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Abstract - Two-dimensional metals, such as graphene, have undergone extensive exploration, 

with graphene exhibiting a metallic response limited to the infrared spectral range. Overcoming 

the challenge of extending the electron mobility in two-dimensional metals to achieve 

plasmonic behaviors in the visible range necessitates innovative synthesis procedures. In this 

study, we showcase the successful realization of the phase of 𝜒𝟑  borophene on diverse 

substrates using aluminum-based chemical vapor deposition. Leveraging first-principle 

density-functional theory alongside advanced deep-subwavelength cathodoluminescence 

spectroscopy, we reveal the extreme anisotropic response of this material in the visible range, 

transitioning from hyperbolic polaritonic to an elliptic wavefront. Our calculations substantiate 

the experimental findings, positioning borophene as an unprecedented candidate for the in-

plane hyperbolic response in the visible range. These results open avenues for pioneering 

optoelectronic applications in the visible spectrum, particularly through the incorporation of 

borophene into hybrid metallic-semiconducting heterostructures. 

 

1. Introduction 

Extreme confinement of light and tailoring its coupling with matter are at the heart of advanced 

solid-state-based quantum technologies. Polaritons are quasiparticles formed by the strong 

interaction of photons with a matter excitation. In particular, various forms of polaritons in two-

dimensional (2D) materials are attractive candidates for further tailoring strong light-matter 

interactions, due to the reduced attenuation and screening effects1,2. Moreover, 2D materials 
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offer a great versatility in forming hybrid material platforms, flavoring quasi-particle 

interactions3-5 and enhanced confinement of the light due to their reduced dimensionality6. 

In addition to tailoring the dimensionality, reducing the symmetry of the crystal structure of 2D 

materials lead to even more functionalities7. Extreme anisotropic responses that lead to 

hyperbolic isofrequency surfaces8,9 and directional propagation10 enable a stronger coupling to 

localized emitters11,12, enhancing the Purcell factor of quantum emitters13,14, and achieving 

superlens functionalities15. Several metamaterial concepts have been suggested and realized16,17 

to enable the hyperbolic isofrequency surfaces in specific frequency ranges. Nevertheless, and 

parallel to the metamaterials research, a vast of natural materials have recently emerged that 

sustain hyperbolic polaritonic features. Bulk and surface phonon polaritons in different kinds 

of materials, including uniaxial crystals such as hexagonal boron nitride18-20 as well as biaxial 

crystals such as -MoO3
21,22, have been demonstrated. Phonon-polaritons are naturally excited 

in the far infrared spectral range, not accessible to the present spectral range of single-photon 

emitters and quantum technological applications. Therefore, hyperbolic materials in the visible 

range23 appear as better candidates for quantum-optical applications, such as coupling to defect 

centers in 2D materials and vacancy centers in diamond24.  

A few materials such as tetradymites have been recently explored due to their highly non-

symmetric uniaxial crystal structure and have been shown to enable hyperbolic surface 

polaritons within the visible range25-27. However, biaxial and in-plane hyperbolic features 

within the visible range in a natural material were not reported up to now. Here, we demonstrate 

a truly two-dimensional material, borophene, that features the excitation of in-plane hyperbolic 

polaritons.  

Borophene have recently attracted several attentions, after the first synthesis of this material on 

a bulk metal28,29. It has been demonstrated as a prototype of synthetic 2D materials development, 

without having a van der Waal bulk counterpart30. It has been shown theoretically in 1990 that 

several classes of boron sheets should support free conduction electrons and behave as a metal31. 

More recently, borophene was suggested to enable a plasmonic response within the visible 

range, thanks to the high-mobility conduction electrons that this material sustains32. However, 

the optical response of free-standing borophene sheets, was not experimentally explored up to 

date, due to the previous synthesis methods used to enable a borophene sheet on an already 

existing bulk metal such as silver. 

