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Abstract: The omnipresence of hexagonal boron nitride (hBN) in devices embedding two-

dimensional materials has prompted it as the most sought platform to implement 

quantum sensing due to its testing-while-operating capability. The negatively charged 

boron vacancy (𝑉𝐵
−) in hBN plays a prominent role, as it works at room-temperature, can 

be easily generated and, most importantly, its spin population can be initialized and read 

out by optical means. But its low quantum yield hinders its widespread use as an 

integrated quantum sensor. Here, we demonstrate an emission enhancement amounting 

to 400 by metallic nanotrench arrays compatible with coplanar waveguide (CPW) 

electrodes employed for spin-state detection. By monitoring the reflectance spectrum of 

the resonators as additional layers of hBN are transferred, we have optimized the overall 

hBN/nanotrench optical response, maximizing thereby the luminescence enhancement. 

Based on these finely tuned heterostructures, we achieved an enhancement of DC 

magnetic field sensitivity, attaining a highest sensitivity of  6×10-5 𝑇/𝐻𝑧1/2. 
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Addressable solid-state single photon emitters (SPEs) in bulk materials such as diamond1, 2, 

gallium nitride3, and silicon carbide4, have shown brilliant performance in a broad range of 

applications going from quantum networks and quantum computation to quantum sensing5, 6, 7. 

However, one of the key challenges limiting their practical use is their relatively low emission 

intensity, whose enhancement would ease further their applicability. In this sense, many efforts 

have been made to enhance both the emission and collection efficiency of quantum emitters. 

Compared to bulk materials, the emerging layered 2D materials are natural candidates attaining 

more efficient coupling with plasmonic nanostructures and photonic nanocavities due to their 

inherent “thin” 2D scale8, 9, 10, 11, 12, which imposes a unique vertical location of the emitters. 

 

Among the various 2D materials that can hold SPEs, hexagonal boron nitride (hBN) covers a 

wide range of emission wavelengths going from the ultraviolet to the infrared region, and has 

a relatively mature material platform13. Many methods have been developed to generate SPEs 

on hBN monolayers or flakes, such as direct synthesis14, 15, ion implantation16, 17, 18, strain 

engineering19, 20, e-beam irradiation21, 22, 23, and thermal annealing24. Several reports have 

revealed that SPEs in hBN are spin manipulable and that, in particular, negatively charged 

boron vacancy (𝑉𝐵
−) defects can be easily generated and their  spin population can be controlled 

at room temperature25, 26, 27, 28, 29, 30, 31, 32, 33. Although  𝑉𝐵
−  defects have been utilized in proof-

of-principle quantum sensors over the last three years, their broader application necessitates 

boosting their emission intensity. Recently, a few groups have developed different methods to 

enhance the 𝑉𝐵
− emission in layered hBN, all of them demonstrating an emission enhancement 

with respect to the bare substrate34, 35, 36. However, all these methods ignored the effect of the 

hBN thickness on the resonance behavior of the photonic structures, which can dramatically 

affect the actual emission enhancement and, potentially, also the emitter’s emission stability. 

In this work we demonstrate that nanotrench arrays (NTAs) are efficient plasmonic structures 



enabling the enhancement of the emitters’ photoluminescence (PL) intensity by orders of 

magnitude whenever the emitter and photonic mode of the overall structure are spectrally 

matched. To achieve it, the photonic mode is tuned in-situ by the subsequent transfer of 

additional hBN layers until the resonance of the combined hBN/nanotrench resonator meets 

the emission wavelength of 𝑉𝐵
−  defects. Moreover, this NTA structure is compatible with 

coplanar waveguide electrodes, which improves the sensitivity for measuring DC magnetic 

fields. 

 

As shown in Fig. 1a, the 𝑉𝐵
− defects in the thin hBN layer are located below the surface at a 

depth Di. At the same time, the plasmonic mode in the metallic nanostructures has a maximum 

working distance of Hp18. Based on the electric field distribution simulation results shown in 

Fig.1b and 1c, it is observed that the maximum enhancement of electric field intensity occurs 

near the interface of the gold film and hBN layer, and decreases rapidly with increasing 

thickness of the hBN flake. From this perspective, along the vertical direction the target 

emitters should be located as close as possible to the metal surface. However, direct contact 

between the emitters and the metal film will cause the quenching of their emission, so a certain 

thickness of a decoupling material is necessary for the plasmonic device to operate efficiently. 

Here we use the nanotrench array to enhance the emission intensity of the 𝑉𝐵
−  defects by 

modulating the plasmonic mode of these metallic nanostructures, which are located only below 

the emitters. As shown in scanning electron microscopy (SEM) image (Fig S1), a typical 

nanotrench array with a gap size of 20 nm, depth of 150 nm, and pitch length of 300 nm is 

directly fabricated on 200 nm thick coplanar waveguide electrodes by focused ion beam (FIB) 

milling. From the PL spectrum measured in Fig 1e (Fig. S2 for magnified PL spectrum of the 

defects on bare SiO2 substrate), an average enhancement factor (EF) of about 400 is realized 

on the nanotrench array compared to the signal from the 𝑉𝐵
− defects on the bare SiO2 substrate, 



and an enhancement factor of ~15 compared to the defect’s emission from a flat gold film.  

