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Spin defects in hexagonal boron nitride for strain sensing on
nanopillar arrays

Tieshan Yang,*»® Noah Mendelson,* Chi Li,® Andreas Gottscholl,© John Scott,>® Mehran Kianinia,*2
Vladimir Dyakonov,¢ Milos Toth,®? Igor Aharonovich*2?

Two-dimensional hexagonal boron nitride (hBN) has attracted much attention as a platform for studies of light-matter
interactions at the nanoscale, especially in quantum nanophotonics. Recent efforts have focused on spin defects,
specifically negatively charged boron vacancy (Vg) centers. Here, we demonstrate a scalable method to enhance the Vg
emission using an array of SiO, nanopillars. We achieve a 4-fold increase in photoluminescence (PL) intensity, and a
corresponding 4-fold enhancement in optically detected magnetic resonance (ODMR) contrast. Furthermore, the Vg
ensembles provide useful information about the strain fields associated with the strained hBN at the nanopillar sites. Our
results provide an accessible way to increase the emission intensity as well as the ODMR contrast of the Vg~ defects, while

simultaneously form a

Introduction

Optically active spin defects in three-dimensional wide
band-gap semiconductors have shown great potential in
both fundamental and practical applications in quantum
information processing and high-resolution quantum
sensing.!® The accelerating progress in studies and
engineering of novel two dimensional (2D) systems and van
der Waals heterostructures has sparked an interest to
investigated spin systems in these materials.”® To this
extent, hexagonal boron nitride (hBN) has gained increased
attention as an alternative candidate for studying spin
based phenomena in van der Waals crystals due to its large
bandgap and optical transparency.'® In addition, hBN
hosts a large variety of optically active defects,!!!> some of
which have recently been shown to have access to its spin
state.16-18

A particular spin defect that garners significant attention
is the negatively charged boron vacancy (Vg).19-3! The (Vg’)
spin can be initialized, manipulated, and read out
optically, with coherence times on the order of several
microseconds at room temperature.!” The Vg~ defect has a
triplet ground state with a zero-field splitting (ZFS) Dgs/h of
~3.46 GHz and a broad emission around 800 nm. The spin
orientation of Vg~ is known to be out of plane. The defect
can be generated by neutron irradiation, ion implantation,
laser ablation, and electron irradiation, and they have been
shown to be a promising candidate for temperature,
pressure, and magnetic field sensing in van der Waals
materials.
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basis  for

miniaturized  quantum  sensors in  layered  heterostructures.

On the other hand, the relatively low brightness of the
Vg defects is a major issue in acquiring the optically
detected magnetic resonance (ODMR) contrast. To
overcome this problem a few approaches based on coupling
to dielectric of plasmonic cavities have been attempted. For
instance, through coupling of Vg defects to dielectric
bullseye,3? plasmonic cavities,3® the photoluminescence
(PL) of Vp~ emitters has been dramatically enhanced.
Future integration of spin defects in photonic cavities or
waveguides is ultimately required to improve photon
collection efficiencies and realize nanoscale quantum
sensing and integrated quantum circuitry.

In this work, we integrate the Vg~ spin defects embedded
in a few layer hBN with dielectric nanopiallar arrays. We
investigate the enhancement in photoluminescence from
the Vg defects and the associated ODMR contrast. We
observed a PL intensity enhancement of ~4-times by the
nanopillars and a corresponding improvement in measured
ODMR contrast. Furthermore, we show the applicability of
Vg~ defects as a nano strain sensor for measuring the local
strain in hBN across the nanopillars.

Results and discussion

Nanopillar arrays were fabricated from a Si substrate with
a 285 nm thermal silicon oxide layer. The nanopillar
diameter and spacing are defined by electron beam
lithography (EBL) using a polymethyl methacrylate (PMMA)
positive resist and nickel as a hard mask for reactive ion
etching (see the Methods section). The fabricated
nanopillar arrays were thoroughly cleaned and high quality
exfoliated hBN flakes were transferred onto the nanopillars.
Figure la shows a schematic illustration of a nanopillar
and a hBN film containing the Vg~ defect. The pillars used
in this work have a height h of 350 nm, diameter d of 500
nm, and a spacing s of 6 pm. The pillar quality was
evaluated by scanning electron microscopy (SEM) as is
shown in Figure 1b. Figure lc shows an optical image of
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the array after hBN film transfer. The thickness of the hBN
flake was determined to be ~17 nm by Atomic Force
Microscope. The hBN flakes were cleaned using a UV ozone
generator for 10 min to remove tape residuals before ion
irradiation. Boron vacancies (Vg) were generated by
focused nitrogen ion beam (FIB) irradiation at normal

Nanoscale

incidence in a plasma-source FIB system (Thermo
Scientific Helios G4 Hydra). The top region was irradiated
with an ion beam fluence of 1 x 10!* ions cm™, whilst the
fluence for the bottom region was 1 x 102 ions cm™. The
ion energy and current 30 keV and 1.9 pA, respectively.