Here, using aluminum-assisted chemical vapor deposition, we realize borophene sheets in 𝝌𝟑 

phase on diverse substrate platforms33,34. For investigating the optical properties of borophene, 

particularly it is favorable to realize free-standing borophene. We synthesize borophene on 
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holey-carbon transmission electron microscopy grids, and apply cathodoluminescence (CL) 

spectroscopy35,36 to explore the optical properties of borophene sheets, and explore its crystal 

structure using analytical transmission electron microscopy techniques as well as Raman 

spectroscopy. Using density-functional theory (DFT) based on Quantum ESPRESSO numerical 

codes, we further calculate the permittivity of single-layer borophene sheets. We further show, 

both theoretically and experimentally, that borophene enables extremely confined in-plane 

hyperbolic polaritons within the broad wavelength range of 𝟓𝟐𝟏 𝐧𝐦 < 𝝀 < 𝟏𝟏𝟎𝟎 𝐧𝐦, since 

the optics axis of this highly anisotropic crystal is placed oblique with respect to the normal to 

the sheet. Using CL spectroscopy, we further confirm the directionality of optical excitations 

in 𝝌𝟑 borophene flakes. Our explorations, confirm that borophene is not only a 2D metal within 

the visible range, but also features an extreme anisotropic response and highly directional 

hyperbolic polaritons within the visible spectral range. Therefore, we suggest borophene in 

applications that enable strong interactions with highly confined quantum emitters and tailoring 

the radiation from such emitters. 

 

2. In-plane Polaritons in Borophene 

Our synthesis method that allows us to realize 𝝌𝟑 borophene on arbitrary substrates will be 

discussed below. Here, we first discuss the main features that are expected from the extreme 

asymmetric crystal structure of single-layer borophene sheets. The structure of the 𝝌𝟑 

borophene consists of mixed triangular and hexagonal motifs, showing two in-plane principal 

axes along the directions shown by x and y arrows (perpendicular to each other) (see Figure 1b). 

The third principal axis along the z-direction is normal to the in-plane principal axes. 𝝌𝟑 

consists of atomic ribbons along the y direction, forming a multi-layer structure along the x-

axis, similar to a macroscopic grating-like structure of parallel graphene ribbons with 

hyperbolic properties37. Calculated permittivity of the 𝝌𝟑  borophene sheets indeed 

demonstrates the extreme anisotropic response of the material (see Figure 1a): whereas the 

permittivity along the principal axis x features a dielectric response, the response along the y-

axis is Drude metallic with the plasma wavelength located at 𝝀𝐏 = 𝟓𝟐𝟏 𝐧𝐦 (𝑬𝐩 = 𝟐. 𝟑𝟖 𝐞𝐕). 

DFT calculations in our work are performed using Quantum ESPRESSO38. The electron–ion 

interaction is described with the optimized norm-conserving Vanderbilt pseudopotential39. The 

exchange and correlation energies are described using the generalized gradient approximation 

(GGA) based on the approach of Perdew-Burke-Ernzerhof (PBE)40. In all calculation, the plane 

wave cut-off energy is 50 Hartree. The relaxation was carried out with an 𝟖 × 𝟖 × 𝟏 k-point 

mesh and a force threshold of 𝟏𝟎−𝟓. We perform the calculation of the dielectric tensor through 



  

4 

 

the following sequential steps: first, we perform the initial self-consistent field (SCF) 

calculation by employing an 𝟖 × 𝟖 × 𝟏  k-point mesh and including 16 bands. Subsequently, 

we conducted a more refined calculation using a finer 𝟑𝟐 × 𝟑𝟐 × 𝟏 k-point mesh and 1000 

bands for the non-self-consistent field (NSCF) calculation. Finally, a post-processing (PP) step 

was executed to obtain the dielectric tensor. 

The Drude-like materials permittivity along the y direction next to the dielectric response along 

the x direction, comprises two domains for the optical response of the material. Within the 

wavelength range of 𝝀 > 𝝀𝐏, the in-plane isofrequency surfaces of the material demonstrate 

type II hyperbolic features, whereas for the wavelengths 𝝀 < 𝝀𝐏, the isofrequency surfaces have 

elliptical forms (see Figure 1c). Note, that the wavenumbers are complex-valued, demonstrating 

a nonvanishing attenuation of the optical waves confined to the borophene sheets with their 

propagation direction lying in the x-y plane. 

