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ABSTRACT: The past decade has witnessed a growing research interest in
quantum sensing using spin-active boron vacancy (V) defects in hexagonal
boron nitride (hBN). While hBN enables easy chip integration, current
quantum sensing devices suffer from low optical readout and noisy signals due
to inefficient waveguide designs that limit microwave absorption, resulting in
reduced optically detected magnetic resonance (ODMR) contrast. This study
advances hBN-integrated quantum sensors through three generations,
culminating in a compact single-port coplanar waveguide (CPW). Unlike
conventional two-port waveguides, our design allows on-chip optical and microwave excitation, ensuring improved impedance
stability and high radio frequency (RF) magnetic field concentration without altering spin properties. As a result, we achieve a high
ODMR contrast of ~28% at low microwave power (MW) of 400 mW. This miniaturized sensor enhances efficiency three times,
reduces the use of RF power to five times, and supports robust performance at lower MW power, making it ideal for scalable
quantum sensing applications such as magnetic field detection.
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olid-state spin active defects such as nitrogen-vacancy

(NV™) centers in diamond,"”” carbon (V.), and silicon
(Vsy) defects in silicon carbide (SiC),>” and more recently,
negatively charged boron vacancy (V) defects in hexagonal
boron nitride (hBN)®"® are critical for the development of
quantum sensing. Unlike diamond and SiC, which are three-
dimensional (3D) bulk materials, hBN is a two-dimensional
(2D) van der Waals (vdW) layered material that enables easy
exfoliation and hosts V; spin defects, operating at room
temperature. Well-established techniques like ion implanta-
tion,”'° electron irradiation,'' and femtosecond laser writing12
can be employed to create an ensemble of Vy defects at a
controlled depth from the surface.'® Furthermore, V defects
are temperature-resilient (up to 600 °C)'* and can be
characterized using concurrent laser and microwave (MW)
fields, aided by embedded fiber optics and waveguides. The
response can be read optically at room temperature by
optically detected magnetic resonance (ODMR),”"” eliminat-
ing the need for a complex setup.

The V spin defects in hBN have demonstrated significant
potential for localized sensing of electrical, magnetic, and
thermal fluxes within solid-state materials, emphasizing its
potential for transformative device applications.'® Experimental
validation through confocal and wide-field optical microscopy
platforms confirms hBN as a promising material for quantum
technologies such as quantum sensing.'”'’ > Specifically,
hBN-based quantum sensors offer excellent integration with
optoelectronics, photonics, and CMOS architectures due to
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their flexibility, enabling accelerated scalability compared to
their rigid counterparts and allowing precise control of their
response through 1physical stimuli such as temperature,
pressure, and strain.

The performance of a quantum sensor harnessing optically
active spin defects is typically assessed using ODMR, which
depends on the efficient detection of subtle changes in the
photoluminescence (PL) signal as a function of the driving
MW frequency. On resonance, MW can drive electron state
transitions, which can lead to a change in the PL signal,
showing up as a contrast when comparing cases with and
without MW driving. Most ODMR demonstrations use
conventional cavity resonators”® and two-port (through-line)
coplanar Wav<eguides,6’16'24 which rely on MW transmission
and exhibit significantly reduced sensitivity to small frequency
changes due to limited MW absorption. Furthermore, the
inherent low brightness of V5 defects in hBN'®*" complicates
detection, requiring high laser fluence. This leads to reduced
resolution, increased noise, heat buildup, and potential sample
damage. Thus, a novel waveguide design is highly desired to
address these issues.
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Figure 1. (a) The Gen 3 waveguide device with the zoomed-in figures showing the transferred hBN flakes on the constricted region. (b) Illustration
of the experimental setup for PL and ODMR measurements. (c) The energy level diagram of a V defect and the optical pumping cycle between
the ground state (GS), the excited state (ES), and the intersystem crossing state (ISC). (d) The confocal PL imaging of V5 implanted hBN flake
showing plasmonic enhancement from the hBN lying on top of the gold waveguide, compared to the one resting over sapphire substrate. (e) The
PL spectra V ensemble in hBN lying on gold (blue) and sapphire (red). The regions are highlighted by the corresponding blue and red dotted

rectangles in (d).

