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Abstract 
Hexagonal boron nitride (hBN) has been gaining attention as a compelling material platform 
hosting quantum emitters at room temperature. A particularly important family of emitters in 
hBN are those with a zero phonon line at 436 nm (termed B-Centres) since these can be 
engineered on demand using electron beam irradiation. In this work, we demonstrate a 
pathway to integrate these emitters with plasmonic lattices. The blue wavelength necessitates 
the use of aluminium metal, instead of gold or silver. Consequently, we utilise trench cavity 
geometry and transfer hBN layers on top of the lattice. We then create deterministically the 
emitters and measure a six-fold enhancement in the emission intensity. We conclude by 
discussing the potential possibilities of the plasmonic lattice arrays for scalable enhancement 
of quantum emitters in layered materials. 
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Introduction 

Solid-state single photon emitters (SPEs) from defects in wide bandgap materials are 
attracting a great amount of attention due to their robust operation at room temperatures1, 

2. Hexagonal boron nitride (hBN) stands out as a particularly attractive candidate for hosting 
SPEs3, 4. This material demonstrated the ability to support a large wavelength range of SPEs, 
extending from ultraviolet to near-infrared spectrum, with narrowband emission and fast 



fluorescence lifetimes5-12. In addition, the van der Waals crystalline property of hBN allows 
for sub-nanometer thickness single layer exfoliation, suitable for new generation of 
optoelectronic devices13.  

Among the diverse range of hBN SPEs, a recently emerged defect termed B-Centre has 
been of a particular interest in the field and is the focus of this work. Exciting properties of 
the B-Centre include its zero phonon line (ZPL) that is consistently positioned at 436 nm8, 14-

18. Another key advantage of this particular defect is the ability to deterministically engineer 
them with low energy (~ sub 30 keV) electron beams. This facilitates great position control 
and has been utilised to study these emitters for light - matter interactions in cavities and 
resonators19 as well as exploring their advanced quantum properties including photon 
indistinguishability16.  

A key prerequisite for deployment of these SPEs in practical applications is 
enhancement of their spontaneous photon emission rates20. Broadly, there are two distinct 
pathways to achieve that: Either coupling to a high Q dielectric photonic crystal cavity, which 
is often challenging and requires sophisticated nanofabrication21; Or coupling to a metallic 
plasmonic cavity, that often enables much stronger light localisation and broader resonances. 
For the latter, the intense local electromagnetic field and confinement of subwavelength 
modes facilitated by the plasmonic gap can lead to ultrafast emission rates, and enhance both 
excitation and spontaneous emission rates, resulting in increased fluorescence rates22-25. 

Earlier works on plasmonic enhancement of visible SPEs in hBN, employed gold or 
silver based plasmonic resonators26-30. However, these materials are not suitable for the blue 
spectral range, where the B-Centre emission is located. Aluminium (Al) is expected to be a 
candidate as a plasmonic material from the UV to the visible range31, 32. Key features of Al 
include its minimal intrinsic losses at this spectral range and the ability to deposit high quality 
thin layers with smooth surface. Notably, however, while Al plasmonics have been studied for 
a few years, coupling quantum emitters to Al resonators so far remained elusive.   

In this work, we demonstrate plasmonic coupling of the B-Centres in hBN to an Al 
made plasmonic lattice33, 34. We design and engineer plasmonic lattice with horizontal 
nanotrench cavities, with resonances at the 436 nm range, to match with the ZPL of the blue 
emitters. We observe a modest six-fold enhancement in emission, and discuss the potential 
applications with these lattices. 
 
 
 
 
  



Results and Discussion 

 
 

Fig 1. (a) Schematic illustration of the hBN hosting the B-Centre coupled to a plasmonic 
nanotrench cavity. (b)The imaginary part of permittivity of gold (Au), Aluminum(Al) and silver 
(Ag). (c) Schematics of the fabrication process of the plasmonic cavities using template-
stripping method. In brief, hydrogen silsesquioxane (HSQ) is deposited on a silicon (Si) 
substrate, and the nanotrench array is patterned by an EBL, and subsequently etched down 
using reactive ion etching. After deposition of a 100 nm of Al, a glass substrate is glued on top, 
and subsequently, template stripped from the original Si wafer. The surface treatment before 
Al deposition allows for stripping of the nanotrench from Si substrate. 
 

Enhanced emission from coupled emitters to a plasmonic nanostructure can be 
achieved through combination of purcell enhancement and improved excitation and 
collection efficiency. This is schematically shown in figure 1(a) for the B-Centres in hBN. Figure 
1(b) compared the permittivity of aluminium, gold and silver in the blue region (400-500 
nm)35. It indicates that the imaginary part of the permittivity of Al is lower than that of Au. 