1x1012 jons/cm?

Figure 1. (a) Schematic illustration of a nanopillar with a hBN overlayer. The nanopillars have a height h of 350 nm, diameter d of 500
nm, and spacing s of 6 pm. The insert is an illustration of the boron vacancy (Vg") defect in hBN, with boron and nitrogen atoms shown as
green and orange spheres, respectively. (b) Scanning electron microscope image of a nanopillar array. (c) Optical image of array with a
transferred hBN overlayer. The top region was irradiated with an ion beam fluence of 1 x 10'* ions cm2, whilst the fluence for the bottom

region was 1 x 102 ions cm-2.

Comprehensive measurements were performed to compare
the PL emission from Vg~ ensembles on and off the SiO,
nanopillars using a home-built scanning confocal optical
microscope. Figure 2a shows a PL intensity map of the
sample, in which red spots suggest emission enhancement
caused by nanopillars. White circles highlight two spots
where Vg~ defects are on the top of nanopillars (marked as
pillar 1 and 2). Figures 2b, ¢ show PL spectra from the
pillars (red), and corresponding spectra from uncoupled Vg
emissions (blue) taken from regions of the hBN flake
adjacent to the pillars using a 532 nm continuous wave
excitation laser with a power of 3 mW. The spectra clearly
show that the Vg~ emission is enhanced at both pillar sites.
On pillar 1, the peak height is ~4 times greater than that of
the reference spectrum, indicating significant enhancement
of the Vg~ emission by the pillar. Similarly, on pillar 2, the
Vg~ emission intensity is ~2.5 times greater than in the
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reference spectrum. Note that in the calculation of peak
height, we assumed a linear background emission which is
subtracted from each spectrum. Enhancement in this
range was observed for all pillar sites across the sample.
Since ion implantation was done normal to the substrate,
vacancy generation would be higher on the side of the
pillar where the incident angle is smaller. On the contrary
the PL scans indicate higher PL emission from top of the
pillars. Nanoscale dielectric pillars have been used to PL
emission from embedded color centres in diamond and
silicon carbide, as well as emission from 2D materials.34-3¢
This effect is predominantly due to an enhanced light
collection since the pillars act as an antenna. We note that
no lifetime modification and no Purcell enhancement is
observed in this case.

This journal is © The Royal Society of Chemistry 2021

Please do not adjust margins




Page 3 of 7

Nanoscale
b 1600 C 1200
200 —— OFF pillar Pillar 1 —— OFF pillar Pillar 2
= —— ON pillar —— ON npillar
1200+ =
150 @ § 800
g )
.« 2 800 =y
100 5, % % 400+
£ 400 =
50 i |
0 s
700 750 800 850 900 700 750 800 850 900
Wavelength (nm) Wavelength {nm)
e 05 f
2 oo S
$-0.51 g
L I =
N A S-1.04 S
2 o nd
=-1.51 =
+> Q0 ) . OFF pil o . OFF pill
A ' O.20{ Pillar1 » o onpiar | © Pillar 2 o ONpiler
~3.5 GHz 0> 32 33 34 35 36 37 38 32 33 34 35 3.6 37 38

Microwave frequency (GHz)

Microwave frequency (GHz)

Figure 2. (a) Confocal PL intensity map generated by integrating spectra between 715 and 900 nm. White circles highlight spots
corresponding to two nanopillars labelled 1 and 2. (b, c) PL spectra of Vg-ensembles located on (red) and off (blue) the nanopillars. The
sample was excited with a 532nm continuous wave laser with a power of 3 mW. The integration time was 10 s. (d) Level structure of the
Vg™ spin defect with a triplet ground state, indicated by 0 and +1 states. (e, f) ODMR spectra of the Vg~ ensembles located on (red) and off
(blue) nanopillars 1 and 2, and two-Lorentzian fits of the spectra (black).

