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Heteroepitaxial (111) Diamond Quantum Sensors with
Preferentially Aligned Nitrogen-Vacancy Centers for an

Electric Vehicle Battery Monitor

Kenichi Kajiyama, Moriyoshi Haruyama, Yuji Hatano, Hiromitsu Kato, Masahiko Ogura,
Toshiharu Makino, Hitoshi Noguchi, Takeharu Sekiguchi, Takayuki lwasaki,

and Mutsuko Hatano>

A platform for heteroepitaxial (111) chemical vapor deposition (CVD) diamond
quantum sensors with preferentially aligned nitrogen vacancy (NV) centers on
a large substrate is developed, and its operation as an electric vehicle (EV)
battery monitor is demonstrated. A self-standing heteroepitaxial CVD
diamond film with a (111) orientation and a thickness of 150 pm is grown on a
non-diamond substrate and subsequently separated from it. The high
uniformity and crystallinity of the (111)-oriented diamond is confirmed. A
150-um thick NV-diamond layer is then deposited on the heteroepitaxial
diamond. The T, value measured by confocal microscopy is 20 ps, which
corresponds to substitutional nitrogen defect concentration of 8 ppm. The
nitrogen-vacancy concentration and T, are estimated to be 0.05 ppm and
0.05 ps by continuous wave optically detected magnetic resonance
(CW-ODMR) spectroscopy in a fiber-top sensor configuration. In a
gradiometer, where two sensors are placed on both sides of the busbar, the
noise floor is 17 nT/Hz%? in the frequency range of 10-40 Hz without
magnetic shielding. The Allan deviation of the magnetic field noise in the
laboratory is below 0.3 uT, which corresponds to a busbar current of 10 mA, in

1. Introduction

Nitrogen vacancy (NV) centers in diamond
have been shown to be one of the most
specific localized electronic structures to
serve as spin-based qubits and are promis-
ing candidates for quantum sensors.['~]
The superior properties of wide dynamic
range, high accuracy, and high sensitivity
make the diamond quantum sensor suit-
able for high-precision measurement of bat-
tery currents in electric vehicles (EV). In
a previous study, current monitoring with-
out magnetic shielding with an accuracy of
10 mA and dynamic range of +£1000 A was
demonstrated in the automotive operating
temperature range of —40 to 85 °C using
Ib-type diamond quantum sensors grown
at High-Pressure and High-Temperature
(HPHT).[*] The linearity and the current de-
tectability under an external magnetic field

the accumulation time range of 10 ms to 100 s.
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noise of 80 uT, which is larger than that

of 50 uT around the EV battery module in

a real car during driving was confirmed.”!
The wide operating temperature range of —150 to 150 °C was
also reported.l®] These performances are expected to improve the
efficiency of EV batteries by 10% and contribute to the higher per-
formance of EVs. To use diamond quantum sensors as EV battery
monitors, their industrial productivity needs to be demonstrated
at this stage.

Although HPHT diamonds or homoepitaxial chemical va-
por deposition (CVD) diamonds grown on HPHT seed crystals
are of high quality, there are issues concerning size and cost.
Heteroepitaxial CVDI*28] diamond on large substrates is a key
technology in terms of scalability and productivity of the dia-
mond quantum sensors. Heteroepitaxial CVD diamonds with
a diameter of several centimeters grown on Ir/YSZ/Sil2021.27]
or Ir/Sapphirel?*?*28] substrates have already been reported.
From the application point of view, diamond sensors with
NV or Silicon Vacancy (SiV) centers,!'®1721] as well as power
electronics!*>232428] or thermal heatsinks,?2] have been studied.
Furthermore, for highly sensitive quantum sensors, controlling
the NV axis alignment is crucial, and CVD growth on the (111)
single-crystal substrate leads to preferential alignment to the
[111] direction.[29-33]

© 2025 The Author(s). Advanced Quantum Technologies published by Wiley-VCH GmbH
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Figure 1. Heteroepitaxial (111) CVD diamond process with preferentially aligned NV centers. a) Process flow. b) Top-view of heteroepitaxial diamond

(iii). c) Inverse pole figure map of heteroepitaxial diamond (iii).

