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The negatively charged nitrogen vacancy (NV ™) center ensemble in as-grown chemical vapor deposition (CVD)
diamond is a promising candidate for quantum sensing due to its long coherence time and excellent optical properties.
However, achieving a high concentration of NV~ centers in as-grown CVD diamond remains a critical challenge, which
constrains the performance of NV~ based sensors. In this study, we observe that NV~ center formation efficiency is
significantly enhanced during the initial growth phase, with a coherence time 7, of 1.1 ps. These findings demonstrate that
high-concentration NV~ centers can be achieved in as-grown diamonds, greatly enhancing their utility in high-performance

magnetometers and quantum sensing.

Keywords: interface, high concentration, nitrogen vacancy centers, chemical vapor deposition (CVD), dia-

mond
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1. Introduction

The negatively charged nitrogen-vacancy (NV ™) center
in diamond has received significant attention over the past few
decades as a solid-state qubit,"-?) particularly due to its long
spin coherence time at room temperature. 3! Additionally, the
electronic spin state of the NV~ center can be optically ini-
tialized and read out, as well as coherently manipulated by
a microwave (MW) field with high fidelity.[*l The NV~ cen-
ter in diamond has emerged as a leading platform for quan-
tum technologies, demonstrating significant promise in appli-
cations such as quantum information processing’! and quan-
tum sensing.[® Building on foundational advancements, in-
cluding nanoscale magnetic resonance imaging!”! and quan-
tum algorithm implementations,®! NV~-based systems have
achieved rapid progress in scalability,”! integration,!'”) and
real-world applicability.['!] Recent breakthroughs further un-
derscore the transformative potential of NV~ ensembles, par-
ticularly in enabling high-resolution vectorial magnetic field

U2] For NV~ -based magnetometers, the concentra-

imaging.
tion and coherence time of NV~ centers are crucial parame-
ters that directly affect sensitivity. However, achieving a high
concentration of NV~ centers while maintaining long coher-
ence times remains a significant challenge.!'>!'#! Currently,
high-energy electron/ion irradiation followed by annealing is
the most common method for obtaining high-concentration

NV~ ensembles.!!>1%] However, the high density of defects
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generated during irradiation reduces the coherence time of
NV~ centers, thereby limiting the sensitivity of the resulting
magnetometer.[!”] Alternatively, NV~ centers can be synthe-
sized directly during chemical vapor deposition (CVD), which
is an effective method for generating NV~ centers with long
coherence times. This approach offers the advantage of pre-
cise control over the concentrations of paramagnetic impuri-
ties and dislocations, thereby enhancing the overall quality of
the resulting NV~ centers. The primary challenge for sen-
sors based on as-grown NV~ centers is achieving a high NV
concentration while maintaining optimal coherence properties.
Increasing the nitrogen content in the precursor is the usual
method for boosting the NV~ center concentration in CVD
diamond. However, it has been reported that the NV~ cen-
ter concentration saturates at approximately 10 ppb when the
nitrogen content exceeds 100 ppm, leading to the diamond
becoming brownish and non-epitaxial growth.!'8! To address
this issue, further work is needed to obtain high-concentration
NV~ centers with excellent coherence properties for magnetic
sensing applications.

Recently, Hei et al.!'3 reported that the concentration
of NV~ centers in as-grown CVD diamond varies spatially
along the growth direction, with a higher concentration found
in the region near the interface with the high-pressure high-
temperature (HPHT) diamond substrate. These findings sug-
gest that it is possible to achieve a high concentration of NV~
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centers in that region, which could potentially enhance delta
doping technology in CVD diamond — a development of sig-
nificant interest in precision magnetic field sensing.!'”! How-
ever, to fully realize this potential, further studies are required
to determine the detailed distribution and coherence properties
of NV~ centers formed at different growth stages.

In this paper, we focus on realizing a high concentration
of NV~ centers with a long inhomogeneous dephasing time
in CVD diamond. Fluorescence images revealed that a high
concentration of NV~ centers was achieved in the grown re-
gion up to approximately 150 pm away from the interface.
The highest NV~ concentration was determined to be 8.8 ppb
in a region about 64 um away from the interface. A long in-
homogeneous dephasing time of ~ 1.13+0.18 us for NV~
centers in that region was measured using the Ramsey fringe
technique. These results suggest that the region near the inter-
face may serve as a promising ensemble of high concentration
NV~ centers with comparatively long coherence times, mak-
ing it an excellent candidate for NV~ based magnetic sensors.

