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ABSTRACT: The recently discovered spin defects in hexagonal
boron nitride (hBN), a layered van der Waals material, have great
potential in quantum sensing. However, the photoluminescence
and the contrast of the optically detected magnetic resonance
(ODMR) of hBN spin defects are relatively low so far, which limits
their sensitivity. Here we report a record-high ODMR contrast of
46% at room temperature and simultaneous enhancement of the
photoluminescence of hBN spin defects by up to 17-fold by the
surface plasmon of a gold film microwave waveguide. Our results
are obtained with shallow boron vacancy spin defects in hBN
nanosheets created by low-energy He" ion implantation and a gold
film microwave waveguide fabricated by photolithography. We also
explore the effects of microwave and laser powers on the ODMR
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and improve the sensitivity of hBN spin defects for magnetic field detection. Our results support the promising potential of hBN spin

defects for nanoscale quantum sensing.
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O ptically active spin defects in wide-band-gap materials
have shown great potential for a wide range of emerging
technologies, from quantum information processing"” to high-
resolution sensing of magnetic and electric fields.”~ Color
centers in bulk semiconductors such as diamond”® and silicon
carbide”'” are prime examples that reveal optically detected
magnetic resonance (ODMR). Recently, atomic defects in
layered van der Waals materials such as hexagonal boron
nitride (hBN) are attracting increasing attention as alternative
candidates for studying light—matter interaction, nanopho-
tonics, and nanoscale sensing.u_14 Atomic defects in hBN are
stable in nanosheets as thin as a monolayer and are readily
accessible for device integration and top down nano-
fabrication.">'® Furthermore, recent experiments discovered
that some defects in hBN could be spin addressable at room
temperature.'’~>> The negatively charged boron vacancy
(Vg") spin defect is the most studied one among these
defects.”> > 1t has spin s = 1, and its orientation is out of
plane.'” V™ defects can be generated by neutron irradi-
ation,"””® jon implantation,27 femtosecond laser writing,28 and
electron irradiation.”” Spin defects in thin hBN nanosheets will
be useful for quantum sensing and spin optomechanics.””*!
However, so far, the V™ spin defects have relatively low
brightness and ODMR contrast, which limits their sensitivity in
quantum sensing.22
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Here we report high-contrast plasmonic-enhanced shallow
Vg~ spin defects in hBN nanosheets for quantum sensing. We
fabricate a gold film coplanar microwave waveguide by
photolithography to optimize the homogeneity and local
intensity of the microwave for spin control. The hBN
nanosheets with spin defects are transferred onto the
microwave waveguide and are in contact with the gold surface
for both plasmonic emission enhancement and spin control.
The surface plasmons®>~** provide broadband emission
enhancement covering the wide range of the photolumines-
cence (PL) of V™ defects from 750 to 950 nm.'” Our method
does not require complex nanofabrication or cause adverse
effects on quantum sensing. The microwave magnetic field
generated by the gold waveguide is parallel to the surface and
perpendicular to the orientation of Vi~ electron spins, which is
crucial to achieve high ODMR contrast. With these, we find
that the ODMR contrast can reach 46% at room temperature,
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Figure 1. (a) An illustration of the experimental setup for ODMR measurements. An ion implanted hBN nanosheet is placed on top of a gold film
microwave stripline. A microwave is delivered through the stripline for spin manipulation. The surface plasmon of the gold surface provides
emission enhancement. An NA = 0.9 objective lens is used to excite V3~ defects with a 532 nm laser and collect the PL. A permanent magnet is
used to apply a static magnetic field. (b) The energy diagram of a Vi~ defect and the optical pumping cycle between the ground state (GS), the
excited state (ES), and the metastable state (MS). A magnetic field induces Zeeman shifts of the spin sublevels. (c) Measured CW ODMR spectra
under 100 mW (light blue dots) and 2 W (red squares) microwave driving. With a high-power microwave (2 W), the ODMR contrast can reach
46%. The laser excitation power is S mW. The V;;~ defects are generated by 2.5 keV He" ion implantation. (d) ODMR spectra in different external
magnetic fields. A clear splitting of 346 and 560 MHz is observed in 5.9 and 9.8 mT magnetic fields, respectively. Solid curves are fittings with a

double Lorentzian model.

