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Vector Electrometry in a Wide-Gap-Semiconductor Device Using a
Spin-Ensemble Quantum Sensor
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Nitrogen-vacancy (N-V) centers in diamond work as a quantum electrometer. Using an ensemble state
of N-V centers, we propose vector electrometry and demonstrate measurements in a diamond electronic
device. A transverse electric field applied to the N-V axis under a high voltage is measured, while applying
a transverse magnetic field. The response of the energy-level shift against the electric field is significantly
enhanced compared with that against an axial magnetic field. Repeating the measurement of the transverse
electric field for multiple N-V axes, we obtain the components of the electric field generated in the device.
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I. INTRODUCTION

The electric field is a driving force of systems in a vari-
ety of fields, such as electronic devices, electrochemical
reactions, and cell membranes. Detecting the electric field
inside such systems is a challenging task. High-resolution
electrometry can be performed using a scanning probe
microscope [1,2] with the capability of making vector mea-
surements [3]. However, these methods only give informa-
tion at the vicinity of the surface. Recently, electron spins
in solid-state materials, such as nitrogen-vacancy (N-V)
centers in diamond [4–18] and divacancies in SiC [19,20],
have emerged as electrometers. The N-V center is a com-
plex defect composed of a pair of a nitrogen atom and a
neighboring vacancy in diamond [21]; it also works as a
quantum sensor for magnetic fields [22–24], temperature
[25–29], and pressure [30]. N-V-based electrometry was
first reported by Van Oort and Glasbeek [4], in which they
determined the electric dipole moments of the N-V cen-
ter. Dolde et al. [5] reported the measurement of axial and
transverse electric fields using a single N-V center. How-
ever, the axial electric susceptibility factor is much lower
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than that of the transverse parameter. Thus, usually, the
electric field transverse to one N-V alignment is measured
for electrometry [10,11], hindering the gathering of vec-
tor information on the electric field, which will provide a
deeper insight into the operation of the systems.

The ac vector electrometry is demonstrated at 20 K
using divacancies in SiC [20]. Room-temperature dc vec-
tor electrometry is proposed using an ensemble state of
N-V centers with multiple N-V axes [10]. In the proposed
method, a transverse magnetic field is applied to one of
four N-V axes, while the other three N-V axes suffer from
a large axial magnetic field, which significantly lowers
the shift of the energy level against the electric field. In
this study, we propose a method to overcome this issue.
Multiple N-V axes are selected as target N-V centers. A
transverse magnetic field is applied to one of the target N-
V alignments and, then, an electric field is also generated
in the system, giving rise to an electric field transverse to
the target N-V. By changing the target N-V axis and by
repeating the process, the components of the electric field
can be estimated using the information from multiple N-
V axes. Here, we demonstrate dc vector electrometry in
a diamond electronic device using ensemble N-V centers.
Diamond-powered devices are promising candidates for
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next-generation low-loss power electronics because of
their wide band gap, high carrier mobilities, and high ther-
mal conductance [31]. The wide band gap of diamond
makes it possible to sustain a high electric field. However,
most of the reported diamond devices do not attain an ideal
electric field [32], requiring direct detection of the electric
field. Furthermore, diamond devices work as a platform
for electrical control and sensing for quantum technologies
[33–40], in which the internal electric field plays an impor-
tant role in the operation of the devices. N-V electrometry
can provide direct information about the electric field
inside the devices. Different from our previous work using
single N-V centers [9], here, the spatial distribution of the
electric field is observed with an ensemble of N-V centers.

II. PRINCIPLE OF VECTOR ELECTROMETRY

The important characteristics of the N-V center for
vector electrometry are the four possible crystallographic

alignments of the N-V axis in the crystal (double align-
ments exist when considering the N-V and V-N directions).
Since a N-V axis takes one alignment of [111], [1̄11̄],
[11̄1̄], or [1̄1̄1], as shown in Fig. 1(a), ensemble N-V cen-
ters include all alignments. The V-N direction of N-V A is
consistent with the z axis and that of N-V B is on the x-
z plane in the lab frame shown in Fig. 1(d). Notably, for
analysis of the electric field, we use a different coordinate
for each N-V alignment from that in the lab frame. For each
N-V coordinate, the z axis is defined as the direction from
the N atom to vacancy, the x axis is perpendicular to the
z axis, and the x-z plane includes one of the carbon atoms
neighboring the vacancy [7]. In this study, the (x, z) coor-
dinate for N-V A is the (1̄1̄1̄, 1̄1̄2) direction. Similarly, the
(x, z) coordinate for N-V B corresponds to the (112, 111̄)
direction.