2. Experimental details

HPHT diamond, with dimensions of 3.5 mm x 3.5 mm X
1.0 mm, was used as the substrate. The concentration of nitro-
gen was determined to be about dozens ppm using the electron
paramagnetic resonance, while the concentration of NV cen-
ters is below 5 ppb. Before epitaxial growth, the substrate was
immersed in a boiling acid mixture (HC1O4:H,SO4:HCl =1 :
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1:1) at 200 °C for 2 hours, then ultrasonically cleaned with
acetone, isopropyl alcohol, and deionized water respectively.
After cleaning, the substrate was placed inside the growth
chamber. To remove surface defects induced by mechanical
polishing, the substrate was pre-treated with H,/O, plasma for
10 min.? Following this, the diamond film was homoepitax-
ially deposited using the MW plasma CVD method. The dia-
mond film was grown with a substrate temperature of 900 °C,
MW power of 5.0 kW, chamber pressure of 150 Torr, and a
methane concentration of 4%. The MW power of 5 kW and
moderate chamber pressure (150 Torr) were selected to sta-
bilize plasma conditions, ensuring uniform temperature dis-
tribution across the substrate and improving overall film ho-
mogeneity. The lower methane concentration effectively sup-
presses the formation of undesirable secondary phases, while
maintaining a steady diamond growth rate. Appropriate sub-
strate temperature enhances nitrogen adatom mobility, pro-
moting substitutional incorporation into the diamond lattice
while preventing polycrystalline nucleation and graphitiza-
tion. During growth, 10 ppm of N, was introduced as a nitro-
gen source to facilitate NV~ center formation. After 55 hours
of growth, a 0.8 mm thick epitaxial layer was obtained. To
characterize the properties of the NV~ centers at various po-
sitions along the growth direction, the sample was transected
using a Nd:YAG laser to cut the cross-section parallel to the
growth direction, as illustrated schematically in Fig. 1(a). The
cross-section was then carefully polished for characterization.
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Fig. 1. (a) Schematic diagram of our sample: the yellow region represents the HPHT substrate, and the blue region represents the grown diamond
epi-layer. The red dashed line in the upper part indicates the position of laser cutting. The coordinate axes shown in the lower part indicate
the scanning direction of the CFM. (b) A fluorescence image obtained with a CFM, where the black points indicate the positions for spectral
measurements. (c) Fluorescence scanning along the line across the interface, as marked in (b) with a red dashed line.

3. Results and discussion

To characterize the spatial distribution of NV~ centers in
the epi-layer along the growth direction, the fluorescence im-
age of the sample’s cut-surface was measured using a home-

built confocal microscope (CFM). A 532 nm green laser was
used as excitation source, which was focused onto the di-
amond sample through an objective lens (Olympus, 100x,

NA = 0.95). The resulting fluorescence was then collected
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by the same objective and directed to avalanche photodiodes
via a single-mode fiber. Only fluorescence with wavelengths
from 600 nm to 800 nm was detected using a band-pass filter
(BPF). The sample was carefully mounted on the CFM’s sam-
ple platform with the growth direction of the epi-layer par-
allel to one of the platform’s scanning directions (defined as
the X axis), as shown in Fig. 1(a). Since the primary defect
of type Ib HPHT diamond is neutral substitutional nitrogen
(N(S)), with few NV~ centers,?!! we attributed the bright flu-
orescence shown in Fig. 1(b) to the NV~ centers in the epi-
layer. As illustrated in Fig. 1(b), the fluorescence intensity
changed significantly along the epi-growth direction, reflect-
ing the spatial variation of NV~ concentration in the grown
diamond film.