which is an order of magnitude larger than the highest room-
temperature ODMR contrast of hBN spin defects reported in
the previous work.”> We also observe an up to 17-fold
photoluminescence (PL) enhancement of Vi~ defects due to
the gold film. We measure the spin initialization time to be
around 100 ns. In addition, we study the laser power and
microwave power dependence of the continuous-wave (CW)
ODMR and optimize the magnetic field sensitivity to be about

8 uT/+/Hz. Finally, we perform coherent spin control and
measure the spin—lattice relaxation time T, and the spin
coherence time T, of Vi~ spin defects generated by He"
implantation, which can benefit future works on multipulse
sensing protocols. Our results demonstrate the promising
potential of shallow hBN spin defects for nanoscale quantum
sensing and other quantum technologies.

The results presented in this work are obtained with tape-
exfoliated hBN nanosheets which are tens of nanometers thick.
We exfoliate hBN flakes onto a Si wafer and then mount the
wafer in a home-built ion implanter for doping. We use low-
energy He' ions (200 eV to 3 keV) to implant hBN
nanosheets, which creates high-quality V3~ defects with
average depths ranging from 3 to 30 nm and avoids
introducing undesired defects.*® After ion implantation, the
hBN flakes are transferred onto a gold microwave stripline on a
sapphire substrate and characterized using an ODMR setup
(Figure la). CW ODMR measurements are performed to
acquire the basic spin properties of the Vi~ defects generated
by He" ions. The defects are excited by a 532 nm laser with an
NA = 0.9 objective lens, which also collects the PL of defects.
We record integrated photon counts as a function of the
applied microwave. We obtain the difference between the
photon count rates when the microwave is off (I4) and when
the microwave is on (I,,). The ODMR contrast is then

determined by normalizing the PL difference with the PL
intensity when the microwave is of: C = (Ig — I,,)/I . A
positive ODMR contrast C means that the microwave driving
decreases the PL intensity. The energy level structure of Vg~
defects in hBN is shown in Figure 1b.

Figure 1c shows measured high-contrast ODMR spectra of
Vg~ defects at room temperature. Strikingly, with strong
microwave driving, we find that these defects can exhibit up to
46% ODMR contrast, which is 1 order of magnitude higher
than the best contrast of hBN spin defects reported
previously.”> This value is even larger than the ODMR
contrast of diamond nitrogen-vacancy centers at room
temperature.” The ODMR contrast can readily reach around
20% without significant power broadening using low-power
microwave driving. We also observe a similar high contrast
with a thick hBN flake on the gold stripline which does not
show PL enhancement (Supporting Information, Figure S7). It
is noted that such a high ODMR contrast is due to the good
alignment of the microwave magnetic driving field and the
strong driving field strength. Since the hBN flakes are placed
directly on the gold stripline, the driving magnetic field is
parallel to its surface and perpendicular to the V™ spins, which
yields the maximum ODMR contrast. In comparison, for a
hBN flake placed inside a Q-shaped waveguide, we observe a 6-
fold lower ODMR contrast with the same microwave power
(Supporting Information, Figure S6). The decrease of the
ODMR contrast is due to the misalignment of the driving
microwave magnetic field, which is nearly out of plane inside a
Q-shaped ring.