  

 

Figure 1 | Design of plasmonic structures to enhance the spin defects in Ga+ ion implanted hBN thin layer. 

a, The coupling principle for the spin defects in hBN with the plasmonic mode on gold nanotrench array. b, c, 

Simulated electric field distribution in the nanotrench area (side-view) and 5-nm above the surface of the 

hBN/nanotrench heterostructure. The electrical field of incident light is polarized parallelly to x-axis. d, Height 

dependence of the field enhancement at x=0 in the hBN/nanotrench heterostructures. e, PL spectrum on different 

substrates shows the emission enhancement of the plasmonic nanotrench. 

 

In order to get the largest coupling efficiency of the hBN layer and the plasmonic structures, 

the resonant wavelength of the Au nanotrench should match the emission energy of the 𝑉𝐵
− 

defects. However, the transfer of hBN dramatically changes the resonant wavelength of the 

nano grooves array and introduces a spectral mismatch between the hBN/nanotrench resonator 

and the 𝑉𝐵
− emission wavelength, deteriorating the emitter/resonator coupling. In the following 

we demonstrate how to exploit the resonators sensitivity to the hBN thickness deposited 

thereon to finely tune in-situ the actual resonant wavelength. We start by designing nanotrench 

arrays with different pitches ranging from 200 nm to 500 nm while keeping the same gap width 



of ~20 nm. From the simulation results shown in Fig. S3a, we can find that the resonant peaks 

of the nanotrenches shift from 660 nm to 830 nm as a function of the pitch. Based on the 

simulation results we fabricated the associated nanotrench arrays, which reproduce the 

calculated reflectance spectra in Fig. S3b. Under these conditions (i.e. without hBN on top of 

the resonators) the nanotrench array with periods of 500 nm, with a resonant wavelength of 

~832 nm, matches best the emission wavelength of 𝑉𝐵
− defects, which peaks at about 830 nm. 

However, after the transfer of the hBN thin layer, with a thickness of just 10 nm, the resonant 

wavelength of all the nanotrench arrays shows a dramatic redshift, as shown in Fig. S3c. This 

observation gives us a chance to in-situ tune the resonant wavelength of the plasmonic 

nanostructures by simply stacking the optimum number of hBN layers. To illustrate the effect 

of this approach, different layers of hBN were transferred onto the 250 nm pitch nanotrench 

array sequentially, as schematically shown in Fig. 2, and optical measurements were carried 

out after every layer transfer. Each transferred layer of hBN has a similar thickness of about 10 

nm. From the measured reflectance spectra plotted in Fig. 2a-c and Fig. S4, we find that the 

resonant wavelength can be modulated across an extensive wavelength range from 720 nm to 

1050 nm, which agrees well with the simulated result shown in Fig. 2d-f. 

 



 

Figure 2 | Thickness engineering of resonance mode in hBN/nano-trench plasmonic heterostructures.  a-c, 

Measured reflectance spectra for the 250 nm pitch nanotrench array without hBN; after transfer of one thin layer 

and three thin layers. d-f, Simulated reflectance spectra for the corresponding heterostructures plotted in Fig. a-c. 

g, Schematics illustration of the transfer of thin layers of hBN (~10 nm thick each) to tune the resonant wavelength 

of the heterostructures. 

  

 

Next, we studied the enhancement capability of the nanotrench array. Since the wavelength 

changes strongly upon the transfer of hBN, we expect a strong dependence of the enhancement 

factor as the resonator comes on and off resonance with the emission of the 𝑉𝐵
− defects. Fig. 3b 

presents the PL intensity mapping for the implanted hBN transferred onto the nanotrench arrays 

with different pitches as shown in Fig. 3a.  Their reflectance spectra before the hBN transfer 

were described in Fig. 2a and S3. We note first that due to the existence of gap plasmon modes 

all the nanotrench arrays do enhance the emission of 𝑉𝐵
− emitters compared to bare silica as 



well as flat gold substrate, where only localized surface plasmons can be expected. Besides, it 

is clear that the nanotrench array that matches the resonant wavelength of defects at 830 nm 

reaches the maximum enhancement factor. As shown in Fig. 3c and 3d, the brightest emission 

comes from the nanotrench array with a pitch of 200 nm, whose resonant wavelength is 

localized at about 830 nm after the transfer of hBN (see figure S3c), which matches perfectly 

the emission wavelength of 𝑉𝐵
− defects in hBN. In contrary, although the resonant wavelength 

of the nanotrench with the pitch of 500 nm matches the emission wavelength of hBN at 830 

nm before the transfer of hBN, after the transfer of hBN its emission is strongly red-shifted and 

the final enhancement is much lower. We also measure the lifetime dependence of the PL 

spectrum for the 𝑉𝐵
− defects at different areas and find out that the emitters at the 200 nm pitch 

nanotrench show a slightly decreased lifetime (~2), as shown in Fig. S5. In contrast, the other 

emitters have a similar lifetime. Overall, this shows that either the emission is still dominated 

by non-radiative defects or the time-resolved measurements reflect the lifetime of the majority 

of the emitters, which lie on top of the gold film and not on the trenches. This last explanation 

is also consistent with the fact that the average PL enhancement (figure 3d) is much smaller 

than the actual enhancement within the nanotrenches, which can be computed by considering 

the surface ratio between the trenches (where the gap plasmon mode enhances the emission) 

and the unstructured gold (where only localized surface plasmon modes contribute to the 

enhancement). 