In this work, we attempt to solve these challenges by
adopting a modified waveguide design for efficient quantum
sensing. A single-port waveguide design relies on MW
reflection and offers the detection of subtle variations in
resonance behavior as a result of efficient MW absorption and
superior magnetic field sensitivity. We design and fabricate a
shorted, constricted single-port coplanar waveguide (CPW),
which enables seamless integration of hBN with combined
optical and MW excitation. Multiphysics simulations carried
out using COMSOL confirm better impedance stability and a
high radio frequency (RF) magnetic field concentration of
single-port CPW, twice as strong as conventional through-line
CPWs (Gen 1: Transmission waveguide (TW)), enabling
better signal-to-noise ratio (SNR) at lower MW power. We
then fabricated devices based on substrate optimization,
adopting a single-port CPW design on Si/SiO, (Gen 2) and
sapphire (Gen 3) substrates to experimentally validate the
design performance. We demonstrate a systematic improve-
ment in the optical readout from Gens 1—3, where our Gen 3
device achieves an ODMR contrast of ~28%, enabling energy
efficiency and preservation of peak width resolution.
Furthermore, we show a substantial ~3-fold enhancement in
the photoluminescence (PL) of Vj defects in the Gen 3 device
by optimizing the surface characteristics of the sensor, resulting
in improved DC magnetic field sensitivity (1pc) of the Gen 3
device. We further investigate the intrinsic spin properties of
the Vg ensemble coupled with Gen 3 device by measuring the
spin—lattice relaxation time (T)) and spin coherence time
(T,). These findings highlight the potential for practical,
energy-efficient, robust, and compact quantum sensing devices.

Figure la shows the Gen 3 quantum sensing device,
connected to a standard coaxial RF (SMA) connector and

11284

integrated with hBN. The creation of a spin-active ensemble of
the V defects in mechanically exfoliated hBN flakes on a Si/
SiO, substrate was performed by helium ion (He") irradiation.
The irradiated flakes were then deterministically transferred to
the restricted region of the prefabricated CPW structures (the
magnified optical images) by the polymer-based dry transfer
method. The schematic in Figure 1b shows the Vy defects
associated with the optical excitation and readout processes.
We excite the Vy defects using a 532 nm laser and collect the
emitted photons. Akin to the NV~ center in diamond, the Vg
center is a spin-1 (S = 1) system with triplet ground and
excited states (see details in the Supporting Information).
Figure Ic illustrates a simplified energy level diagram for the
V5 center. The ground-state Hamiltonian of the Vg center in
an external magnetic field B, can be expressed as™

B s(s+1))
3

H= Dgs(sj + E (S - S)) + 1B.S,

(1)

Here, Dy, &~ 3.48 GHz is the zero field-splitting parameter, E,

~48 MHz is the transverse ZFS parameter, and y, 28MHZ/,,,T

is the electron-spin gyromagnetic ratio. S, S,, S,, and S, denote
the electron spin operators, and B, is the out-of-plane
component of the magnetic field. The application of
microwaves allows the manipulation of the electron spin
between the m; = 0 and m, = + 1 spin sublevels. Confocal PL
imaging of an hBN flake overlapping a gold waveguide and
sapphire revealed a strong plasmonic coupling between the Vg
ensemble and the underlying gold, resulting in enhanced
photoluminescence, eventually leading to better device
performance (Figure 1d).”* The PL spectra obtained from
the V ensemble in hBN lying on the flat gold and sapphire are
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Figure 2. (a) The designs and (b) the finite element simulations of the Gen 1, 2, and 3 devices, respectively. The magnetic field intensity at the
gold stripline of each of the devices has been presented. The field strength values for Gen 2 and 3 were close, approximately double that of Gen 1.
The highest magnetic field values for Gen 1, 2, and 3 devices we obtained were 1037, 2390, and 2520 A/m, respectively, at a frequency of 3 GHz
and an RF power of 1 W. (c) The impedance characteristics of CPWs as a function of MW frequency. The impedance is stable for Gen 2 and 3
over the working frequency range (2—4 GHz). (d) The field line distribution for the Gen 3 device. Most field lines are parallel to the hBN plane,
even up to 30 um. (e) The PL spectra of V defects, acquired from Gen 1, 2, and 3 at room temperature. (f) The ODMR contrasts of Vzensemble