We can perform vector electrometry by using multiple
N-V axes, similar to vector magnetometry [41,42]. To rec-
ognize the relationship between the N-V axes and ODMR
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FIG. 1. Vector electrometry using ensemble N-V centers. (a) Four possible N-V alignments. Blue, pink, and black spheres represent
N, V, and C atoms, respectively. (b) Energy level of the N-V center. Energy splitting in the ground state is shown for the application
of transverse magnetic and electric fields to N-V A. (c) Optically detected magnetic resonance (ODMR) spectrum under a transverse
magnetic field of 2.1 mT to N-V A. Gray curve represents experimental data. Red and blue curves are the fits and envelope of the fitting
curves, respectively. (d) Vertical diamond p-i-n diode on a (111) diamond substrate, incorporating the N-V centers. “O” denotes the
origin of the x-y-z axes in the lab frame. The x and z axes are along [1̄1̄2] and [1̄1̄1̄] directions, respectively. Dashed lines indicate
expected electric fields generated in the i layer of the device. Notably, N-V centers shown as red objects are fabricated uniformly along
the y direction, but they are omitted in this figure for the sake of clarity. (e) Measurement setup. Laser goes into the chamber along the
z axis in the lab frame, as shown in (d). (f) CCD image of the fluorescence intensity in a device. M denotes cathode metal electrodes
on top of the n+ regions.
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signals, an arbitrary directed magnetic field is applied for
vector magnetometry. However, for electrometry, the axial
magnetic field significantly lowers the shift of the ODMR
dips resulting from an electric field (Appendix A). This
issue can be overcome using an approach of applying a
transverse magnetic field to a N-V axis [Fig. 1(b)] [10,11].
For instance, upon application of a transverse magnetic
field to N-V A, the corresponding ODMR signals remain
close to the zero-field splitting (DGS), while other N-V
axes (N-V B-D) are largely split by axial magnetic fields.
Thus, we can recognize the signals from N-V A. Figure 1(c)
shows an ODMR spectrum, while applying a transverse
magnetic field along the x axis in the lab frame, i.e., [1̄1̄2]
direction, to N-V A. The direction of the magnetic field is
controlled by using three-axis electromagnets (Appendix
B). The innermost two dips at about 2.87 GHz in the spec-
trum correspond to N-V A, while other signals come from
N-V B-D.

Then, the N-V A resonance splits further with the appli-
cation of a transverse electric field [Fig. 1(b)]. The splitting
width of ODMR, W, of N-V A is described in Eq. (1) [5,7]
(see also Appendix A), taking By , Bz ∼ 0 in the N-V A
coordinates:

1
2

W =
[

k⊥2�⊥2 − γ 2B⊥2

2DGS
k⊥�⊥ cos φ� + γ 4B⊥4

4DGS
2

] 1
2

,

(1)

where γ denotes the gyromagnetic ratio, provided as
28 GHz/T; B⊥ represents the transverse magnetic field to

the N-V axis, defined as B⊥ =
√

Bx
2 + By

2; and k⊥ denotes
the transverse electric susceptibility parameter, provided
as 17 Hz/V/cm [4]. �⊥ is the effective electric field per-
pendicular to the N-V axis, defined as �⊥ = E⊥ + σ⊥,
where E⊥ and σ⊥ are the transverse electric and strain
fields, respectively. The magnitude of �⊥ is given as