Here, a platform for heteroepitaxial (111) diamond quantum
sensors with preferentially aligned NV centers on large sub-
strates has been developed that could facilitate their implemen-
tation as EV battery monitors. A 150 um thick self-standing
heteroepitaxial CVD diamond substrate grown on a (111) non-
diamond substrate was formed and high uniformity and crys-
tallinity of the (111)-oriented diamonds were confirmed. Subse-
quently, a diamond with a diameter of 11.3 mm was cut into
2 mm squares and then a 150 um thick NV-contained diamond
layer with preferentially aligned NV axis was deposited on the het-
eroepitaxial CVD diamond. Owing to the processing steps men-
tioned above, such as crystal growth, polishing, and shaping, the
orientation of the NV axis is not always perpendicular to the sub-
strate surface. Therefore, a tilt correction mechanism was incor-
porated into the sensor holder to enable the exact measurement
of the [111]-direction magnetic field, even when the misorienta-
tion between the [111]-direction and the substrate normal was
greater than 10°.

In this manuscript, the heteroepitaxial (111) CVD diamond
process with preferentially aligned NV centers is presented first.
Then, the structure of the EV battery monitor using the diamonds
including the tilt correction mechanism is explained. After that,
the results of confocal microscopy to evaluate the fundamental
physical properties are explained. The fundamental performance
of the diamonds as the fiber-top sensor installed in the sensor
holder is also shown. Finally, the common mode noise rejection
characteristics as the gradiometer in the laboratory noise environ-
ment are demonstrated. Furthermore, a perspective for ensuring
the required noise immunity in the in-vehicle noise environment
is discussed.

2. Fabrication Process

Heteroepitaxial CVD diamonds were synthesized on heteroge-
neous non-diamond substrates. A substrate larger than the ho-
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moepitaxial CVD diamond synthesized on HPHT diamond is
possible and, therefore, superior in industrial productivity. By
using (111) heterogeneous substrates, (111)-oriented surface,
which is suitable for impurity doping and NV~ axis control is re-
alized as an intrinsic feature of CVD diamond.

Figure 1a shows the process flow for the heteroepitaxial dia-
mond substrate. The starting material was a non-diamond sub-
strate with a diameter of 11.3 mm and a thickness of 1 mm.
After growing some intermediate layers, a non-doped diamond
crystal with a thickness of 150 um was heteroepitaxially grown
by microwave plasma CVD. Figure 1b shows a top view of the
heteroepitaxial diamond. The non-diamond substrate was then
separated and cut to obtain a freestanding heteroepitaxial dia-
mond substrate, as shown in Figure la(iv). The crystallinity of
the heteroepitaxial diamond was evaluated by electron backscat-
ter diffraction (EBSD), in which the distribution of the crystal-
lographic surface orientation was determined by observing elec-
tron beam diffraction. Figure 1c shows a typical EBSD image of
a heteroepitaxial diamond substrate. The observation area was
300 pm square at 1 pm resolution. Uniform mapping images
with (111) orientation were obtained from the entire surface area,
indicating the high uniformity and crystallinity of (111)-oriented
diamond. Additional NV diamond layers with a thickness of
150 um were grown on heteroepitaxial diamond substrates by
microwave plasma CVD. A mixture of purified hydrogen, isotopi-
cally enriched '2C methane, and nitrogen was used as the source
gas. The typical CVD growth parameters were 120 Torr, 3500 W,
12CH,/H, = 0.1%, and N,/2CH, = 5% for 96 h.

In (111) heteroepitaxial diamond growth, the initial stage of
crystal growth tends to show low orientation and many disloca-
tion defects. Moreover, the crystal alignment may be disturbed
during nitrogen-doped growth. Therefore, we decided to first
form an undoped heteroepitaxial diamond (111) layer with suffi-
cient crystal orientation, and then cover it with a nitrogen-doped
diamond layer to create many NV centers.
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Figure 2. Electric vehicle (EV) battery monitor with heteroepitaxial (111) diamond sensors. a) Diamond sensor glued to the fiber top. b) Microwave guide
surrounding the fiber top to generate a microwave magnetic field perpendicular to the [111] NV-axis of the diamond sensor. c) Circuit for tracking the
resonance frequencies of two sensors A and B for the gradiometer. The higher and lower resonance frequencies of each sensor, R and R, are tracked by
two microwave generators’ frequencies F; and F| at the same time using integral feedback control from the normal and quadrature two-phase outputs
of the lock-in amplifier, Py and Pq. d) lllustration of the tilt angle 0 between two sensors A and B. e) Dependence of the CMRR (Common Mode Rejection
Ratio) on 6. f) Illustration of the tilt correction mechanism in the sensor holder. The sensor holder consists of the base and the mounting fixture. The
base is attached to the bus bar. The base and the mounting fixture are connected by the flexible pillar. The sensor is fixed to the mounting fixture. The
tilt angle between the sensor surface and the busbar was fine-tuned using these screws. The top half of the upper sensor holder is shown as a dashed

outline line to clearly show the area around sensor B. Sensor A is located under the busbar and is not visible in this illustration.