To showcase the spin readout capability of the Vg-
ensembles, we performed ODMR spectroscopy at room
temperature. A schematic illustration of the level structure
of a Vg~ spin defect is shown in Figure 2d and ODMR
spectra taken on and off nanopillars 1 and 2 are shown in
Figure 2e and f, respectively. The Vg spin defect has a
triplet ground state with a ground state splitting of ~3.5
GHz between the ms = 0 and ms = 1 states. For the ODMR
measurements, a thin copper wire (with a diameter of ~ 20
pm) was suspended in a close proximity (~10 pm) to the
region of interest and used as an antenna to deliver a
microwave field. The PL emission (spectral range 720-900
nm) was recorded as the microwave frequency was swept
from 3.2 to 3.8 GHz. The fluorescence signal decreases at
microwave frequencies V1 of ~ 3.41 GHz and Vvz2of ~ 3.51
GHz. The ODMR spectra were fitted with two Lorentzian
functions. The Vg defect has a triplet (S = 1) ground state
with a zero-field splitting defined by the parameters Dgs
and Eg. We find that Dgs = 3.46 GHz and Eg4 = 50 MHz.
The triplet energy sublevels have a completely lifted
threefold degeneracy even in the absence of an external
magnetic field. The resonant frequencies v1 and V2 in the

ODMR _ spectra are given by Vvi2=Dg/h£(1/h)
«/Eés‘l' (Q#BB)Z where ¢ is the Landé factor and up is the

Bohr magneton. Our measurements were performed in the

absence of external magnetic fields, thus viz = (Dgs + Eg)/h

The ODMR spectra in Figures 2e and f demonstrate
significant enhancement of ODMR contrast at the
nanopillar sites. Specifically, because of an improved PL
signal-to-background ratio, the ODMR signal from Vg on
nanopillar 1 has an optical contrast of ~1.7%, which is four
times greater than that of the reference signal from a
pristine Vg~ ensemble (~0.4%). Similarly, on pillar 2, the
ODMR contrast is ~1%, as compared to ~0.3% for the
pristine Vg~ ensemble. In this case the hBN flake has not
completely covered the pillar compared to the one on top of
pillar one wrestling in less enhancement of PL emission
and ODMR contrast.

Overall, the ODMR contrast from spin defects in hBN is
still under debate.’® 2% 37 An improved signal to
background ratio can result in a better contrast. In
addition, the strain can affect the overall transition rates
within the Vg~ level manifold and change the rates to/from
the metastable state, hence increasing the ODMR contrast.
Changes to ODMR contrast have been also reported for
both diamond and silicon carbide, whereby induction of
non-radiative recombination (either via surrounding
defects or temperature) resulted in a reduced contrast.38 3°
Furthermore, for some spin defects in hBN, the ODMR
contrast can be both positive or negative, and its
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magnitude can vary,'® most likely, due to the modification
of the transition rates from the various sub levels. While
this will trigger further research, the improved ODMR
contrast and enhanced PL signal-to-noise ratio are
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important outcomes that can yield significant
improvements in readout and help enable integration of
practical hBN sensors in 2D heterostructures for quantum
sensing applications.
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Figure 3. Dependence of Vg~ ODMR spectra on position across a single nanopillar. (a) ODMR spectra at different positions and the
theoretical two-Lorentzian fits. The upper two pictures and the lower one figures were measured off a nanopillar, and the middle three
were measured on the pillar. (b) Schematic drawing of a cross section of hBN laying on top of a nanopillar. The yellow arrows represent
the spot positions where the ODMR measurements were performed. (c) The ZFS parameter and the strain as a function of different
positions. A reduced ZFS parameter corresponds to an in-plane strain (see right y-axis).

To gain more insight into the strain effect on the Vg~ defect
at different nanopillar positions, we performed ODMR
measurements across one nanopillar. The distance
between each different position is about ~200 nm, which is
determined using the piezo stage.

Position-dependence of ODMR signals for Vg~ defects are
shown in Figure 3. As we can see in Figure 3a, there is a
clear trend of the ODMR contrast at different nanopillar
positions. In the region of nanopillars (see Figure 3b for
illustration), the ODMR has a contrast of about ~1.7%,
while off nanopillars, the ODMR contrast is about ~ 0.4-
1%, indicating there is a stain effect on the nanopillar.
Although ODMR contrast is very low outside the pillar, it
can be improved by using resonators such as plasmonic
structure. Nevertheless, to support this assumption, we
analyzed the observed ZFS parameters quantitatively. As
previously discussed, the ODMR signal can be fitted by two
Lorentzian functions with the resonance frequencies V1,2 =
(Dgs £ Egs)/h. However, in general the ZFS parameter is not
constant since it is affected by the sample temperature and
local lattice strains around the Vg~ defect. Assuming a

4 | Nanoscale, 2021, 00, 1-6

constant temperature during the measurements we can
describe the observed ZFS parameter Dgs with
Dgs=Dgs0+ ADgsq+ AD g,