�⊥ =
√

�x
2 + �y

2 and tan φ� = �y/�x. It is found that
the two N-V orientations, i.e., N-V and V-N, take different
splitting widths [7,10,43]. We expect that ion implantation
and annealing reasonably lead to equal fabrication of the
two N-V orientations in the ensemble state. Based on Eq.
(1), the estimated difference in the resonance frequency
is below 2.5 MHz under the measurement conditions in
this study. Furthermore, inhomogeneous broadening of
the ODMR signals will occur because the expected elec-
tric field strength continuously varies in the range of
180 kV/cm and higher at the high-field region (Fig. 5) and
it also varies in the z direction, hindering the observation of
the small shift owing to the N-V orientations. Thus, here,
we analyze the experimentally obtained ODMR splitting
as the average of the two orientations. According to Eq.
(1), the splitting increases almost linearly with the electric
field, as shown by the solid lines in Fig. 4. At an elec-
tric field of about 1.1 MV/cm, the split increase becomes

larger than 30 MHz, compared with about 3 MHz for the
case with an axial magnetic field of 4.1 mT used for N-V B
(Appendix A). Therefore, the response to the electric field
can be increased by a factor of 10 in this field range.

The abovementioned process is related to one N-V axis.
Vector electrometry can be achieved by repeating this pro-
cess for multiple N-V axes, i.e., applying a transverse
magnetic field to a target N-V axis and then applying the
electric field in the system. Finally, the electric field gen-
erated in the device can be estimated from the following
system of equations:

EN - V i
⊥ = |E − (E · uN - V i)uN - V i| (i = A, B, C, D), (2)

where EN - V i
⊥ is the transverse electric field to each N-V

alignment, E = (Ex, Ey , Ez) in the lab frame, and uN - V i is
the unit vector in each N-V direction (Appendix C). In this
study, we use two N-V axes of N-V A and N-V B to obtain
Ex and Ez.

III. DEVICE STRUCTURE AND MEASUREMENT
SETUP

We perform vector electrometry in a diamond device
using ensemble N-V centers. Figure 1(d) shows a ver-
tical diamond p-i-n diode on a boron-doped ([B] = 1 ×
1017 cm−3) (111) diamond single-crystal substrate. In
terms of electrical properties, the device shows a high
rectification ratio of about 106 at ±10 V (Appendix D).
The detailed fabrication process of the device is described
elsewhere [9,44]. The device has patterned heavily
phosphorus-doped ([P] = 1 × 1019 cm−3) 350-nm-thick
n+regions on top of a 5-µm-thick intrinsic layer. We take
one edge of the n+ region as the origin “O” for the x-
y-z axes in the lab frame, as shown in Fig. 1(d). The
x and z axes in the lab frame are along the [1̄1̄2] and
[1̄1̄1̄] directions, respectively. The spacing between the
n+ regions is 10 µm. Nitrogen-ion implantation is per-
formed over the device with a dose of 1 × 1012 cm−2 and
an acceleration energy of 350 keV at an elevated tem-
perature of 600 °C, giving rise to a projected depth of
about 350 nm. Then, the device is annealed at 750 °C for
30 min to promote the diffusion of vacancies and form
the N-V centers. Thus, ensemble N-V centers are formed
in the i layer 350 nm from the surface and at the inter-
face between the n+ regions and i layer. The diamond
substrate with the devices is placed in a vacuum cham-
ber with a quartz window for optical access [Fig. 1(e)].
The vacuum environment (∼6 × 10−3 Pa) is used to avoid
discharge in air at a high voltage of 400 V. The N-V cen-
ters are excited using a 532 nm green laser through an
objective lens (numeric aperture: 0.95) placed on three-
axis piezo scanners in the chamber, and their fluorescence
is measured with a charge-coupled device (CCD) [Fig.
1(f)]. Microwave (MW) radiation is applied though a Cu
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wire for electron-spin resonance. All experiments in this
study are performed at room temperature.

