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ABSTRACT: We introduce and demonstrate a new approach for
nitrogen-vacancy (NV) patterning in diamond, achieving a
deterministic, nanometer-thin, and dense delta-doped layer of
negatively charged NV centers in diamond. We employed a pure
nitridation stage using microwave plasma and a subsequent in situ
diamond overgrowth. We present the highest reported nitrogen
concentration in a delta-doped layer (1.8 × 1020 cm−3) while
maintaining the pristine diamond crystal quality. This result
combined with the large optically detected magnetic resonance
contrast can pave the way toward highly sensitive NV-based
magnetometers. We further employed this delta-doping technique
on high-quality fabricated diamond nanostructures for realizing a
topographic NV patterning in order to enhance the sensing and hyperpolarization capabilities of NV-based devices.
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The negatively charged nitrogen-vacancy (NV) color
center in diamond is an important system for emergent

quantum technologies and sensing at room temperature.1,2 It is
a very promising candidate for quantum devices due to its
optical spin polarization property with exceptionally long
coherence times.3,4 Furthermore, high-quality quantum
emitters can be embedded in the wide-bandgap diamond
with a controlled impurity concentration and in isotopically
purified form to rule out nuclear magnetic noise.4 In the field
of nanoscale magnetic sensing, the ability to fabricate a shallow
atomically thin delta-doped layer of high-density NV
ensembles may pave the way toward highly sensitive NV-
based magnetometers and hyperpolarization instruments.5−8

At the same time, one might require a method which does not
degrade the NV spin coherence time. The most routinely
reported methods for creating large ensembles of NVs with
controlled and localized depth are low-energy nitrogen
implantation and nitrogen incorporation originated from a
precursor gas (N2) introduced for a short period of time during
the chemical vapor deposition (CVD) growth process. The
low-energy implantation method suffers from damage to the
diamond host surface in the NV vicinity which adversely
hinders the NV spin coherence time9,10 and also from
localization broadening due to straggling and channeling
effects.11,12 Furthermore, the degraded optical coherence of
implanted NVs was thoroughly examined in a recently
published study.13 This technique is commonly followed by

a long annealing process at elevated temperatures that can relax
the damage in the NV vicinity to some extent. Even at low
implantation energies (e.g., 1 keV) considered to be non-
damaging, the pristine high-quality diamond surface is being
deteriorated (for further details, see the Supporting Informa-
tion and Figure S1). On the other hand, the introduction of
nitrogen during the CVD growth process, which is commonly
referred to as nitrogen delta-doping technique, usually results
in relatively low nitrogen incorporation14,15 within the layer
(∼1016 cm3) due to inefficient activation of the N2 precursor
and low sticking probability of nitrogen. Furthermore, this
technique suffers from low N to NV conversion efficiency16 as
well as from growth instability and nitrogen contamination in
the chamber after the nitrogen injection. In order to overcome
the low NV conversion efficiency, electron irradiation,
transmission electron microscopy (TEM) exposure, or carbon
implantation was used,15,16 but still the amount of NVs is
limited by the original low nitrogen concentration within the
delta layer. Here we propose and implement for the first time
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the generation of a buried NV nanometer-thick delta-doped
layer formed by exposing the diamond substrate to pure N2
plasma in a microwave-assisted CVD (MWCVD) setup for
producing a stable nitrogen terminated diamond surface
followed by a subsequent in situ diamond overgrowth. This
method preserves the diamond host quality and offers a finer
control over the concentration and thickness of the delta-
doped layer compared to the other currently used techniques.
Some nitrogen termination techniques were recently proposed
and demonstrated as means to create a high-quality nitrogen
termination with positive electron affinity (PEA) to stabilize
the shallow NVs charge state.17−19 In particular, the
termination of a (100) diamond by nitrogen using a MW(N2)
plasma was reported and found to result in the formation of an
ordered (2 × 1) overlayer.17 However, neither the thermal
stability of this ordered layer nor its stability under diamond
CVD conditions was reported. In a previous work, some of the
current paper authors demonstrated that the nitrogen
termination of a (100) diamond created by RF plasma outside
of the CVD setup withstands the ambient conditions within
the CVD growth chamber after the diamond overgrowth stage
at elevated temperatures.20

