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Formation of Nitrogen-Vacancy Centers in
Homoepitaxial Diamond Thin Films Grown via
Microwave Plasma-Assisted Chemical Vapor

Deposition
Hideyuki Watanabe, Hitoshi Umezawa, Toyofumi Ishikawa, Kazuki Kaneko, Shinichi Shikata,

Junko Ishi-Hayase, and Kohei M. Itoh

Abstract—A model for controlling the two-dimensional distri-
bution of negatively charged nitrogen-vacancy (NV−) fluorescent
centers near the surface of a diamond crystal is presented, us-
ing only a microwave plasma-assisted chemical vapor deposition
(CVD) method. In this approach, a CVD diamond layer is ho-
moepitaxialy grown via microwave plasma-assisted CVD using an
isotopically enriched methane (12CH4 ), hydrogen (H2 ), and nitro-
gen (N2 ) gas mixture on patterned diamond (0 0 1). When the
surface is imaged by means of confocal microscope photolumines-
cence mapping, fine grooves are observed to have been generated
artificially on the diamond surface. NV− centers are found to be
distributed selectively into these grooves. These results demon-
strate an effective means for the formation of NV− centers of
selectable size and density via microwave plasma-assisted CVD,
with potential application in the production of diamond quantum
sensors.

Index Terms—Diamond, doping, nitrogen-vacancy centers,
groove structure, homoepitaxial, microwave plasma-assisted
chemical vapor deposition.
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I. INTRODUCTION

A SINGLE electron spin trapped by defects in diamond can
function as a stable resource for a magnetic field sensor

that breaks the conventional limit in spatial resolution and sen-
sitivity at room temperature [1]–[6]. Currently, there is great in-
terest in an emerging new field called “quantum sensing” based
on the control and manipulation of single electron spins [7]. The
single electron spin can be associated with a nitrogen-vacancy
(NV) center known as a point defect in diamond [8], [9]. Nega-
tively charged nitrogen-vacancy (NV−) centers are fluorescent,
and exhibit an emissive spectrum with a zero-phonon line at
638 nm [10]. The spin state of the single electron can be de-
tected using optical pumping and photon detection of the optical
transition of the NV− centers. The primary reason for the atten-
tion devoted to diamond is that the lifetimes of the electron spin
states at room temperature are much longer than those of other
materials (∼ milliseconds) [11], [12]. The lifetime is one of the
parameters which determines the sensitivity of a device used
to measure a minimally detectable magnetic field. One of the
challenges here, however, is how to form NV− optical centers
and place them effectively and accurately near the surface of a
diamond crystal, [13]–[18] while maintaining the long electron
spin lifetime needed to produce a “quantum sensing” device.
One way to achieve this is to increase the spatial resolution.

Currently, the most commonly used techniques to generate
NV optical centers are ion implantation and subsequent anneal-
ing, or electron irradiation and subsequent annealing in dia-
mond. Both are processes which produce vacancies, but which
cause radiation damage upon recovering the crystal. On the other
hand, herein is proposed a technique where, upon growing high
quality diamond via microwave plasma-assisted chemical va-
por deposition (CVD), the formation of NV centers occurs at
the same time [12], [19]. We recently reported that, using op-
timized growth conditions, the formation of near-surface NV−

centers with 5 nm spatial resolution is possible with microwave
plasma-assisted CVD, using an isotopically-enriched methane
(12CH4), hydrogen (H2) and nitrogen (N2) gas mixture, deliv-
ered via a mass-flow controller during growth [20]. However,
diamond growth is performed upon the entire substrate in the
CVD method. This makes it difficult to use techniques asso-
ciated with the adjustment of area size or position on a two-
dimensional plane, such as the ion implantation technique.
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Fig. 1. Schematic of the patterned diamond substrate.

