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The nanosized boron vacancy (Vg ) defect spot in hexagonal boron nitride (h-BN) is promising
for a local magnetic field quantum sensor. One of its advantages is that a helium-ion microscope can
make a spot at any location in an h-BN flake with nanometer accuracy. In this study, we investigate
the properties of the created nanosized V;~ defect spots by systematically varying three conditions:
the helium-ion dose, the thickness of the h-BN flakes, and the substrate on which the h-BN flakes
are attached. The physical background of the results obtained is successfully interpreted using
Monte Carlo calculations. From the findings obtained here, a guideline for their optimal creation
conditions is obtained to maximize its performance as a quantum sensor concerning sensitivity and

localization.
I. INTRODUCTION

Investigating the magnetism arising from the cooper-
ative behavior of microscopic spins has been a central
topic in solid-state physics [I]. Many magnetic mate-
rials with various magnetic orders are known, such as
ferromagnets, antiferromagnets, frustrated systems, and
so on [2]. In addition to conventional bulk materials,
magnetic domains, nanomagnets, atomically thin van der
Waals magnets, and their application to spintronics de-
vices tell us how diverse magnetic properties manifest
themselves [3} 4]. Thus, versatile methods and inno-
vations are necessary for their experimental study. In
particular, magnetic force microscopy and magneto-optic
Kerr effect microscopy are representative methods to
directly observe magnetism, which have been powerful
tools for many years [5 [6].

Quantum sensors based on the nitrogen-vacancy (N-V)
centers in diamond can detect local magnetic fields using
the optically detected magnetic resonance (ODMR) tech-
nique [7,[§]. Either N-V center ensembles or a single N-V
center in a scanning probe can be used to image the stray
field from the target material quantitatively. The time-
dependent magnetic responses and fluctuation in the tar-
get materials can also be measured by devising quantum
control of quantum sensors. Since the first proposals of
the NV-center-based magnetometry in 2008 [9HIT], the
method has been successfully applied to condensed mat-
ter physics. For example, it has been used to quanti-

tatively observe the stray fields from magnetic domain
walls in antiferromagnets [12 [13] and superconducting
vortices [I4HI6], which has been challenging to do with
other existing methods.

Boron vacancy (V) defects in hexagonal boron nitride
(h-BN), shown in Fig. [I| were recently demonstrated to
work as quantum sensors [I7HI9]. Because h-BN is a
van der Waals material, very thinly cleaved h-BN flakes
can easily adhere to a magnetic material to be measured.
Thus, Vi~ defects hosted within a flake as thin as tens of
nanometers can sense magnetic fields that remain steep
and strong near the sample on nanometer order. Addi-
tionally, the thickness of the flake can be precisely mea-
sured, allowing us to determine the stand-off distance.
This parameter is crucial for accurately reconstructing
the magnetization and current in the target material [20].
For these reasons, V5 sensors are expected to be applied
to detect minute magnetic orders. Several reports on the
imaging of van der Waals magnets using V~ defects cre-
ated inside an h-BN flake or its surface have already been

reported [21H24].

To maximize the potential of the V;~ sensors, we should
systematically investigate both the defect creation meth-
ods and the sensing configurations. V5~ defect spots (Vg
spots) are created in h-BN crystals by neutron [I7] or ion
irradiation [25] 26]. It has been reported that the sen-
sor properties, such as photoluminescence (PL) intensity,
relaxation time, and strain, depend on irradiation condi-
tions, including ion species, dose, and acceleration [25].
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FIG. 1. Schematic of magnetic field imaging using a V5~ spot
in an h-BN flake as thin as ¢t nm with the ODMR technique.

Therefore, investigating the damage caused by ion irra-
diation when creating Vi3~ sensors is essential. Regarding
the sensing configuration, the h-BN flake thickness and
substrate surface to which the h-BN flakes are attached
are vital. The flake thinner than 100 nm is conventionally
used but if the flake becomes too thin, the total amount
of V5 defects is reduced unfavorably. The effect of the
substrate surface is also critical, as it has been demon-
strated to increase sensitivity significantly by increasing
the signal intensity of V5~ defects on the gold (Au) sub-
strate film [27]. Also, in Ref. [28], the effect of the SiOq
substrate surface on the PL spectrum of V5~ centers cre-
ated by He ion irradiation was observed.

In addition, we emphasize the importance of the size of
the created V5 spot, which directly affects the locality of
the detected magnetic field. The locality in the magnetic
field detection is essential to capture changes in the mag-
netic field that become steeper as the spot gets closer to
the target. When V5~ sensors are uniformly created in h-
BN flakes, the measurement spot size is typically as large
as the optical spot, whose size is similar to the PL wave-
length (submicrometers). To overcome this issue, Sasaki
et al. [29] limited the actual defect spot size by ion ir-
radiation to nanosize (I = 25-200 nm square), using a
helium ion microscope (HIM), leading to a high locality
of magnetic field detection. This method is also advanta-
geous as HIM can create a sensor at a designed position
with nanometer accuracy. Although some works [28-30]
have investigated V5~ creation using a HIM, a systematic
investigation of spin properties and substrate effects at
practical h-BN flake thicknesses has not been shown.