In the current report, we first describe the (100) diamond
surface nitridation process using pure N2 plasma in a
microwave-assisted CVD setup, which is later followed by a
short in situ diamond CVD overgrowth to create a nitrogen
delta-doped layer. We then describe the detailed character-
ization of the nitrogen delta-doped layer formed by this
process. For this analysis, we carried out a high-precision depth
profiling using time-of-flight secondary ion mass spectroscopy
(TOF-SIMS) and transmission electron microscopy (TEM)
measurements and demonstrated the epitaxial quality of the
structure. Subsequently, we present optical characterization
results, obtained with a confocal microphotoluminescence
setup, of the nanometrically thin and dense NV delta layer that
was formed in situ during the N-termination and overgrowth
stages in the CVD chamber. We further demonstrate the ability
to generate multidelta layers comprised of NVs with
deterministic depth localization and, finally, realize an active-
NV topographic patterning of high-quality diamond nano-
structures.

We used a (100)-oriented optical grade diamond substrate
(Element Six Ltd.) as a starting material for the diamond
nitridation stage which was carried out at the Israeli Center of
Advanced Diamond Technologies (ICDAT Ltd.). The
diamond was exposed to pure nitrogen plasma (N2) in a
MWCVD reactor, followed by a short in situ overgrowth (4
min) for the formation of the active-NV delta-doped layer. The
conditions of the two separate stages are described in detail in
the Methods section.
We separately conducted a comprehensive characterization

of the nitrogen terminated diamond using high-resolution
electron energy loss spectroscopy (HREELS) and X-ray
photoelectron spectroscopy (XPS) analyses. Although
HREELS can be used to determine the bonding, chemical
states, and quality of the N-terminated diamond surface,
measuring a single crystal diamond surface is impeded due to
surface charging effects on the highly insulating diamond.
Therefore, we exposed a polycrystalline diamond sample to
MW(N2) plasma under the same conditions and investigated it
by XPS and HREELS. It was previously found that the
structural sensitivity and thermal stability of adsorbed nitrogen
onto poly diamond and (100) single crystal diamond surfaces
exposed to nitrogen RF plasma were similar.21,22 These
aforementioned measurements and comprehensive analyses
are provided in the Supporting Information (Figure S2). The
results conclude that the MW nitridation process does not
damage the exposed diamond surface, that is, retains its
crystalline structure, and that some of the nitrogen bonds on
the diamond surface are stable upon annealing above 700 °C
and remain intact in vacuum. Regarding the diamond surface
quality, we detected a clear HREELS signal coming from
surface optical phonons holding a signature of a well-defined
and high-quality hydrogenated diamond surface, which serves
as a figure of merit for the diamond quality.
Going back to our single crystal diamond, we performed

TEM and scanning TEM (STEM) analyses, which reveal that
the overgrown diamond layer is epitaxial including the nitrogen
delta-doped layer itself (Figure 1a ,b). This is also the first time
(to our knowledge) that a high-concentration nitrogen delta-
doped layer (containing also large ensemble of NVs) is
captured in a TEM image including a clear signature of the

Figure 1. TEM, STEM, and EDS measurements at the nitrogen delta-doped layer interface. (a) HRTEM image capturing for the first time (to our
knowledge) a high-concentration nitrogen delta-doped layer and its interface signature between two epitaxial diamond layers. Inset: High-
magnification TEM image proving the overgrown diamond layer is homoepitaxial. (b) STEM image of the nitrogen delta-doped layer emphasizing
the epitaxial diamond growth. Inset: the EDS measurement of nitrogen from this area clearly highlighting the nitrogen layer. (c) Averaged line
profile intensity across the nitrogen delta-doped layer based on the nitrogen EDS measurement in (b) along the white dashed line (averaged over
the yellow marked area). From the EDS measurement, we extracted the width of the nitrogen delta layer to be 1−2 nm based on FWHM. The
TEM and STEM images also support this claim with clear boundaries of the delta-doped layer spatial width.
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interface and the bonding between the delta layer and the
epitaxial pristine diamond layers. Furthermore, high-resolution
energy-dispersive X-ray spectroscopy (EDS) combined with
the TEM and STEM measurements of the nitrogen delta-
doped layer (Figure 1c), which was detected 158 ± 2 nm away
from the diamond surface, affirms that the actual width of the
delta-doped nitrogen layer, within the tools measuring limits, is
<3 nm (Figure 1). Despite the fact that the stability of the
nitrogen termination under CVD diamond growth conditions
(typical for MWCVD process) including the interaction with
the energetic hydrogen in the chamber is unknown, these
results confirm that substantial amount of nitrogen remains
incorporated.
To estimate the nitrogen concentration within the delta-