Herein is proposed an approach to control not only the depth,
but also the size (area) and position (in the horizontal direc-
tion), of NV− centers by employing a CVD method only. The
intensity/distribution of NV− optical centers as observed by
means of a confocal microscope photoluminescence (PL) map-
ping of the nitrogen-doped homoepitaxial CVD diamond indi-
cated high contrast specific to the positions of mechanical pol-
ishing scratches on the substrate. Inspired by this result, grooves
were cut into the substrate surface to form artificial polishing
marks/scratches, and subsequent experiments showed that NV−

optical centers can be selectively placed inside those grooves.

II. EXPERIMENTAL DETAILS

In this study, rectangular grooves were processed into the
substrate using the same device fabrication techniques as are
employed in the production of diamond Schottky barrier diodes
[21]. Rectangular grooves 200 μm long and 2 μm deep were
etched into the diamond along the [110] axis. The goal of the
process was the rectangular groove structure shown in Fig. 1.
By changing the groove line width (L) and spacing (S), four
types of periodic artificial polishing marks or scratches were
fabricated on a single substrate by lithography and dry etching
processes.

Fig. 2 shows the fabrication steps employed in the generation
of the periodic grooves. The substrates were synthetic type IIa
(0 0 1) single-crystal diamond plates with a misorientation angle
of about 0.6° as detected by X-ray diffraction. The substrate
was mechanically prepolished using the scaife process to obtain
a high grade surface, and then chemically cleaned. In the first

Fig. 2. Cross-section schematic of the fabrication steps for production of
periodic rectangular groove lines.

fabrication step (Fig. 2, Step 1), a thin silicon dioxide (SiO2 ) film
was deposited via CVD using tetraethyl orthosilicate (TEOS) at
350 ºC. The film thickness was 100 nm. It was then spin-coated
with an electron beam (EB) resist (ZEP520A). Then (2), EB
lithography was utilized to pattern the lines/spaces on the film.
In this study, four L/S patterns were produced in the EB resist: A
(5/10 μm), B (2.5/5 μm), C (1/2 μm) and D (0.5/1 μm). Then (3),
the SiO2 film was etched with inductive coupled plasma (ICP)
using the EB resist as a mask. The EB resist etching was carried
out using tetrafluoromethane (CF4) plasma. After removing the
EB resist, the diamond was etched 2 μm deep with ICP using
SiO2 as a mask (4). A mixture of oxygen (97 sccm) and CF4
(3 sccm) gas was used to realize a high selective ratio >100
and low etching damages. Finally (5), the diamond was cleaned
with hydrofluoric acid (HF) and a hot acid mixture to remove
the SiO2 mask and graphitic layer.

Prior to loading into the growth chamber, the substrate was
cleaned by boiling in a sulfuric acid-hydrogen peroxide mix-
ture (SPM)-based solution, ultrasonicated in deionized water
and alcohol-based solutions, etched in an HF solution, treated
with RCA SC-1 (NH4OH:H2O2 :H2O = 1:1:5), and finally,
rinsed with deionized water. The substrate was also treated
with H2 plasma in the processing chamber for 10 min. using
high purity H2 gas (>9N). Diamond films were prepared from
an isotopically-enriched (> 99.9% for 12C) 12CH4 , H2 and N2
mixed gas system in a microwave plasma-assisted CVD reactor,
contained in a stainless-steel vacuum chamber. The feed gases
were delivered via a computer-controlled mass-flow controller,
and were premixed in the manifold before being injected into the
growth chamber. The reaction gas was composed of 0.5% 12CH4
in H2 . N-doping was achieved during growth by using N in the



616 IEEE TRANSACTIONS ON NANOTECHNOLOGY, VOL. 15, NO. 4, JULY 2016

Fig. 3. (a) Confocal microscope PL images of CVD diamond layer homoepi-
taxialy grown. Four 80 × 80 μm areas with different groove patterns: A: L/S =
5/10 μm, B: L/S = 2.5/5 μm, C: L/S = 1/2 μm and D: L/S = 0.5/1 μm. (b) A
sample PL spectrum obtained from the bright area of a PL image.

reactant gas (nitrogen to carbon ratio (N/C) = 0.0175). The to-
tal gas pressure, total gas flow rate, and input microwave power
were maintained constant at 25 Torr, 400 sccm, and 750 W,
respectively. The substrate temperature was 800 °C, controlled
independently of the input microwave power. The deposition
time was 6 h. Based on typical growth rates, the film thickness
was estimated to be about 500 nm.