The arrows with dashed lines in the i layer shown in
Fig. 1(d) denote the expected electric field generated in
the device upon the application of a high reverse voltage.
Below the n+ regions, the electric field in the z direction is
dominant in the p-i-n diode. On the other hand, the electric
field concentrates at the edge of the patterned n+ regions,
and thus, has components in both the x and z directions.
At a high voltage of 400 V, the directions of Ex and Ez are
positive at the measurement position (Appendix E). The
length of the n+ regions along the y axis is 50 µm, and the
electric field measurements are performed close to the y
center. Thus, we assume no electric field in the y direction
along the electrode, and the binning of the pixels in the y
direction is performed for the electric field analysis.

IV. VECTOR ELECTROMETRY IN A DIAMOND
ELECTRONIC DEVICE

Before the application of the electric field, the magni-
tude of the transverse magnetic field applied to a target
N-V alignment (here, N-V A) is estimated. The six reso-
nant signals are observed in the ODMR spectrum shown
in Fig. 1(c). Since the magnetic field is applied along the
x axis in the lab frame, i.e., the [1̄1̄2] direction, the outer-
most signals at 2.82 and 2.93 GHz correspond to N-V B.
Due to the symmetry of N-V C and N-V D, their energy
levels are degenerate, appearing at the same frequencies of
2.84 and 2.90 GHz. The magnitude of the transverse mag-
netic field applied to N-V A is estimated to be 2.1 mT from
the splitting width of the N-V B signals.

Then, we apply a reverse voltage to the device, while
applying the transverse magnetic field to target N-V A.
Figure 2 shows the ODMR spectra of N-V A at different
voltages of 0, 200, and 400 V at the edge of the n+ region.
The split width increases with increasing voltage, implying
that the electric field is detected based on this technique.
The signal at 400 V is fitted with four dips, as discussed
below. Notably, the microwave wire position is adjusted at
each measurement, leading to the variation of microwave
power applied to the N-V centers, and thus, influencing the
ODMR contrast.

Next, vector electrometry is performed at a reverse volt-
age of 400 V using multiple N-V axes. Figure 3(c) shows
the ODMR spectra depending on the x position in the
device from the first target of N-V A [Fig. 3(a)]. The spa-
tial resolution here is expected to be of micrometer scale
(Appendix F). The position at x = 5 µm corresponds to the
midpoint of the i layer between the n+-diamond regions,
where the lowest electric field is expected along the x axis.
Approaching the edge of the n+ region [x = 0 µm or O
point in Fig. 1(d)] should increase the electric field due
to the field concentration. In the case of taking N-V A as
a target [Fig. 3(c)], a pair with a large splitting appears in

FIG. 2. ODMR spectra of N-V A under reverse voltages and a
transverse magnetic field. The measurements were performed at
the n+-edge region. The gray curve represents the experimental
data. The red and blue curves are the fits and envelopes of the
fitting curves, respectively.

the ODMR spectrum at x = 2 µm, and its splitting becomes
even larger at x = 0 µm by sensing Ex, labeled as f 1

− and
f 1

+. Another pair with smaller splitting (f 2
− and f 2

+)
would come from N-V A at a small electric field position
either in the n+ region, including the n+-i interface, or in
the i layer. For instance, at a position 20 nm inside the n+
region for x < 0, both Ex and Ez dramatically decrease due
to the high P concentration. Notably, the narrow line width
of the inner signal is probably because the N-V centers at
a low electric field position do not suffer from inhomoge-
neous broadening, but further investigation is required to
understand this in more detail.

Then, in the same way, we apply a transverse magnetic
field of 4.1 mT to the next target axis, N-V B [Fig. 3(b)].
The Ez value is expected to be higher than that of Ex in the
p-i-n diode. Hence, a higher magnetic field is applied for
the case of N-V B to avoid overlap of the N-V B signals
with those from other N-V axes upon application of the
electric field. Upon the application of 400 V, the ODMR
spectra at x = 5 and 2 µm show similar signals [Fig. 3(d)].
At x = 0 µm, however, the splitting width rapidly increases
and multiple signals are observed. The signals considered
as pairs are fitted here. Compared with Ex, the large Ez
component is generated in the vertical device structure.
Thus, the outermost signals (f 1

− and f 1
+) are thought to

originate from N-V B at the n+-i interface. The pair with
the second largest splitting (f 2

