GL(30) peak shape
[34, 35]. From these measurements, it was determined
that no impurities were present on the H-diamond surface
within the sensitivity of the XPS ( 0.5 at.%). HREELS
measurements were carried out using primary electron
energy of 8.4 eV. The FWHM of the elastically scattered
electron peak was 16 meV. The spectra were recorded
up to loss energies of 500 meV in the specular geometry
at an incident angle of 55° from the surface normal. All
spectra were recorded in situ at RT under UHV condi-
tions after annealing to 300 °C. The deconvolution of the
HREEL spectra was performed by means of XPSPEAK
(version 4.1) software.

For optical studies, electronic grade single crystal di-
amond (100) (1.6×1.6×0.1 mm3, Element Six, UK)
was used. The diamond was boiled in a tri-acid
(HNO3+H2SO4+HClO4) mixture for 30 min at 140 °C,
followed by boiling in water for 30 min to remove non-
diamond species from the diamond surface if any. Next,
the diamond sample was placed onto a custom-designed
2-in-1 sample holder and heater with a molybdenum
mask having a circular opening (diameter = 1.5 mm)
and transferred into UHV system-1 to carry out RF(N2)
plasma treatment. Prior to plasma nitridation, the sam-
ple was vacuum annealed to 800 °C for 5 min to remove
oxygen impurities. Then, the sample was exposed to non-
damaging RF(N2) plasma for 30 min as described above
and the sample was taken out without any further pro-
cessing to perform optical measurements. After these
measurements, the same sample was boiled in tri-acid as
described above, followed by vacuum annealing to 800 °C
for 5 min and exposed to damaging RF(N2) plasma for
30 min as described above.

Appendix B: Unexpected fluorescence and ODMR
effects

During the fluorescence measurement of the non-
damaging termination we noticed unexpectedly high NV
concentrations. The implantation parameters were cho-
sen so as to create single NVs. However, the electron spin
resonance (ESR) measurements revealed multiple reso-
nant frequencies (Fig. 7(a)). Given that each pair of
resonance frequencies is attributed to a different NV ori-
entation, we expect four possible pairs for a single crystal
diamond sample according to the four possible orienta-
tions of NVs (Fig. 7(b)). However, certain spots result in
ESR scans that fit to 6 different orientations (Fig. 7(a)).

In addition, Fig. 8 depicts a change in NV fluorescence
observed due to repeated scans. We noticed variations
in fluorescence intensity of NVs following different mea-
surement sequences. Usually the NV emitted count rate
would increase after running ESR and Rabi on the FL
spot, while the FL in the surrounding area decreased. On
fewer occasions we noticed the opposite phenomena – the
central FL spot dimmed, while the FL of the surrounding
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FIG. 7. (a) ESR spectra taken from a fluorescent spot in a
non-zero external magnetic field. (b) The possible orienta-
tions for a NV in a diamond (taken from [36]). Each orien-
tation contributes two resonant frequencies, associated with
the ±|1〉 spin states. As seen from (b) we expect to see up to
4 orientations (8 dips), but we see in (a) 12 dips.

area increased. This phenomenon persisted after anneal-
ing the diamond for 30 minutes (at both 300 °C and 400
°C).

FIG. 8. (a) FL spot fluorescence increases after running mea-
surements on it. The red circle in the left scan depicts the
FL spot which is going to be measured. The right scan shows
how the fluorescence intensity changes at the FL spot and its
surrounding area. (b) The left scan was taken before starting
to measure the FL spot in the center of the square. The right
scan shows how the fluorescence map changed after measure-
ments. It can be seen that the center FL spot disappeared,
while the surrounding area’s fluorescence intensity increased.
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