3. EV Battery Monitor with Heteroepitaxial (111)
Diamond Sensors

The structure of the EV battery monitor with heteroepitaxial (111)
diamond sensors is shown in Figure 2. Figure 2a shows the di-
amond sensor glued to the top of the multimode optical fiber
with a numerical aperture of 0.5 and a core diameter of 400 um
(FR400URT, Thorlabs). Figure 2b shows the microwave guide
surrounding the sensor head and connected to the end of the
coaxial cable. A microwave magnetic field was applied perpen-
dicular to the [111] NV axis of the diamond.

Two sensors, A and B, were placed above and below the bus-
bar to form the gradiometer, as shown in Figure 2c, so that the
current magnetic field was obtained as the differential output of
both sensors and the noise of the ambient magnetic field was
eliminated as a common mode. The metallic busbar effectively
blocked the microwave and fluorescence interference between
the two sensors, which ensured the accuracy of differential de-
tection.

To separate the effect of temperature fluctuation from the mea-
sured magnetic field, the higher and lower [111] resonance fre-
quencies, Ry; and R;, are tracked by two microwave generators’
frequencies Fy; and F| at the same time using integral feedback
control from the normal and quadrature two-phase outputs of the
lock-in amplifier, Py and P,.**! Since the integration time con-
stant was CR = 0.1 s, R,y and R, cannot be tracked exactly by Fy,
and F|, and the real magnetic field (Ry; _ R;)/2y could differ from
the measurable value of (Fy; _ F;)/2y if they change faster than 0.1
s, where y is the gyromagnetic ratio. However, since the integrals
of F; and Fy; are feedback controlled to coincide with those of R;
and Ry, the integral of A(R;; —R;)/2y, the integral of current and
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equals to the battery charge, can be correctly measured as the in-
tegral of A(Fy; _ F;)/2y. The magnetic field change faster than CR
cannot be tracked by A(Fy; — F;)/2y and remains in P, and Py.

The two independent feedback controls for sensors A and B al-
lowed for differences in their quality or size. However, the paral-
lelism of the magnetic detection axes (i.e., the NV-axes) of sensors
A and B is an important parameter for realizing high sensitivity
of the gradiometer.

To discuss the Common Mode Rejection Ratio (CMRR) of the
gradiometer, the tilt angle 6 between the NV-axes of the sensors
A and B is defined as shown in Figure 2d. The external magnetic
noise field in-plane component of the NV axes is also defined as
B, and B, which are parallel and perpendicular to the bisector
of two NV-axes as shown in the same figure. The magnetic field
sensed by sensors A and B, B, and Bj is then:

BA=B”cos§+BLsin§ (1)
BB=BHcos§—BLsin§ (2)
CMRR is then

.0
B,— By _ Blsmi

CMRR = = 7
By+ By B cos >

©)

We assume that B and B, are statistically even because they
are generally random noise. Then CMRR becomes:

CMRR = tan g (4)
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Figure 3. Fundamental physical properties of the heteroepitaxial CVD diamond sensor were measured with a confocal microscope. a) CW-ODMR

spectrum, b) PL spectrum, c) Rabi oscillation, d) Hahn echo decay.

This relationship between CMRR and 6 is shown in Figure 2e.
To achieve a CMRR 0f 0.01 (—40 dB), the tilt must be aligned to 1°
or less. For HPHT diamond, such precise alignment is not very
difficult because the cleavage realizes the exact (111) surface. In
contrast, CVD diamonds are often accompanied by misorienta-
tion, which ranges from a few to sometimes ~10°.03%] The follow-
ing procedure was used for the tilt correction to attain the desired
CMRR.

The busbar was placed at the center of the 3-axis Helmholtz
coil. A static magnetic field of ~2 mT was applied along the Z
axis. Subsequently, an AC magnetic field was applied along the
X or Y axis. The AC magnetic field was perceived by the sensors
to the extent that the NV-axes were tilted with respect to the Z
axis. The tilt angle between the sensor surface and the busbar was
adjusted with the screws shown in Figure 2f so that the detected
AC magnetic field was minimized.