for three Gen devices at an external magnetic field of 0 mT.

shown in Figure le. The two spectra were acquired from the
regions of the hBN highlighted by the corresponding blue
(hBN on the gold waveguide) and red (hBN on sapphire)
dotted rectangles and show evidence of strong PL enhance-
ment due to plasmonic coupling of the Vy defects with gold.

Figure 2 presents the designs and the corresponding
COMSOL simulation results for three generations (Gen 1—
3) of the physical quantum sensing devices fabricated on
various substrates. Contrary to the typical two-port through-
line waveguide design, adopted for the Gen 1 device, we opted
for a shorter CPW design due to its inductive nature and
minimal parasitic effects compared to through-line CPWs.*®
The inductive nature implies a much larger generation and
storage of magnetic fields,””*® which is crucial for providing
larger driving RF fields, enabling a better ODMR response.
The constricted waveguide design, which imposes specific
boundary conditions, leads to stronger field confinement.
Unlike the case of through-line CPWs, the shorted CPW is
designed with a self-impedance of 50 €2, eliminating the need
for an additional S0 Q termination, allowing pathways for
robust miniaturization. Additionally, the shorted CPW exhibits
lower losses than the former, allowing for an energy-eflicient
device design.”’

We simulated the RF characteristics; namely the impedance
and the magnetic field intensity of through-line and shorted
CPWs on Si/SiO,, Si/SiO, and sapphire substrates. The
computer-aided designs (CAD) of Gen 1, 2, and 3 devices

have been presented in Figure 2a. Simulations were carried out
in COMSOL Multiphysics in a frequency range of 1-10 GHz
(Figure 2b). The Gen 1, 2, and 3 devices were fabricated on
Si/Si0,, Si/SiO, and c-sapphire substrates, respectively, where
a Gen 3 device is shown alongside a one-cent coin for scale in
Figure S1, Supporting Information. Notably, the device
parameters can be adjusted to achieve a desired characteristic
impedance, such as the 50 Ohms used in this study. The signal
line width has been kept constant at 200 ym, whereas the slot
width (i.e., the distance between signal and ground lines) has
been adjusted to have close to 50 € impedance at 3 GHz with
values of 140, 145, and 1SS um for Gen 1, 2, and 3
respectively.

The simulations were carried out within the same volume of
2500 X 1500 X 1000 ym® with a fixed substrate thickness of
500 pum. All three devices exhibited robust impedance stability
throughout the entire frequency range, with a standard
deviation of 10% from the targeted 50 €2, with the Gen 3
device showing the closest match in the preferred MW
frequency range of 2—6 GHz for the ODMR measurement
(Figure 2c). The deviations at lower frequencies are generally
associated with larger losses in these CPWs. More importantly,
Gen 2 and 3 devices show a 2-fold increase in the magnetic
field concentration for the same dimensions of the active
region as opposed to Gen 1. The optimal accumulation of the
RF magnetic field around the shorted antenna, at varying MW
powers, has been simulated and presented as Figure S2,
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Figure 3. (a) Schematic of the Rabi oscillation measurement protocol. The duration of the blue MW pulse is modulated, and the PL is collected as
shown in the diagram. (b) Collected Rabi oscillation data for devices Gen 1, Gen 2, and Gen 3 devices. (c) Schematic of the T; measurements
performed. The state is initialized to the state m= 0, and its decay is monitored as a function of time. (d) Collected T; data of Gen 1, Gen 2, and
Gen 3 devices. (e) Hahn Echo pulse sequence for measuring the T, of the qubits. After initialization into m;, = 0, the state is put into superposition

with a g - — % sequence with increasing duration between pulses. (f) Measured T, data for Gen 1, Gen 2, and Gen 3 devices.