Without an external magnetic field, the measured ODMR
spectrum shows two resonances at v; and v, centered around
v, (Figure 1c). The results agree well with a double Lorentzian
model. Here v, is determined by the zero-field splitting (ZFS),
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Vg = Dg/h = 3.47 GHz, where h is the Planck constant. And
the splitting between v, and v, is due to the nonzero off-axial
ZFS parameter E,/h = SO MHz."” Figure 1d presents ODMR
spectra in different external static magnetic fields. We use a
permanent magnet to apply a static magnetic field
perpendicular to the nanosheet surface. A translation stage is
used to change the position of the magnet and tune the
magnetic field strength. With an external static magnetic field
B, v, and v, will be split further owing to the Zeeman effect,

vy = Dy/h £, /Egsz + (g,uBB)?‘ /h, where g = 2 is the Landé

g-factor. The splitting (v, — v;) is 560 MHz (346 MHz) at 9.8
mT (5.9 mT).

It is highly desirable to create spin defects as close to the
surface as possible without degrading the spin properties for
nanoscale quantum sensing. This can decrease the ultimate
distance between a sample and the sensor, which can
significantly improve the signal. In Figure 2, we study the
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Figure 2. (a) The depth distribution of defects created by He" ions
with different implantation energies. The results are obtained with
SRIM simulation. (b) The most probable depth to create defects as a
function of ion energies. (c) Measured ODMR spectra of V;~ with
different implantation depths. The line widths are 122, 115, 104, and
103 MHz for 3.5, 6.2, 15, and 25 nm depths, respectively.

formation of shallow V™ defects by using He" ions. First, we
use the Stopping and Range of Ions in Matter (SRIM)
software to calculate the depths and densities of vacancies
created with different ion energies from 200 eV to 3 keV
(Figure 2a,b). The most probable depth is 3.5, 6.4, 15, and 25
nm when the He" ion energy is 300 eV, 600 eV, 1.5 keV, and
2.5 keV, respectively. Then, we perform the CW ODMR
measurements on the samples with different doping depths.
Here we use weak microwave driving to avoid the power
broadening. Therefore, we can extract the nature linewidth of
Vs~ defects (Figure 2c). All of the ODMR spectra display
similar line widths as well as the contrasts, indicating the hBN
spin properties are nearly the same at different doping depths.

For sensing applications, the PL brightness is an important
factor that directly affects the sensitivity. Former theoretical
studies indicate that the near-infrared optical transition of Vi~
defects is not an electric-dipole-allowed transition and is hence
relatively dark.***® In this context, improving their brightness
is a crucial task. Here we utilize surface plasmons of a metallic
film**7** to enhance the brightness of the Vg~. Surface
plasmons are collective oscillations of coupled eletromagnetic
waves and free electrons on metallic surfaces. They have large
localized electric and magnetic fields which can speed up both
radiative and non-radiative decays. We chose plasmonic

enhancement because it can cover the whole broad PL spectral
range of V3~ defects. In addition, this method can utilize the
metallic surface of our microwave waveguide and does not
require complex nanofabrication. Our microwave waveguide is
made of a 300 nm thick gold film prepared by electron-beam
physical vapor deposition on top of a sapphire wafer. The
width of the center microstrip is S0 gm. The hBN flakes with
Vg~ defects are transferred onto both the gold film and the
sapphire substrate for comparison (Figure 3a). V;;~ defects on
both gold and sapphire surfaces display broad PL emission
spectra around 810 nm (Figure 3b). Remarkably, the V3~
defects on the gold film show an order of magnitude higher PL
intensity than those on the sapphire substrate under the same
laser excitation. Parts ¢ and d of Figure 3 present the PL
intensities of these two samples and their PL ratio at different
laser excitation powers. The experimental data in Figure 3¢ are
fit to I = I,/(1 + P,,/Py...), where I is the PL intensity of the
Vi, Ly is the saturation PL intensity, Py, is the excitation
laser power, and P, is the saturation laser power. On a gold
film, the V3~ defects show up to 17-fold enhancement of PL
intensities under low-power excitation. We also observe a
strong modification of the saturation behavior (Figure 3c). The
laser saturation power P, is reduced by a factor of 5, and the
saturation PL count rate I, is increased by around 3.5 times.
These indicate that a gold film can improve the quantum
efficiency of V3~ defects significantly.