In this study, we show the dependence of sensor prop-
erties on helium ion doses in the nanosized Vi~ defect cre-
ation by HIM, following our previous work [29]. For doses
over three orders from 10** cm™=2 to 10!7 em ™2, we sys-
tematically characterize the sensor properties of sensitiv-
ity, intensity, contrast, strain, and spin relaxation time.
Additionally, we investigate different h-BN flake thick-
nesses and substrates and observe substrate-dependent

sensor properties. We find that the static magnetic field
sensitivity is best at the dose of 10'6 cm™2 for a 47 nm
thick h-BN flake on an Au film. We compare the exper-
imental results with Monte Carlo simulations [Stopping
and Range of Ions in Matter (SRIM)] [3I] calculating
defect formation and discuss the effect of ion backscat-
tering from the substrate. The obtained findings provide
guidelines for arranging V5~ sensors using HIM.

This paper is organized as follows. We describe the
experimental setup in Sec. [[]] and explain the underly-
ing physics for the characterization of V5 in Sec.
The experimental results are presented in Sec. [[V] Sec-
tions [VA] and [[VB] discuss the sensor properties ob-
tained from ODMR spectra. Section [[V (| reports the
spin relaxation time. Section [[VD] discusses the size ac-
curacy of Vj; spots and substrate dependence based on
SRIM. Section [[VEl shows the results related to the PL
intensity. Section [VF] summarizes guidelines for creat-
ing Vi~ defects using HIM based on the observation and
simulations shown in Sec.[[V] and, finally, Sec.[V]provides
the conclusion of this work.

II. EXPERIMENTS

We use HIM to create Vi3~ spots by local ion irradia-
tion of h-BN flakes on a substrate. We systematically
adopt several different fabrication conditions of h-BN
flake thickness (t), substrate surface (Au or SiO2), and
He ion dose (dpe) as listed in Table [l Section de-
scribes the preparation of A-BN flakes, SeclII B| describes
the Vg defect creation using HIM, and Sec. explains
the confocal microscope to evaluate the properties of the
created Vi spots as quantum sensors.

Parameters Conditions
Substrate film Au, SiOq
h-BN flake thickness, ¢ (nm) 9, 47, 256
He ion dose, die (cm™2) 104, 10%%, 10'6, 10*7

TABLE I. Parameter list of the V3~ defect creation.

A. Device fabrication with h-BN flakes

We prepare thin h-BN flakes by cleaving h-BN bulk
crystals with Scotch tape and transferring them onto a
silicon substrate. A 100 nm thick Au wire (width 4 pm) is
fabricated on a silicon substrate with a 285 nm thick ox-
ide film using photolithography, and the h-BN flakes are
stamped on top of it using the bubble-free method [32].
Figure a) is an optical micrograph of a typical fabri-
cated device. The h-BN flake is large enough compared
to the Au wire to have areas of adhesion to both Au and
Si05. An atomic force microscope (AFM) is used to mea-
sure the h-BN flake thickness ¢t. Figure b) shows a pro-
file corresponding to the white dashed line in Fig. [2[a).



A few steps due to the h-BN flake and the Au wire (Au
film) are observed. We estimate the h-BN flake thickness
of the device shown in Fig. 2fa) to be ¢ = 47 nm. Simi-
larly, we fabricate devices of h-BN flakes with t = 9 nm
and ¢t = 256 nm.
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FIG. 2. Overview of the h-BN device. (a) Left panel: Optical
micrograph of the Au wire (Au film) covered by an h-BN flake
with £ = 47 nm. Right panel: Schematic representation of the
measurement configuration. The squares and the numbers in-
side them denote the irradiated regions and the exponential
portion of the helium dose, namely log,, due, respectively. A
copper wire for applying microwaves (MW) is arranged par-
allel to the Au wire, as schematically shown. (b) AFM profile
across the white dashed line in panel (a). (c) PL intensity
mapping of the irradiation region with dge = 10*® cm™2 of
the device with ¢ = 256 nm, which is obtained using a confo-
cal microscope. Each spot inside the yellow frame is a 100 nm
square irradiated with ions, which we evaluate in this study.

B. V5 defect creation using HIM

We use an Orion Plus HIM (Carl Zeiss Microscopy
LLC, Peabody, MA, USA) with a helium ion beam of
nominal width 0.3 nm and create Vg spots on the h-

BN flakes on the fabricated Au wire devices. HIM is
a technique to irradiate a target object with a focused
beam of helium ions for processing and imaging with high
spatial resolution [33]. The irradiation by helium ions,
which are light, is reasonable for creating small V5~ spots
due to less surface scattering than electron irradiation
and less damage on the material structure than heavy-
atom irradiation [28].

First, we precisely determine the position of the h-BN
flake on the Au film by observing the secondary electrons
emitted from the device using HIM. Then, the target
positions at the h-BN flakes are irradiated with helium
ions as designed in square-shaped spots of 100 nm on
each side at an acceleration voltage of 30 keV. Thus, each
spot consists of many V;~ defects. The 30 keV voltage
was a value used previously for the V defect creation
with HIM [29] and conventional ion irradiation [26]. The
focused helium ion beam is discretely raster scanned with
an interval of 3.2 nm so that the average helium ion dose
in the spot is dy. (cm™2). Each h-BN flake is irradiated
at multiple positions in contact with Au and SiO; at
de = 10, 1015, 106, and 10'" cm™2, as shown in the
right panel of Fig. 2fa) (see also Table[[). Only for the
device with ¢ = 9 nm, we use dge = 10, 106, and
10*7 cm™2.

