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Nitrogen-terminated diamonds hold promise for stabilizing near-surface NV~ centers, which is essential for
reliable quantum sensing. Among various surface preparation methods, microwave (MW) nitrogen plasma,
known for its minimal surface damage, appears as the most effective choice. In this investigation, we explore the
nature of nitrogen bonding of polycrystalline diamond (PCD) surfaces exposed to MW nitrogen plasma using X-
ray Photoelectron Spectroscopy (XPS) depth profiling and Near-Edge X-ray Absorption Fine Structure (NEXAFS)
spectroscopy at the C K- and N K-edges. XPS depth profiling with atomic resolution, achieved by varying the
probing photon energy using synchrotron radiation and supported by a physical model considering the associ-
ated inelastic mean free path, suggests a surface of almost fully saturated nitrogen in two main bonding con-
figurations of similar contribution and a low coverage of ~5 % of graphene-like islands residing atop the
nitrogen-terminated diamond surface. The thermal stability of these surface groups is monitored by in situ
annealing up to 700 °C. The depth profiles reveal that nitrogen atoms do not diffuse in the diamond crystal,
resulting in excellent diamond crystallinity in the first atomic planes below the surface. C K-edge NEXAFS
analysis reveals the position of unoccupied surface states within the diamond bandgap, opening new perspective

on the stabilization of near-surface NV~ centers.

1. Introduction

The control over the chemical and structural properties of diamond
surfaces is of large importance for the emerging science and technology
of quantum sensing using near-surface NV~ centers. It has been found
that while surface defects and hydrogen termination of diamond sur-
faces have an adverse effect on NV~ population and measurement in the
near-surface region of diamond, oxygen termination results in its
enhancement [1,2]. On the other hand, nitrogen-terminated diamond
surfaces may enhance the population of NV~ states through a combined
effect of surface band bending and elimination of surface states in the
band gap [3], a conclusion further supported by theoretical calculations
[3]. From this perspective, it is also of large importance to be able to
prepare a nitrogen-terminated diamond surface free of defects. The
bonding of nitrogen in various configurations within the diamond ma-
trix is relatively well understood from a structural, electronic, and op-
tical properties point of view [4]. However, a detailed understanding of
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its interaction with diamond surfaces and near-surface regions is still in
its infancy. This is due to the inherent difficulties associated with pre-
paring structurally and chemically well-defined diamond surfaces. Sur-
face nitridation processes require activation of the nitrogen molecule,
which may cause irreversible changes to the diamond surfaces or near-
surface structure. This is furthermore complicated by nitrogen co-
adsorption with chemisorbed hydrogen, which naturally occurs on
diamond surfaces prepared by standard chemical vapor deposition
(CVD) methods and ambient exposure [5-7]. All these constraints may
result in a multitude of nitrogen bonding configurations involving the
interaction of nitrogen not just with the pristine diamond surface but
also with local defects, hydrogen, oxygen, and other possible
contaminants.

Recent studies combining X-ray photoelectron spectroscopy (XPS),
ultraviolet photoelectron spectroscopy (UPS), low energy electron
diffraction (LEED), and high-resolution electron energy loss spectros-
copy (HREELS) have focused on the bonding and thermal stability of
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nitrogen with hydrogen-terminated (100) [8,9] and (111) [7,10] ori-
ented single and polycrystalline diamond (PCD) [5,6] surfaces by
exposure to radio frequency (RF) [5,8,10] and microwave (MW) [6,7,9]
nitrogen plasmas. They revealed that nitrogen atoms may occupy
various chemisorbed states, such as C-N/C=N and C=N(nitrile-like),
and induce positive electron affinity [5-10]. The lowest level of damage
to the diamond near-surface region occurs upon MW(Ny) plasma expo-
sure [6,7,9]. Regarding the nitrogen bonding configuration of the MW
(N3) PCD surfaces, the N (1s) XP peak was measured at 399 eV and was
associated with bonding configuration defined by the C-N/C=N nota-
tion [6]. The full width at half maximum (FWHM) of this peak was
measured to be ~1.8-1.9 eV after MW(Ny). Upon annealing, the N(1s)
was found to decrease in intensity, mainly in the 500-700 °C range.
From HREELS, there are two types of vibrational losses: C—=N and CN-Hy
bonds. The CN-Hy vibrational loss disappears upon annealing above
500 °C, and only C=N bonds remain. By comparing the decrease of the
N(1s) peak intensity with annealing temperature, the amount of nitro-
gen bonded in these two bonding configurations is similar. From density
functional theory (DFT) modeling, it has been shown that the CN bond
length (without H) is 1.36 A whereas the CNH bond length is 1.46-1.44
A [11]. These bond lengths correspond to C=N and C-N “gas phase”
bonding configurations. Therefore, it can be concluded that two
different types of bonding configurations co-exist on the diamond sur-
faces upon MW(N3), however, upon annealing above 500 °C, only the
C=N remains on the surfaces.