We also study the effect of the separation between the gold
film and Vg~ defects on the brightness enhancement. We
transfer hBN flakes with different thickness onto the gold
micostrip, so that we can get various distances between the V™~
defects and the gold film. The thickness of hBN nanosheets is
measured by an atomic force microscope (AFM). The PL
intensities are measured before and after transfer. Here we use
600 eV He" ions to generate shallow V3~ with a most probable
depth of 6.4 nm. Therefore, the average separation between
the gold film and V™~ defects is equal to the thickness of hBN
nanosheets subtracted by 6.4 nm. As a result, we observe a
strong thickness dependence of the PL enhancement. The
highest enhancement is obtained when the hBN flake thickness
is around 32 nm (Figure 3e). Our result is consistent with the
former result on plasmonic enhancement of quantum dots on a
gold surface.>®> When a hBN nanosheet is too thin, the non-
radiative decay dominates. There is also little brightness
enhancement when the hBN nanosheet is too thick because
the surface plasmonic modes decay exponentially away from
the surface. Thus, there is an optimal thickness for plasmonic
enhancement. In addition, we characterize the electron spin
initialization time of V3~ defects on both gold and sapphire
surfaces as a function of the power of the 532 nm excitation
laser (see the Supporting Information for more details). We
find that the required spin initialization time can be about 100
ns under high-power excitation (Figure 3f). Thus, the ground-
state recovery time should be less than 100 ns, which is much
shorter than the former theoretical prediction.”” Our results
may be helpful for future theoretical works on V™ spin defects.
The gold film reduces the spin initialization time (Figure 3f),
which also speeds up quantum sensing.

Sensitivity is the most important parameter to determine the
performance of a sensor. To measure an external static
magnetic field with spin defects, a common way is to use CW
ODMR to detect the Zeeman shifts of the spin sublevels
caused by the magnetic field.” The precision to determine the
magnetic field is directly affected by the photon count rate R,
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Figure 3. (a) Illustrations of hBN nanosheets with spin defects on top of a 300 nm-thick gold film and on top of a bare sapphire wafer for
comparison. (b) A comparison of the PL spectra of V;;~ defects on a gold film and on a sapphire substrate. The gold film enhances the PL count
rate substantially. The V;;~ defects are generated by 2.5 keV He" ions. (c) PL intensities of Vi~ defects on a gold film and a sapphire substrate as
functions of the laser power. (d) PL enhancement at different laser powers. The enhancement is obtained by calculating the ratio of PL intensities
of the Vi~ defects on the gold film and the sapphire substrate. The enhancement is up to 17 when the laser power is low. (e) Dependence of the PL
enhancement on the thickness of the hBN nanosheet. The highest PL enhancement is obtained when the thickness is around 35 nm. The V3~
defects are generated by 600 eV He" ions and are near the top surface of the hBN nanosheet. (f) The required time for optically polarizing Vi~
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Figure 4. (a) Typical CW ODMR spectra of Vi~ spin defects at different microwave powers. The laser excitation power is 1 mW. No external
magnetic field is applied. (b) ODMR peak contrast as a function of the microwave power. (c) Microwave power dependence of the ODMR
linewidth. (d) Magnetic field sensitivity as a function of the microwave power. The orange dots and blue squares are experimental data. Solid curves

are fittings with theoretical models.

the ODMR contrast C, and the linewidth A, following the
equation37

n, =AX L X —AU
? gy CJR (1)

where g is the Bohr magneton. In this expression, A is a
numerical parameter related to the specific line shape function.

For a Lorentzian profile, A & 0.77. The values of C, Av, and R
are further related to the microwave power and laser power’’
(see the Supporting Information). To improve the detection
sensitivity, it is crucial to increase the count rate and contrast
as high as possible without significant power broadening of the
linewidth.