C. Confocal microscope system

We utilize a home-built confocal microscope sys-
tem [34] to characterize the created V;~ spots. The PL
of Vi defects occurs in the wavelength range of 750-
1000 nm [I7], and it can be detected using a bandpass
filter and a single photon counting module while irradi-
ating a green laser. The laser wavelength is 515-532 nm
for Sec. [VE] and 532 nm otherwise. The laser power
is 0.7 mW in ODMR and spin relaxation time measure-
ments. It is sufficiently weaker than the typical power
(on Au, 7.6 mW and on SiO,, far stronger laser power
is needed to saturate) at which the PL from Vj; defects
saturates in our confocal system. Only in Sec. [VE] the
laser power is set to 3.0 mW to increase the signal inten-
sity.

Figure (c) displays an example of the PL intensity
mapping of a fabricated device with ¢ = 256 nm and
due = 10" cm 2. Bright spots correspond to the created
V5 spots. The spots surrounded by the yellow box in
Fig. c) are 100 nm square size irradiated spots. The
PL intensity of the spots is more prominent on Au than
on SiOs.

To perform ODMR, we apply microwaves (MW) and
a static magnetic field to the devices. The MW is irradi-
ated from a 50 pm-diameter copper wire beside the Au
wire, as shown in the right panel of Fig. a). This con-
figuration allows a strong and uniform MW irradiation
to the V5 spots. We examine spots with different doses
dye made on h-BN of different thicknesses ¢ (see Tablell)).
They are located along the same copper wire, as shown



in the right panel of Fig. a). Thus, the influence of
MW amplitude variation on the sensitivity evaluation is
minimized. The static magnetic field is applied using a
coil. The direction of the coil’s magnetic field is perpen-
dicular to the surface of the h-BN flake and parallel to
the quantization axis of V', and its maximum intensity
is 12 mT. We measure spin relaxation time by pulsing
MW and the laser, as described in Sec. [V C]

III. CHARACTERIZATION OF BORON
VACANCY DEFECTS

In this study, we measure five parameters, PL inten-
sity (I), PL contrast (C'), strain (E), resonance linewidth
(Av), and spin relaxation time (7). This section ex-
plains their meanings and the evaluation methods.

We determined C, F, and Av using ODMR, measure-
ment. We briefly outline the principle of the ODMR mea-
surement based on the effective model of energy levels
and optical transition, which includes the ground state,
the excited state, and the metastable state, as illustrated
in Fig. 3] (a) [35,86]. We apply this model, initially devel-
oped for diamond N-V centers, to V= defects, assuming
that they behave as an S = 1 system, with the ground
and excited states as spin triplets and the metastable
state as a spin singlet. The spin triplet is quantized in
the out-of-plane direction of the h-BN flake, and mg = 0,
+1, and —1 in that direction can be used to distinguish
states as magnetic quantum numbers.

The sensor state transitions from the ground state to
the excited state with the green laser while the mag-
netic quantum number is preserved [green arrows in
Fig. Bfa)] [L7]. There are two relaxation pathways from
the excited state to the ground state. One pathway
is the relaxation with red photon emission while main-
taining the magnetic quantum number [red arrows in
Fig. B|a)]. This emission constitutes the PL signal ob-
served using a confocal microscope system. The other
pathway is through a metastable state [dashed black ar-
rows in Fig. [3|(a)], where the magnetic quantum numbers
are not conserved without red emission. The mg = +1
state in the excited state selectively goes through this
pathway to the mg = 0 state in the ground state. Be-
cause of this selectivity, the mg = +1 state exhibits a
weaker PL intensity than the mg = 0 state. In addition,
the sensor state is polarized or initialized to the mg =0
state with repeated excitation.

The ODMR measurement relies on the above behav-
iors, utilizing continuous irradiation of green light and
MW. The optical excitation initializes the mg = 0 state
and simultaneously yields the PL intensity. When the
MW frequency matches the electron spin resonance fre-
quency of the ground state, a part of the mg = 0 state
transitions to the mg = +£1 state, leading to the PL in-
tensity reduction. Therefore, the intensity as a function
of the MW frequency, the so-called ODMR spectrum,
corresponds to an electron spin resonance spectrum. Fig-
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FIG. 3. Principles of ODMR measurement. (a) An effective
model that includes energy levels and their optical transition.
(b) An example of the ODMR spectrum. The data are taken
at a spot irradiated with dge = 10'% cm~2 in the device with
t = 9 nm on the Au film. The applied magnetic field in this
case is 10.2 mT. The blue markers denote experimental data,
and the red line represents the result of the double-Lorentzian
fit.

ure b) is an example ODMR spectrum of V;~ under a
magnetic field. The vertical axis is the ratio of the PL
intensity with and without MW irradiation. Two dips
correspond to the resonance between the mg = 0 state
and the mg = +1 states. The resonance frequency and
the linewidth (full width at half maximum) are vy and
Av, respectively. The amount of the PL ratio change is
the contrast C.

