Site-selective Creation of Blue Emitters in Hexagonal Boron Nitride
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ABSTRACT
Hexagonal boron nitride (hBN) has been of great interest due to its ability to host several bright quantum emitters at room temperature. However, the identification of the observed emitters remains challenging due to spectral variability as well as the lack of atomic defect structure information. In this work, we demonstrate the site-selective creation of blue emitters in exfoliated hBN flakes with high energy ion irradiation. With the correlation analysis of cryogenic and temperature dependent photoluminescence (PL) spectroscopy, we observe two zero phonon lines (ZPLs) at ~432.8 nm and 454.3 nm. Photoluminescence excitation (PLE) measurements further confirm emission origins of the two prominent lines. Scanning transmission electron microscopy (STEM) reveals that the dominant defect structures present in ion irradiated samples are vacancy-type (Vx) and adatom(intercalant)-type (Ax). Together with first principles GW-BSE (Bethe-Salpeter equation) calculations, we deduce that the observed blue emissions are likely due to boron intercalants (Bint). Our results not only discover a group of blue emissions in hBN, but also provide insights into the physical origin of the emissions with local atomic structures in hBN.
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INTRODUCTION
Since the discovery of single photon emission in WSe2 and hBN1,2, there has been a significant surge in research interest aimed at harnessing quantum technologies using atomically thin van der Waals materials3–7. In particular, hBN has emerged as an intriguing candidate due to its ability to host a rich library of optically active emitters, some of which are operational at room temperature. Notably, one prevalent group of emitters identified within exfoliated and powdered hBN are the visible emitters, which cover a broad range of spectrum ranging from 520 nm to 850 nm 1,3,16–25,8,26–31,9–15. However, these emitters are often randomly distributed in the sample and suffer from spectral variability. This presents a substantial limitation when considering their suitability for applications in photonic integrations. Consequently, extensive research is currently focused on the deterministic creation of bright emitters. For example, chemical vapour epitaxial grown hBN has been shown to lead to a narrow band spectral distribution around a central wavelength of 585 nm.9,32 Techniques such as focused ion beam exposure,29,33 strain engineering,34 and femtosecond laser irradiation35 have been employed to locally generate quantum emitters with wavelengths ranging between 550 and 650 nm. Recently, a family of quantum emitters, namely the “blue emitter”, featuring a zero phonon line (ZPL) at ~436 nm36,42–44, have been reported by several groups. These emitters can be generated on-demand through electron beam irradiation, offering exceptional spatial resolution.
Despite the exciting possibilities that they can hold, the precise atomic structure of these quantum emitters within hBN remained elusive37. While carbon doping is predominately associated with quantum emitters in the range of 580-630 nm25,38–42, there is also emerging evidence which suggests that they might arise from donor-acceptor pairs within hBN43. The absence of direct evidence to establish a correlation between the atomic structure and these emitters persists as a considerable challenge. 
In this work, we demonstrate the fabrication of site-selective blue emitters with high energy ion irradiation in hBN. The emission peaks are carefully examined and analysed, which confirms that there are two ZPLs at around 433 nm and 454 nm which represent two different types of emitters. The capability to create uniform emitters over a large area using high energy ion beam enables us to conduct systematic scanning transmission electron microscopy (STEM) STEM to elucidate their structural origin.  The combination of the systematic PL analysis of the site-selective emitters and the STEM statistical analysis, alongside first-principles GW-BSE (Bethe-Salpeter equation) calculations, provides insights into the atomic origins of these blue emitters.
