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Fiber-Integrated van der Waals Quantum Sensor with an

Optimal Cavity Interface

Jong Sung Moon, Benjamin Whitefield, Lesley Spencer, Mehran Kianinia,
Madeline Hennessey, Milos Toth, Woong Bae Jeon, Je-Hyung Kim,* and Igor Aharonovich*

Integrating quantum materials with fiber optics adds advanced functionalities
to a variety of applications, and introduces fiber-based quantum devices such
as remote sensors capable of probing multiple physical parameters. However,
achieving optimal integration between quantum materials and fibers is
challenging, particularly due to difficulties in fabrication of quantum elements
with suitable dimensions and an efficient photonic interface to a commercial
optical fiber. Here a new modality for a fiber-integrated van der Waals
quantum sensor is demonstrated. A hole-based circular Bragg grating cavity
from hexagonal boron nitride (hBN) is designed and fabricated, engineer
optically active spin defects within the cavity, and integrate the cavity with an
optical fiber using a deterministic pattern transfer technique. The
fiber-integrated hBN cavity enables efficient excitation and collection of
optical signals from spin defects in hBN, thereby enabling all-fiber integrated
quantum sensors. Moreover, remote sensing of a ferromagnetic material and
of arbitrary magnetic fields is demonstrated. All in all, the hybrid fiber-based
quantum sensing platform may pave the way to a new generation of robust,
remote, multi-functional quantum sensors.

fiber sensors are already used widely in
numerous fields, ranging from inertial
navigation”! to medical diagnosis.®! In the
ever-evolving realm of quantum sensing,
there is a growing demand for integrating
active quantum resources into highly-
matured fiber optic platforms. Whilst
laser coupling into a fiber is straightfor-
ward, achieving efficient excitation and
optical readout of an integrated sensor
is not, as it requires both mode match-
ing as well as submicron alighment
between the functional component (e.g.,
a quantum emitter) and the fiber.[>1

To date, substantial attention has been
given to quantum sensors based on
the nitrogen-vacancy (NV) center in
diamond.""1?1  However, the integra-
tion of bulk diamond or nanodiamonds
with fibers is challenging for several
reasons. First, the NV center emission
overlaps spectrally with fiber autofluores-
cence, which prohibits efficient sensor
operation.[’*} Second, integration of bulk

1. Introduction

Optical fibers underpin many mature technologies ranging from
high-speed internet to sensing and imaging. Integrating op-
tical fibers with active functional elements underpins future-
generation remote sensing devices, advanced biophotonic and
photonic technologies, and enables new modalities for light emit-
ting diodes, lasers and non-linear optics.'"! For these reasons,

crystals that possess a high refractive index significantly lim-
its the light extraction efficiency and applications that require
nanoscale focusing or spatial resolution.['* Alternatively, nanodi-
amonds attached to a fiber core result in inefficient excitation and
significant losses at collection pathways, particularly at small nu-
merical apertures (NAs).[1%15] A workaround is to use bulk optics
for imaging or integrate nanostructures at the fiber tip, which
requires cumbersome manipulation and often results in low
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Figure 1. Fiber-integrated quantum sensor a) Schematic illustration of the fiber-integrated quantum sensor. AhBN circular bragg grating (CBG) is placed
at the end of the fiber core, enabling excitation and collection of hBN spin defects embedded in the CBG. The inset is a visualisation of the negatively
charged boron vacancy, the spin-active defect used for sensing. b) SEM image of the hBN CBG. The CBG is connected to the hBN flake with a sprue-like
release structure that is broken when transferring the CBG onto the fiber. c) Optical image of the hBN CBG cavity integrated onto the fiber core.

coupling efficiencies.l'*8] These approaches limit the overall
performance and utility of devices and consequently, efficient in-
tegration of solid-state quantum sensors and fiber optics has, to
date, remained elusive.

The van der Waals material hexagonal boron nitride (hBN) has
recently garnered significant attention due to its layered nature
and unique optical properties.['*?% Importantly, it can host on-
demand single photon emission, as well as various spin defects
that are suitable for quantum sensing applications.[?"?’] A ma-
jor advantage of hBN is the ability to exfoliate thin flakes with
controllable thickness, enabling the fabrication of nanophotonic
cavities used to enhance light extraction and coupling.[?8-3% Addi-
tionally, hBN flakes can be positioned easily and deterministically
using well-established, mature flake transfer techniques.®!l As a
result, hBN is an ideal material platform for hybrid-integrated
quantum devices and, particularly appealing for integration with
optical fibers.