 



  

Figure 3 | PL enhancement of hBN emitters nano-trench patterns with different pitches. a, Optical 

microscope image for the Ga+ implanted hBN transferred onto the nanotrench array with different pitches on the 

gold CPW electrodes. b, PL intensity mapping for the spin defects emitters on the nanotrench array with different 

pitches. c, PL spectrum for the spin defects emitters in hBN on different nanotrench arrays, which shows the most 

significant enhancement factors are more than 40 times compared with the signal on flat gold film. The PL spectra 

also show a red shift in peak position and intensity reduction due to the plasmonic resonant wavelength change. 

d, The average enhancement factor (EF) and local EF for different nanotrench arrays. Note that for the local 

enhancement we have considered that all trenches contribute to the enhancement and, thus, we do not make any 

assumption on the actual emitter dipole. 

 

After successfully stacking hBN layers to modulate the resonant wavelength of 

hBN/nanotrench resonators and establishing the conditions for optimum coupling, we turn to 

evaluate its sensing performances. The setup and measurement scheme for spin modulation are 

described in Methods. The plasmonic nanostructures described in this work offer the advantage 

of being compatible with coplanar waveguide electrodes, as illustrated in Fig. 4a. The  𝑉𝐵
−

 

defect in hBN has a triplet ground state and a triplet excited state. Its spin modulation signals 



can be readout because of the spin-dependent intersystem crossing. Fig. 4b displays a typical 

measurement sequence of optically detected magnetic resonance (ODMR). We can obtain 

ODMR signals in both the nanotrench structure and the flat gold film, with discrete ODMR 

signals for 𝑚𝑠 = ±1 thanks to the Zeeman splitting under magnetic field. The experimental 

ODMR results are shown in Fig. 4c, with a laser power of 6.5 mW, -10 dBm input microwave 

power, and identical integration times. Even though the coupling of microwave to the hBN on 

nanotrench is lower, leading to a decreased ODMR contrast,  the PL signal  of 𝑉𝐵
− defects on 

nanotrench is 40 times larger than that on Au, resulting in a better signal-to-noise ratio. From 

the ODMR spectra, the sensitivity of DC magnetic field can be calculated for Lorentzian shapes 

as 𝜂𝐷𝐶 ∼
4

3√3

ℎ

𝑔𝑒𝜇𝐵

𝛥𝜈

𝐶√𝐼
, where h and 𝜇𝐵  are Planck constant and Bohr magneton constant, 

respectively. ∆ν, C, I are the linewidth (FWHM), contrast and detected signal strength of the 

measurements.37,38 By varying the laser power while keeping the microwave power fixed, we 

investigated the sensitivity of the DC magnetic field as a function of the laser power, as 

illustrated in Fig. 4d. By optimizing the laser and microwave power, we achieved a DC 

magnetic field sensitivity of ~ 6×10-5 𝑇/𝐻𝑧1/2, which is comparable to the best performance 

reported for 𝑉𝐵
− defects in a hBN thin layer5,6. 

 

 

Figure 4 | Quantum sensing using the nanotrench/hBN heterostructures. a, Schematic illustration of a 

metallic nanotrench array on the coplanar waveguide electrodes. b, The typical ODMR measurement sequence 



for the 𝑉𝐵
− defects. c, The ODMR signal of the 𝑉𝐵

−
 defects under a small magnetic field. d, The DC sensitivities 

of the 𝑉𝐵
− defects on flat gold and nanotrench array as a function of microwave power. 

 

In conclusion,  by engineering the thickness of the deposited hBN, we have demonstrated the 

in-situ modulation of the resonant mode of hBN/nanotrench array heterostructures, necessary 

to match the emission energy of the 𝑉𝐵
−  defects in hBN. The reflectance spectrum 

characterization revealed that adding a top hBN layer can shift the resonant wavelength of the 

heterostructures from the visible to infrared range, thus modifying strongly the photonic 

response of the complete system. Upon optimization of the hBN thin layer thickness, we 

achieved an average PL intensity enhancement factor of 40 as compared to bare gold film. 

Furthermore, we presented the feasibility of integrating the plasmonic heterostructures into the 

CPWs and the DC sensitivity can be enhanced to reach ~ 6×10-5 𝑇/𝐻𝑧1/2 , the best value 

obtained by hBN. The in-situ modulation of the resonant wavelength for plasmonic 

nanostructures in this work may be applied to any other layered material, potentially opening 

new ways to control in-situ the light-matter interaction in 2D devices. 
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