RESULTS AND DISCUSSION
Creation of the blue emitters in hBN
High-energy ion irradiation on hBN transfers sufficient kinetic energy to displace boron or nitrogen atoms, creating vacancies in the lattice. One prominent example is the negatively charged boron vacancy (), a well-known color center in hBN that can work as a quantum sensor.44,45 While creating such vacancies, the knocked-out atoms may remain near the vacancy site and form an intercalant (such as AXi) in between the layers, or they can diffuse across the crystal lattice and be absorbed in a pristine atomic column to form an adatom (such as AXo) outside of the irradiated area, where ‘X’ denotes either a B or an N atom. A schematic illustration demonstrating various possible defects created via such processes is shown in Figure 1a. After ion irradiation, different color centers can be observed in hBN. Specifically, the PL emission peaks at wavelengths of ~432 nm, 460 nm, 492 nm and 528 nm can be observed in the ion irradiated hBN when excited by a 405 nm laser at room temperature, as shown in Figure 1d. In this work, we primarily focus on the emissions in the blue range, specifically wavelengths between 400 nm and 500 nm. Figure 1c shows an hBN flake, irradiated by 1.6 MeV He+ ions in squares and points with different fluences. All the irradiated squares and points exhibit identical blue emissions at room temperature but with varied intensities. The squares marked as SQ1 to SQ5 in Figure 1c are created with fluences of 3E16, 1E16, 3E15, 1E15 and 3E14 respectively (the fluences are with unit of , for example,  ), the points are irradiated with a focused ion beam with different dwell times (details can be found in the SI, Figure S1). Room-temperature confocal PL maps, shown in Figure 1c, demonstrate that the strongest blue emission occurs at SQ3 with an irradiation fluence of 3E15. The PL spectra at the center of each square are shown in Figure 1d. 
To perform a detailed optical analysis, the sample is cooled to 4K. As the temperature decreases, the intensity of the blue emissions increases (Figure S2), and the ~432 nm peak becomes sharp, while the 460 nm and 490 nm peaks split into two sharp peaks for each (Figure 2a, b). At 4K, we can observe five sharp peaks centred at ~ 433 nm, 454 nm, 462 nm, 488 nm and 495 nm as shown in Figure 2b. A key distinction between ZPL and PSB lies in the linewidth of their emission peaks, with PSBs typically exhibiting broader linewidth due to stronger electron-phonon coupling.9 With decreasing beam fluence, the linewidth of all peaks generally decreases, with the 433 and 454 nm peaks exhibiting notably sharper linewidths at the lowest fluence. To further validate this observation, we plotted the full width at half maximum (FWHM) of all peaks under varying beam fluence (Figure 2c). The FWHMs of the 433 and 454 peaks consistently exhibit the smallest FWHMs and are at least twice narrower as those of the other peaks across all fluences, suggesting that these two peaks are potential ZPLs. Furthermore, low temperature PL mapping clearly reveals the different distributions of the 433 nm peak and 454 nm peak and the correlations of all the five peaks, as shown in Figure 2d. The emissions at 433, 462 and 495 nm share an identical spatial distribution profile, with highest intensity observed at SQ4 (1E15 fluence). In contrast, the emissions at 454 and 488 nm share similar distribution profile, with the strongest emission observed at SQ3 (3E15 fluence). These spatial correlations suggest that the 462 and 495 nm emissions are likely PSBs of the 433 nm ZPL, while the 488 nm emission is the PSB of the 454 nm ZPL. Herein after, we refer the emission at ~ 433 nm as B1 and the one at ~ 454 nm as B2. We notice that B1 and B2 show negligible energy shift at different irradiation areas with different irradiation fluences (Figure S3), suggesting their high consistency. Besides, based on the spatial correlations, we also notice that there are additional PSBs of B1 and B2 distributed beyond 500 nm wavelength, as shown in Fig. S4, at ~534 nm as a third distinct PSB for B1 and ~526 nm as a second PSB for B2.