Here, we introduce a new fiber-integrated hBN cavity, and
use it to demonstrate proof-of-principle remote quantum sens-
ing. Specifically, we fabricate a hole-based circular Bragg grat-
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ing (CBG) cavity that generates a vertically narrow Gaussian
beam profile from hBN. We subsequently engineer, on demand,
spin defects (negatively charged boron vacancies, V;~) within the
CBG, and transfer it onto the core of a commercial optical fiber.
The engineered fiber cavities overcome the shortfalls of prior at-
tempts by efficiently coupling the emission from V™ centers into
the fiber, and enable proof-of-principle remote sensing of mag-
netic fields. Our results constitute a new hybrid system for re-
mote sensing, with unprecedented functionalities.

2. Results and Discussion

Figure 1a schematically illustrates the fiber-integrated quantum
sensor consisting of a monolithic CBG hBN cavity integrated
with a standard optical fiber. The CBG contains an ensemble
of optically-active spin defects that can be excited and read out
through the fiber. The inset depicts the V™ spin defects in hBN
which are used as sensors in this work. The CBG acts both as the
cavity for light collection as well as the active medium for quan-
tum sensing. The optical operation, including laser excitation and
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photoluminescence (PL) collection can all be done through fiber
without any additional optical components. See supporting infor-
mation for cavity fabrication details.

A scanning electron microscopy (SEM) image of a fabricated
CBG hBN cavity which is designed to enable ergonomic transfer
onto a fiber is shown in Figure 1b. The cavity is composed of a
nanohole array that is periodic in both the radial and tangential
directions. This design enhances the vertical directionality of the
coupled emission compared to a conventional CBG composed of
concentric rings.[*?] The sprue-like release structure around the
CBG provides a temporary mechanical connection to the parent
hBN flake — it breaks when the CBG is detached from the flake
and transferred to a fiber core. The transfer of the hBN CBG
onto the fiber was done using a standard polydimethylsiloxane
(PDMS) stamp 2D material transfer technique. Figure 1c shows
an optical image of the fiber-integrated CBG device post transfer.
Details of the fiber integration process and the cavity fabrication
method are described in Supporting Information.

The CBG cavity used in this work was designed specifically
to enable integration with a fiber, and to optimise fiber cou-
pling. The design (termed “hole-CBG”) replaces the air gaps be-
tween the rings of a conventional CBG with nanohole arrays be-
tween the rings.?? This has two primary advantages. First, whilst
all CBGs redirect emitted light in a vertical, out of plane direc-
tion, the hole-CBG achieves improved narrowing of the emis-
sion in the far field, yielding more efficient mode matching and
fiber coupling. Second, the entire hole-CBG structure is intercon-
nected structurally, which is critical for robust, reliable transfer
of such cavities without geometric distortion and damage that
would occur in conventional CBGs comprised of concentric rings
separated by continuous air gaps. During CBG fabrication, the
supporting sprue-like structures keep the cavity connected to the
parent hBN flake until they are broken during the lift-out step of
the transfer process. The cavity engineering process is assisted
by the layered nature of hBN. First, the ability to exfoliate hBN
enables ergonomic fabrication of the thin membranes used to
etch CBGs. Second, it simplifies the transfer process, and enables
transfer of CBGs onto fiber cores using a low-cost method that is
rapid, reliable and can, in the future, be scaled and automated.

To optimize the cavity design, we performed a finite-difference
time-domain (FDTD) simulation (See methods). An optimized
cavity geometry has the following dimensions: a central disk ra-
dius (R) of ~645 nm, a radial interval between nanoholes arrays
(1) of 498 nm, a tangential interval between nanoholes (I) of
~224 nm, and a nanohole radius (a) of ~75 nm. Figure 2a shows
the simulated far-field emission profile of the CBG cavity com-
pared to that of a pristine hBN flake. The hBN CBG exhibits a
highly-focused beam profile within a propagation angle of 10 de-
grees, whereas the pristine flake has a widespread emission an-
gle. This simulation confirms that the designed cavities can be ef-
ficiently coupled to low-NA optical systems such as optical fibers.
To compare the CBG and the pristine hBN flakes quantitatively
we calculate, in Figure 2b, the collection efficiency as a function
of the numerical aperture. The approximate numerical apertures
of single mode fibers, multimode fibers and high-NA optical sys-
tems are shaded yellow, green and blue, respectively. In the case
of the hBN CBG, 50% collection efficiency can be achieved even at
an NA of 0.1, corresponding to a single-mode fiber. A multimode
fiber would result in over 80% collection efficiency employing
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the same CBG cavity. In contrast, emission from pristine hBN is
barely coupled to a single mode fiber, and only 20% of the emis-
sion is coupled to a multi-mode fiber. The simulations illustrate
the high efficiency of the optimized cavity design, and illustrate
the ability to interface optimally with optical fibers.