To fabricate the nanotrench Al plasmonic array, a template stripping approach was 
employed. A Si substrate has been used as a template. To achieve the small feature size 
required for the nanotrench, a 80 nm 6% hydrogen silsesquioxane (HSQ) mask is deposited 
on top of the Si substrate. It is then patterned using electron beam lithography (EBL). The 
pattern is then transferred into the Si substrate by chlorine (Cl2) and HBr gases-based reactive 
ion etching (RIE). The remaining resist is removed in oxygen plasma. To create a monolayer 
for stripping off the template, the patterned Si is immersed in a diluted solution of 



1H,1H,2H,2H-Perfluorodecyltriethoxysilane for several hours. Then, a 100 nm layer of Al is 
deposited using an E-beam evaporator which is then attached to a glass substrate using 
organic adhesive (OA) glue. Finally, After 20 minutes of annealing, the Si template is removed 
to get the Al  nanotrench on the glass. The nanotrench fabrication steps are shown 
schematically in figure 1(c). 

   

 
 
Fig. 2 (a) Numerical simulation of reflectance with respect to y-polarisation corresponding to 
nanotrenches with different pitch width ranges in 60 - 220 nm (T1 - T9) and (b) Electric field 
distribution of T1 with pitch of 60 nm under incident light y-polarisation showing the strong 
field between Al nano trenches up to 10 nm above the surface. (c) Experimental reflectance 
measurement of T1 and T2 with pitch of 220 nm and 200 nm, respectively. (d) Optical image 
of the fabricated nanotrenches labelled T1 to T9. The scale bar is 50 μm. (e, f) SEM images 
from nanotrenches T1 (T2), with pitch sizes of 60 nm (80 nm), respectively. The scale bar is 100 
nm. 
 

The fabricated structures were modelled using a finite-difference time-domain (FDTD) 
simulator (Lumerical) to optimise the absorbance around the emission of the                                                   
B-Centre at 436 nm. We simulated reflectances of the Al nanotrenches with different pitch 
sizes ranging from 60 nm to 220 nm with 20 nm steps, for trenches T1 - T9, respectively, as 
shown in figure 2a. The reflectance spectra show the lowest reflectance in T1 at 436 nm, 
following that, we simulated the electric field distribution of T1 under incident light with 
respect to the y-polarisation, as shown in figure 2b. The scale on the left shows the electric 
field enhancement factor, which is proportional to the Purcell factor. The electric field within 
the gap and up to 10 nm above the Al surface reaches the highest enhancement factor of 5.5 
compared to the Al surface itself. The highest electric field is in the trench between the Al 
nanostructures, and approximately within 10 nm range above the surface. The native oxide 
layer on as-evaporated Al is around 2 nm. We have added a 2 nm thick Al2O3 layer on top of 



the Al layer in the simulation model and found that the reflection dip was only systematically 
red-shifted by 2-3 nm with a slight increase in reflection dip intensity. Therefore, the effect of 
the oxidation layer can be ignored in the simulation and experiment.  To confirm our 
simulation result we have added the measured reflectance of T1 and T2 trenches (shown in 
figure 2(c)). The reflectance measurement result of T1 agrees with the simulation results 
supporting plasmonic modes around ZPL wavelength of B-Centres in hBN. The spectra of T2 
shows a red-shift and a broader, lower reflectance for a wider wavelength range from 400-
800 nm. It could be due to edge effect and round corners in the fabricated Al nanotrenches. 
The Al nanotrenches were designed to have low reflectance at the B-centre ZPL of 436 nm, 
making T1 and T2 suitable for coupling B-centres to the plasmonic lattices. 

 
The fabricated sample consists of plasmonic nanostructures with nine different pitch 

sizes on a glass, as shown optically in figure 2d. Each array is approximately 25 x 25 μm2 in 
size. Figures 2(e, f) show high magnification scanning electron microscope (SEM) images of 
the aluminium nanotrenches labelled T1 and T2 with pitch sizes of 60 nm and 80 nm, 
respectively. The lattices exhibit nanoscale gap trenches that act as the plasmonic cavities for 
the enhancement of the emission.  

After the fabrication of the plasmonic lattice, we transferred a hBN flake (~ 50 nm 
thick) onto the lattice and pressed firmly to ensure the flake has a good contact to the 
plasmonic lattices. To verify the surface profile, we captured an AFM image, which confirmed 
that the hBN flake bends toward the plasmonic lattice grooves, indicating good contact with 
the structure (shown in  figure S1). Figure 3(a) shows the optical image of the hBN flake after 
it was transferred on top of the plasmonic lattice. A photoluminescence (PL) confocal map of 
hBN after the transfer (figure 3(b)) shows no emission within the spectral range of blue 
emitters. This is further confirmed by acquiring the spectra from 425 nm to 480 nm range as 
shown in figure 3(c). The PL background signal due to the plasmonic lattices was not affected 
by the addition of transferring the hBN flake on the plasmonic structure.  