− and f 2
+) would corre-

spond to N-V B in the i layer close to the n+ edge. The
innermost signals (f 3

− and f 3
+) would come from N-V B
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FIG. 3. ODMR spectra under transverse magnetic and electric
fields. A reverse voltage of 400 V was applied. Schematics of (a)
N-V A and (b) N-V B. ODMR spectra of (c) N-V A and (d) N-V B
at different x positions. A reverse voltage of 400 V was applied
to the device to generate the electric field. A higher microwave
power was used for the N-V B measurements. The gray curve
represents the experimental data. The red and blue curves are the
fits and envelopes of the fitting curves, respectively.

at a small electric field position inside the n+ region. When
we compare the splitting width in the i layer at x = 0 µm,
that of the N-V A target is approximately 20 MHz, while
that of N-V B is almost doubled, at 37 MHz. We note that
the ODMR spectra at x = 5 and 2 µm for N-V B show larger
noise compared with that of other spectra. This is because
the measurement time for N-V B (∼200 s) is shorter than
that for N-V A (∼2300 s) to suppress the sample drift, and
the center of the excitation laser is close to the n+ edge for
N-V B, while it is in the middle of the i layer for N-V A.

Figure 4 shows the relationship between the increase
in the ODMR splitting and the effective electric field
(�⊥). The solid lines represent the theoretical values based
on Eq. (1). Upon application of the transverse electric
field, we see nonlinear behavior at approximately zero,
but it becomes a linear dependence over 0.1 MV/cm. The
plots depict the experimentally obtained ODMR splitting
widths, including the estimates at the n+-i interface. We
can estimate the effective electric field from the experi-
mental splitting width and theoretical curves. The effective
electric field is estimated to range from 0.2 to 1.9 MV/cm
at a voltage of 400 V.

The effective electric field (�⊥) is composed of the elec-
tric field (E⊥) and strain field (σ⊥). Due to the unknown

Bz = 4.1 mT

Bz
 = 2.1 mT

B
 ̂= 4.1 m

T
B

 ̂= 2.1 m
T

FIG. 4. Increase in the split width of the ODMR dips as a func-
tion of the effective electric field. Increase in the split width is
defined as the increase from the value at zero effective electric
field. Lines indicate calculated values upon application of trans-
verse (solid lines) or axial (dashed lines) magnetic fields to a
target N-V. Gray lines represent a comparison of the increase in
split width, depending on the direction of the magnetic field.

direction of the strain field, we consider the strain field to
be an error for the estimation of the electric field. The mag-
nitude of the strain field is obtained from the splitting of the
target N-V center at the zero-voltage condition [Fig. 1(c)].
A N-V A splitting width of 4.6 MHz corresponds to about
0.13 MV/cm. Notably, since we do not know the azimuthal
angle of strain (φσ ) in Eq. (1), we take the maximum strain
value at φσ = 0◦ as an error. The splitting of N-V B is
7.9 MHz, giving rise to a strain field of about 0.2 MV/cm.

Finally, solving Eq. (2) for N-V A and N-V B, we
obtain Ex and Ez generated in the device. These values are
plotted as a function of the x position in Figs. 5(b) and
5(c). As seen in Fig. 5(b), data at x > 0 and x < 0 corre-
spond to the electric field in the i layer and n+-i interface,
respectively. The values in the i layer and n+-i inter-
face are plotted at x = 0. Each plot includes information
on the continuously varied electric fields on the microm-
eter scale. The maximum electric fields in the i layer
at x = 0 µm are Ex = (0.58 ± 0.13) MV/cm and Ez =
(1.35 ± 0.26) MV/cm. We compare the obtained values
with those calculated by the device simulation, as shown
by lines in Figs. 5(b) and 5(c). For device simulation, two
structural models are considered. Model 1 represents a nor-
mal vertical p-i-n diode, while, in model 2, a N donor
distribution is added to the device, corresponding to the
distribution of N-ion implantation (Appendix E). The sub-
stituted N atoms without a neighboring vacancy function
as donors in diamond, with a donor level of about 1.6 eV
from the minimum of the conduction band. The N atoms
introduced by ion implantation are thought to take the
donor state, to some extent. In model 2, all implanted N
atoms are assumed to be in the donor state, which forms
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(a)