Here we perform a group of CW ODMR measurements
with various microwave powers and laser powers to find the
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optimal conditions for magnetic field sensing (Figure 4).
Figure 4a presents three typical CW ODMR spectra at
different microwave powers. Under low-power 40 mW
microwave driving, we obtain an ODMR contrast of ~10%.
Such a low microwave power does not induce significant
spectral power broadening. A natural linewidth can be
extracted as ~110 MHz. With an increasing microwave
power, we first observe a significant improvement of the
contrast without much spectral broadening. When we increase
the microwave power further, the linewidth broadening
becomes severe. Parts b—d of Figure 4 present the quantitative
measurements of the ODMR contrast, linewidth, and
sensitivity as functions of the microwave power. The
experimental results fit well with theoretical models, as
discussed in the Supporting Information. Here we perform
the experiments at two different laser powers (1 and 5 mW).
The 5 mW laser excitation gives a broader linewidth but a
higher saturation ODMR contrast compared to those with 1
mW laser excitation. As a result, if we increase the microwave
power, the sensitivity is first improved owing to the increase of
the ODMR contrast and then becomes worse when the
spectral power broadening dominates. The best sensitivity that

we have achieved is about 8 uT/~/Hz. This sensitivity is 10
times better than the former result with hBN spin defects (our
system also has a better spatial resolution).”” This sensitivity
will be enough for studying many interesting phenomena in
magnetic materials. For example, the magnetic field generated
by a monolayer Crl; (a 2D van der Waals magnet) is on the
order of 200 uT.°

Finally, we perform pulsed ODMR measurements to
determine the spin—lattice relaxation time T; and the spin
coherence time T, of the shallow V3~ defects generated by ion
implantation. T; and T, of hBN spin defects have only been
measured for neutron irradiated samples before.'””° It will be
useful to know their values for our shallow spin defects created
by ion implantation. In addition, pulsed ODMR measurements
are inevitable steps for realizing more complex sensing
protocols. A pulsed ODMR measurement consists of optical
initialization of the ground state, coherent manipulation of the
spin state with microwave pulses, and optical readout of the
final spin state. Here we add an external magnetic field of 13
mT to split two branches of the Vi~ spin sublevels. m; = 1,0
states are used as the two-level spin system to carry out the
spin coherent control. Figure Sa shows the Rabi oscillation as a
function of the microwave power. The data is fit using A + B,
exp(—7T%,) cos(2afir + ¢,) + B, exp(—7/T%,) cos(2xf,T +
¢,). We observe an oscillation with two Rabi frequencies,
which are in the tens of megahertz range. The exponential
decay of one oscillation component gives the spin-dephasing
time of T) = 120 ns. To gain more insight into the spin
properties of the Vi~ defects at different depths, we measure
the spin—lattice relaxation times T, and spin—spin relaxation
times T, of the Vi~ defects created with different ion
implantation energies. The pulse sequences are shown as
insets in the left panels of Figure 5b,c. By fitting the results, T
and T, are obtained as ~17 and ~1.1 ps, respectively. As
shown in Figure 5b,c, both T, and T, are independent of the
ion energy, indicating the spin properties of the V3™ defects are
nearly independent of the depth. The depth-independent T,
suggests that the coherence times are not limited by the
surface. They are likely dominated by nuclear spin noise but
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Figure S. Pulsed ODMR measurements of V3~ spin defects. A static
magnetic field of 13 mT perpendicular to the hBN nanosheet is
applied to split the spin sublevels. (a) (left panel) Rabi oscillation of
Vg~ spin defects. (right panel) Rabi frequency as a function of the
microwave power. (b) (left panel) Measurement of the spin—lattice
relaxation time T). (right panel) T, of Vy~ defects with different
depths. (c) (left panel) Measurement of the spin—spin relaxation time
T,. (right panel) T, of the V;;~ defects with different depths.

may also be limited by the inhomogeneity, as we use an
ensemble of spin defects instead of a single spin defect.*®