To generate B-Centres in the hBN flake, a SEM microscope with a 5 keV electron beam 
acceleration voltage was employed. Although electron beam irradiation is effective in 
generation of blue emitters, exact alignment of the irradiation spots with the nanoscale 
trenches presented a significant challenge. To overcome this issue, we implemented 
irradiation of lines and rectangular patterns to create the B-Centres. This broad irradiation 
enables simultaneous creation of a homogeneous ensemble of B-Centres, as well as an 
overlap with the plasmonic nanotrenches. We specifically targeted trenches T1 and T2 as their 
plasmonic lattices match closely the B-Centre emission.  

Figure 3(d) shows the PL spectra of the formed B-Centres on T1 -T9 lattices except T7 
since hBN flake is not integrated on T7 due to the size of the flake. Both spectra on T1 and T2 
show characteristic to B-Centre emissions of the ZPL at ~ 436 nm and the phonon sideband 
at ~ 465 nm (shown in figure 3(d) inset). Spectra on other lattices show a large background 
signal. Various factors such as emitters dipole, the position of emitters relative to the trench 
affect the coupling efficiency of these emitters to the plasmonic structure. The fabrication 



method provides control of the lateral position, however, the vertical placement of B-Centres 
as well as their emission dipole with respect to the plasmonic lattice remain uncontrolled. In 
addition, the plasmonic structure couples to an in-plane dipole in the direction of the gap. B 
centres in hBN have been shown to have in-plane dipole but are randomly oriented within 
hBN flake. In this case, created emitters are fully or partially aligned with the nano trench 
randomly, resulting in different coupling efficiencies.  

 
 
 

 
Fig 3. (a) Optical image of the transferred hBN flake onto the nano trench lattices. The scale 
bar is 20 μm. (b) PL map of the Al plasmonic lattices with the hBN flake. PL spectra of the 
plasmonic lattices (c) and (d) after irradiation of the hBN to create B-Centres. The inset shows 
PL spectra of irradiated hBN on T1 and T2 with clear emission at 436nm (B center ZPL). The 
emission at 428nm is hBN raman.   
 

To investigate the enhancement of the emission on the T1 nano trench array (that 
overlaps the most with the ZPL of the B-Centre), we collected emission along the irradiated 



line. The irradiated region was chosen along the nanotrench area during the electron 
irradiation with SEM so that the created emitters are positioned within the nanotrench. Under 
the PL scan, we found multiple spots containing B center emission, numbered from S1 to S8 
here. The spectra from these spots are shown in figure 4(a). The PL spectra were acquired at 
the highest intensity for each emitter by carefully adjusting the focus. For each emitter, 
spectra collection was carried out using a 460 nm ± 30 nm bandpass filter with an integration 
time of 20 seconds. The spectra were fitted with a Lorentzian function centred at the ZPL at 
436 nm to compare the maximum photon counts per second for each emitter. There is no 
emission enhancement for most of the emitters except those on positions S7 and S8. This is 
likely because spots S1-S6 are not overlapping with the individual plasmonic nanotrenches, 
while S7 and S8 are likely positioned directly above the nanotrench. The intensity variation 
between S7 and S8 can originate from polarisation and/or vertical location of the emission. 
Overall enhancements of approximately six fold, in their photon counts at the ZPL compared 
to uncoupled emitters, are achieved for these two locations. We attribute this emission 
enhancement due to plasmonic coupling of B-centre with lattice. In order to confirm this, we 
compared the decay rate of the emission from coupled and uncoupled emitters. Figure 4 (b 
and c) shows the lifetime from emitters on T1 with 31k and 10k photon counts on APD, and 
the lifetime were 1.11 ns and 1.83 ns respectively. The lifetime of typical B-centres in hBN 
ranges from 1.83 to 2.6 ns17. The radiative decay rate improvement of the emitter with higher 
photon counts indicates moderate plasmonic-assisted emission enhancement. 

Significant improvement in achieving better coupling between the emitters and the 
nanotrenches can be realised by engineering emitters in thin hBN flakes, below 10 nm 
thickness. This would result in a greater overlap probability between emitter location and the 
high field of the plasmonic trenches. By overcoming this challenge, higher chances of 
plasmonic enhancement are expected as all emitters would be located at the maximum 
electric field where highest enhancement is expected.  