Ex-situ LEED, XPS, and near-edge X-ray absorption fine structure
(NEXAFS) studies demonstrated that, under well-controlled conditions,
a nearly ordered surface was obtained, which is predominantly popu-
lated by C-N and C-H species [12] Thermal annealing experiments
showed that nitrogen desorbs from the nitrided diamond surfaces over a
wide temperature range (room temperature until 1000 °C), suggesting a
heterogeneous bonding configuration of chemisorbed nitrogen differing
from the case of well-defined NV center for which the thermal barrier for
diffusion exceeds ~1200 °C [13]. Upon annealing to 1000 °C, the level
of damage in the near-surface region of plasma nitrided diamond sur-
faces was found to be only partially removed [7]. We have recently
optimized the MW(N5) plasma conditions to produce highly ordered Di
(100) [9] and Di(111) [7] nitrogen-covered surfaces. However, the
presence and nature of local defects as well as the diffusion of nitrogen
atoms within the first atomic layers of the diamond film remain open
questions.

The use of synchrotron radiation to tune the excitation energy and,
hence, the probing depth of XPS has been used to probe surface com-
positions of different surfaces, oxide layers, thin films, nanoparticles,
nanotubes, etc. [14-21]. In contrast to angle resolved XPS, energy
resolved XPS does not require a flat surface and can be used on PCD. For
simple system, analytic models can be used to determine a profile
[14-17]. The high surface sensitivity of XPS at low photoelectron kinetic
energy (KE) was already employed to probe the surface groups of H-
terminated diamond [22], but such a depth profiling of the first atomic
planes has never been attempted on diamond to our knowledge.

In this study, a depth profile of the nitrogen bonding and local carbon
defects in the first atomic planes of polycrystalline diamond after MW
(N3) plasma exposure, referred to as N-PCD, was achieved using XPS
measured at different incident photon energies using a synchrotron X-
ray light source. XPS at the C(1s) and N(1s) core levels of hydrogen-
terminated polycrystalline diamond (H-PCD) after MW(Ny) plasma
exposure and after in situ vacuum annealing the nitride surfaces to 300,
500, and 700 °C were acquired to investigate the thermal stability of the
different adsorbed species and the related changes on the near-surface
electronic structure. An analytical model was applied to fit the relative
intensities of the C(1s) spectral components, allowing us to examine the
depth distribution of the carbon species in the first atomic layers and
determine the location of the sp? defects atop the pristine surface. A
comparison with O-terminated and H-terminated Di(100) (O-Di(100)
and H-Di(1 00)) and H-PCD surfaces allows the identification of specific
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nitrogen-related carbon bonding. In addition, a constant C(1s) and N(1s)
photoelectron KE can be ensured, which allows a reliable quantitative
estimation of the carbon and nitrogen contents on the surface. The XPS
depth profiling is supported by NEXAFS spectroscopy, which is highly
sensitive to the different carbon hybridization states and levels of dis-
order as well as to adsorbed species and sub-band gap electronic states.
Furthermore, it allows for the determination of the energy of the un-
occupied surface states within the bandgap of the diamond compared to
the conduction band minimum, which may offer new insights on the
stabilization role of nitrogen termination for sub-surface NV centers.

2. Experimental

PCD films: PCD films were grown onto p-type Si (1 00) substrates (10
x 10 mmz) using Ho/CH4 (99/1 vol%) gas mixture by hot filament CVD
for 100 min in a system previously described [23]. The thickness of as-
deposited PCD films was ~2-3 pm.

MW(N2) plasma: The MW(N3) plasma nitridation was accomplished
by exposing the PCD surfaces to MW(N3) plasma for 15 min. The Ny flow
rate, pressure, and MW power was maintained at 20 standard cubic
centimeters per minute (sccm), 11 Torr, and 1000 W, respectively.
During the MW(N>) exposure, the estimated substrate temperature was
~120 °C. MW(Ny) plasma activation was achieved by inserting and
activating hydrogen in the system at a dynamic flow rate of 250 sccm by
the MW plasma source for 5 min, then high-purity nitrogen (99.9999 %)
was introduced into the MWCVD chamber, and the hydrogen flow was
discontinued. The MW system was leak tested to 10~° Torr and dry
pumps were used. The MW plasma nitridation was carried out at the
Israeli Center of Advanced Diamond Technologies (ICDAT Ltd) using the
MWCVD system (SEKI, 2.45 GHz, 6000 W). Following the MW nitrida-
tion process, the sample was transferred into ultrahigh vacuum (UHV)
system at the HE-SGM beamline for NEXAFS and HR-XPS measurements
under ambient conditions.