In conclusion, we have realized a significant improvement of
the ODMR contrast and the brightness of hBN V3~ spin
defects. We observe a record-high ODMR contrast of 46%,
which is 1 order of magnitude higher than the best former
result with hBN. We use low-energy He" ion implantation to
create Vi~ defects as shallow as 3 nm in hBN nanosheets.
Moreover, both CW and pulsed ODMR measurements display
that their spin properties are nearly independent of the ion
implantation energy. This result confirms the feasibility to
create high-quality V™ defects proximal to the hBN surface. In
addition, we utilize the gold film surface plasmon to enhance
the brightness of V3~ defects and obtain an up to 17-fold
enhancement of the PL intensity. We also explore the effects of
laser power and microwave power on the CW ODMR contrast
and linewidth. With these, we achieve a CW ODMR sensitivity
around 8 uT/~/Hz. We expect that the PL can be enhanced
further with plasmonic nanoantennas,” and the magnetic field
sensitivity can be improved by using more powerful pulsed
sensing protocols. In addition, during the preparation of this
manuscript, we became aware of a related work™ that reported
a PL enhancement of hBN spin defects with a photonic cavity
by a factor of ~6 at high NA collection and an ODMR contrast
of about 5%. The surface plasmon may be combined with a
photonic cavity to obtain better results in the future. Our work
strongly supports the promising potential of V™ defects as a
nanoscale sensor in a 2D material platform.
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Methods

Preparation of hBN spin defects: We used commercially available hBN single crystals
purchased from 2D Semiconductors. hBN nanosheets were exfoliated to 10-100 nm thick

with tapes and put on top of a 1 cmx1 cm Si substrate. The sample was put into a home-



built ion implanter based on the ion source ISIS3000 (PSP Vacuum Technology). The hBN

flakes were implanted with low-energy He't ions ranging from 200 eV to 3 keV.

Pick up and transfer hBN flakes: After ion implantation, hBN flakes were transferred
onto other substrates (e.g. sapphire, gold, etc.) for further measurement. In order to pick
up and transfer the hBN flakes, we use a stamp consisting of a thin film of polycarbonate
(PC) mounted on a block of polydimethylsiloxane (PDMS) for mechanical support.! The
stamp is placed on a glass slide attached to a micromanipulator under a microscope (2D
Heterostructure Transfer System, hq graphene). The Si substrate, with hBN flakes to be
transferred, is fixed onto a heated stage and positioned with a micromanipulator. The PC
stamp is first placed into contact with a selected hBN flakes. Then the stage is heated up
and let it gradually cool down after reaching 150 °C. Next, we lift the PC stamp from the
Si substrate at 60 °C. These temperatures are chosen because they allow us to pick up the
hBN flakes with a 100% success rate. Then we remove the Si substrate and place the target
substrate (gold, sapphire, etc) onto the heated stage. We position the hBN flakes over a
selected region of the target substrate (e.g. center part of the gold microstrip), and bring
the PC stamp and target substrate fully into contact. Again, the stage is heated up to 150
°C and then let it gradually cool down. At 60 °C, we lift the glass slide with PDMS block.
The PC stamp remains on the target substrate due to the preferential adhesion. Finally,
we use chloroform, acetone and isopropyl alcohol to dissolve the PC stamp and clean the

substrate surface.

Confocal microscope: Optical measurements were carried out at room temperature under
ambient conditions using a home-built confocal microscope system. A 532-nm laser was sent
through a 650 nm dichroic mirror and focused on the sample using an high numerical aperture
(NA=0.9) objective lens with 100X magnification. An acousto optic modulator (ISOMET,
M1205-T110L-1) was used as an fast optical switch. The PL was separated from the laser by

a dichroic mirror and the residual laser light was aborbed by two 550-nm long-pass filters.



Afterward, the PL was coupled into a 125-um single-mode fiber, and guided to a single
photon counter (Excelitas, SPCM-AQRH) or a spectrometer (Andor shamrock SR-500).