 



 
Fig 4. (a) PL spectra of the B-Centres located on top of the T1 lattice. Enhancement is observed 
for spots S7 and S8, likely due to the overlap of the formed emitters and the nanotrench. 
Lifetime measurement of blue emitters with different brightness (b) on S8 with brightest Pl 
emission and (c) lifetime of emitters with average emission such as S1-S6. 
 
 
Conclusion 

To conclude, we attempted coupling of the B-Centres with plasmonic lattices. We 
designed and fabricated Al nanotrench lattices with resonances approaching the blue spectral 
range. We demonstrated a six-fold increase in PL emission and an improvement in the 
radiative decay time assisted by plasmonic coupling from the site-specifically fabricated B-
Centres. Our research has the potential to explore opportunities for utilising plasmonic 
enhancement between Al nanostructures and quantum emitters in 2D materials, specifically 
in the shorter wavelengths where standard plasmonic materials are not suitable.  
 
Methods 
Numerical simulation for designing aluminium nanotrench 

The simulated reflectance and electric field distribution were obtained using a finite-
difference time-domain (FDTD) simulator (Lumerical). The geometries of Al nano trenches in 
the simulation model were designed based on the SEM image shown in Figure2(e) (pitch of 



60 nm and trench width of 10 nm) with a trench depth of 100 nm. The Al nanotrench was 
placed in a unit cell of 60 nm × 60 nm × 800 nm with a mech of 2 nm × 2 nm × 5 nm around 
them. In the unit cell, periodic boundary conditions were adopted in both the x and y axis, 
while perfect match layer (PML) was applied in the z direction. To obtain the reflectance, one 
monitor was added between the Al nanotenches and y-polarised incident light source with a 
wavelength range from 350 to 800 nm. The refractive index (n) and extinction coefficient (k) 
of Al were taken from the software database, while that of hBN is taken from previous 
experiments34. 
 
Fabrication of aluminium nanotrenches 

First, 6% hydrogen silsesquioxane (HSQ) dissolved in methyl isobutyl ketone (MIBK) 
was spin coated onto a thoroughly cleaned Si substrate at a speed of 5000 rounds per minute 
(rpm) for 90 s. The thickness of the HSQ layer was measured to be 80 nm. After that, the 
patterning was carried out using EBL with an electron acceleration voltage of 100 keV. The 
exposed HSQ-coated Si sample was then developed and the pattern was transferred to the Si 
substrate to complete the fabrication of the template. Oxygen plasma treatment was 
subsequently performed to remove the remaining HSQ. The HSQ-free Si template was then 
put in diluted 1H,1H,2H,2H-Perfluorodecyltriethoxysilane solution (10 µL in 50 mL toluene) 
for 2-3 hours to generate monolayer molecular layer on the surface of Si template. A 
subsequent functionalization via a sol-gel technique using perfluorsilanes leads to 
superoleophobic surfaces. 100 nm Al was then evaporated on the processed template using 
e-beam evaporation. Appropriate amount of OA glue was subsequently dropped on as-
fabricated Si template, followed by a flip cover of glass substrate (25 mm2). Finally, the Si 
template was removed after 20 minutes annealing to get the Al nanotrench on a glass 
substrate. The reflection spectra were measured using a CRAIC UV-vis-NIR microspectrometer 
with a 5x objective lens, where we are able to measure the localized reflectance spectra from 
a patterned area size of 10 µm x 10 µm. The measurement spectrum is normalized to a NIST 
certified mirror with a well-calibrated absolution reflectance spectrum. 
 
Emitter engineering 

hBN flakes were exfoliated from hBN crystal provided by the National Institute for 
Materials Science (NIMS) using scotch tape and transferred to the cleaned SiO substrate. The 
thickness of the sample was measured using the atomic force microscope Park XE7 AFM and 
4XC-NN AFM tip. The hBN flake was transferred on the glass substrate with Al plasmonic 
structures using the dry transfer method with polymer stamp. The hBN flake was picked up 
from the SiO substrate with the polymer stamp and then pressed firmly on the Al nano-
trenches. After the transfer, the sample was placed in a beaker with acetone for 5 minutes to 
remove the excess polymer on the surface of the sample. The sample was irradiated with an 
electron beam at a voltage of 5 kV and a current of 3.2 nA using Helios G4 PFIB UXe DualBeam.  
 
PL measurements 

https://www.zotero.org/google-docs/?pPEIdZ


The optical measurements are conducted using a home-built confocal microscope 
with a 405 nm CW laser (PiL040X, A.L.S. GmbH) and a 402 nm pulsed laser. Delivered laser 
power was measured before the objective (Nikon TU Plan Fluor 100x/0.90 NA).  
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