Photoluminescence (PL) spectra were also measured by
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directing the collected fluorescence to a spectrometer (Jobin-
Yvon HR800) via a single-mode fiber. Figure 2(a) shows the
spatial distribution and charge states of the NV centers, reveal-
ing variations in luminescence characteristics across different
regions of the sample. To minimize measurement errors aris-
ing from variations in testing conditions, we normalized the
spectra using the first-order Raman peak in Fig. 2(b). Point 1
is located in the HPHT diamond substrate, and the correspond-
ing spectrum showed no NV~ signal (neither the zero-phonon
line (ZPL) at 637 nm nor the accompanying phonon sideband),
consistent with previous reports.!??! Point 2 is located in the
epi-layer near the interface, where the spectrum showed not
only a sharper NV~ ZPL at 637 nm but also a significant peak
at 737 nm, corresponding to the ZPL of the negatively charged
silicon vacancy (SiV ™) center.
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Fig. 2. (a) PL spectra at various key positions along the red dashed line in Fig. 1(b). The legend indicates the distance from the interface. (b) PL
spectra at two typical positions, as indicated in Fig. 1(b). The black line represents the spectrum from the HPHT substrate, and the red line
represents the spectrum from the epi-diamond in the region near the interface. The intensity is normalized with respect to the first-order Raman

peak, and the inset shows the magnified signal from the area (30x).

Since the collected fluorescence originated from both
NV~ centers and SiV~ centers, the fluorescence images in
Figs. 1(b) and 1(c) do not accurately represent the distribu-
tion of NV~ centers in the epi-layer. To precisely characterize
the distribution of NV~ and SiV~ centers along the growth di-
rection, the integrated ZPL intensity distributions of the NV~
and SiV™ centers were derived from the recorded spectra and
are shown in Fig. 3(c). Because the integrated ZPL intensity
is proportional to the concentration of the corresponding color
centers, the curves in Fig. 3(c) represent the relative concentra-
tion distributions of NV~ and SiV™ centers along the growth
direction.

By comparing the integrated ZPL intensity of NV~ cen-
ters in our sample with that in a diamond of known NV~ con-
centration, we deduced the highest NV~ concentration to be
approximately 1.5 x 103 cm ™3 (~ 8.8 ppb) in our sample. We
estimated the NV~ center concentration of the standard sam-
ple by comparing its saturation luminescence intensity with
that of single NV centers under the same system. Our sample
corresponded to an NV~ doping efficiency of about 1073 (the

ratio of the concentration of NV~ centers to that of nitrogen
in the gas sources). This efficiency is higher than the values of
10~4=107°, previously reported for CVD-grown diamond. !
Moreover, the concentration of NV~ centers is extremely high
in the region within ~ 150 um of the interface, with the high-
est concentration being about 50 times greater than that in
the grown region far from the interface. This result suggests
that NV~ centers are more easily generated during the initial
growth stage of CVD diamond. Etch pits were observed on
the HPHT diamond substrate after H>/O, plasma treatment, as
shown in Fig. 3(a). These etch pits are shaped like inverted
pyramids, with exposed {111} facets. The etch pits expose
underlying lattice defects, which serve as preferential nucle-
ation sites for subsequent diamond growth. During growth,
carbon atoms preferentially accumulate at defect sites, leading
to the formation of growth hillocks.!'3 It was previously re-
ported that the {111} faces are 3—4 times more favorable for
nitrogen atom incorporation than the {100} faces.!"*! Thus,
we suppose that the high NV~ center concentration observed
in our sample is related to the pyramidal hillock growth during
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the initial growth stage of CVD diamond.

However, the high nitrogen incorporation efficiency of the
{111} face alone cannot fully explain the ultrahigh concentra-
tion of NV~ centers observed in our sample. Specifically, a
50-fold increase was observed in the concentration of NV™
centers in the epi-layer near the substrate compared to that in
regions further away from the substrate. The activation en-
ergy for nitrogen atom diffusion in diamond is reported to be
5.0£0.3 eV,**! corresponding to a diffusion temperature sig-
nificantly above the growth temperature of 900 °C. This indi-
cates that the massive nitrogen atoms embedded in the HPHT
diamond substrate contribute negligibly to the concentration
of NV~ centers in the epi-layer. Furthermore, fluctuations in
temperature and gas sources were slight during the growth pro-
cess, minimizing their influence on NV~ center formation.