H-PCD: The H-terminated PCD surfaces were prepared by MW(Hs)
plasma exposure. The H; flow rate, pressure, MW power, and the
duration of the hydrogenation were 250 sccm, 90 Torr, 5000 W, and 20
min, respectively

H-Di(100): The hydrogen-terminated Di(1 00) surfaces (7 x 7 x 0.3
mm?) were prepared by first exposure to an MW hydrogen plasma to
remove any non-diamond carbon residues and any other possible con-
taminants from the surfaces. The Hy flow rate, pressure, MW power, and
the duration of the hydrogenation were 250 sccm, 90 Torr, 5000 W, and
20 min, respectively. Next, a short overgrowth of homo-epitaxial dia-
mond layer (~1 um) was carried out using CH4 and H, as precursor gases
at system pressure, substrate temperature, and flow rate of 140 Torr,
900 °C, and 10:250 sccm (CHg4:Hs), respectively, in MWCVD system
(SEKI, 2.45 GHz, 6000 W) to heal any possible defects created by the
polishing procedure and to ensure that the surfaces are well-defined and
hydrogen-terminated. Details of this process were previously reported
[7]. The surface preparation was carried out at ICDAT Ltd. This “heal-
ing” step is most important as MW hydrogen exposure and polishing
may result in local defects, which will likely influence the bonding
configuration and electronic properties of the diamond surfaces.

0-Di(100): The oxidized Di(1 00) surfacewasa 3 x 3 mm? x 250 um
boron-doped HPHT substrate (to avoid charging) with approximately
300 ppm (5 x 10'° atoms/cm®). The oxidation was carried out by wet
chemical treatment in a mixture of sulfuric acid and nitric acid (ratio
3:1) for 1.5 h at elevated temperatures. It was prepared by Dr. Peter
Knittel from the Fraunhofer Institute for Applied Solid State Physics in
Freiburg, Germany.

XPS and NEXAFS: The XPS and NEXAFS spectroscopic measurements
were performed at the HE-SGM beamline of the electron storage ring
BESSY-II at Helmholtz-Zentrum Berlin (Germany) using an ultrahigh
vacuum (UHV) experimental station equipped with a Scienta R3000
electron energy analyzer (Scienta) [24]. Due to the HE-SGM optical
scheme, carbon contamination is negligible on the beamline’s optical
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Fig. 1. (a) XPS surveys using an incident photon energy 700 eV for the H-Di
(100), H-PCD, O-Di(100) and N-PCD, as loaded and after annealing to 300,
500 and 700 °C surfaces. (b) Calculated nitrogen and oxygen at.% as a function
of annealing temperature from the XPS surveys measured for the different
surfaces. Standard sensitivity factors of 1.0 for C, 1.8 for N, and 2.93 for O
were used.

elements and no background correction is needed. The NEXAFS mea-
surements were conducted in the total electron yield (TEY) mode, where
the incident photon energy was swept and the emitted electrons from
the sample were simultaneously recorded under a 30 V retarding po-
tential. The spectra were normalized by the incident photon flux and
between the pre-edge and post-edge regions. The energy resolution of
the monochromator in the range of the C K X-ray absorption edges
(~285 eV) was ~100 meV [25]. Combined with the hemispherical
detection measuring conditions, the photoelectron energy resolution is
better than 0.5 eV, which is estimated to be smaller than the natural
width of the C(1s) and N(1s) core levels, resulting in XP lineshapes
measurements of high chemical sensitivity compared to those obtained
in our previous XPS studies [5,6].

Utilizing synchrotron radiation allowed us to vary the energy of the
probing photons, thus changing the KE and mean free path of the
inelastically scattered electrons and, consequently, probing different
depths. The XPS surveys were performed using an incident energy of
700 eV. XPS measurements were performed at various incident photon
energies either to match the C(1s), N(1s), and O(1s) photoelectron ki-
netic energies and thus equalize their mean free path and depth sensi-
tivity or to probe different C(1s) information depths.
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3. Results and discussion
3.1. XPS survey and atomic quantification

The surface chemical composition of the H-Di(100), H-PCD, O-Di
(100), and N-PCD samples before annealing, referred to as ’as loaded’ in
the text and figures, and subsequently subjected to vacuum annealing at
300, 500, and 700 °C were measured by XPS (Fig. 1a). All XP spectra are
dominated by an intense C(1s) peak centered at 285 eV for H-Di(100)
and H-PCD, with slight upshifts observed on the O-Di(100) and N-PCD
because of charging. The XPS of O-Di(100) and H-PCD also show an O
(1s) peak at 532 eV. For the N-PCD surface, the XPS shows clear peaks at
532 eV, 400 eV, and 287 eV associated with O(1s), N(1s), and C(1s)
photoelectrons. Upon annealing, both the O(1s) and N(1s) XP peaks
decrease in intensity.