In quantum sensing, we estimate the magnetic field
based on electron spin resonance frequencies v4. The
Hamiltonian of the spin-triplet in the ground state is
given by [37]

H = Dy 8% + B(S? — 82) + 7. B.S., (1)

where Sj is the S = 1 operator for j direction (j =
x,y, %), Dgs is the zero-field splitting, E is the strain,
and the vy, = 28 MHz/mT is the electron gyromagnetic
ratio. B, is the magnetic field applied along the z direc-
tion, which is the out-of-plane direction of the A-BN flake
[see right panel of Fig. a)] The second term, E, arises
when defect symmetry is broken by a crystal strain or an
electric field from charge impurities. Thus, it can depend
on irradiation damage [38]. The third term is the Zeeman
term, which gives rise to the magnetic field dependence of
the sensor. Here, we neglect the influence of nuclear spins
near the V5 defects, which additionally split energy lev-



els [ITHI9]. Since this does not significantly impact the
discussion in our study, we do not give a detailed expla-
nation. By diagonalizing the Hamiltonian, the resonance
frequencies are obtained as
vy = Dgs £/ (VeB:)? + E2. (2)
Therefore, if the strain Dgs and E are known, we can
determine the magnetic field B, from the difference.
How sensitive the resonance frequency is affected by
magnetic fields defines the sensitivity, as follows,

- . (3)

0 vy
0B,

VEBZ
(VeB:)* + E2

This equation shows that sensitivity depends on the
strain E. The value decreases as the effect of magnetic
field strength is sufficiently small compared to the strain
(B, < E/v.). The strain limits the range on the low-
field side where the V; can function as a sensor; the
smaller the strain, the more sensitivity the V5~ can retain
at lower magnetic fields. Thus, the strain is a key param-
eter to characterize the sensor performance. The strain
E can be estimated as half of the difference in resonance
frequencies v, — v_ near zero fields (|B,| < 0.3 mT).
The result will be discussed in Sec. [VBl Note that E
could be determined by fitting the change in resonance
frequency with the magnetic field according to Eq. .

The sensitivity also depends on the precision of esti-
mating the resonance frequencies from the ODMR spec-
trum. The resonance frequencies are obtained as the
center frequencies of the double-Lorentzian fitted to the
ODMR spectrum [the red line in Fig. [3[(b)]. The precision
increases when each resonance dip is sharp, i.e., as the PL
contrast C' increases and the linewidth Av narrows. We
deduce C and Av from the lower frequency (v_) dip. The
sensitivity is subject to the noise per unit time when ob-
taining the ODMR spectrum, which depends on the PL
intensity I. We deduce it from the PL intensity without
MW, including the value obtained by PL mapping. The
static magnetic field sensitivity expression and its results
will be detailed in next Sec.[[VA] While it is beyond the
scope of the present study, the sensitivity for other types
of measurements is also proportional to (Cv/T)~! [26].

Note that the experimentally observed PL intensity I
includes Vi~ fluorescence I and other background signals
I,. The background contributes to the reduction of C.
We estimate and discuss the amount of the V~ created
using HIM based on I in Sec. [[VE]

Finally, we explain the spin relaxation time T} as a key
parameter of sensor performance. This time 77 defines
the time it takes for the spin state to reach thermal equi-
librium. In the experiment, the laser is turned off once
the spin is optically initialized to the mg = 0 state. After
a waiting time, 7, we measure how much mg = 0 states
remain. The decay of the PL intensity I,,(7) at readout
laser pulse as a function of 7 behaves exponentially as

I,(1) < exp(—7/T1) + offset. (4)

The longer 77 becomes, the longer the upper limit of
sensing duration is, which is advantageous regarding sen-
sitivity and frequency resolution of ac magnetic field and
magnetic field noise detection [7]. The spin relaxation
time is suppressed with the ion irradiation dose [39]. Sec-
tion [V C| discusses T;.

IV. RESULTS AND DISCUSSIONS
A. DMagnetic field sensitivity using ODMR

We discuss the ODMR results obtained on the Vj
spots on the device with a flake thickness ¢t = 47 nm,
which is a suitable thickness for h-BN flakes in magnetic
imaging applications [29]. We estimate the shot-noise-
limited static magnetic field sensitivity n through ODMR
measurements under a sufficient bias field (B, > E/v.),
using the following expression [40, [41],

B 4 i Av
T 3B VI

The increase in the contrast C' and PL intensity I and
the decrease in Av directly contribute to the increase in
sensitivity.

Figure a) shows the ODMR spectra for the V; spots
on Au with various doses dg.. We note that C' decreases
as the dose increases. We obtain C' = 12.7, 12.2, and
9.2 for dy. = 10'%, 10'6, and 10'7 cm™2, respectively,
as shown in Fig. [f{b). The decrease in C' with increas-
ing dy. is also observed for different ¢, which is also the
case for the h-BN flakes on SiO;. The degradation is
likely caused by suppression of spin lifetime or by in-
creased photoluminescence from non-Vj defects due to
large dge.. Amorphous defects in the h-BN lattice cre-
ated by He ion irradiation have been reported to affect
the luminescence intensity [28], which may be related to
the present observation.