To investigate the cause of the high NV~ center concen-
tration, we analyzed the variation in the concentration ratio of
NV~ centers to neutral nitrogen vacancy (NV?) centers in dia-
mond (hereafter referred to as [NV~ ]/[NV?]) along the growth
direction. As shown in the curves in Fig. 3(d), this ratio is
lower near the interface. The NV~ center possesses an extra
electron, with N? acting as the primary electron donor in our
diamond sample. In diamonds with higher NV center forma-
tion efficiency (i.e., the ratio of NV center concentration to ni-
trogen concentration), a smaller proportion of nitrogen atoms
remains available to act as electron donors, resulting in a lower
[NV~ J/[NV] ratio. Thus, the lower [NV~1/[NV?] ratio near
the interface suggests a high NV center formation efficiency in
that region, which likely contributes to the high concentration
of NV~ centers.
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Fig. 3. (a) SEM image of the HPHT diamond substrate after H»/O, plasma treatment. (b) Line mapping of PL intensity across the interface,
with colors representing different PL intensities as indicated by the color bar. The intensity is normalized to the first-order Raman peak. (c) The
relative distributions of the integrated ZPL intensities of NV~ centers (red) and SiV~ centers (blue) along the growth direction, with both lines
normalized by dividing by their respective maximums. These lines also represent the relative concentration distribution of color centers. (d) The
variation of the ratio [NV~ ]/[NV] along the growth direction. To conveniently identify the location relative to the interface, the curve for NV~
distribution (red line) is plotted on the same graph. The interface between the grown diamond and the HPHT substrate is located at approximately
X =16 um. The severe oscillations in the curve at X < 0 pm are likely due to a few NV~ centers present in the HPHT diamond.

Additionally, Martineau ez al.'>>! reported that the dislo-
cation density is higher near the substrate—epilayer interface
compared to other regions. These dislocations act as prefer-
ential sites for vacancy aggregation, which promote vacancy
stabilization. Consequently, it is presumed that vacancies are
easier to form during the initial growth stage, facilitating NV~
center formation in proximity to the interface. It should be
noted, however, that the region with the lowest [NV™]/ [NV9]
ratio does not necessarily correspond to the highest NV~ con-
centration. This discrepancy may be due to variations in ni-

trogen at different growth stages or the formation of other
nitrogen-related color centers, such as NVH™ and Siv—.[20]
These defects will capture a significant number of unpaired
electrons from nitrogen, thereby reducing the availability of
free electrons for the formation of NV~ centers and conse-
quently decreasing the ratio of [NV™]/ [NVO].

For the SiV™ center, a narrower distribution was observed
in the diamond sample [see Fig. 3(c)]. Since no silicon was
introduced through the gas source, we inferred that the sili-

con atoms were introduced during the H»/O, plasma etching
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of the quartz window. As shown in Fig. 2(a), the fluorescence
from the SiV™ centers partially overlaps with that of the NV~
centers and cannot be filtered out using the BPF designed to
isolate fluorescence solely from the NV~ centers. To elimi-
nate the influence of the SiV™ centers, we proposed minimiz-
ing the residual Si in the chamber through a CH4/H, flushing
process (with no MW applied) inserted after the H,/O; plasma
treatment. %7}

Optically detected magnetic resonance (ODMR) mea-
surements were also performed to determine the inhomoge-
neous dephasing times T, of the NV~ centers in the sample.
To manipulate the electron spin state of the NV~ center, a
static magnetic field of 21.4 Gauss was applied to lift the
|ms = +1) spin sublevels, and an MW field was applied using
a copper wire with a diameter of 20 um stretched across the
diamond sample. Figure 4(a) presents the continuous-wave
(CW) ODMR spectrum, showing four pairs of resonances
corresponding to the NV~ centers oriented along the four dif-
ferent (111) axes. The resonance peaks exhibit power broad-

(281 By properly adjusting the MW and laser

ening effects.
power, we obtained a refined CW ODMR spectrum around
2810 MHz, as shown in the inset of Fig. 4(a). The observed
peak splitting was due to the hyperfine interaction with the
nuclear spin of "“N. Next, we applied a Ramsey MW pulse
sequence, T/2 ~ T ~ /2, to determine the 7;". Figure 4(b)
showed the recorded Ramsey fringe. Due to the interaction
with *N nuclear spin, the oscillation consists of three fre-