The optical properties of the homoepitaxial diamond thin
film regions in the area of the grooves were investigated with a
home-built scanning confocal microscope at room temperature.
PL was excited with a continuous-wave 532 nm laser. The laser
light was focused onto the sample by an objective lens with
100× magnification and a numerical aperture of 0.9. The PL
signal was detected either with a charge coupled device spec-
trometer for spectra, or via an avalanche photodiode detector
(APD) for images. An optical band pass filter, with transmis-
sion from 600 nm to 800 nm, was placed in front of the APD
for wavelength selection.

III. RESULTS AND DISCUSSION

Fig. 3(a) shows the PL images obtained using the confocal
microscope system for each of the four types of patterns. The

observation area is 80 μm× 80 μm, and the resolution is 0.2 μm.
The PL signal was not uniform over the area, but showed a cyclic
pattern along the y-axis. This cyclic pattern matches the pattern
of the grooves. The contrast ratio of bright areas (maximum
average PL signal of bright areas = Ibright) to dark areas (min-
imum average PL signal of dark areas = Idark ) obtained from
patterns A, B, C and D decreased as the line width and spacing
decreased (Ibright/Idark ≈ 73, 12, 7, and 4, respectively).

Fig. 3(b) shows, as an example, the PL spectrum (600–
800 nm) obtained from a bright area of pattern A. In the spec-
trum, the zero-phonon line at 638 nm due to the NV− centers
and their phonon replicas can be clearly identified. In addition,
this spectrum contains a single, narrow peak at 738 nm. The
peak position of the maximum was found by fitting a Gaussian
distribution to the data. This 738 nm peak is very close to the
emission of a self-interstitial defect (1.685 eV center) at 736 nm,
[22] a silicon vacancy complex (Si center) at 737.1 nm, [23] or
a neutral single vacancy (GR1 center) at 741 nm [24]. The peak
tends to be subject to the groove processing conditions (groove
line width and processing method), and moreover, no signal
indicating Si atoms was detected via secondary ion mass spec-
trometry (SIMS) in the groove region of the sample. Therefore,
at present, the 738 nm emission is believed to be related to pres-
ence of self-interstitial defects, neutral single vacancies, or other
possible defect complexes. At minimum, these results indicate
that the NV− centers, which are related to the PL intensity in
the visible range, are distributed spatially within the grooves.

In the epitaxial growth of thin films, surface morphologies
reflecting the growth history provide hints to understanding the
mechanism of growth. Fig. 4(a) shows a circularly polarized
light-differential interference contrast optical microscopy im-
age of the surface after epitaxial growth of the four types of
patterns. As seen here, the normal epitaxial surface area, E, is
characterized by a macro zigzag pattern. This surface morphol-
ogy is typical of a step flow growth process, and is expected for
the azimuthal miscut angle of this substrate, as proposed by Lee
et al. [25] for homoepitaxial CVD diamond growth on (0 0 1)
planes. In fact, the azimuthal miscut angle (φ) of the substrate
used in this work is tilted about 49° from the [1 1 0] direction
toward the [1 0 0] direction. Meanwhile, all four of the grooved
areas demonstrate growth in which the zigzag morphology is
suppressed, the flatness is improved, and the macro steps are
oriented parallel to the grooves (along the [1 1 0] direction). So,
in the homoepitaxial diamond growth on this diamond (0 0 1)
surface, the growth occurs through a lateral movement or step
flow of the preexisting step edges along the 〈1 1 0〉 directions.
Thus, for example, if the substrate were miscut parallel to [1̄ 1 0]
(that is, step edges along the [1 1 0] direction), the macro steps
would not be zigzag they would exhibit a straight pattern. There-
fore, inhibition of the zigzag pattern observed in the area of the
grooves can be understood to be due to the fact that processing
of the rectangular grooves causes a significant change in the
miscut angle at groove locations on the substrate surface.