Optically Detected Magnetic Resonance Measurements: ODMR measurements were
performed using the confocal system described above. A gold microwave coplanar waveguide
(Figure S1) was patterned using standard photolithography techniques and electron beam
evaporation of 300 nm Au on sapphire. A 10 nm Ti layer is deposited on sapphire before Au
deposition. The root-mean-square (rms) roughness of the gold film is measured to be 1.2 nm
(Figure S1(b)). The width of the center microstrip line is 50 pum to deliver the microwave
to the hBN samples on top of it. Two fast RF switches (Mini-Circuits ZASWA-2-50DRA+)
were used to modulate the microwave amplitude for detecting the change of PL intensities.
A permanent magnet was mounted on a linear translation stage behind the sample to apply

a tunable external dc magnetic field perpendicular to the hBN flake surface.
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Figure S1: (a) The optical image of the gold waveguide. Scale bar: 300 ym. (b) The AFM
image of the gold film of the waveguide. Scale bar: 400 nm.

Effects of ion implantation energy and dose

Experimentally, we have successfully generated Vj; defects with an ion energy as low as

200 eV, corresponding to a depth around 2.5 nm. When the dose density is fixed at 5x10%3



cm ™2 for implantation, the PL intensity increases when we increase the ion energy (Fig.
S2(a)), implying that ions with higher energies have a larger probability to break the B—N
bonds and create V defects.

In addition, we study the dependence of the PL intensity on the Het dose. We fix the
ion energy and tune the implantation duration to change the dose (Fig. S2(b)). The PL
intensity first increases with the increasing implantation dose, and then becomes saturated
at a high dose. The implantation with 600 eV He* ions has a lower saturation dose and
PL intensity than those with 2.5 keV He™ ions. This is because the implantation depth of

low-energy ions is smaller than that of high-energy ions.
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Figure S2: (a) PL intensity as a function of the He™ ion energy. The dose density is fixed at
5x 10" em™2. A 3 mW 532-nm laser is used for excitation. (b) PL intensity with different
ion implantation doses.

Measurement of the electron spin initialization time

We also characterize the electron spin initialization time as a function of the power of the
532 nm excitation laser. Figure S3 presents time-resolved photon count rates beginning with
different spin states. The initial state is a mixture state at thermal equilibrium when the
laser has been off for a long time (much longer than 77). When the laser pulse is turned on,
the electron spins are getting polarized and the photon count rate increases. To prepare the
polarized state as a reference, we apply a 3-us-length laser pulse to polarize electron spins to

the my; = 0 state. The laser is turned off for 100 ns (which is much shorter than 77) before

4



being turned on again for recording the reference photon count rate. The difference between
the count rates of these two states is calculated and then fitted exponentially to determine
the spin initialization time. We find that the required spin initialization time is on the order
of 100 ns. The gold film reduces the spin initialization time, which also speeds up quantum

sensing.
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Figure S3: Time-resolved photon counts starting from different spin states. The laser power
is set as 200 uW.

Enhancement of the brightness with different substrates

In the main text, we reported the PL enhancement due to the gold film. Here we compare
the brightness of the V; on different substrates (Fig. S4). We use the same photolithography
method to fabricate a 300-nm thick silver microstrip on top of the sapphire wafer. Then
we transfer the ion implanted hBN flakes onto both the silver and sapphire substrates. On
the silver film, we also observed a comparable brightness enhancement (up to 16 times) as
the gold film. Besides, we also compare the brightness of V; on SiO; and indium tin oxide

(ITO). No brightness enhancement is observed on either SiOy or ITO substrates.
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Figure S4: V; PL intensities as functions of the laser power on different substrates. Sapphire,
silver, ITO and SiO, substrates are studied here for comparison. Vj; on the silver substrate
has a similar brightness enhancement as the V; on the gold. Other substrates studied here
do not show observable brightness enhancement. The V5 defects are generated by 2.5 keV
He™ ions.

Analysis of ODMR contrasts, lineshapes and sensitivity

Fit to the ODMR lineshape: Here we use a double Lorentzian model to fit the ODMR

spectra, and determine the ODMR contrasts and lineshapes. The intensity of the ODMR

spectrum as a function of the microwave frequency v can be written as?