(b)

(c)

FIG. 5. Comparison with simulation. (a) Schematic of the
device with experimentally estimated electric field vectors.
Length of red arrows denotes the magnitude of the electric field.
Dashed line indicates z = 0.35 µm. Two vectors at x = 0 µm
are shifted for the sake of clarity: (b) Ex and (c) Ez . Dots and
lines denote experimental and simulation results, respectively. In
model 2, the implanted N atoms are treated as donors in diamond.

one boundary for the simulation. Here, the effects of sur-
face defects [10] and other nitrogen-related defects are
not considered. The simulated curves represent the val-
ues at the projected depth of the N atoms in the i layer
(z = 0.35 µm for x > 0) and at the n+-i interface (z = 0 µm
for x < 0). Both the experimental and simulation results
increase upon approaching the n+ edge at x = 0 µm.

The experimental estimation of Ex near the n+ edge is
within the simulation results and close to the model that

includes the effect of the N donors. The lower limits of
Ez, corresponding to the case for the same direction of
electric and strain fields, are in good agreement with the
simulation. The electric fields that are expected to corre-
spond to the n+-i interface plotted at x = 0 µm are close
to the simulation at z = 0 µm, when averaged within a few
hundred nanometers in the x direction. It is worth noting
that the electric fields take much higher values at exactly
the n+ edge in the simulation, but the number of N-V cen-
ters at such a region is substantially small. Thus, the value
that we obtain experimentally here should be the average
of the measurement regions. Figure 5(a) depicts the elec-
tric field vectors obtained from the experimental results,
clearly showing that the x component is largely gener-
ated in the i layer at x > 0 µm, while the z component is
dominant at the n+-i interface. Here, we estimate the com-
ponents of the electric fields in the device, while we note
that the experimental error due to strain is relatively large,
and thus, determination of the direction of the strain field
[5] is necessary to more precisely discuss the effect of N-
ion implantation. In addition, superresolution techniques
[45–47] will enable us to capture the electric field distribu-
tion in more detail, including the resonance difference for
the N-V and V-N orientations and the high electric field at
the concentrated region.

Finally, we estimate the electric field sensitivity. Consid-
ering the linear relationship between the ODMR frequency
shift and the electric field as a simplified model, the shot
noise limit sensitivity is described as [12,48]

η = 4

3
√

3

�f

k⊥C
√

R
, (3)

where �f and C are the line width and contrast of an
ODMR signal, respectively. R is a photon count rate.
While the ODMR shift is nonlinear against the electric
field at around zero field, as observed in Fig. 4, the mea-
surement in the linear relationship will be conducted by
applying a bias field. Using the experimental result of N-V
A at 0 V (Fig. 2), we obtain an electric field sensitivity
of about 50 kV/cm/

√
Hz for a sensor area of approxi-

mately 1 µm2. The dc sensitivity will be improved by
various methods. The photon collection efficiency can be
increased by using an oil objective lens to improve the
photon count rate, although it cannot be applied for mea-
surements in the vacuum chamber used in this study. Then,
a pulsed ODMR technique significantly reduces the line
width by avoiding MW-power broadening [49]. More dra-
matic improvement will be achieved by recently reported
methods, i.e., Ramsey-based sensing in a dressed frame
[18] or utilization of the electric field susceptibility in the
excited state under resonant excitation [12]. The former
method reduces noise from the magnetic field by a factor of
about 700 [18]. In the latter method, the excited-state sus-
ceptibility is estimated to be approximately five orders of

044049-6



VECTOR ELECTROMETRY IN A . . . PHYS. REV. APPLIED 14, 044049 (2020)

magnitude larger than that in the ground state [12]. While
they require a sophisticated pulse control or resonant exci-
tation, measurements with a better electric field sensitivity
are also expected to be applicable for vector electrome-
try. Nonetheless, one might benefit from continuous-wave
ODMR for sensing a high electric field demonstrated in
this study, since the signal shape of multiple dips from the
target N-V centers can be directly observed.