In contrast to C, I increases monotonically with dye
as shown in Fig. [d|b). We obtain I = 2 x 10% keps,
1.1 x 103 keps, and 1.3 x 102 keps for dp. = 10'° em™2,
10'6 cm™2, and 10'7 cm™2, respectively. The estimated
background I}, is sufficiently weak < 20 kcps compared
to the V; signal [see Sec. . Therefore, the number
of Vi defects increases with the amount of dose. In this
way, there is a clear trade-off between C and I in the
dose range we investigate. Nevertheless, the increase of
I is not proportional to dye; the intensity is increased 5.4
times from dp, = 10'° to 1016 cm =2, while it is only 1.1
times from dpe = 1016 to0 107 cm~2. The aforementioned
amorphous defects may have prevented the formation of
Vi 8.

The linewidth Av is almost insensitive to dge, as shown
in Fig. [f{a); only a 5 variation in Av (136-143 MHz) is
detected within the investigated dy.. This implies that
the nuclear spin primarily determines Av. Since the reso-
nance is broadened by huge (several hundred MHz) level

(5)
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FIG. 4. Analysis of ODMR spectrum and sensitivity for the
spots with ¢ = 47 nm. (a) ODMR spectra under B, = 9.7 mT
from three devices with different dg.. The markers denote ex-
perimental data, and the lines denote double-Lorentzian fit.
The blue, red, and green colors correspond to V~ spots cre-
ated at dge = 10'®, 10®, and 10'7 em™2, respectively. (b)
Dose-dependent PL intensity I (cyan, left axis) and PL con-
trast C' (yellow, right axis). (c),(d) Dose-dependent (c) static
magnetic field sensitivity n and (d) strain E. The red and
blue markers denote the spots on Au and SiO2, respectively.

splitting due to nuclear spins [I7HI9, [26], the influence
of the other factors is negligibly small. Further investi-
gation of the ODMR spectra for the isotope-controlled
h-BN [42H44], where nuclear spins have less impact than
conventional ones, might enable us to observe the dose
dependence of linewidths.

We estimate the sensitivity 1 using Eq. , as shown
in Fig. (c) It is obtained to be 61.9 uT/vHz,
30.2 uT/vHz, and 38.2 uT/vHz for dg. = 10'® cm™2,
106 cm~=2, and 10'7 ecm ™2, respectively. In Ref. [29], the
sensitivity of 73.6 4T /v/Hz is obtained for the spots on
Au in the h-BN flake with ¢ = 66 nm irradiated with
dre = 10" cm™2, being consistent with the present ob-
servation (61.9 uT/v/Hz) obtained for the similar con-

dition. We get the best sensitivity, the minimum value
of 1, of 30.2 uT/v/Hz for the spots on Au with dy, =
10'% cm™2. The Vi density estimated by the SRIM sim-
ulation is 6.1 x 10'® in the single spot. The sensitivity
is 2.5 times better than before [29]. It is an advantage
of HIM that a dose as high as 10'® cm™2 can be realized
with local ion irradiation in a reasonable time and cost.

Figure (c) also shows the sensitivity of the V;~ spots
on SiOs. While the MW intensity is expected to differ
significantly between on a metal (Au) and on an insulator
(SiO3), the contrast of the spots on SiO3 is maintained
at around 71-83% of that on Au (not shown here). In
contrast, I on SiOs is only about 1-3% of that on Au,
as discussed later in Sec. [[VE] As a result, 1 is approx-
imately an order of magnitude worse than the optimal
sensitivity obtained on Au [Fig. [ffc)].

B. Strain

Figure d) shows the dge dependence of the strain F
obtained for the spots on the device with ¢ = 47 nm.
We notice two facts. First, increasing dy. leads to an
increase in strain. For example, the strains of the spots
on Au are obtained as 53 MHz and 66 MHz for dye =
10'® em™2 and 107 cm ™2, respectively. Similarly, we get
E on SiO, as 58 MHz and 64 MHz for dye = 106 cm—2
and 10'7 cm~2, respectively. Second, for a given dye, the
spots on Au exhibit 3-10% larger E than those on SiOs.
This observation might indicate the substrate-dependent
damage to the h-BN flakes. We will consider these results
with simulation in Sec.

In Ref. [25], the dose dependence of nitrogen irradia-
tion at an accelerating voltage of 30 keV to the 10-100 nm
thick h-BN flakes on a silicon substrate was investigated.
They observed that strain E increases from about 60 to
80 MHz as the dose increases from 10 to 10'® cm=2.
In contrast, F is as small as 60-65 MHz for the dose of
10'7 cm~2 in our study. The difference may be mainly
due to the difference in the ion mass. The nitrogen ion is
about seven times heavier than the helium ion, leading to
more considerable irradiation damage in the h-BN flakes.

The large error bars in Fig. d) are due to the double-
Lorentzian fit of the ODMR spectra near zero fields
in determining strain £. The double-Lorentzian shape
is insufficient to reproduce the experimentally observed
ODMR spectra, so the fitting precision needs to be
more satisfactory. A more appropriate analytical ex-
pression for zero-field ODMR spectra, such as discussed
before [45], will enhance the estimation precision of the
sensor parameters.