Fig. 4(b) shows a cross-section SIMS image of the 13C con-
centration for a diamond thin film grown on a 5 μm groove
line-patterned diamond substrate (pattern A). (Lower 13C con-
centration is displayed darker.) The ion image of the YZ axis is
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Fig. 4. (a) C-DIC optical microscope image of the surface after homoepitaxial
CVD diamond thin film growth on areas with grooves (A–D) and on the normal
epitaxial surface without grooves (E). (b) Cross-section SIMS ion image of 13C
concentration for the CVD diamond layer homoepitaxialy grown on a 5 μm
groove line-patterned diamond substrate.

constructed from 270 ion image basic data, each with a sputter
depth of 16 nm. It is clearly seen that the 2 μm deep grooves have
been completely covered by the diamond. Based on the vertical
thickness and growth time, the growth rate of the normal epitax-
ial surface area is expected to be about 0.4 μm/h. On the other
hand, it should be noted that from Fig. 4(b), the growth rate at a
groove with a (0 0 1) bottom is about 1.6 μm/h, four times higher
than that at the (0 0 1) normal epitaxial surface. The velocity of
growth of the crystal face in step flow growth mode is sensitive
to the density of the steps, which in turn depends on the value
of the misorientation angle [25]. One possible reason for this is
that the larger growth rate in the groove occurs because of the
presence of higher step density caused by the tilt angles of the
etched vertical side walls or corners. This suggestion may be
supported by the cross-section SIMS image in Fig. 4(b) where
the side walls are clearly slightly tilted. On the other hand, an-
other possible reason for the relatively larger growth velocity is
a change in the growth conditions caused by the local surface
structure; that is, the grooves. Of note, the growth parameter,
[26]–[28] which describes the ratio of relative growth rates on
the {0 0 1}, {1 1 0}, {1 1 1} and {1 1 3} planes, is sensitive to
growth conditions. In this case, because the {0 0 1} planes have

the lowest growth rate [29], the filling process of the rectan-
gular grooves may result from selective epitaxial growth under
another index surface such as {1 1 1} or {1 1 3} [30]. Al-
though further research is required to investigate this growth
mechanism, these features suggest that at least the corners and
the etched vertical side walls of the rectangular grooves play a
major role in the filling process of rectangular grooves.

In typical CVD diamond growth, there are some common
(limiting) characteristics, such as that impurities begin to be
incorporated when the growth rate exceeds the critical growth
rate, [31], [32] and that the amount of impurities incorporated is
proportional to the growth rate [33]. These experiments clearly
show that, by creating fine grooves on a substrate surface, the
growth rate can be increased locally, and simultaneously, vacan-
cies (as well as the nitrogen required for NV center formation)
can be supplied.

IV. CONCLUSION

In conclusion, this is an approach, employing a microwave
plasma-assisted CVD method only, that has the ability to con-
trol not only the depth of NV− optical centers formed inside
an isotopically-controlled diamond thin film, but also their size
(area) and position in the horizontal direction. We have found
that, by generating the proper pattern of fine grooves on the
substrate surface, the growth rate can be increased locally, and
at the same time, nitrogen and the vacancies required for NV−

center formation can be supplied. These findings suggest that
producing groove patterns on a surface might provide an ef-
fective technique for forming NV− optical centers of a desired
size at a desired position near the surface. This process can be
accomplished without reduction of device performance, which
is limited by traditional ion implantation or EB-induced defects.
In addition to the selectable size and density of the NV− optical
centers, the orientation of these centers plays an important role
in the production of high sensitivity diamond quantum sensors
and has been difficult to control with conventional techniques.
Approaches for orientation control will likely also be available
using this CVD method.
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