V. CONCLUSIONS

We demonstrate vector electrometry in a vertical dia-
mond p-i-n diode using an ensemble of N-V centers
directly embedded in the device. Application of the trans-
verse magnetic field to a target N-V axis enable us to
identify the signals from the target in an ODMR spectrum
and to enhance the ODMR response against the electric
field, compared with the case for application of an axial
magnetic field. By performing the process for multiple
N-V axes, we successfully obtain the components of the
electric field generated in the device and confirm that the
experimental values are close to the simulation results of
a structural model that includes the implanted N donors.
The vector electrometry demonstrated here will become an
important technique to reveal the electric fields generated
in various systems.
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APPENDIX A: ODMR SPLIT WIDTH UNDER
MAGNETIC AND ELECTRIC FIELDS

Under arbitrarily directed magnetic and electric fields,
the ODMR splitting in an N-V coordinate is described as
[7]

1
2

W =
[
(γ 2Bz

2 + k⊥2�⊥2) − γ 2B⊥2

2DGS
(γ 2Bz

2 + k⊥2�⊥2)
1
2

× sin α cos(2φB + φ�) + γ 4B⊥4

4DGS
2

] 1
2

, (A1)

where Bz is the axial magnetic field along the N-V
axis, tan α = k⊥�⊥/γ Bz, and tan φB = By/Bx. Notably,
an axial electric field leads to the center shift of the two

resonance frequencies [7], and thus, no effect is observed
on splitting.

When taking Bz ∼ 0, Eq. (A1) becomes

1
2

W =
[
k⊥2�⊥2 − γ 2B⊥2

2DGS
k⊥�⊥ cos(2φB + φ�) + γ 4B⊥4

4DGS
2

] 1
2

.

(A2)

Setting the direction of the transverse magnetic field along
the x axis in a target N-V alignment leads to cos(2φB +
φ�) = cosφ�. Consequently, we obtain Eq. (1) in the main
text.

On the other hand, when an axial magnetic field is
applied, the first and second terms on the right-hand side,
(γ 2Bz

2 + k⊥2�⊥2), in Eq. (A1) become dominant, and Eq.
(A1) is reduced to

1
2

W ≈ [γ 2Bz
2 + k⊥2�⊥2]

1
2 . (A3)

This relation is illustrated as the dashed lines in Fig. 4.
With a constant axial magnetic field, the increase in the
split width is nonlinear against the effective electric field
(�⊥) and becomes much lower than that for the case with
a transverse magnetic field (solid lines).

APPENDIX B: MEASUREMENT SYSTEM

A schematic illustration of the measurement system in
the vacuum chamber is shown in Fig. 6. The sample holder
is designed to be equipped with three-axis electromagnets.
A large coil placed at the center and four coils with iron
cores control the magnetic field along the z axis and on
the x-y plane in the lab frame, respectively. We determine
the direction of the transverse magnetic field by observ-
ing the smallest splitting from the target N-V signals in

FIG. 6. Schematic of measurement system in the vacuum
chamber.
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the ODMR spectrum. The diamond devices have electrical
contacts to apply a bias. MW radiation for the electron-
spin resonance of the N-V centers is applied via a thin Cu
wire. The microwave wire, electromagnets, and electrical
contacts are connected to controllers outside the chamber
through feedthrough connectors.

APPENDIX C: UNIT VECTORS

The unit vector for each N-V alignment in the lab frame
defined in Fig. 1(d) is given as

uN - V A =
⎛
⎝ 0

0
−1

⎞
⎠ ,

uN - V B =
⎛
⎝ sinθ

0
−cosθ

⎞
⎠ ,

uN - V C =
⎛
⎝ sinθ cos 120◦

sinθ sin 120◦
−cosθ

⎞
⎠ ,

uN - V D =
⎛
⎝ sinθ cos 240◦

sinθ sin240◦
−cosθ

⎞
⎠ ,

where θ = 109.47◦ corresponds to the angle between the
N-V axes. By substituting into Eq. (2) and solving a system
of equations, the components of the electric field (Ex, Ey ,
and Ez) can be calculated. Ey is negligible in the device
used in this study. Thus, we estimate Ex and Ez using the
two equations regarding N-V A and N-V B.