The calculated oxygen and nitrogen concentration in atomic per-
centage (at.%) derived from the XP spectra shown in Fig. 1a for the
different samples and after annealing are displayed in Fig. 1b. Given that
the distribution of oxygen and nitrogen within diamond is not homo-
geneous but localized at the surface, these values hold comparative
significance only, as the probing depth is different for each KE.

The calculated oxygen concentrations of the O-Di(100), H-Di(100),
and H-PCD surfaces are ~6.6, 0.3 at.%, and 1.0 at.% respectively,
whereas the N-PCD surface displays an O concentration of ~4.1 at.%
which monotonically decreases to ~2.7, ~1.1 and ~0.7 at.% upon
annealing to 300, 500 and 700 °C, respectively. The larger oxygen
concentration on the H-PCD surface than on the H-Di(100) surface is
likely to be associated with the surface defects sites and grain boundaries
promoting oxygen adsorption [26]. Similarly, the larger oxygen content
on the N-PCD surface compared to the H-terminated surfaces is likely to
be associated with some sp-defects at its surface, as later confirmed by
XPS. Furthermore, the low thermal stability of the adventitious oxygen
suggests that it is bonded to defective carbon sites [27]. It is coherent
with the nature of the oxygen bonding on RF(N3) and MW(N3) plasma
nitrided H-Di(100) surfaces as we recently reported [28]. Oxygen co-
adsorption onto the nitrogen-terminated H-Di(100) surfaces from un-
controlled ambient containing molecules has been recently reported
[28]. The level of oxygen adsorption is influenced by the level of surface
defects during the nitridation process [28]. From the O(1s) BE position,
it was determined in that study that oxygen is weakly bonded to the
diamond surface, forming COx bonds and does not form NOy bonds [28].

3.2. XPS core levels and bonding configuration

To further elucidate the nature of the nitrogen bonding to the sur-
face, the C(1s), N(1s) and O(1s) XP spectra were measured using photon
energies of 335, 450, and 580 eV, respectively, as presented in Fig. 2.
The photoelectron KE using these photon energies is ~50 eV for the
three atoms, resulting in a similar inelastic mean free path of ~5 A [29].

Whilst some global shifts in the BE were measured for the different
samples, likely associated with small homogeneous charging and band
bending, the BE of the main C(1s) peak was positioned at 285.0 eV for all
surfaces in Fig. 2a. As observed from Fig. 2a, spectral deconvolution of
the C(1s) XP line measured for the H-Di(100) shows that it is clearly
composed of two peaks at 285.0 and 285.8 eV with FWHM of 0.5 and
0.9 eV, respectively. The 285.0 eV component is associated with C-C
bonds in the diamond matrix and, therefore, associated with sps—bonded
carbon, whereas the 285.8 eV component is associated with carbon
atoms bonded to hydrogen on the diamond surface [22,30]. The larger
FWHM measured for the latter is probably associated with the fact that
hydrogen may be bonded on the diamond surface in more than one
hydrogen bonding configuration to the H-Di(100) surface (i.e., CH and
CHy). Evidence that more than one hydrogen bonding configuration
occurs on the H-D(1 00) surface was obtained from HREELS of similarly
prepared surfaces [7]. No other contributions to the C(1s) XP line shape
were measured, suggesting the level of defects on this surface was very
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Fig. 2. (a) C(1s) XP line shapes measured at an incident photon energy of 335 eV for the H-Di(1 00), H-PCD, O-Di(100) and N-PCD surface and after annealing to
different temperatures. The spectra are shifted such that the G(sp®) appears at 285.0 eV. (b) N(1s) XP line shapes measured at an incident photon energy of 450 eV for
the N-PCD and after annealing to different temperatures. (c) O(1s) XP line shapes measured at an incident photon energy of 580 eV for the H-PCD, O-Di(100), N-PCD

surface and after annealing to different temperatures.

low.

Deconvolution of the C(1s) XP lineshape measured for the H-PCD
sample shows that it is also composed of two peaks centered at 285.0
and 285.8 eV, similar to the H-Di(100), but the peaks are slightly
broader with an FWHM of 0.6 eV for the sp3'bonded carbon and 1.05 eV
for the CH. It is coherent with the fact that the H-PCD surface possesses
an increased amount of crystal defects and exposes different crystal
orientations ((100), (110), and (111)) and grain boundaries, leading to
a larger possibility of hydrogen bonding resulting in the observed
broadening.