To further substantiate our assignment, we performed photoluminescence excitation spectroscopy (PLE) to study the photophysical properties of the individual peaks. Figure 3a, b shows the experimental PLE data with different excitation wavelength range. From the colour plot, two distinct resonances were observed at ~ 453.5 nm and 432 nm. Figure 3c shows the PL intensity as a function of excitation wavelength for different emissions. Notably, the emissions at 462 and 495 nm exhibit similar PLE profile, with a strong resonance observed at 432 nm, coinciding with the B1 emission. This resonance behaviour is indicative of PSB, which arise from the interaction between excitonic transitions and phonons. The observed resonance at B1 transitions (432 nm) suggests that excitation at this wavelength efficiently promotes the system to an excited state, leading to the subsequent emission of PSBs. This behaviour supports the interpretation that the 462 and 495 nm emissions are PSBs of B1. On the other hand, B2 does not exhibit resonance at 432 nm, suggesting that it is not directly related to B1. This implies that B2 likely has a different emission origin, possible associated with other defects. Emission at 488 nm resonate more strongly at 453 nm, which aligns with B2 transition, further distinguishing it from B1. These findings suggest that the two emission features B1 and B2, likely stem from two distinct structural origins. 
Table 1. Comparison of different emitters in this work and literatures.
	        Parameters

Emitters
	ZPL (nm)
	PSBs (nm)
	Debye–Waller factor
	Huang-Rhys factor
	Source

	B1
	433
	462, 495, 534
	0.14
	1.95 (4K)
	This work

	B2
	454
	488, 526
	0.24
	1.43 (4K)
	This work

	E-beam generated blue emitter
	435.7
	460.7, 465.9
	0.4
	0.92 (5K)
	Ref. 36

	B center
	436
	462, 491
	~0.4
	~0.92 (70K)
	Ref. 46



The 433 nm emitter  exhibits similar emission energy to the previously reported blue emission at ~436 nm which is attributed to carbon-related defects36,46–48. However, the 433 nm emitter in our study displays significantly stronger PSB (i.e., the 462 nm and 495 nm peaks) emissions compared to the reported blue emission. The electron-phonon coupling strength can be determined by Debye-Waller and Huang-Rhys factors,40,42 which are calculated and listed in Table 1. For B1 and B2, the Debye-Waller and Huang-Rhys factors are different at different irradiation areas with different fluences. We are using an average value of Debye-Waller factor in Table 1, and the calculated Huang-Rhys factor accordingly. The detailed Debye-Waller and Huang-Rhys factors of B1 and B2 are shown in Table S1 in the SI. The different electron-phonon coupling strengths may be because of different strains introduced in different irradiation methods. Except the electron-phonon coupling strength differences, the energy gap between the PSBs and ZPL of B1 is similar with previous reported blue emissions at ~180 meV.
The origin of the blue emitters in hBN at the atomic scale
In previous studies, direct physical evidence of the origin of the SPEs has been difficult to obtain due to the inability to precisely locate the SPE positions within a sample. For focused ion beam irradiation, we can create point emissions and uniform regions of blue emission over large areas which are easy to locate in the scanning transmission electron microscope (STEM). This enables us to correlate the emission profile with the physical origin at the atomic scale.
To characterize the materials, STEM was used to examine the defect structures present within the ion beam irradiated hBN samples. This allows for possible defect candidates which give rise to the observed emissions. Figure 4a shows a large-area high-angle annular dark field-scanning transmission electron microscope (HAADF-STEM) image of a 500 keV He+(3E15) irradiated hBN multilayer. The bright and dark atomic columns represent N and B, respectively. Different types of defect structures are seen to be present in the sample, such as vacancy-type defects (VX) and adatom- (intercalant-)type defects (AX) characterized by dimmer and brighter regions in the HAADF-STEM image, respectively. V(A)X denotes vacancy (additional atom) at a specific lattice site X which comprises either an isolated atom (e.g., B, N), atom pairs (e.g., BN, B2N2) or a cluster of atoms (i.e., BxNy where x, y >2). VX represents atomic vacancies or vacancy clusters. They are characterized by lower contrast than the surrounding pristine lattice. On the other hand, defects denoted by AX exhibit a brighter contrast than the surroundings. They can be attributed to additional atoms passivating a specific lattice site (X) in the outermost layer (i.e., adatoms) or in between the hBN layers (i.e., intercalants). Regardless of the various defects present, the sample still retains its crystallinity after He+ irradiation evident from the hexagonally arranged diffraction spots derived from the fast Fourier transformation (FFT) of the corresponding STEM image (inset of Figure 4a).