We further examine the possibility for the propagation of in-plane polaritons in the borophene 

sheet. For highly anisotropic and particularly hyperbolic materials, several forms of bulk18, 

surface41, edge26, and ghost42 polaritons have been already demonstrated in the literature. For 

all these polaritonic forms, even in the form of confinement to the surface, the material flakes 

should consist of a certain thickness, to be able to afford the propagation of hyperbolic 

polaritons. For an atomically thin material like borophene, in-plane hyperbolic polaritons can 

be better captured by considering a vanishing thickness for the material. Therefore, we translate 

the permittivity along x and y components into the in-plane conductivity tensor ̂ , as ˆˆ i d  = − , 

where ̂ is the in-plane permittivity tensor and d is the thickness of the borophene film43. As 

shown in the Supplementary Information Note 1, the spatial distributions associated with the 

field components of in-plane polaritons, for the borophene sheet located at 𝑧 = 0 plane is 

constructed as ( ) ( ) ( )|| 0 || ||, exp expzr z z ik r  = −  , with 2 2 2
|| 0z k k = − and || || ||ˆ ˆcos sink k x k y = + and 

|| ˆ ˆr xx yy= + (see the inset of Figure 1d). Applying the boundary conditions, one obtains: 
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where 0k c= is the free-space wavenumber, 0 and 0 are the free-space permittivity and 

permeability, respectively,  is the angular frequency and c is the speed of light in vacuum. 

is the angle of the wave vector of the in-plane polaritons with respect to the principal axis x. 
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Figure 1. Biaxial hyperbolic electromagnetic responses of a Borophene flake. (a) Real and 

imaginary parts of the dielectric functions along the three principal axes. Shaded regions demonstrate 

the photon energy ranges where the optical responses show anisotropic hyperbolic and Elliptic 

characteristics. (b) Schematic of the crystalline Borophene monolayer in the x-y plane. (c) In-plane (x-

y) iso-frequency surfaces at three depicted energies (wavelengths), showing the transition from in-plane 

hyperbolic to elliptic responses. Solid and dashed lines denote ( ) Re y xk k and ( ) Im y xk k respectively. 

(d) Propagation constant of the in-plane polaritons versus the azimuthal angle with respect to the 

principal axis x. (Left) Phase constant and (Right) attenuation constant. Blue dashed line is inserted as 

a guide for distinguishing the phase and attenuation constants associated with 𝜆 = 600 nm and 𝜑 = 90°. 

 

Using equation (1), the propagation constant of in-plane polaritons are obtained as 2 2
|| 0zk k= + . 

The real part of ||k , which features the phase constant of polaritons in borophene, has a non-
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zero value for only a specific range of angular distributions. This fact confirms the directional 

propagation of hyperbolic polaritons. Particularly along the x-axis the borophene sheet cannot 

sustain any form of interface modes, as expected. In contrast, the largest phase constant occurs 

for polaritons propagating along the y-axis at the wavelength of 600 nm (E = 2.06 eV), where 

the permittivity of the material along the y-axis is 1r yy − . At longer wavelengths, in-plane 

polaritons demonstrate an optimum directional propagation at an angle different from  =  , 

as shown in Figure 1d. 

 

2.2. Synthesize of Borophene and Its Atomic Structure 

To grow borophene sheets, the experiment starts with cleaning a (100) silicon wafer using 

RCA-1 solution which is a mixture of 5 parts deionized water, including 1 part ammonium 

hydroxide (27%) and 1 part hydrogen peroxide (30%). Next, a 100 nm-thick layer of aluminum 

(Al) is deposited on the cleaned wafer by physical vapor deposition at a base pressure of 3×10-

6 Torr. The Al-coated silicon wafers are then placed in a chemical vapor deposition (CVD) 

chamber for the growth of borophene sheets. The CVD chamber is vacuumed to a pressure of 

3 ×10−3 Torr and then the sample is annealed for 1 h at a temperature of 600 oC with a continuous 

flow of 20 sccm of H2 gas. Growth of borophene begins by introducing a gas mixture of 15 

sccm B2H6 (diborane) and 40 sccm H2 into the CVD chamber. After 10 minutes, the flow of 

diborane is stopped and the sample is cold down to the room temperature over a period of 3 h 

in an H2 ambient atmosphere. The growth of 2D borophene sheets concludes with the sheets 

growing on the substrate and being surrounded by aggregated Al islands (see Figure 2a). The 

mechanism of growth has been previously reported in detail33.  