For the O-Di(100) surface, the C(1s) XP line shape could be decon-
voluted into several spectral components at: 288.0, 286.6, 285.8, 285.0,
and 283.7 eV associated with C=0, C-O, C-H, C—C(spB) and C:C(spz)
(related to defects) bonded carbon, respectively [31]. In particular, the
appearance of the 283.7 eV spectral component suggests that the
oxidation process is accompanied by the formation of a disordered
carbon layer, as previously reported by us and others [31,32]. The
assignment of these chemical states is supported by HREELS for which
similar chemical states were measured for the oxidized PCD surfaces by
an acid treatment and vibrational losses associated with C-O, C=0, and

sp>-bonded carbon were measured [31]. This agrees with the spectral
analysis of the C(1s) XP lineshape measured for the O-Di(100) above.
For the O-Di(1 00), the FWHM of the C(sps) bonded carbon was 1.46 eV.
The larger FWHM value measured in this case compared to the H-Di
(100) surface is due to the disorder induced by the oxidation process
and the possibility of oxygen diffusion into the sub-surface region of
diamond.

The C(1s) XP lineshape measured after exposure to the MW(Ny)
plasma shows some significant differences as those compared to the O-Di
(100), H-PCD, and H-Di(1 00), which served as references in this study.
The spectral component associated with sp? carbon defects was
measured at 284.2 eV compared to 283.7 eV for the oxidized surface.
Such a reduction of the difference in energy with the C(sp>) suggests that
this component is not related to defect induced by the surface termi-
nation like for O-Di(100) but rather some graphene-like island (GLI)
created at the surface of N-PCD. Such defects consist of graphene-like
structures atop the surface of the diamond and have been previously
observed on nanodiamonds and boron-doped diamonds [33,34]. This
observation is confirmed by the NEXAFS measurements and the depth
profile model on the energy-dependent XPS presented later. In addition,
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Fig. 3. Spectral analysis of the C(1s) and N(1s) XP lines shown in Fig. 2. (a)
Evolution of the relative concentration (at.%) of different spectral components
of the C(1s) XP peak on the N-PCD with the annealing temperature. (b) FWHM
of the C(1s) spectral components for different surfaces.

spectral components were measured at 285.8 and 286.6 eV associated
with CH/C=N and CO/C-N bonds, respectively. No spectral component
at 288.8 eV associated with C=0 bonds was measured.

As shown in Fig. 3a, after annealing to 300, 500, and 700 °C, the C
(1s) XP spectral relative intensity of components associated with CO/C-
N bonding and GLI-sp? carbon decreased in intensity, whereas those
associated with C(spg) increased and the CH/C—=N component remained
nearly constant (within the statistical error of our analysis). These re-
sults agree with the decrease of nitrogen and oxygen calculated from the
XPS surveys and shown in Fig. 1b. No changes in the CH concentration
are expected within the annealing temperature of our experiments. This
agreement supports the assignment of the different spectral components
of the C(1s) XP line and shows the chemical completeness of our anal-
ysis. The FWHM of the different C(1s) spectral components following
MW(N>) exposure and annealing are summarized in Fig. 3b. The FWHM
of the C(1s) spectral component associated with sp3-bonded carbon (i.e.,
at 285.0 eV) is ~1.5 eV larger (1.5 eV instead of 1.0 eV) than that
measured for the H-PCD surfaces. This increase in the FWHM is asso-
ciated with the influence of the nitrogen bonding through a secondary
effect.

The N(1s) XP peak, shown in Fig. 2b, measured after the MW(N>)
plasma termination and annealing to the different temperatures, dis-
played a symmetric line shape and was centered at 400.65 eV. With
annealing temperature, this peak intensity decreases due to desorption
of nitrogen. The FWHM of the N(1s) peak obtained a value of 1.89, 1.85,
1.66, and 1.33 eV following MW(N3) exposure and after annealing to
300, 500 and 700 °C, respectively. The decrease in FWHM suggests that
nitrogen is bonded to the diamond surface in more than one bonding
configuration and that with annealing, preferred desorption of a
particular bonding configuration occurs, resulting in the population of a
particular bonding state [6,7,9]. Also, from Fig. 3a, upon annealing,
there is a preferential decrease of the CO/C-N and C:C(spz) (defects)
components as opposed to that associated with CH/C=N, suggesting
that the C=N bonding configuration is more thermally stable than the
others.

The possibility that the narrowing of the N(1s) peak is attributed to

Applied Surface Science 661 (2024) 160082

the preferential desorption of a particular nitrogen bonding nitrogen
species is further supported by HREELS measurements, which showed
that N-PCD surface in the 500-700 °C range, as in the present study, a
vibrational loss attributed to NHy species disappear from the loss spec-
trum [6]. Furthermore, TPD measurements showed that in this tem-
perature range, HCN species desorbed from the surfaces [5].

The N(1s) XP lineshape shows that nitrogen is not bonded to defect
sites or to the GLI but that it is mostly bonded to surface diamond atoms
in support of our previously reported measurements [6]. As no high BE
component was measured to the N(1s) XP peak that may be associated
with nitrogen bonding to oxygen, it may be concluded that the adven-
titious oxygen measured in the XPS survey does not form NOy-type
surface bonds but is directly bonded to the diamond surface or GLI-sp? as
discussed above.