Figure 2cis a simulated mode spectrum of the optimized cavity
design. It exhibits an intense, sharp resonance at 850 nm, to max-
imize the overlap with the V;- spin defects which have a broad
emission at ~#750-900 nm.[?*] The cavity mode indicates strong
Purcell enhancement (F, ~50) which enhances the radiative de-
cay rate of the emitters, and should increase the fluorescence in-
tensity of the defects. We note that the choice of the V;- spin
defect offers a practical advantage in that the emission does not
overlap spectrally with the fiber autofluorescence which domi-
nates the red spectral range. Finally, Figure 2d shows the tunabil-
ity of the cavity mode as a function of the hBN thickness. As an-
ticipated, the cavity mode wavelength red-shifts with increasing
thickness of hBN.

Once the parameter space for the hBN cavities was established,
the devices were fabricated by patterning the optimized cavity de-
sign with e-beam lithography followed by dry etching, and trans-
ferred onto optical fibers using a PDMS microstamp. We used a
multimode fiber with a core size of 50 um and NA = 0.22. (See
Supporting Information for technical details). First, we charac-
terised the performance of the CBG mounted onto the fiber core
Figure 3a,b show the FDTD simulation of the near-field power
(IE[?) map and the corresponding measured PL map of the hBN
CBG cavity, respectively. The emission spectrum in figure 3b was
obtained by exciting the hBN CBG with a 532 nm laser using a
high NA objective lens and collecting the emission through the
fiber. As shown in the two maps, the spatial distribution of the
cavity mode is similar to the simulation result, where the strong
cavity-enhanced PL is displayed at the center of the CBG cavity.
Figure 3c exemplifies the fiber coupling efficiency. We compared
the PL emission collected through the fiber from both the inte-
grated hBN CBG, and a pristine hBN flake. The integrated CBG
exhibits a significantly enhanced PL emission (x16) relative to
that of a pristine hBN flake.

Next, we performed both the excitation and collection of the
V;~ emission from the hBN CBG cavity using the fiber, as is
shown schematically in Figure 3d (i.e., without using an objec-
tive lens). Further setup details are provided in Supporting In-
formation. A PL spectrum from cavity-coupled V;~ spin defects
is shown in Figure 3e. The distinct sharp peak at 885 nm corre-
sponds to the cavity mode, which dominated the broadband spec-
trum of the V;~ emission in the range of 750-900 nm. Thus, we
can conclude that the cavity-enhanced V;~ emissions can be effi-
ciently excited and collected through the optical fiber. Additional
measurments are shown in the supporting information.

A key function of the fiber-integrated hBN device is to detect
spin-dependent electron transitions of V,~ defects by monitor-
ing their PL intensity, known as optically detected magnetic res-
onance (ODMR). Through the application of a resonant radiofre-
quency (RF) signal, electrons can be cycled between the |0) and
| £ 1) spin states within the electronic ground state manifold In-
set in Figure 3f. The resonant frequency of the spin transitions
is highly sensitive to external magnetic fields, and thus enables
opportunities for high-resolution, high-sensitivity quantum mag-
netometry.
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Figure 2. FDTD design of hBN hole-CBG cavities. a) Far-field emission profile map of an optimized hBN hole-CBG (left) and a pristine hBN flake (right)
b) Comparison of the collection efficiency of the hBN CBG cavity (blue circles) and a pristine flake of hBN (red triangles) as a function of numerical
aperture. The shaded regions (yellow, green, blue) denote the corresponding numerical aperture of a single mode fiber, multimode fiber and a high-NA
optical system. c) Simulated cavity mode spectrum in the emission range of the Vg~ defect. d) Central wavelength of the cavity mode as a function of

the thickness of the original hBN flake.