C. Spin relaxation time

We measure the spin relaxation time 737 using the pulse
protocol depicted in Fig. a) inset. The spin state pop-
ulation is estimated from the PL intensity at the first



200 ns of the readout laser pulse. Figure (a) shows the
results for the spots irradiated with dge = 10'7 cm™2 at
the device with ¢ = 47 nm. The vertical axis is the nor-
malized PL intensity I, so that I,, =1 at 7 = 0 ns and
I, = 0 when 7 is sufficiently long. Their behaviors are
well explained by Eq. . Remarkably, the PL intensity
decays faster in the spots on Au (red, T3 = 7.7 us) than
those on SiOy (blue, T3 = 14.7 ps). These values are

typical for Ty of V5~ centers [21], 27, [46].

2

T T T

3 t=47nm, d, =10""/cm? | * AU
<L e i S0,
305 T E
£ ey Init. g Read out
S [ ]
2 0 . : ate
0 20 40 60 80
T (us)
b
( )20 ; . :
t =47 nm
- s
=
~ 10}[F-Au ]
3-Si0,
5 1 1 1
15 16 17
2
Iog10 dHe (/em®)
© | . | .
3 t=256nm, d,, =10"7 /cm? | * AU
s o 3 SiO,
~>0.5F |
£
o o
Z ot . LS. .
0 20 40 60 80

T (ps)

FIG. 5. (a)Relaxation behavior of a Vi3~ spot with ¢ = 47 nm
and die = 10'7 cm™2. Red and blue colors represent the re-
sults on Au and on SiOs2, respectively. Points represent exper-
imental data, and lines indicate exponential fits using Eq. .
The inset shows the measurement protocol, consisting of ini-
tialization, waiting (7), and readout. (b) Spin relaxation time
T as a function of dge. Red and blue markers indicate the
spots on Au and SiO2, respectively. (c) Relaxation behavior
corresponding to panel (a) in the case of t = 256 nm.

We also investigate the dy, dependence of 17, as pre-
sented in Fig. [f(b). We notice two trends. First, T}
becomes smaller for larger dy.. This observation agrees
with previous studies [25, B9], which discussed that the
T degradation is caused by lattice damage during irradi-
ation. For the spots on Au, changing dge from 1015 cm ™2
to 10'® cm™2 results in a 27% degradation, and chang-
ing from 10 to 10'7 cm™2 leads to a 35% degradation.
For the spots on SiO,, changing dy. from 106 cm=2
to 1017 em™2 results in an 11% degradation. Clearly, the

degradation is more pronounced for the spots on Au than
on Si0y. Second, for a given dye, the spots on SiO5 have
a 1.4-1.9 times longer 77 than those on Au.

Figure c) shows the spin relaxation of the spots on
the device with a thicker h-BN of t = 256 nm with dge =
107 cm~2. In contrast to the case with ¢ = 47 nm shown
in Fig. a), the decays for the spots on Au and on SiOs
are almost identical.

The above results suggest that irradiation damage de-
pends on the substrate and A-BN thickness. This insight
is further investigated by the Monte Carlo simulations
next.

D. Monte Carlo simulations

We run a Monte Carlo simulation package, Stopping
and Range of Tons in Matter [31] (SRIM), where the colli-
sion events and the resultant vacancy distribution created
by ion irradiation are calculated. SRIM treats atomic col-
lisions as classical two-body ones, including the atomic
interactions and the cascade effect where one scattered
atom scatters another. Since the ion irradiation spot size
of HIM is extremely small, the spreading effect of ions
randomly colliding in the target material should be care-
fully treated in estimating the actual V;~ spot size.

Figure @(a) shows the simulation configuration, where
helium ions are directed perpendicular to the h-BN flake
from left to right and enter it perpendicularly from the
incident position. There, R and D indicate the distance
from the incident axis and the depth from the surface,
respectively. The flake is attached to a sufficiently thick
Au or SiO; film. The backscattering of ions at the sub-
strate film plays an important role in the defect creation.
We set the acceleration voltage to 30 keV and the h-BN,
SiOs, and Au densities at 2.3 g/cm?® [47], 2.1 g/cm? [48],
and 19.3 g/cm3. We consider Vj; positions to be those
of the removed boron atoms. We analyze the results of
irradiating each device with a total of 10* helium ions.

The top panel of Fig. @(b) shows the histogram of the
density of the created Vi defects per unit length as a
function of R for the device with ¢ = 47 nm. In the
range R < 12 nm [indicated by the vertical dot-dash
line in Fig. |§|(b)]7 the V~ defect density distribution is
nearly the same for the h-BN flakes on Au and SiOs.
In contrast, for R > 12 nm, more Vg defects tend to
be created for the flake on Au than on SiOs. In total,
the Vg defects are created 2.0 times more on the former
than on the latter, which means that the total damage
is higher for the flake on Au. Au has a higher density
than SiOs, so backscattering is more significant, leading
to increased irradiation damage. In Secs.[[VB|and [V C|
we discussed larger E and shorter T3 for devices on Au
than on SiO5. This is consistent with our simulation that
lattice damage depends on the substrate film.