4, Results and Discussions

Figure 3 shows the results of confocal microscopy to evaluate
the fundamental physical properties. A diode-pumped solid-state
laser with a wavelength of 532 nm was used as the excitation
laser. The diamond sample was irradiated with laser light using
an oil-immersion objective lens. Fluorescence from the NV cen-
ter was detected with an avalanche photodiode through a pinhole
(930 pm) and a long-path filter (cut-off: 633 nm). The in-plane
spatial resolution was ~500 nm. Single NV counts excited by a
0.6 mW of laser were 1.6 X 10° cps. Figure 3a shows the contin-
uous wave optically detected magnetic resonance (CW-ODMR)
spectrum with an applied magnetic field of 9 mT along the (111)
direction. Two resonance peaks from perfectly aligned NV cen-
ters were observed in this spectrum. Figure 3b shows the photolu-
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minescence (PL) spectrum. A typical PL spectrum from the neg-
atively charged NV (NV') centers was observed. Figure 3c shows
the Rabi oscillations measured using the pulsed ODMR method.
The Rabi contrast and Rabi periods were evaluated as 23% and
180 ns, respectively. Figure 3d shows the Hahn echo decay mea-
sured with the alternating Hahn echo sequence as follows: After
initialization with the laser pulses, the spin states were read out
by the laser pulses after irradiation with microwave (MW) pulses
ofn,/2-n -7 /2 and 7, [2-7 -7 /2. Between each MW pulse, there
was an evolution time tau during which both the laser and MW
were switched off. The duration of the 7/2 and 7 MW pulses were
estimated to be 45 and 90 ns, respectively, based on the evaluated
Rabi period. 7,/2 and 7 /2 are MW pulses with a phase differ-
ence of 180°. The spin state was read out using a laser pulse after
the MW pulse irradiation. The signals detected after the last z, /2
and /2 MW pulse irradiation are labeled I, and I,, respectively.
To remove the noise component, the detected signals were nor-
malized using the following equation and shown as the vertical
axis in Figure 3d:
Intensity = (I, = 1,) / (I, + 1,) (5)
The spin coherence time T, was estimated to be 20 s based on
the normalized Hahn echo decay. The substitutional nitrogen de-
fect concentration was determined from T, as 1.4 x 10 cm=3.1%]
Figure 4 shows the fundamental performance of the diamonds
as a fiber-top sensor installed in the sensor holder for busbar
current measurement. The CW-ODMR spectrum is shown in
Figure 4a. Compared with the spectrum in Figure 3a, which was
measured with a confocal microscope, some peaks other than
[111] were also observed. The reason for this is probably due to
the fact that the fluorescence of the entire volume of the diamond
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Figure 4. Fundamental performance of the heteroepitaxial (111) CVD diamond sensor glued onto the fiber-top and installed in the sensor holder for
busbar current measurement. a) CW-ODMR spectrum showing NV-axes preferentially aligned to (111). The dashed line represents the Gaussian fit. b)
FFT spectra of the magnetic field noise observed as (Po—Py)/2yS, where Py and Py are the normal and quadrature two-phase outputs of the lock-in
amplifier, y is the gyromagnetic ratio and S is the rate of change (slope) of the derivative of the ODMR spectrum at the resonance frequency. The blue

and orange lines represent independent sensors A and B, respectively, while the dark blue represents their difference as the gradiometer.

sensor including the peripheral edge or the substrate bottom
where crystal growth could be irregular is collected in the fiber-
top implementation. The T,* value estimated from the Gaussian
fit of the [111] peaks shown in Figure 4a was 0.05 ps. In Figure 4a,
the photodiode current for contrast 0% was 0.9 pA at 60-mW 532-
nm excitation light. From this value, the NV~ concentration in the
heteroepitaxial diamond can be estimated to be ~0.05 ppm.

Figure 4b shows the FFT spectra of the magnetic field noise of
sensors A and B observed as (P,—Py)/2y S, where S is the rate of
change (slope) of the derivative of the ODMR spectrum at the
resonance frequency. The noise floor of the independent sen-
sors A and B in the frequency range of 10-40 Hz were 25 and
21 nT/ V/Hz, respectively. The frequency peaks correspond to the
utility frequency (i.e., 50 Hz) and its harmonics. In the case of
the gradiometer, taking their difference, the noise floor was 17
nT/ \/E

Figure 5 shows the common mode noise rejection characteris-
tics as the gradiometer in the laboratory noise environment. The
Allan deviation of the magnetic field without the busbar current

is shown in Figure 5a, where the magnetic field was evaluated
as the sum of A(P,—Py)/2y S which is dominant at shorter time
range than CR and A(F,—F,)/2y which is dominant at longer
time range.