doped layer, a depth profiling of CN− ions using TOF-SIMS
instrument (ION-TOF) was carried out (Figure 2a). The
negative secondary CN− ions were recorded, and the nitrogen
concentration was quantitatively calibrated using an implanted
single crystal diamond with known dose of nitrogen. We
measured the highest nitrogen concentration ever reported for
a diamond delta-doped layer created in situ within a microwave
CVD reactor (1.8 × 1020 cm−3). The broadening of the
obtained nitrogen profile based on full width at half-maximum

(FWHM = 5.8 nm) is attributed to both the diffusion of
nitrogen as well as to the limited depth resolution of the SIMS
measurement, due to, for example, knock-on effect.
We conducted optical confocal depth scans for collecting the

room-temperature PL emanated from the NV delta-doped
layer (Figure 2b). We used a 532 nm CW laser and collected
the emission filtered at the NV phonon sideband peak
transition (around 690 nm) using a monochromator. Based
on the data obtained, we constructed a two-dimensional
emission map in the XZ plane and detected a clear signature of
the NV delta-doped layer separated from its background bulk-
NV PL signal by almost 2 orders of magnitude. Although
diffraction limited, there is an agreement between the center of
emission originated from the NV delta layer and the SIMS
nitrogen concentration measurement. We additionally com-
bined the optical setup with a microwave scheme for optically
detected magnetic resonance (ODMR) detection by affixing
the diamond to a PCB board using a microstrip positioned on
top of its upper (overgrown) surface. This transmission line
was impedance matched (50 Ω) and used to drive the GHz
signals needed for NV spin manipulation. NV-based magneto-
metry relies on ODMR of the NV electron spin, and the

Figure 2. Structural, optical, and ODMR analysis of the NV delta-doped layer. (a) SIMS profile of the nitrogen delta-doped layer in a single crystal
diamond. Inset: TEM (gray) and EDS (red and black) measurements of the nitrogen delta-doped layer and the epitaxial quality of the overgrown
diamond layer. (b) NV PL depth scan in confocal configuration, complementing the SIMS profile with a diffraction-limited NV delta layer signature
centered at a precise depth. (c, d) CW ODMR spectra acquired without and with an external ⟨100⟩-oriented magnetic field. The spectra reveal a
large ODMR contrast and ∼2 MHz line width.
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sensitivity to dc magnetic fields limited by photon shot noise is
given by

η ν
γ

≈ Δ
C I NDC

e NV (1)

Where Δν is the ODMR line width, γe ∼ 2.8 MHz/G is the
electron gyromagnetic ratio, C is the ODMR contrast, INV is
the PL detection rate under CW laser excitation, and N is the
number of NVs within the laser spot. We conducted CW
ODMR measurements with and without external dc magnetic
field (0.7 G) produced by a permanent magnet aligned to
⟨100⟩ crystal direction. The obtained ODMR spectra (Figure
2c,d) revealed an 8% ODMR contrast and ∼2 MHz line
widths. These results are competitive to previous works
producing high NV densities based on implantation and a long
annealing process.11