The bottom panel of Fig. [6[b) shows the normalized
cumulative distribution as a function of R. For the h-BN
(t = 47 nm) on Au, three-fourths (75%) of all Vj; defects
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FIG. 6. (a) Configuration of ion irradiation in SRIM. Ions
enter the h-BN flake perpendicularly from the incident posi-
tion. The distance from the incident axis and the depth from
the surface are indicated by R and D, respectively. The flake
is attached to a sufficiently thick Au or SiO; film. (b) Top
panel: Histogram of the V;~ defects created per unit length for
R of the device with ¢ = 47 nm. Bottom panel: Normalized
cumulative distribution of V;~ defects. The horizontal dashed
line indicates 75%. (c) Top panel: Histogram of the Vg de-
fects per unit length for D of the device with thick h-BN flake
(t =1 pm). The blue and red colors indicate the cases of thick
(1 pm) and thin (47 nm) h-BN flakes on SiOg, respectively.
The vertical dotted lines represent the two thicknesses (47
and 256 nm) used in our experiment. Bottom panel: Normal-
ized cumulative distribution of V= defects. The h-BN flake
thickness does not affect the distribution of V5~ defects in the
SiO2 case.

are created scattered over an area up to R ~ 76 nm, as
indicated by the horizontal dashed line in the figure. Such
a spreading of the V5 defects degrades the localization
of the sensor. In contrast, on SiO,, the same amount of
Vg defects is concentrated only in an R < 6 nm area.
Using the SiO5 substrate with less backscattering would
help create a V; spot as small as a few nm.

Figure [6{c) shows the depth (D) dependence of the

defect creation for a thick h-BN flake (¢t = 1 pm). Almost
all of V5~ defects are created shallower than D = 256 nm
in a thick A-BN flake, as indicated by a vertical dashed
line in the bottom panel of Fig. @(c) This means that
the backscattering from the substrate (Au or SiOg) is
almost negligible in an h-BN flake thicker than this. The
difference in the defect creation between Au and SiOs in
a 256 nm thick h-BN flake is only 1% (data not shown).
It is also interesting to focus on a small D region. The
normalized cumulative distribution from the surface is
only 7% at depth D = 47 nm. Thus, for the thin h-BN
flake with ¢t = 47 nm, most V; defects are produced by
ions that have undergone backscattering.

The above observations can explain several experimen-
tal findings discussed in Secs.[[VBJand [VC] Au tends to
backscatter ions more than SiOs, so a thin A-BN flake on
Au is more subject to backscattering damage than one on
SiO5. This agrees with a larger strain F for t = 47 nm in
the Au case than in the SiO» case, shown in Fig. [f[(d) for
a given dp.. We can also claim that the backscattering
effect is responsible for the shorter spin relaxation time
T1 of the t = 47 nm flake on Au than on SiOs, as shown
in Fig. a). In sharp contrast, 77 is almost the same
on Au and SiOs in a thick A-BN flake (¢ = 256 nm) [see
Fig. [Fl(c)], which is concordant with the calculation that
the fraction of V5 defects created by backscattering is
reduced for thicker flakes. Thus, the SRIM results nicely
illustrate the experimental results.

E. Photoluminescence

We evaluate the PL intensity at the irradiated spot for
various conditions. For this investigation only, we set the
laser power to 3.0 mW, our maximum available power,
to enhance the signal. Note that we do not treat the
result of the spots of the device with ¢ = 47 nm and
dge = 10™ cm™2 and of the device with ¢t = 9 nm on
SiOq, as they do not provide a sufficient luminescence
signal from the analysis. As mentioned in Sec. [[TI} the
overall PL intensity I includes background fluorescence
other than V. We separate the spot luminescence I
from the background I}, to focus only on the increase in
luminescence due to ion irradiation.

We separate I from I, in the following way. Fig-
ure [7(a) shows a typical PL mapping as an XY plane
at a V5 spot on the h-BN flake. The spot shape can
be fitted using a two-dimensional Gaussian distribution
with a peak contribution of Ijcak, including an offset of
I,. Figures [f{b) and (c) show the cross sections of the
PL intensity across the peak along the X and Y axes, re-
spectively. The markers represent the experimental data,
and the lines represent the fitting result. The dashed line
corresponds to I,. Then, we find I5 as Ipeak — Ib-

Figures[7[d) and (e) show the dose dependence of I for
the spots on Au and SiOs, respectively. Iy shows a mono-
tonic increase in dy, for all devices with ¢ = 9, 47, and
256 nm. The rise in I becomes smaller for higher dye.
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FIG. 7. PL intensity without background I5. (a) Typical
PL mapping as an XY plane at a V5~ spot on the h-BN flake
with ¢t = 256 nm and dge = 10'® ecm™2. (b),(c) Cross sections
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across the peak. The markers represent experimental data,
and the lines represent the two-dimensional Gaussian fitting
with an offset. (d),(e) The due dependence of Is on (d) Au
and (e) SiO2. The dotted blue, dashed red, and solid magenta
lines are the data of the devices with t = 9, 47, and 256 nm,
respectively. (f),(g) PL intensity per unit thickness Is/t on
(f) Au and (g) SiO-.

It corresponds to a decrease in Vi defect creation effi-
ciency at high doses and agrees with the discussion given
for Fig. b) in Sec. It is known that amorphization
of substrates and h-BN crystals occurs at helium doses of
10'7 cm ™3 with an acceleration voltage of 30 keV [49, 50],
and such defects may prevent V5~ defect creation.