The black dashed line at 0.3 pT corresponds to a busbar current
of 10 mA.

Since the noise contains various external noise components,
the slope is not a monotonic gradient of —0.5. In the short-time
side of this figure, the internal system noise, including the exci-
tation laser noise, is considered to be dominant, whereas on the
long-time side, the external environmental noise is considered
dominant. On the long-time side, the Allan deviations of inde-
pendent sensors A and B exceed the 10 mA line, but that of A—B
is certainly below the 10 mA line, indicating that 10 mA detection
is possible without magnetic shielding in the accumulation time
range between 10 ms and 100 s.

To confirm that a few mA can be detected in the time domain
in a noisy environment, a current pulse train with an amplitude
between 100 and 1 mA as shown in Figure 5b was applied as

a) b) 100
552
= 25 ...
— Sensor =
10 — Sensor A — Sensor B @e 0 ”ﬂﬂﬂnnnnn “ﬂnnnnnm
. | ©) | ooma  Jioma
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Figure 5. Common mode noise rejection characteristics of heteroepitaxial CVD diamond sensors as the gradiometer measured in the laboratory noise
environment. a) Allan deviation of the magnetic field without the busbar current, where the magnetic field was evaluated as the sum of A(Pq—Py)/27S
which is major at shorter time range than CR and A(Fy—F,)/2y which is major at longer time range. The blue and orange lines represent indepen-
dent sensors A and B, respectively, while the dark blue represents their difference as the gradiometer. b) Busbar current from 100 to 1 mA for pulse
measurement. ¢) Measured magnetic field in pulse measurement. Blue, orange, and dark blue lines are the same as in (a). A 10 mA pulse could be
recognized.
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the target signal to the busbar from an external current source
(Keithley 2280S-32-6). Figure 5c shows the outputs of each het-
eroepitaxial sensor A and B, and their differences. The left verti-
cal axis is shown as A(F,;—F;) in kHz, and the right vertical axis
is shown as A(Fy—F,)/2y in uT. Although the individual sensors
could not even detect a 100 mA pulse, the difference A-B could
detect 10 mA.

The Allan deviations of the magnetic field noise shown in
Figure 5a and the noise waveform in Figure 5c are discussed. The
Allan deviation shows the average value over the accumulation
time, whereas the pulse waveform in Figure 5c contains instan-
taneous changes. Under a noise field in the laboratory, the instan-
taneous noise can reach 0.3 uT, although the average value is less
than 0.3 T, corresponding to a differential output of 10 mA. This
is probably due to the fact that the fluorescence photocurrent was
as low as 0.9 pA, so the differential output was buried by the sys-
tem noise. To keep the instantaneous noise below 0.3 pT, the im-
provement of the photocurrent through the electron beam irra-
diation into the heteroepitaxial diamonds or the improvement of
the fluorescence collection efficiency of the fiber-top sensor!36->‘I
should be effective. The improvement of the relatively short T7,
which was 0.05 ps in this study, probably due to the strain distri-
bution in the diamond, should also improve the shot noise. The
double-quantum protocol*lwould be effective for this purpose.

5. Conclusion and Summary

A platform for heteroepitaxial (111) diamond quantum sensors
with preferentially aligned NV centers on large substrates was
developed, which could facilitate their implementation as EV
battery monitors. The diamonds were synthesized on a non-
diamond substrate and exhibited high uniformity and crys-
tallinity with a (111) surface orientation, and the NV axis was
preferentially aligned to the surface-normal direction [111]. Two
diamond sensors were placed on both sides of the busbar through
which the EV battery current flowed to remove the external mag-
netic field noise as common mode noise using the gradiometer
effect.

The misorientation between the substrate surface and the
(111) plane associated with the CVD process could degrade the
common mode rejection ratio. The tilt angle between the (111)
planes of the two sensors in the gradiometer was minimized by
mechanically adjusting the screws in the sensor holder. The Al-
lan deviation of the gradiometer was below 0.3 pT, which corre-
sponded to the 10 mA busbar current, in the time range of 0.01-
100 s under the external magnetic field of a few micro-teslas with-
out magnetic shielding.

To ensure the detection of 10 mA in the real noise environment
of automobiles with tens of micro-teslas, further efforts to in-
crease the photocurrent are expected, such as increasing the NV
density by electron beam irradiation into the diamond sensors
and improving the fluorescence collection efficiency of the sensor
head. Extending the T7 of the diamond sensors using quantum

2
protocols would also mitigate the effects of noise.
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