To avoid substrate effects on the plasmonic behavior of borophene and remove Al aggregates, 

the as-grown borophene sheets are transferred onto a transmission electron microscopy copper 

grid. To transfer the sheets, first, poly methyl methacrylate (PMMA) is spin coated on the 

borophene/silicon sample (Fig 2b). Then the sample heated at 360 K for 5 minutes to ensure 

good adhesion of the borophene sheets to the PMMA. After heating, the PMMA-coated sample 

is immersed into hydrochloric acid for a few seconds to remove Al aggregations. The sample 

is then dipped into the DI water and these two steps are repeated to separate the PMMA from 

the substrate and remove the Al aggregates completely.  After repeating this process a few times, 

the substrate is sinked into the DI water while the PMMA/borophene layer remains floating, as 

shown in Figure 2c. Finally, the layer is transferred onto the copper grid (Figure 2d) by dip 

coating, and the PMMA is removed by acetone (Figure 2e). The borophene sheets are left 

isolated onto copper grid and ready for cathodoluminescence measurements (Figure 2f).  

https://en.wikipedia.org/wiki/Borophene
https://en.wikipedia.org/wiki/Borophene
https://en.wikipedia.org/wiki/Borophene
https://en.wikipedia.org/wiki/Borophene
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Figure 2. Schematical illustration of the synthesis process. (a) The bottom image shows a SEM image 

of as-grown borophene sheets on a silicon substrate. The top image shows the schematic of the same 

sample with white islands (bright area shown in SEM) representing Al aggregations and the grown 

sheets between the Al islands representing borophene. (b) PMMA (Poly methyl methacrylate) is coated 

on the sample. (c) PMMA-coated borophene is separated from the substrate and Al aggregates are 

removed using the transfer method explained in the text. (d) Floated PMMA/borophene is transferred 

onto a copper grid by fishing. (e) SEM (top) and schematic (bottom) images of borophene coated grid 

after removing the PMMA. (f) The schematic shows the cathodoluminescence setup. 

 

Figure 3 presents structural and morphological analyses of borophene sheets. Figure 3a shows 

a scanning electron microscope (SEM) image of as-grown borophene on silicon substrate. The 

growth of borophene is based on an Al-based CVD approach, as mentioned above. 

Consequently, partial Al aggregates remain on the substrate at the end of the growth process. 

The bright bumps in the SEM image of Figure 3a are Al aggregates, and the borophene sheets 

grow between them. The wrinkles shown in this figure belong to the borophene sheets. Figure 

3b displays SEM image of borophene sheets transferred onto a copper grid. The transferring 

step removes Al aggregates. The raised boundaries visible in the image are formed when the 
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borophene sheets meet each other during growth. Borophene sheets grown using this approach 

exhibit varying thicknesses. The sheets located between the Al aggregates, which are indicated 

in Figure 3c by a dashed enclosed line, are mostly monolayer borophene. A statistical 

investigation of the borophene sheets collected over various sheets by atomic force microscopy 

(AFM) also confirms the formation of 2- and 3-layer borophene sheets in this area. However, 

thicker sheets form in only specific parts of the sample, which are shown in Figure 3c by arrows. 

On the Al aggregates, some bright crystal-shaped structures are thicker borophene sheets. 

Additionally, the thicker borophene sheets grow at the boundaries of monolayer sheets (see the 

inset of Figure 3c). 

The transferred borophene sheets on copper grid were characterized by high-resolution 

transmission electron microscopy (HRTEM). The images are shown in Figures 3d, and 3f, and 

the corresponding selected area electron diffraction (SAED) pattern is represented in Figure 3f. 

We observe an excellent consistency between the diffraction pattern we obtained and the 

primary reciprocal lattice of χ3 borophene. The Miller indices corresponding to the observed 

diffraction pattern are included in this figure. We determine these Miller indices by comparing 

the theoretical values of the d – spacing with a standard deviation of 0.005. The HRTEM image 

of Figure 3d shows the parallel lattice strips with an interstrip distance of 4.4 and 2.1 angstroms, 

which is in excellent agreement with the distance between parallel strip-like regions of high 

atomic concentration and the atomic distance in the χ3 phase, respectively. The magnified view 

of the HRTEM, along with the superimposed χ3 borophene atomic structure, is included in the 

inset of the figure. The surface topography of the samples was investigated using an atomic 

force microscope (AFM). The resulting AFM images are presented in Figure 3g and 3h. 

Aluminum islands and borophene sheets with polygonal geometry can be distinguished from 

these figures. The distinctive sharp edges visible in the images correspond to the boundaries 

where borophene sheets have grown from different sides and seamlessly merged. 