Supporting Information. This improved performance can be
attributed to the inductive nature of shorted CPWs compared
to the capacitive nature of through-line CPWs,*® which can
store and generate larger magnetic fields. This enhanced
magnetic field strength is crucial for achieving proper
alignment of the external driving field, a critical factor for
generating strong readout signals from the V defects. Notably,
the simulations also reveal that the magnetic field lines in Gen
2 and 3 remain parallel to the waveguide surface even up to 30
um (Figure 2d). This parallel alignment further ensures an
optimal interaction between the MW magnetic field and the Vg
spins, resulting in better contrast in the readout of the spin
state.

Upon excitation, the Vg center can decay via two pathways:
a radiative transition resulting in PL emission in the range of
800—850 nm, or a nonradiative intersystem crossing (1sC).
The PL spectra obtained from devices Gen 1, 2, and 3 have
been presented in Figure 2e. The Gen 1 device displayed a
weak PL signal, while the Gen 2 device (with CPW design)
exhibited a relatively enhanced PL signal. This could be
attributed to the lower effective dielectric constant (&), which
reduces energy loss and substrate heating by electromagnetic
field confinement, effectively suppressing nonradiative recom-
bination and thermal quenching. However, the PL counts for
the Gen 3 device further increased ~3-fold compared to Gen
2, which we speculate to be associated with a higher surface
roughness of the sapphire substrate (6—8 A)*® (enabling more
contact with gold surface for plasmonic enhancement)
compared to the Si/SiO, substrate (1 A),*" and its better
heat buildup management,*” as the PL responses are strongly
coupled with the thermophysical properties of the underlying
substrate.®> Continuous wave (cw) ODMR measurements
have been performed to acquire the basic spin characteristics of
the Vg defects ensemble. The defects are excited by a 532 nm
laser with an objective lens of NA = 0.9, which also collects the
PL associated with V; defects. We recorded the integrated
photon counts as a function of the applied MW and quantified
the differential response of the Vi defects by analyzing the
difference in photon count rates between the microwave off
(Igff) and microwave on (I,,) states. The ODMR contrast (C)
is then determined by normalizing the PL difference with the
PL intensity when the MW is off: C = (I,, — Ioff)/Ioff. A

negative contrast C of the ODMR means that the MW driving
decreases the PL intensity.