3.3. Energy resolved XPS and depth profiling

To delve deeper into the surface and sub-surface characteristics of
the nitride layer, we conducted C(1s) XP peak measurements while
varying the incident photon energy, hence the photoelectron KE and, in
turn, the depth sensitivity of the measurements [19]. Measurements
carried out for the nitride surfaces are shown in Fig. 4a using photon
energies of 335, 435, 535, and 700 eV, resulting in C(1s) photoelectron
KE of 50, 150, 250, and 415 eV, respectively. The difference in kinetic
energies due to the difference of BE for the different carbon configura-
tions is negligible for a given excitation photon energy. The evolution of
the C(1s) XP line shape and spectral components with excitation energy
is due to the increase in the photoelectron inelastic mean free path
(IMFP) with increasing KE, resulting in a decreased contribution of
photoelectrons originating from the upper surface. The relative in-
tensities of the C(1s) XP spectral components derived from the spectra
measured on N-PCD are shown in Fig. 4b. The relative percentage of the
C(sp>) spectral component clearly increases with the incident photon
energy and confirms it originates from the bulk diamond. On the con-
trary, the remaining spectral component noticeably diminishes as the
photon energy increases, confirming its surface origin. No carbon
bonded with nitrogen component is observed increasing. This provides
evidence that the nitrogen atoms introduced into the diamond lattice
through this surface treatment are substantially fewer in number
compared to those in the terminal positions.

To compute the relative atomic percentages of each population of
atoms (sp3, spz, and those bonded to terminal atoms), the number of
photoelectrons emitted from each population that are detected by the
analyzer is calculated. This number depends on the proportion of each
population, but also on the depth of these atoms and the energy of the
incident photon through the absorption and emission cross-sections.

The number of photoelectrons N detected from a C atom can be
calculated based on Beer-Lambert law in our geometry. It decreases
exponentially with its distance d to the surface as more and more pho-
toelectrons are inelastically scattered:

1
No(Noe’A'(mfu.\(u)

with Ny the number of photoelectrons emitted, A(K) the inelastic mean
free path (IMFP), K the KE of the photoelectron, and « the angle between
the surface normal and the detector axis. The PCD surface is not flat to
the atomic level, but on average, a = 45°. As a first approximation, the
IMFP A(K) is independent of the nature of the solid [29]:

143
MK) =~ + 0.054v/K with K = E — 285¢V

The number of photoelectrons emitted, Ny, is proportional to the cross-
sections of absorption and emission of the C atom, depending on the
photon energy E and the photon flux. The photon flux can be considered
constant over the depth of the sample as the absorption depth of an X-ray
photon is much larger than the IMFP of the detected electron.
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Fig. 4. XPS depth analysis. (a) C(1s) XP lines shape measured as a function of incident photon energy for the as-MW(N,) exposed PCD surface as loaded. (b)
Calculated relative concentration (at.%) of the C(1s) XP spectral components measured as a function of incident photon energy for the N-PCD surface (from spectra
shown in panel (a)). (c) Cross-section of the system considered by the model consisting of a (111) diamond surface terminated by N atoms and partially covered

by GLIL

To obtain the total number of photoelectrons detected for a given
bonding configuration X, one needs to sum the components coming from
all the C atoms in the bonding configuration X, depending on their depth
from the surface d:

Iy = ZNX (d,E)x ZNX.O (E)ei'—zmim)

To do so, a geometrical model of the surface and bulk has to be assumed
to calculate d. The model chosen here is given in Fig. 4c and discussed
further later.

Nxo(E) takes into account the photon flux and cross-sections
depending only on E. The relative concentration (at.%) of C in a
bonding configuration X is given by:

Ix

Ix(E) = S

From the previous equation, Nx(E) simplifies so that the relative con-
centration (at.%) can be computed for the different energies only
considering the IMFP and the position of the atoms.

The evolution of the relative atomic percentage for each component
of the C(1s) spectrum presented in Fig. 4b was simulated using a model
of an ideal diamond, as shown in Fig. 4c, with a (11 1) surface, featuring
terminal atoms (depicted in blue), and partial coverage by GLI. The
specific identity of these terminal atoms and their bonding configura-
tions are not explicitly defined within the model. They may also repre-
sent multi-atomic groups like N-H or O-H, provided they do not contain
carbon atoms. These terminal atoms could be singly bonded to a carbon
atom, such as H, or form a bridge between two surface carbon atoms,