(A /27 o (Bn)2p
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where R is the photon count rate, C; (i=1,2) is the ODMR, contrast associated to the dip
of the PL intensity, v; (i=1,2) is the associated central resonance frequency and Avy; (i=1,2)
is the associated linewidth (FWHM). An external magnetic field will induce a shift of the

central frequency v; (i=1,2) through the Zeeman effect.

Magnetic field Sensitivity with CW ODMR: To measure an external dc magnetic field,

we can directly evaluate the Zeeman shifts in the CW ODMR spectrum. The sensitivity in



this is determined by the PL intensity, contrast and linewidth, which reads as?®
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where h is the Planck constant, g is the Landé g-factor and pp is the Bohr magneton. In

this expression, A is a numerical parameter related to the specific lineshape function. For a

Lorentzian profile that we used above, A ~ 0.77.

The effect of the microwave power on ODMR contrasts and linewidths: In the

main text, we show the microwave power Py dependence of the ODMR contrast and
linewidth. We fit the ODMR signal to a double lorentzian model at different microwave

powers Pyrr. Then the contrasts and linewidths are fit to?®

PMW
C(P, =Co X ——— 3

and

AV(PMV[/) = D1 X A/ PMW + DQ, (4)

respectively. Here B, Dy and D, are the fitting parameters that relate to the spin polarization

rates, optical satuation parameters and the rates of optical cycles.
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Figure S5: Laser power dependence of CW ODMR measurements. The microwave power

is fixed at 0.4 W. (a) ODMR contrast (b) ODMR linewidth (c) Magnetic field sensitivity
based on the contrast, linewidth and PL intensity.



The effect of the laser power on ODMR contrasts and linewidths: Here we also
perform a group of ODMR experiments to determine the optimal laser power for getting a
high magnetic-field sensitivity (Fig. S5). When we increase the laser power from 200 W to
10 mW, the ODMR contrast first increases and then decreases after reaching the maxima.
Meanwhile, the ODMR linewidth keeps increasing. According to Eq. 2, the sensitivity is

proportional to CA\/VE‘ Thus, besides the contrast and linewidth, the excitation laser power

affects the sensitivity also through the PL count rate R. When we increase the laser power,
the PL intesity also significantly increases before reaching the saturation power. As a result,

we find that 5 mW laser in our case is around the optimal condition.

The effect of a different microwave alignment: We also designed a )-shaped mi-
crowave waveguide to apply the microwave (Figure S6(a)). The magnetic field of the driving
microwave is nearly perpendicular to the hBN flake at the center of the €2 ring. Under
1 mW laser excitation and 2.5 W microwave driving, the CW ODMR contrast is around
7.5%, which is about 6 times smaller than what we observed when microwave field is aligned

correctly (e.g. when the hBN flake is on a straight-stripe waveguide in Fig. S1).
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Figure S6: CW ODMR with a Q-shaped microwave waveguide . (a) Image of a hBN flake
inside the 2 ring. In this geometry, the magnetic field of the microwave is approximately
perpendicular to the flake’s surface. The width of the straight (horizontal) gold line is 20
pum. The outer radius of the Q ring is 35 pm and the inner radius of the ring is 20 pum. (b)
ODMR spectrum under 1 mW laser excitation and 2.5 W microwave driving.



High-contrast CW ODMR with no plasmonic enhancement: To confirm that the
high contrast of the CW ODMR is not due to the plasmonic enhancement but the result of
the intrinsic property of V; defects, we choose a thick hBN flake to perform the CW ODMR
measurements. The hBN flake is a few hundred nm thick so that we do not observe any
PL enhancement. The CW ODMR measurements show that the high contrast from the Vj

defects does not rely on the plasmonic effect (Figure S7).
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Figure S7: High-contrast CW ODMR of hBN Vj defects in a thick hBN flake on a gold
straight-stripe waveguide. The hBN flake chosen here is a few hundred nm thick and has no
plasmonic enhancement on the PL intensity.
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