Figure 2f shows the ODMR contrast obtained from Gen 1—
3 devices without an external magnetic field. The ODMR of
Gen 1 and Gen 2 devices was performed at a MW power of
2W, while that of Gen 3 was performed at a much lower power
of 400 mW due to signal saturation at higher power. The
measured ODMR spectrum for the Gen 1 device revealed two
distinct resonances, v, and v,, bracketing a central frequency,
Vp. This central frequency, v, aligns closely with the zero-field
splitting (ZFS) value of approximately 3.48 GHz. The splitting
between v, and v, is due to the nonzero off-axial ZFS
parameter E,/h = 50 MHz (h being the Planck constant). The
ODMR contrast achieved in Gen 1 device was approximately
12%. However, transitioning to a single-port design in the Gen
2 device significantly improved the contrast of ODMR to
around 26%. This enhancement is attributed to the optimized
design, which allows for a more efficient coupling of microwave
radiation to the spin defects and agrees with our simulation
results. However, the resolution is compromised because the
line width power broadening at high driving fields. This is
evidenced by the softening of the two distinct peaks. For the
Gen 3 device, we observed the highest ODMR contrast of
28%, along with well-defined off-axial ZES peaks at a low MW
power of 400 mW, which is just 20% of the maximum power
capacity. The ODMR contrast obtained at different microwave
powers for the three generations of devices is presented in
Figure S3, Supporting Information. The retention of such high
ODMR contrast of Gen 3 compared to Gen 2, particularly at
lower MW power, can be attributed to the significantly lower
loss tangent of sapphire (0.00002) compared to silicon
(0.004)."* The low-loss tangent of sapphire minimizes
radiative losses and ensures efficient delivery of MW power
directly to the defects, while simultaneously reducing the
thermal deterioration of the obtained signal. The overall results
demonstrate that the successful preservation of sensitivity
alongside exceptionally high ODMR contrast can be associated
with the optimal alignment of the RF magnetic field
perpendicular to the quantization axis (c-axis). Miniaturization
with this design is achievable, as demonstrated in our Gen 2
sensing device (Figure S4(a, b), Supporting Information),
where over 200 coplanar waveguides (CPWs) fit within a 1 cm
X 1 cm area. In Gen 3, we intentionally extended the
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Figure 4. (a) ODMR spectra measured at zero magnetic field (bottom) and magnetic field B = 12 mT (top) with the corresponding ODMR
frequencies, v, vy, and, ,, respectively. (b) ODMR frequencies as a function of the magnetic field (B | | ¢). The experimental data (blue) and the fit
(dotted black line) have been obtained using eq 2 with parameters D/h = 3.48 GHz, E/h = S0 MHz, and g = 2.000. The purple dashed line

represents the position of the left ODMR spectrum at B = 12 mT.

dimensions of G, D, and S to facilitate a standard SMA
connector for convenient lab handling. An argument can be
made that the significantly greater length of the shorted
antenna in Gen 1, compared to Gen 2 and Gen 3, could
potentially contribute to the observed reduction in MW
radiation density. To address this, we conducted COMSOL
Multiphysics simulations in which we intentionally maintained
a constant antenna footprint of 100 X 50 ym for both the open
(Gen 1) and shorted (Gen 2 and Gen 3) antenna designs,
using identical signal and ground line thicknesses. The
simulations reveal that the shorted antenna design produces
a 2-fold increase in the peak magnetic field (1640 A/m)
compared to 837 A/m for the open antenna under the
identical simulation area, antenna volume and input RF power
conditions (see Figure SS (a, b), Supporting Information).
Furthermore, introducing a 30 X 30 ym constriction reduces
the overall volume of the antenna and leads to a further
enhancement in the magnetic field strength, reaching 2520 A/
m, as expected (Figure SS (c)). These results highlight the role
of inductive effects in short waveguides for enhancing magnetic
field strength,”® reinforcing their suitability for robust quantum
sensor design, as also demonstrated in hybrid quantum
systems.27

To understand the impact of the CPW device on the spin
properties of Vgspin defect, we performed pulsed ODMR
measurement protocol to determine the spin—lattice relaxation
time T, and the spin coherence time T, for all three devices.
Response of the device to pulsed ODMR experiments will act
as a precursor to more complex sensing protocols.’®”” The
ground state is optically initialized with a laser pulse, which is
then subsequently manipulated coherently with MW pulses.
Then a second laser pulse is employed to optically read the
final spin state. Here we added an external magnetic field of 12
mT to split two branches of the V5 spin sublevels. The m = 1,
0 states are used as the two-level spin system to perform the
spin-coherent control. Figure 3a and b respectively show the
pulse schematic and contrast for Rabi oscillations for the three
devices. The data is fit to the function A sin (wt + ¢) exp (—t/
7) + ¢ to extract the Rabi oscillation frequency and the Rabi
coherence time. The @y for Gen 2 and 3 devices is double that
of Gen 1 indicating a roughly 2-fold increase in the incident
MW amplitude on the samples. Furthermore, the Gen 2 and 3
devices show a similar @y, indicating aindicating similar MW
power impinging on the Vydefects, corroborating the results
observed in the simulations (Figure 3b). Despite the fact that

the RF power applied to Gen 3 is ~80% (or 7 dB) less than
that of Gen 2, we can see a drastic improvement in signal
quality for the Gen 3 device. These results indicate efficient
MW power delivery to the Vzdefects in the Gen 3 device at
very low input MW power. Figures 3c and 3e show the pulse
sequences used to measure the T, and T, times, respectively.
From the fittings Aexp(—%l) + B and Aexp(—TLz) + B in
Figure 3 d and f, T, and T, show similar values for the three
devices, with Gen 3 having slightly higher values (14.6 s and
62 ns, respectively). This implies that our CPW design does
not influence the intrinsic spin characteristics of Vyzdefects.