such as N-H. In the latter case, both carbon atoms are treated as having
the same terminal atom and are considered equivalent. Hence, the
model simplifies the carbon atom populations into two distinct cate-
gories, corresponding to the previous XPS analysis: one for the CH/C=N
peak and another for the CO/C-N peak. For a more comprehensive dis-
cussion regarding the precise nature of these components, please refer to
the earlier discussions. It is expected that the N-PCD consists of both
(100) and (111) surfaces, although the (111) surface is anticipated to
be the predominant one [35]. We have performed detailed modeling to
validate this hypothesis, and we found that a model considering a (100)
surface does not align well with the experimental (see supplementary
information). The presence of a GLI on top of the surface is substantiated
by the XPS BE data, as explained earlier, and further supported by
NEXAFS measurements, as discussed later. Considering that the C(1s)
spectral component associated with sp?hybridized carbon was
measured at 284.2 eV, ~0.4 eV larger BE than that measured for the O-
terminated diamond surface and that produced by low-energy Ar'
irradiated diamond surface [35], it is argued that this graphitic layer
possesses in fact a graphene-like nature. Furthermore, a model solely
based on surface reconstruction induced by missing terminal atoms does
not accurately replicate the experimental data, as demonstrated in the
SI. Note that such a low surface coverage of GLI-sp? carbon cannot be
detected with lab-based XPS as this contribution is hardly visible at 700
eV excitation.

The distance of each atom relative to the surface is computed from
the geometry described in Fig. 4b, considering a partial coverage by sp>-
hybridized carbon. The distance d; = 0.15 nm is optimized on a model
without graphene (see SI). It appears to be in good agreement with the
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theoretical calculation of nitrogenated surfaces previously reported
[11]. The distance d» ~ nm is estimated from similar structures observed
by TEM or STM on nanodiamonds [36] and boron-doped diamonds [34].
The model is little sensitive to this distance as the graphitic coverage of
the surface is limited. The (111) interatomic layer in the diamond is a/
v/3 with a = 0.3567 nm (lattice parameter). The atomic surface density
of the (111) diamond plan is 1124_\/5 = 18.15 nm 2 while the atomic sur-
face density of the GLI is taken as the one of graphene 38.2 nm™2. In the
case of the (11 1) surface, only half of the surface C atoms are bonded to
terminal atoms. The others are equivalent to bulk sp> atoms.

Considering the atomic surface density of individual layers and their
respective distances from the surface enables the calculation of the
relative number of photoelectrons detected for each bonding configu-
ration of carbon atoms, thereby the determination of the relative atomic
percentages (at.%). This model is then fitted on the experimental data
using a nonlinear curve fitting algorithm considering only three fitting
parameters: the fraction of the surface covered by GLI, the fraction of
CH/C=N and CO/C-N bonds at the surface of the diamond. An example
of the full code is provided in the SI.

It appears that before annealing, about 56 % of the surface bonds are
CH/C=N while 44 % are CO/C-N and the GLI covers only 5 % of the
surface. After annealing at 700 °C, all the CO/C-N are desorbed, as well
as a part of the CH/C=N bonds decreasing to only 34 % of the surface
atoms (see SI). Similarly, about half of GLI desorbs and the remaining
coverage is only 3 %. These results are in agreement with our previously
published HREELS studies [6]. Upon MW(N5) of H-PCD, a pronounced
peak corresponding to v(C—C) was observed at 170-180 meV loss en-
ergy, which disappears with annealing temperature: it decreases upon
annealing to 500 °C and completely disappears upon annealing to
700 °C. This result was puzzling: usually, the opposite occurs: defective
carbon structures anneal into a graphitic structure. The mechanism of
formation of these islands by MW(N3) exposure is under investigation by
our team at the present time.

The altered configuration of carbon atoms resulting from the
removal of terminal atoms with annealing does not produce a distinct
peak but seems to add to the sp® component and are likely to remain
dangling bonds. Considering the resolution of the measurement, it is
impossible to distinguish them properly. The shift from graphitic sp2 to
surface sp? due to the annealing is, however, observed in NEXAFS.

3.4. NEXAFS measurements

C K- and N K NEXAFS spectra for the H-Di(100), H-PCD, O-Di(100),
N-PCD surfaces as loaded and and after annealing to 300, 500, and
700 °C and highly oriented pyrolytic graphite (HOPG) are shown in
Fig. 5a. The sharp peak at 289.3 eV is associated with transitions to the
core exciton of the diamond crystal, while the strong dip at 302.5 eV is
associated with the 2" bandgap of the diamond. Most interesting are the
features in the pre-edge region, below the exciton, corresponding to the
absorption of unoccupied surface states.

From Fig. 5b, the pre-edge structure of H-Di(100) and H-PCD is
dominated by an absorption peak at 287.6 eV associated with CH
bonding on the diamond surface [37]. In addition, a lower intensity and
broad peak is observed at 285.14 eV associated with G=C(sp?) (related
to defects) on the H-terminated diamond surface or sub-surface region.
The pre-edge C K-edge NEXAFS of the O-Di(100) surface shows a few
peaks corresponded to C=C(sp?) at 285.09 eV [38,39]. C=0 at 286.9
eV [40], and C-O at 288.5 eV [41]. It is interesting to note that the
oxidation processes result in defects on the diamond surfaces with an
absorption of 0.4 eV lower than the absorption of the HOPG sp? carbon
(as indicated by the dashed line in Fig. 5b. This can be seen by both
NEXAFS and C(1s) XP line shape analysis presented above.