We confirmed the sensing functionality by performing ODMR
measurements using the fiber-integrated device. The cavity-
embedded V;~ centers were excited and the emission was col-
lected as shown in Figure 3d. An RF antenna was positioned near
the fiber as well as an external magnet to induce a weak magnetic
field. The ODMR plot is shown in Figure 3f with two distinct tran-
sitions at ~3.3 and ~3.6 GHz, corresponding to the |—1) and | +
1) spin states of the V- defect, respectively. The ODMR contrast
is approaching 3%, on par with contrast levels recorded from V-
ensembles using bulk optics and confocal microscopes.3334 Ad-
ditional characterization data is shown in the Supporting Infor-
mation.

The central metric for evaluating the performance of a mag-
netometer is its sensitivity. The magnetic field sensitivity (n;) of
the fiber-integrated device can be calculated using the following
equation:

Av
nB(T/\/E)ﬂrx}xﬁ (1
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where the electron gyromagnetic ratio (y,) is equal to 28 MHz
mT™! and &, is a numerical parameter that is determined by the
spin resonance shape, 0.70 for a Gaussian profile (See Supporting
Information Section V). The linewidth (Av,,), ODMR contrast (C)
and photon counts per second (R) are all acquired through fitting
a Gaussian curve to the ODMR resonant transitions. The calcu-
lated magnetic field sensitivity for the fiber-integrated device is
145 uT \/Hz™!, which is sufficient for many measurements that
require remote sensing, e.g., magnetic particle sensing for drug
delivery!®] or electrical current detection.*! We stress, however,
that our CBG-cavity integrated fiber magnetometer is fully mo-
bile, without the necessity of bulk optics, and offers an excellent
signal-to-noise ratio due to its operation in the near infrared spec-
tral range.

To demonstrate potential application of the fiber integrated
hBN CBG sensor, we used it to detect remotely layers of steel.
Nondestructive measurement of metal thickness and uniformity
is of great importance in several industrial fields. As is shown
schematically in Figure 4a, an external magnet was placed above

© 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 3. Optical and spin characterization of the fiber-integrated hBN CBG d

Microwave Frequency (GHz)
evices. a) FDTD simulation of the near-field power of the hBN CBG cavity,

and b) PL map of the fabricated device on an optical fiber excited using a high NA objective and collected through the fiber. The measured spatial
distribution of the cavity mode clearly matches the simulation. c) The measured PL spectrum from the integrated hBN CBG cavity (blue) and a pristine
hBN flake (red). The excitation and collection setup is similar to (b). The CBG mode can be seen alongside the Vg~ emission in the CBG PL spectrum. The

inset is a zoomed-in view of the spectra. d) Simplified schematic of the all-in-fi

ber excitation and collection configuration. €) PL spectrum obtained using

the all-in-fiber configuration of Vg~ defects in the integrated CBG cavity. Inset, Vg~ emission spectrum from non-patterned hBN f) Optically detected
magnetic resonance (ODMR) measurement of the integrated hBN CBG cavity. Both excitation and collection are done through the fiber. The inset is a

simplified energy level diagram of the Vg~ defect ground state (S = 1) splitin

a sheet of steel of increasing thickness. A fiber tip containing the
hBN CBG cavity was brought into proximity of the sample and
individual ODMR measurements were recorded. The change in
magnetic field strength incident on the fiber modifies the mag-
nitude of Zeeman splitting, and induces a Zeeman shift (Av,),
that maps onto a change in magnetic field strength (B,,) through
the following Equation:

"B (2)

Requiring no calibration, the transformation is dictated by
two fundamental values, the Bohr magneton (uz) and Planck’s
constant (h), as well as the dimensionless g-factor (g,), which
is approximately equal to 2.0023 for a free electron in a mag-
netic field. The results of the measurement are shown in
Figure 4b along with a representation of the shielding effect ob-
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to the three electron spin states: m; =0, m; = + 1.

served from wide layers of steel. The two representations re-
fer to the cases with no steel 0 and 9 mm of steel. The optical
fiber depicted in the inset indicates where the fiber-integrated
CBG was located relative to the magnet and the steel. The
change in magnetic field strength due to the increasing thick-
ness of steel was measured by the change in resonant fre-
quency relative to 0 mm of steel (i.e., the strength of the exter-
nal magnet). Using Equation 2, the change in magnetic field
strength due to maximum shielding (9 mm) was calculated to be
~10.9 mT.

Finally, we present a unique application of the fiber integrated
hBN CBG sensor, which measures magnetic field orientation.
This functionality relies on the directional uniformity of the V=
magnetic dipoles, produced by the D, symmetry of the defect,
which are aligned out of the plane of hBN.[?}l In Figure 4c, the
external magnetic field was rotated from perpendicular to parallel
relative to the hBN plane, while the distance was kept constant.