(2)

quency components, A —2.2 MHz, A, and A +2.2 MHz,
where A is the MW detuning from the central peak in the in-
set of Fig. 4(a). By fitting the Ramsey fringe with a function
of exp[—(¢/T;)?] X3, cos(2mait + ¢;),1>"! we deduced an in-
homogeneous dephasing time of 7, ~ 1.13£0.18 us, which
closely matches the value obtained from the single NV~ center
in diamond with !3C of natural abundance (['3C] = 1.1%).3"
This value is relatively high among the reported values,>!
which is primarily attributed to the high NV center forma-
tion efficiency, as well as low density of growth defects. The
presence of paramagnetic defects during the growth process
can adversely affect the coherence time of the NV~ centers.
By enhancing MW power density and reducing the methane
concentration,?!] we have achieved a diamond with a low
defect density. Furthermore, figure 4(c) shows that 7, varied
little along the epi-layer at various positions, indicating that ni-
trogen in the diamond contributed minimally to dephasing. As
reported by Acosta et al.,’?) the interaction with 13C nuclear
spins is another cause of dephasing. It can be inferred that 13C
nuclear spins are the main dephasing source in our sample. To
further prolong the dephasing time of NV~ center, the use of
isotope purification technology is necessary. By utilizing pu-
rified isotope 12C, Kleinssser et al. obtained a 7" of ~ 1.5 ps
in diamond with an NV~ center concentration of ~ 1 ppm. (33!
To demonstrate DC magnetic sensing based on the Ramsey
fringes method, we recorded the Ramsey fringes before and
after the magnetic field changed. As shown in Fig. 4(d),
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Fig. 4. (a) CW ODMR spectrum. The peaks are fitted using a Lorentzian function. The inset shows the hyperfine splitting of the resonant peak
located at 2810 MHz, determined using ultralow MW power. The three peaks, with FWHM = 0.53 MHz, are attributed to the interaction with
the '*N nuclear spin. (b) Ramsey fringe. The upper is the corresponding measurement sequence. (c) The distribution of T, along the growth
direction. X = 0 indicates the interface. (d) Ramsey fringes under different applied magnetic fields. The Ramsey fringe at a lower magnetic field
is compared to that at a slightly higher magnetic field.
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the recorded Ramsey fringes show different oscillation, and
the detuning A values were determined to be 0.008 MHz and
0.651 MHz, respectively, indicating a difference in magnetic
field to be 1.800 Gauss. As demonstrated in Ref. [34], the
minimum detectable DC magnetic field of an NV~ ensemble

18

2 B
5B = : 1
gsis RN \/niTy M

where gg = 2.0028 is the g-factor of NV~ center, g is the

Bohr magneton, R is the measurement contrast, 7 is the de-
tection efficiency, n is the number of NV~ centers involved
in the measurement, and ¢ is the integration time. Accord-
ing to Eq. (1), we estimated the sensitivity of our sample to
be 13.3 nT-Hz /2. The sensitivity can be further improved

by utilizing side-collection technology!*>!

and isotope purifi-
cation technology. Additionally, increasing the concentration
of NV~ center in the epi-layer near the interface is also advan-

tageous.

4. Summary

In summary, we investigated the concentration and co-
herence properties of NV~ centers formed during the initial
growth stage. Our results indicate that a narrow region near the
interface between the substrate and the epitaxial diamond layer
exhibits both a substantially higher NV~ center concentration
and an extended inhomogeneous dephasing time compared to
other areas. We anticipate that the concentration of NV~ cen-
ters can be further increased by optimizing the growth condi-
tions, such as adjusting the substrate temperature, using N,O
as a dopant gas!®! and introducing a CH4/H, flushing step
following the H»/O; etching. Moreover, our findings reveal
that the NV~ center concentration peaks approximately 64 pm
from the substrate in our experiment. This provides valuable
insight that optimizing the timing of nitrogen dopant gas in-
troduction in delta-doped diamond can lead to higher NV~ in-
corporation. Integrating these strategies with our growth tech-
nique can establish optimal conditions for achieving a high
NV~ center concentration with minimal defects, thereby en-
hancing the application potential of diamond NV center in
quantum sensing.
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