We estimate the statistical distributions of various defect types and densities in our sample from multiple areas imaged across the sample which amount to a total area of ~660 nm2 (Figure 4b, S10). VX are unequivocally higher in both density and diversity than AX. Among the different types of VX, VB exhibits the highest density of ~ 3 x1012 cm-2 and constitutes the most common defect structure in our sample similar to a previous report on pristine hBN49 followed by VN at ~ 1 x 1012 cm-2 and finally other vacancy pairs and clusters with densities of the orders of 1011 cm-2. In contrast to VX, AX only has 3 types of defects, namely AB, AN and ABN, with AB appears at densities of the orders of 1012 cm-2 whilst ABN and AN at densities of the orders of 1011 cm-2. The 6 most common defect structures found in our samples with their corresponding atomic arrangements are listed in Figure 4c. From our imaging, it is apparent that B sites are more prone to both vacancy formation and atom absorption relative to N sites. Relative to pristine hBN49, the defects in our irradiated samples are much more complex, such as BxNy which comprise at least five conjugated atoms; furthermore, adatom-(intercalant-)type defects which are not observed in pristine hBN, are instead commonly observed in irradiated samples.
Although so many different types of defects can be observed in the irradiated hBN, spectroscopic features observed in the PL mapping results provide clues about the origin of the blue emitters. Firstly, different ions with variad energies were applied to irradiated hBN samples on different substrates, all providing similar blue emissions as shown in Figure S6, which suggests that the blue emissions do not originate from impurities. Secondly, intercalated atoms are more prone to diffusion than vacancies, which is consistent with the PL mapping experiments monitoring the energy of blue emitters and  defect (as shown in Figure 1 and more details in Figure S8).
First principles GW-BSE (Bethe-Salpeter equation) calculations
[bookmark: _Hlk119338180]To unravel the identities of these blue SPEs in hBN under ion beam irradiation, we have employed state-of-the-art first principles GW-BSE (Bethe-Salpeter equation) calculations.50 Several boron and nitrogen vacancies (‘VB + H’ (2.5 eV), VB2 (2.9 eV),51 VN (2.7 eV),52  (2.8 eV)53) are predicted to emit at wavelengths close to the blue emissions observed in this work. However, as discussed earlier, we mainly suspect that the blue emissions observed are from the intercalants or interstitials. Nitrogen interstitials are calculated to be responsible for the blue emissions, which could be the origin of the blue emissions here.54 
In our work, we also discovered another possible origin for the blue emissions in the form of most abundant boron intercalants (Bint). Figure 5a shows the quasiparticle energy levels of Bint in multilayer hBN. Our calculations show that Bint has a spin doublet ground state configuration, with several defect levels lying well within the band gap of hBN for both spin components. Figure 5b shows the calculated optical transition spectra for Bint, which reflects a variety of sub-band gap intra-defect transitions well below the 5.6 eV optical band gap of pristine multilayer hBN.45 For Bint, we observe prominent optical absorption peaks at ~2.4, 2.5 and 2.6 eV,  and minor peaks at ~2.8 and 2.9 eV. The 2.8 eV transition is likely the candidate for B2 emission, and the 2.9 eV transition is likely the candidate for B1 emission.