Figure 4a demonstrates the sensing of the external magnetic
field using the Gen 3 device following the electron spin
resonance (ESR) measurement. The evolution of the ODMR
spectrum for hBN when an external magnetic field is applied
parallel to its hexagonal c-axis has been presented. To mitigate
heat build-up that could influence the accuracy of the
measurements, we intentionally kept reduced laser (400 yW)
and microwave power (200 mW) during the ESR measure-
ments, resulting in a lower ODMR contrast. The observed
transitions and their field-dependent behavior can be explained
using the standard spin Hamiltonian (eq 1), where the z-axis
aligns with the c-axis of the hBN crystal. Based on eq 1, with B
applied parallel to the c-axis, the resonant MW frequencies for
transitions vary as

_ 17 2
vy =t . VE + (guyB) )

Here, vy = D/h. The ESR map, which presents the frequency
splitting between v, and v, as a function of MW frequency at
varying external magnetic field applied along the long axis of
the crystal, has been shown in Figure 4b. This splitting can be
precisely modeled using eq 2, which indicates a highly
symmetrical, nearly uniaxial defect structure.

ODMR spectroscopy is a primary technique for estimating
the #p¢ of Vg spin defects in hBN. Despite technical noise and
measurement uncertainties, the 7y can be characterized by its
shot-noise-limited sensitivity’®

_ 4 h Av
T35 gy OV (3)
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where Ay, C, and I represent the ODMR line width, ODMR
contrast, and PL count rate, respectively. h is Planck’s constant,
g =~ 2 is the Landeé g factor, and pjp is the Bohr magneton.

Due to the relatively short coherence time of the
Vgensemble, leading to an indistinguishable ODMR spectral
line shape,‘w’40 individual resonance peaks must be resolved
using the Lorentzian model (eq 4) to fit the ODMR spectrum
and extract Av:

Av

2
v —w) + (AT)Z )

where g, b are fitting parameters, Av is the line width of the
transition, and v, is the center frequency of the transition.
Based on eq 3, the #pc for Gen 1, 2, and 3 devices was
estimated to be 368, 117.7, and 72.7 /JT/\/H_Z, respectively,
under the same magnetic field (see Table 1, Supporting
Information). This indicates that our Gen 3 devices exhibit >5-
fold enhancement in #pc, compared to Gen 1 device. This
enhancement factor has been achieved by optimizing all
variables, including the line width (Av), contrast (C), and PL
intensity (I).

In conclusion, we propose an efficient hBN-integrated
quantum sensing device that exhibits excellent ODMR
performance at low RF power of 400 mW, by adopting a
single-port shorted coplanar waveguide (CPW) design,
fabricated on a sapphire substrate. Superior MW coupling
with Vg spin defects and low-loss tangent of sapphire substrate
resulted in an optimal ODMR contrast of 28% and higher PL
(cps) in our Gen 3 device, achieving a high #npc of 72.7
UT/~/Hz. This represents a S-fold improvement over
conventional two-port designs (Gen 1). The technology
presented offers a compelling combination of compactness,
simplicity of design, and energy efficiency. In particular, it also
achieves a high signal-to-noise ratio (SNR), which is crucial for
reliable operation in environments with significant background
noise. These attributes, particularly the miniaturization, and
high optical readout at low power consumption, render this
technology a promising candidate for future integration into
robust quantum sensing applications.

Iv) =a+bx
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