The C K pre-edge NEXAFS of the N-PCD surface reveals a broad peak
at 285.40 eV, reminiscent of HOPG, which shifts towards 285.2 eV upon
annealing. In conjunction with previous XPS observations, the initial
peak at 285.40 eV likely originates from the GLI atop the diamond, while
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the nitrogenated surface displays relatively few defects. With annealing,
a portion of the graphitic layer desorbs, along with terminal atoms,
resulting in local relaxation and reconstruction. A similar effect occurs
upon adsorption of hydrogen from diamond surfaces. The shift toward
285.2 eV appears to stem from the surface reconstruction of the
diamond.

The C K-edge of the N-PCD sample also exhibits a broad shoulder at
287.3 eV that we attribute to C=N bonding configuration as it appears
stable during annealing. The second shoulder at 288.5 eV is attributed to
C-0/C-N bonds as it desorbs with annealing. After annealing at 300 °C,
one can observe a strong decrease above 288 eV, corresponding to the
desorption of C-O/C-N bonds. One can observe an increase of the ab-
sorption around 285 eV corresponding to the sp? surface reconstruction
discussed previously.

This attribution of bonding configuration is confirmed by the N K-
edge NEXAFS. Fig. 6 shows the NEXAFS measured for the N-PCD sur-
faces as loaded and after annealing to 300, 500, and 700 °C. They are
composed of a main edge around 405 eV and a pre-edge structure below
400 eV. In contrast to the C K-edge, here the spectra are not normalized
but simply overlayed. Overall, the amplitude of the signal decreases
with the annealing temperature due to the progressive N desorption. The
inset presents a zoom on the pre-edge structures where two components
can be identified, confirming the XPS and C K-edge analysis. One at
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398.8 eV, attributed to C-N bonds because it is strongly reduced upon
annealing. The second one at 399.8 eV, attributed to C—=N bonds
because of its higher thermal stability.

The position in energy of the surface states within the bandgap can
be determined for the C K-edge NEXAFS. The core exciton at 289.3 eV is
used to determine the CB minimum of the diamond by adding the energy
of the core exciton measured elsewhere (~0.19 eV) [42], as we previ-
ously demonstrated [43]. Unoccupied surface states in diamonds can be
involved in charge transfer and charge trapping [43]. The nitrogen
termination C=N and C-N states are energetically higher than C=0 and
sp? defects and thus can improve the stability of the NV~ centers by
reducing the possible trapping states. In particular, one can observe that
the C=0 and C:C(spz) (related to defects) surface states, present on the
oxidized surface, lie below the 3A2 energy level of the NV~ center. In the
case of shallow implantation, these surface states can hinder the charge
stability of the NV~ center due to charge trapping. Conversely, the C=N
energy state determined here lies above the 3A, energy level, limiting
potential trapping. Furthermore, the good quality of the surface termi-
nation also limits C:C(spz) related to surface defects, while the GLI—sp2
is further localized, limiting charge transfers. A schematic representa-
tion of the different unoccupied levels discussed is shown in Fig. 7.

4. Conclusion

This investigation into the surface states obtained by MW(N5) plasma
treatment on polycrystalline diamond surfaces has unveiled significant
insights crucial for the stability of near-surface NV~ centers. The MW
(N3) plasma treatment has proven highly effective, yielding a clean and
surface fully covered with nitrogen with limited sp? surface defects. Sp*
carbon mainly corresponds to GLI atop the diamond surface and is not
identified in the further atomic layers. It holds promise for the creation
and charge stability of shallow NV~ centers essential for quantum
sensing applications. The depth profiling allowed by XPS at varying
excitation energies has enabled a comprehensive examination of the
surface structure. The presence of two distinct nitrogen bonding con-
figurations, specifically C-NH and/or C-N, and C=N, in nearly equal
proportions on the top diamond layer is evidenced. Upon annealing at
500 °C, one of the configurations, C-NH and/or C-N, undergoes
desorption, leading to surface reconstruction and the formation of
dangling bonds. However, the other configuration, C=N, remains
mostly stable even at elevated temperatures up to 700 °C. A modeling of
the depth profiling considering the IMFP of the photoelectron is pro-
posed to validate the atomic structure of the near-surface region. The
XPS depth profiling methodology described here may be extremely
valuable to probe chemical bonding configuration with atomic sensi-
tivity in other surfaces, thin films or interfaces involving 2D materials.
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Fig. 7. Position of the unoccupied surface states within the bandgap determined by NEXAFS measurements and potential charge trapping mechanism of NV centers.
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