CONCLUSIONS
In summary, we have demonstrated the fabrication of site-selective blue emitters in hBN with high energy ion irradiation. We have determined that there are two ZPLs centered around 433 nm (B1) and 454 nm (B2) with spatial correlation analysis, temperature dependent study and PLE measurement. While B1 is energetically similar to the previously reported blue emission at ~436 nm36,46, their physical origins may differ. Notably, these emitters exhibit consistent emission wavelengths across the irradiated area with a small inhomogeneous broadening of less than 0.1 nm. Our STEM analysis has unveiled that vacancy and adatom defects are the most frequently observed atomic structures in irradiated samples. The observation that blue emissions can extend beyond the irradiation region suggests they may originate from adatoms generated by knock-on damage in the irradiation zone, which subsequently diffuse to pristine regions of the crystal. Our first-principles GW-BSE calculations suggest that boron intercalants might be the source of the emissions at 433 nm and 454 nm.  It is noteworthy that refining the irradiation conditions to attain a single SPE per irradiation site is an important goal that warrants additional efforts in the future. We believe our systematic study is an important step toward understanding the structures of quantum emitters in hBN crystals.
EXPERIMENTAL SECTION
Sample preparation. Exfoliated hBN: The bulk hBN crystals, provided by K.W. and T.T., were mechanically exfoliated onto Ozone treated substrates. The double-sided polished STO wafers (orientation: 100) were bought from SurfaceNet GmbH.
Ion irradiation. A SingletronTM accelerator was used to generate proton or He+ ion beams from a hydrogen or helium source bottle and high terminal voltage (100keV – 1.6MeV). The high energy proton or He+ was selected by controlling a 90-degree magnetic field. The beam was focused with a quadrupole lens set to a spot size about 50 nm × 50 nm, and scanned with a pattern of squares or points. The irradiation fluence was controlled by the beam current and irradiation dwell time at each pixel. 
Optical characterization. Room temperature PL: A home-built confocal scanning fluorescence microscope was used to acquire PL images, spectra. A 405 nm CW laser was used for excitation. A 100X objective lens (Olympus, numerical aperture (NA) of 0.95) was used for focusing the excitation laser and collecting the fluorescence. The fluorescence spectrum was obtained by Andor SR-500 spectrometer with a spectral resolution of 0.7 nm. 
Low-temperature measurements. Low-temperature PL mapping was taken in microscopic (1 μm spot size) backscattering geometry with 405 nm laser excitation at temperature of 4 K. The sample was cooled down via thermal contact with a cold plate. The sample was mounted on x-y-z piezo scanners that allowed for a spatially resolved PL experiment. The signal was collected through an in-situ objective with a numerical aperture of 0.82. The PL signal from the sample was dispersed by a 0.75 m spectrometer with either 300 g/mm or 150 g/mm grating, and detected a by liquid-nitrogen-cooled charge-coupled device camera.
Temperature dependent measurement was performed using laser confocal system (Andor Solis spectrometer equipped with iDus Si CCD) with a 405 CW laser source inside an ST-500 Janis cryostat. For PLE measurement, a frequency tunable Fianium supercontinuum laser (NKT Photonics) was used as the excitation source, with a fixed power of 10 µW.
STEM Sample Preparation and Imaging. The hBN flakes were transferred onto ozone treated 1µm hole Si3N4 supported TEM grid (Ted Pella) using dry viscoelastic stamping method.55 The homemade polydimethylsiloxane (PDMS) film was made by mixing PDMS elastomer with the curing agent at 10:1 volumetric ratio in a petri dish, then subsequently baked at 70 oC for 8 hours. The PDMS stamp was assembled by cutting cured PMDS into small pieces and adhered to a glass slide. The bulk hBN crystals were then mechanically exfoliated onto the ozone treated PDMS stamp. The thickness of hBN was determined from the optical microscope contrast (Olympus BX51). The transferred hBN flake was then subjected to proton beam irradiation at a fluence of 3 x 1015 ion/cm2. HAADF-STEM images of the treated samples were acquired with an aberration-corrected STEM (JEOL JEM-ARM200F) equipped with a cold-field emission gun operating at 80kV acceleration voltage with a convergence angle of 31 mrad.