The ZFS parameter consists of a reference value Dgs o
which is shifted by ADgsq and ADgyscaccording to an in-
plane lattice strain Mgand an inter-plane lattice strain 7,
respectively. Due to the covering of the nanopillars, the
hBN flake is mainly stretched in the plane and a
compression in c-direction is not to be expected. Therefore,
the influence of strains can be reduced to ADgsq =041
with the proportionality factor 6,=(—81112)GHz. The
strain field created by putting a 2D materials on top of
pillars is well understood and has been reported in many
works using Raman or SHG.36: 4042 [n Figure 3c we
extracted the different ZFS parameters Dgs for each spot
position. To determine the corresponding relative strain 7q
we choose arbitrary the spot position 4 for reference Dgyspo
since we expect the lowest influence of strain in the centre
of a nanopillar. According to the ZFS shift we can extract a
relative strain in the order of 0.01% (see right y-axis in

This journal is © The Royal Society of Chemistry 2021
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Figure 3c) across the nanopillar. This fits to the
assumption that the hBN flake is stretched around the

Conclusions

In conclusion, we have demonstrated the integration of the
defects in hBN on dielectric SiO, nanopillars. PL and
ODMR of hBN Vg spin defects on nanopillars and off
nanopillars are studied. hBN spin defects exhibit a ~4-fold
enhancement in PL emission, associated with an improved
ODMR contrast on the nanopillars (~1.7%) compared with
pristine substrate (~0.4%). Furthermore, the ODMR
contrast has a significant position-dependent on different
pillar positions, indicating the strain effect from the pillar.
This can be potentially useful to study strain effects in
other 2D materials, e.g. transition metal dichalcogenides
(TMDCs) that are placed on pillars to induce localized
quantum emitters.*? 43 Qverall, our work strongly supports
the promising potential of Vg~ defects as a nanoscale strain
sensor in a 2D material platform.

Experimental methods

Nanopillar arrays fabrication

A pre-cleaned Si substrate (with a 285 nm thick thermally
grown silicon dioxide layer) was spin-coated with PMMA
(positive resist) under 3000 rpm, resulting in a ~200 nm
thick resist film. Then, the substrate was put on a hotplate
(180 °C) for 3 min to evaporate the excess solvent. After
this, the substrate was loaded into SEM (ZEISS supra
55VP) chamber which contains the electron beam
lithography system (Raith Elphy Plus). PMMA exposure
was performed through an electron beam fluence of 300
pC/cm?. The irradiated regions were removed using a 1:3
solution of methyl isobutyl ketone (MIBK) and isopropyl
alcohol (IPA). Then, a thickness of 150 nm nickel was
deposited in a vacuum sputtering chamber. The lift-off
process was performed in hot acetone, leaving only nickel
mask in the patterned areas. Inductively coupled plasma
(ICP) reactive ion etching (RIE) was then used to etch the
SiO, substrate. During the etching process, the chamber
pressure was set to 4 mTorr, and plasma powers of 500 W
and 70 W were used for the ICP and the radio frequency
power. Gas flow rates were set to 10 sccm for Ar and 50
sccm for SFg, respectively. The etching rate was ~ 5 nm/s.
The top protective nickel masks were dissolved in dilute
HCl solution (2M) overnight, yielding nanostructured
pillars for subsequent high quality hBN transfer.

hBN transfer to pillar arrays

High quality exfoliated hBN flakes were accurately
transferred onto the fabricated nanopillars using a
polyvinyl alcohol (PVA) assisted align transfer method. The
PVA layer was removed by immersion in hot water for 1
hour, then put into a vacuum chamber for an hour to dry.

This journal is © The Royal Society of Chemistry 20xx
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nanopillar.

Finally, the flakes were cleaned in a UV-ozone generator
for 10 min to remove the tape residuals before irradiation.

hBN irradiation

Boron vacancies (Vg) were created by focused ion beam
irradiation at normal incidence in a plasma focused ion
beam (FIB) system using a nitrogen source (Thermo
Scientific Helios G4 Hydra). The ion beam fluence, energy
and current were 1 x 10'% jons cm™ (1 x 10!2 ions cm2) 30
keV and 1.9 pA, respectively.

Photoluminescence spectroscopy and ODMR
measurement
A home-built scanning confocal microscopy system

comprising a microwave system was used for the ODMR
measurement. A 532 nm continuous wave laser was
focused on the samples through an objective (NA = 0.9,
100 x magnification) for spin initialization and excitation.
The reflection signal was spectrally filtered using a 532 nm
dichroic mirror (LP03-532RE-25) and a 715 nm long pass
filter to guide through a fiber to an avalanche photodiode
(APD, Excelitas) for signal readout. In the microwave
system, the microwave irradiation generated by a
synthesized signal generator (AnaPico APSIN) went through
a microwave switch and an amplifier (mini circuits, ZHL-
16W-43-S+), and then a 20 pm diameter copper wire
suspended in proximity (~10 pm away) to the samples
served as an antenna to deliver the microwave field. The
contrast was then calculated from the acquired signal in
each frequency value.
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