In order to address more advanced sensing structures, for
example, a magnetic field gradient sensor, we extended our
delta-doping technique in two directions. First, we repeated
our recipe for producing a dense delta-doped NV layer twice
and fabricated two delta-doped NV layers in the crystalline
diamond separated by 3 μm (Figure 3a). The obtained PL map
collected in confocal mode along the XZ plane was
deconvoluted using the single delta-doped layer measurement
result as a point spread function (PSF) which resolved the two
delta layers (Figure 3b). This result emphasizes the ability to
prepare a series of very thin separated multi-NV layers using

our delta-doping technique. Second, we used our novel NV
delta-doping method for realizing topographic patterning of
high-quality diamond nanostructures with NVs. We employed
a template-assisted bottom-up process for creating high-quality
bottom-up diamond grating (Figure 3c). This method is
described in details elsewhere.23 The 738 nm pitch diamond
grating underwent the MW-assisted nitridation process and
subsequent overgrowth in the CVD chamber. The room-
temperature confocal PL scans, filtered at 690 nm using a
monochromator (Figure 3d), reveal the NV signal which
follows the topography of the grating structure (for further
details, see the Supporting Information and Figure S3). The
PL depth profile of the NV and its maximal emission depth are
distinctively different between the grating region and the flat
diamond surface surrounding the grating (Figure 3d). The
intensity ratio of 1.3 between the light emanated from
diamond grating and the light originated from the flat area
surrounding the structure together with the thicker emission
pattern along the Z direction (sample height) suggests that the
NV patterning covered and followed the diamond nanostruc-
ture topography with some indication for a coverage of the
grating wall and sidewalls (for further details and analysis, see
the Supporting Information). One can also notice that the PL
signal along the top surface of the grating is modulated by the
grating pitch of 738 nm (Figure 3c). This qualitative
demonstration of the method could be very useful for
magnetic sensing and hyperpolarization techniques which

Figure 3. Advanced NV-based sensing structures. (a) PL depth scan acquired in confocal configuration of a double-delta layer of high-density NV
concentration embedded in diamond. (b) The deconvolved PL spectrum as a function of the depth based on the PSF acquired from a single NV-
delta layer in diamond (Figure 2b) combined with a maximum likelihood algorithm (Lucy−Richardson). (c) SEM image of the high-quality
diamond grating and the NV delta-doping PL confocal scan in the XZ plane along four grating grooves, marked with a red dashed line. Inset: One
can notice the correlation between the PL modulation along the grating cross-section and the grating pitch of 738 nm. (d) PL confocal scan in the
XZ plane of the topographic NV delta-doped layer along the grating edge interface (marked with a red-dashed line). The grating edge is clearly
observed by the emission signature (grating height of ∼1 μm) including the PL originated in the grating structure modulated by the partial optically
resolved grating pitch (the first two grating grooves).
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require higher effective area of interaction. This is an essential
demand for enhancing the interaction by increasing the
amount of NVs (according to eq 1) that are interacting close
to the surface without increasing the lateral diamond area.
The use of our aforementioned delta-doping technique,

comprised of a dense and nanometrically thin (<3 nm) NV
center layer, possesses a significant potential for future
realization of quantum magnetic sensors and hyperpolarization
devices. We achieved the highest nitrogen concentration (1.8
× 1020 cm−3) ever reported within a delta-doped layer created
in situ during the MWCVD diamond growth. The nitrogen
delta-doped layer is partially converted into NV centers with a
high PL emission compared to pristine diamond bulk, and one
should note that this conversion efficiency could be further
increased by exposing the diamond to electron irradiation or
TEM without introducing a substantial damage to the
diamond substrate. We also confirmed the stability of the
nitrogen termination at elevated temperatures by XPS and
HREELS measurements and upon exposure to CVD growth
conditions by SIMS measurement. Finally, we demonstrated
the potential of combining a bottom-up process for creating
high-quality diamond nanostructures and our delta-doping
technique for realizing NV-based topographic quantum
patterning which can increase substantially the interaction
cross-section between the NV ensembles and molecules, spins,
or nanophotonic elements such as plasmonics24 in their
vicinity.