© 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 4. Remote quantum sensing with the integrated hBN CBG fiber. a) Configuration for the remote quantum sensing of increasing layers of steel.
b) Plot of change in resonant frequency as a function of steel thickness. The change in magnetic field strength is calculated using Equation 2. The insets
show the magnetic field strength incident on the fiber for steel thicknesses of 0 and 9 mm, respectively. c) An external magnet was rotated around the
fiber and a change in resonant frequency was recorded. The values are fit with a sinusoidal curve.

The change in magnetic field strength along the V;~ magnetic
dipoles was then measured by the difference in resonant fre-
quency from the perpendicular angle. The strength of the mag-
netic field vector adheres to a sinusoidal curve and has been fit
accordingly. These measurements confirm the successful opera-
tion of the fiber-integrated hBN CBG magnetometer without the
use of bulk optics.

3. Conclusion

To conclude, we designed and engineered a new generation
of fiber-integrated functional sensing devices. In particular, we
leveraged the properties of hBN as a van der Waals crystal that
hosts optically-active spin defects, to fabricate monolithic CBG
cavities, and transferred them onto the core of an optical fiber.
We quantified the performance of the sensor by detecting exter-
nal layers of metal and magnetic field orientation. This remote-
sensing technology can be a good alternative to traditional
contact-based ultrasound thickness gauges. Possible orientation-
sensitive measurements may include imaging in confined spaces

Adv. Optical Mater. 2024, 12, 2401987 2401987 (6 of 8)

and remote locations where bulk optics aren’t suitable. Notably,
fiber-integrated optically detectable spin states at room temper-
ature offers distinct advantages for imaging liquids, sensing
temperature in extreme environments, nondestructively probing
molecules, and detecting micro-faults.

Compared to previously demonstrated fiber-integrated sen-
sors, our approach incorporates a nanophotonic cavity with
an optimal optical interface. It is advantageous for fiber ex-
citation and collection, as well as enhances the spatial res-
olution due to its focusing abilities into sub-micron scan-
ning probes, therefore paving ways to achieve super resolution
imaging. The demonstrated design and engineering of hBN
CBG cavities can also be extended to other applications, fa-
cilitating on-demand, room temperature quantum devices. Fi-
nally, the approach and the functionality of this method can
be extended to other Van der Waals materials such as tran-
sition metal di-chalcogenides (TMDCs). While not carrying
spin defects, flat lenses from TMDCs can certainly be inte-
grated with fibers,*! to provide unique opportunities for valley
physics.
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4. Experimental Section

Fabrication and Design:  Finite-difference time-domain (FDTD) simu-
lations were used to optimise nanohole CBG design. The CBG structure
was defined by the following four parameters: the radius of the central disk
(R), the radial interval between nanoholes arrays (r), the tangential interval
between nanoholes (/), and the radius of the nanohole (a). Upon optimisa-
tion, the ideal parameters of the cavity design are R ~645, r ~498, | ~224,
and a ~75 nm, designed for an hBN flake with a thickness of 200 nm.

The cavities were patterned using electron beam lithography and trans-
ferred into the hBN with fluorine-based reactive ion etching. The hBN
flakes were then irradiated with a nitrogen ion beam to create boron vacan-
cies. Devices were then transferred to an etched fiber core with a pattern
transfer method using a PDMS stamp. A more in depth fabrication steps
could be found in Supporting Information.

Optical Measurements: Objective excitation and fiber collection mea-
surements as seen in Figure 3b,c were performed using a home-built con-
focal microscope. A 532 nm laser was focused onto the fiber-integrated
CBG device by an 100 x (0.9 NA) objective. To obtain the confocal PL
image, the fiber-integrated hBN device was scanned using an XYZ piezo
stage, and the PL emission was collected through the fiber, and coupled
into either a spectrometer or avalanche photodiode (APD). All-in-fiber exci-
tation and collection measurements were completed using the home-built
optical setup using a 532 nm laser, coupled into the optical fiber. The emis-
sion was collected back through the same fiber. Filtering the laser from the
emission was done in a free space, using dichroic mirrors and filters

Optically Detected Magnetic Resonance: ODMR was performed on the
fiber-integrated CBG device placing an RF antenna close to the tip of the
fiber. A signal generator swept through a range of RF frequencies, and the
photons collected by the APD during each signal and reference pulse were
then used to calculate the ODMR contrast.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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