First principles calculations. We compute the defect levels from first principles using the many-body perturbation theory within the GW approximation, and predict the GW-BSE optical absorption spectra of the defects using periodic boundary conditions with a plane wave basis set. The GW-BSE calculations in this work are carried out using the BerkeleyGW software package,56 with the DFT mean-field starting point wavefunctions computed using the plane-wave pseudopotential code, Quantum-ESPRESSO.57 We used PBE-optimized norm-conserving Vanderbilt (ONCV) pseudopotentials58 with a kinetic-energy cutoff of 60 Ry. We used orthorhombic 6 × 4√3 × 2 supercells of hBN (96 atoms per layer in the pristine case) to construct the studied defect model. One-shot G0W0 calculations were carried out by first constructing the polarizability matrix with a cutoff of 10 Ry and 2000 bands. The quasiparticle energy corrections were then computed using the Hybertsen-Louie generalized plasmon pole (GPP) model,59 and the static remainder method was employed to accelerate convergence with respect to the number of bands.60 Using 3000 bands to evaluate the polarizability matrix and the quasiparticle energy corrections changes the quasiparticle energy gaps between in-gap defect states by up to ~0.05 eV as compared to when 2000 bands are used. The BSE kernel was constructed within the Tamm−Dancoff approximation using a k-grid of 3 × 3 × 4 and interpolated to a 6 × 6 × 8 k-grid. The BSE Hamiltonian was then solved by direct diagonalization, including bands with energies at least 0.3 eV beyond those of the VBM and CBM edges.
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Figure 1. The creation of the blue emitters. (a) Schematic of the He+ irradiation on a hBN flake, creating different types of vacancies and adatoms within and out of the irradiation region. (b) Optical microscope of a hBN flake irradiated by He+ in sqaures and points, the squares are marked with SQ1-SQ5, are with fluences of 3E16, 1E16, 3E15, 1E15 and 3E14 respectively. (c) PL mapping results at room temperature capturing wavelength range 400-500 nm. (d) PL spectra of the irradiated hBN at room temperature at different areas with different fluences of irradiation.
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Figure 2. Temperature dependence and spatial correlation. (a) Temperature dependent PL spectra of the irradiated hBN. (b) PL spetra of the irradiated hBN at 4K (c) Full width at half maximum (FWHM) of the five peaks observed in the spectra in (b). (d) A spatial correlation of the emission peaks observed in (b) integrated over different energies. 
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Figure 3. PLE measurements. (a, b) PLE mapping of the emission peaks, with excitation wavelengths (a) from 437 nm to 455 nm, (b) from 427 nm to 437 nm. (c) PLE spectra of different emission peaks. (d) PL spectra of the emission peaks corresponding to (c). [image: A close-up of a graph
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Figure 4. Structural characterization of helium irradiated hBN multilayer. (a) Large-area HAADF-STEM image of helium irradiated hBN multilayer with different defects. Inset denotes the FFT of the same area. (b) Statistical distribution of various vacancy-type and adatom-(intercalant-)type defects in helium irradiated hBN multilayer deduced from multiple HAADF-STEM datasets. (c) HAADF-STEM of the 6 most common defect structures found in helium irradiated hBN multilayer. Scale bar is 1 nm.
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Fig. 5. Calculated quasiparticle energy levels and optical absorption spectra. (a) GW quasiparticle defect levels for Bint. The blue (red) area corresponds to the valence (conduction) bands. The black (red) lines and arrows correspond to spin majority (spin minority). The filled (empty) arrows and lines (dashed lines) denote occupied (unoccupied) defect states. (b) BSE optical absorption spectra of Bint. Blue lines denote spectra polarized along the x axis, while red lines denote spectra polarized along the y axis. The inset figures show the geometry of Bint from the top and side views. Green atoms denote B atoms; grey atoms denote N atoms.
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