■ METHODS

Sample Preparation. We used single crystal (100)-
oriented CVD diamonds (Element Six Ltd.) throughout this
manuscript except for the XPS and HREELS analyses due to
technical/physical constraints. Prior to nitrogen plasma
treatment, all samples were solvent cleaned in an ultrasonic
bath, using acetone, methanol, and isopropanol, consecutively
followed by a short homoepitaxial deposition process using
MWCVD conditions described below. Low-energy electron
diffraction (LEED) and XPS measurements showed that the
as-prepared homoepitaxial surfaces are hydrogen terminated
and well-defined at the atomic scale.
The nitrogen termination was carried out by exposing the

diamond surface to MW(N2) plasma at room temperature for
15 min. The pressure and MW(N2) plasma power during the
nitridation process were maintained to 11 Torr and 600 W,
respectively. The nitrogen purity was 99.999%, whereas
residual hydrogen in the chamber was monitored by optical
emission spectroscopy, revealing no Hα peak. The estimated
nitridation temperature was ∼100−150 °C. The same nitrogen
plasma nitridation conditions were used to terminate the
polycrystalline diamond film for HREELS analysis and to form
the NV delta-doped layer incorporated in the CVD single
crystal diamond. Diamond deposition processes, of both the
poly diamond films and the overgrowth layer, were carried out
using a MWCVD system (4 kW, 2.45 GHz). Methane (CH4)
and hydrogen (H2) were used as a precursor gas mixture at a
ratio of 3:97 (CH4/H2). The deposition pressure and sample
temperature were preserved at 150 Torr and ∼850 °C,
respectively. In the case of the single crystal overgrowth,
following the nitridation procedure, the MW plasma was
turned off, and the chamber was evacuated to basic pressure of
5 × 10−7 Torr. Subsequently, during a 4 min overgrowth step,
where the same deposition temperature of 850 °C was

monitored, the estimated growth rate onto the (100) surface
was 2.5−3.5 μm/h.
For the HREELS and XPS characterization, diamond films

were deposited on a p-Si (100) substrate for 2 h. Prior to the
deposition, the substrate was seeded with diamond slurry for
30 min to enhance the nucleation density.

Sample Characterization. The N-terminated diamond
films were transferred to ultrahigh vacuum (UHV) system with
a base pressure of 10−9 Torr to perform the surface
characterization using XPS (Specs, Germany). XPS measure-
ments were performed at different temperatures using a non-
monochromatized Mg Kα anode X-ray source (hν = 1253.6
eV) at an incident angle of 55° from the surface normal. In situ
annealing of the sample was performed for 5 min, using a
Boralectric heater, and the temperature was measured by
infrared thermometer. Peak fitting of XPS was done after
background subtraction as described by Shirley25 and using
Gaussian (Y%)−Lorentzian (X%) peak shape, defined in
CasaXPS software version 2.3.15 as GL(X). C and N (1s) core
peaks are suited to the default GL(30) line shape.26,27

HREELS measurements were carried out in an UHV system
with a baseline pressure of 10−9 Torr. The primary electron
energy was 20 eV, the fwhm of elastically scattered electron
peak was 16 meV, and the spectra were recorded up to loss
energies of 500 meV in the specular direction at an incident
angle of 55° from the surface normal. All spectra were recorded
in situ at room temperature under UHV conditions after
stepwise annealing at different temperatures.
The TEM/STEM studies were carried out using a

monochromated and double-corrected FEI (Thermo Fisher)
Titan Themis3 S/TEM at an accelerating voltage of 200 kV to
acquire HRTEM and HRSTEM micrographs. EDS measure-
ments in the Themis were accomplished using a FEI Dual-X
detector system. The TOF-SIMS setup, which was used to
map the depth profiling of CN− ions, was operated in a dual
beam mode, using 2 keV Cs+ ions for sputtering and 25 keV
Bi+ ions for probing and analyzing the sputtered material.
The PL measurements at room temperature were performed

applying a 532 nm CW green laser for the excitation of the
NVs. During the measurements the laser was focused to <1 μm
spot using a 100× objective with NA of 0.9. The PL signal
from the sample was collected in confocal configuration by the
same objective used for focusing the laser light.
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