APPENDIX D: ELECTRICAL
CHARACTERIZATION

Figure 7(a) shows an I -V curve of the vertical diamond
p-i-n diode incorporating an ensemble of N-V centers. The
current rapidly increases at a forward voltage of approx-
imately −4 V, corresponding to the built-in potential of
diamond. The device shows a high rectification ratio of
about 106 at ±10 V, indicating good diode operation.
The breakdown does not occur, even at a high voltage
over 400 V [Fig. 7(b)]. The reverse current of devices at
100 V with different amounts of N-V centers is summa-
rized in Fig. 7(c). Except for one clean device without the
N-V center (no. 3), the reverse current is about 10−7 A.
Thus, N-V fabrication does not affect the reverse current.
Device no. 3 might possess defects in the device that
cause the leakage path [50]. Notably, the difference in
the current between Figs. 7(b) and 7(c) might be related
to different measurement systems and diamond surface
conditions.

APPENDIX E: SIMULATION MODEL

Figure 8 depicts the two structural models used for the
device simulation. Model 1 is a normal p-i-n diode. The
n+ regions on top have a phosphorus concentration of
1 × 1019 cm−3, and the p substrate is boron-doped, with
a concentration of 1 × 1017 cm−3. The boron concentra-
tion of the i layer is 2 × 1014 cm−3, which is the detection
limit of secondary-ion mass spectrometry. In model 2,
the nitrogen donors are included in the i layer and at the
n+-i interface, with a projected depth of 350 nm. These
two models define the boundaries of the electric field

No.1
No.2

No.3
No.4

No.5
No.6

No.7
No.8

No.9

Device

(a) (b) (c)

FIG. 7. Electrical characteristics of diamond p-i-n diodes. (a) I -V curve of a device with ensemble N-V centers, measured using a
vacuum probe system. (b) High-voltage property of a device with ensemble N-V centers, measured in the vacuum chamber for electric
field sensing. (c) Current at a reverse bias of 100 V of devices with different N-V amounts, measured in a vacuum probe system. Clean,
Single N-V, and Ensemble N-V denote the device without N-ion implantation, with a N dose of 1 × 109 cm−2 and with a N dose of
1 × 1012 cm−2, respectively.
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FIG. 8. Structural models in the simulation, showing the dop-
ing concentrations. The positive and negative values correspond
to the donor and acceptor concentrations, respectively.

simulation, and the values with intermediate nitrogen con-
centrations are between the two models. We find that, in
model 2, Ex takes negative values at low voltages, depend-
ing on the nitrogen concentration and, then, it becomes
positive as the voltage increases. This finding explains why
the Ex values in model 2 are lower than those in model 1 in
Fig. 5(b). As expected, however, application of a voltage
of 400 V leads to a positive Ex value.

APPENDIX F: SPATIAL RESOLUTION

Figure 9(a) shows a CCD image of an array of N-V
centers in a diamond transistor fabricated on a Ib-type
diamond substrate [51] formed by the gas-field ion-source-
focused ion beam (GFIS FIB) technique [52]. The focused
nitrogen ions are implanted with 800 nm pitch, which is
confirmed by confocal fluorescence microscopy observa-
tions. Figure 9(b) shows an intensity profile along a dashed
line in Fig. 9(a). The four N-V fluorescence peaks are
observed, corresponding to the bright spots in Fig. 9(a).
The full width at half maximum of a spot is approximately
420 nm, which is close to the diffraction limit (∼350 nm).
However, we note that a slight drift occurs along the z
direction in the lab frame during the electric field measure-
ments, especially when we apply a magnetic field along
the z direction using a large coil. Thus, the spatial resolu-
tion of the electric field measurements is expected to be of
micrometer scale.

(a)

(b)

FIG. 9. N-V array formed by GFIS FIB. (a) CCD image. (b)
Intensity profile along the dashed line in (a).
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