Next, we compare I of the spots on Au and on SiOs
in Figs. E(d) and (e), respectively. For the spots with
t = 47 nm and die = 107 em™2, I, is about 22 times

larger on Au than on SiO;. The enhancement is peculiar
because the simulation results in Sec. [V D] naively pre-
dict that the Vi3~ defect creation efficiency on Au is about
two times larger than on SiOs. This marked enhance-
ment is due to the luminescence enhancement on Au. In
a previous study [27], for an hA-BN flake with ¢ ~ 50 nm,
the luminescence on Au is 10-15 times stronger than on
SiOs. Thus, it is reasonable that I, increases about 20
times more on Au than on SiOs.

In contrast, the I is only 2-3 times larger on Au than
on SiOy for the device with ¢ = 256 nm. This agrees
with the fact that the luminescence enhancement on Au
is suppressed at an h-BN as thick as 200 nm [27]. Also,
as discussed in Sec. [[VD] a thick flake has no significant
enhancement due to backscattering from the substrate in
the V5 defect creation.

Finally, in Figs. [f(f) and (g), we compare I per unit
flake thickness, i.e., I5/t. In the devices on Au, the value
is maximized for ¢ = 47 nm, being 1.6-5.4 times higher
than for £ = 256 nm and 5.9-8.4 times higher than for
t = 9 nm. This result is attributed to the compos-
ite effects of the backscattering [Sec. and the ¢-
dependent luminescence enhancement on Au [27]. In the
devices on SiOs, in contrast, I/t is bigger for ¢ = 256 nm
than for ¢ = 47 nm. This is consistent with the fact that
the depth at which most boron vacancies are created is
D = 150-250 nm for an acceleration voltage of 30 keV,
as shown in the top panel of Fig. @(c) When the h-BN
is very thin on SiO, the He ion goes through without
defect creation.

F. Optimum conditions

We now summarize the results obtained so far and pro-
vide guidelines for creating V;~ spots using HIM.

First, we discuss the choice of the substrate. The ad-
vantage of selecting Au is that, even at a low dye, the
effective dose increases due to significant backscattering
for an h-BN flake with a thickness well below 256 nm.
Additionally, Au significantly enhances the PL intensity,
which is beneficial for high magnetic-field sensitivity. The
optimum dose that maximizes sensitivity in the condi-
tions investigated in this study is about 106 cm~2 (Table
. The optimal condition could be further investigated
with different spot sizes and acceleration voltages.

Parameters

Substrate film Au
He ion dose, due (cm_2) 1016
Acceleration voltage of He beam (keV) 30
Sensitivity (4T /v/Hz) 30.2

TABLE II. Best sensitivity condition for V;~ on 47 nm h-BN.

On the other hand, the advantage of SiOs is that SiO4
causes less backscattering than Au, and a well-localized



spot can be created. The spot size is expected to be
smaller than 10 nm for devices with a thickness of 47 nm
[see Fig. [6[b)]. The optimum dose for this purpose is
10'7 cm~2, which gives a sensitivity of ~ 250 uT/v/Hz
[Fig. [d(c)]. Further fine-tuning of dose and verification at
higher doses may yield even better sensitivity. In prin-
ciple, high localization and sensitivity can be obtained
simultaneously by irradiating h-BN flakes on SiOs with
helium ions to create Vi~ spots and then stamping them
on Au.

Second, we comment on the choice of flake thickness
t. Consider the case where flakes are sufficiently thin
(say, t < 256 nm) and irradiated at a given dge; as
shown in Fig. @(c), in that case, the thicker the flake, the
more the V defects are created. On the other hand,
as the thickness increases, the spot size increases due to
collision processes inside the flake and the backscattering
at the substrate film (Au or SiOz). Fortunately, if we use
an h-BN flake on Au, the luminescence enhancement is
substantial at ¢ ~ 50 nm, so there is no need to increase
the thickness of the flakes any further.

V. CONCLUSION

To conclude, we have investigated sensor parameters
of V5 spots created using HIM under various conditions,
fixing only the acceleration voltage of 30 keV. From the
experimental and simulation results, we obtain the fol-
lowing three findings. First, we find the optimal dose for
the h-BN on Au to achieve high static magnetic field sen-
sitivity. Second, the sensor performance depends on the
substrates, Au and SiOs. The ion backscattering from
Au significantly affects sensor parameters such as strain
FE and spin relaxation time T3 for thin flakes. However,
the effect of backscattering becomes negligible in a suffi-
ciently thick flake. Third, based on simulations, the V3
spot is localized more on SiOy than on Au. These re-
sults help optimize sensing configuration using Vi~ spots
created with HIM. Notably, many of the discussions in
the present paper apply to general cases of Vg defect
creation using HIM and conventional ion irradiation.

The original purpose of the present work is to improve
the effective spatial resolution of the stray magnetic field
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by localizing the sensor. The created quantum sensors
using this approach allow adjustable and rigid determi-
nation of the stand-off distance and in-plane position be-
tween the quantum sensor and the target object. De-
signing appropriate patterns for V3~ spots is expected to
create new probes for studying condensed matter-physics
using nanosized quantum sensor spots, such as investigat-
ing microscopic spatial correlations in magnetic materi-
als [bI]. As an application, arranging Vj; spots in an
array and employing a high-performance camera could
enable simultaneous high-precision magnetic field imag-
ing at multiple spots [29]. Moreover, by refining the anal-
ysis methods, there is a possibility of independently ex-
amining signals from spots that approach or surpass the
optical resolution.
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