The Raman spectra of borophene reveal fascinating insights into its structural characteristics. 

The Raman fingerprints of the sample are represented in Figure 3i.  The peaks around 180, 255, 

305, 415, and 445 cm-1 are in good agreement with the Bg
2, Bg

2 (X’), Au(Y), Bg
1 , and Bg

1 (Y) 

mods, respectively, which were theoretically predicted for the χ3 phase44.  Additionally, modes 

related to the presence of aluminum oxide (at 380 cm-1) and the silicon substrate (at around 520 

cm−1) were also detected within the Raman spectrum. Furthermore, a peak at around 120 cm-1 

serves as a signature of χ3 phase, which has been previously observed in experiments33.  
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Figure 3. Morphological and structural analyses. (a) SEM image of as-grown borophene sheets on a 

silicon substrate. (b) SEM image of borophene on a copper grid. (c) SEM image showing the thicker 

sheets forming in some parts of the sample, which are indicated by arrows. (d) HRTEM image of 

borophene sheets showing the parallel lattice strips with interstrip distance of 4.4 and 2.1 angstroms 

which is in excellent agreement with the distance between parallel strip like regions of high atomic 

concentration and atomic distance in the χ3 sheet, respectively. (d, e) HRTEM and (f) corresponding 

SADP of borophene which are well-matched with the crystal structure of the χ3 phase. (g) AFM 

topographic image of as-grown borophene on Si showing the Al aggregates and borophene sheets 

between them. The polygon shape and sharp edges of the borophene domains suggests a crystalline 

structure. (h) AFM Magnified view of 3.5 ×3.5 μm2. (i) Far-field Raman spectrum of borophene sheets.  

 

2.3. Cathodoluminescence Spectroscopy of In-Plane Hyperbolic Polaritons in Borophene 

To explore the optical response of borophene flakes, we use here CL spectroscopy, that allows 

us to reveal the spatio-spectral features of propagating45-51 and localized52-56 polaritons in nano-

structured samples. In our experimental scheme, the photons generated from the interaction 
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between the electron beam and borophene flakes are collected using a parabolic mirror and 

directed toward our analyzing path (Figure 4a). We perform spectroscopy, angle-resolved 

mapping, and polarimetry, to unravel the characteristics of localized hyperbolic polaritons in 

the synthesized borophene flakes. Our CL detector and optical analyzers are integrated with a 

Zeiss-SIGMA field-emission scanning electron microscope (SEM). 

We first explore the CL response of single-layer borophene sheets that are formed into circular-

like flakes with boundaries caused via the accumulation of the aluminum and borophene multi-

layered structures (see the secondary electron SEM image, Figure 4b). This structural form 

allows for the formation of localized hyperbolic polaritons, occurring due to the interaction of 

the propagating hyperbolic polaritons with the boundaries of the flake and partial reflection 

from the boundaries. The averaged CL signal integrated over the wavelength range of 490 nm 

to 910 nm, demonstrates that the maximum detected photon yield originates from the borophene 

sheet, rather than the aluminum structure accumulated at the boundaries, and is caused by the 

excitation of hyperbolic in-plane polaritons.  

Due to the directional propagation of hyperbolic polaritons, the spatial distribution of localized 

polaritons reflected from the boundaries does not entirely follow the morphology of the flake. 

At 𝝀 = 𝟓𝟎𝟎 𝐧𝐦, borophene does not support in-plane hyperbolic polaritons (see Figure 1d and 

the discussions therein). At this wavelength, the spatial position of the maximum CL signal 

originates from the accumulated aluminum rather than the borophene sheet. By increasing the 

wavelength and at 𝝀 ≥ 𝟓𝟓𝟎 𝐧𝐦, in-plane hyperbolic polaritons are excited in the borophene 

flake, and particularly at longer wavelengths, the emerging localized polaritons demonstrate an 

elongated form highlighted by the black arrows (see the hyperspectral image at 𝝀 = 𝟖𝟎𝟎 𝐧𝐦). 

The propagation direction of in-plane hyperbolic polaritons at this wavelength is analytically 

derived to be 𝝋 = 𝟔𝟎° with respect to the principal axis x and 30° with respect to the y-axis, 

allowing us to infer two possible orientations for the y-axis as shown in Figure 4c. 

Figure 4d shows CL spectra acquired at selected electron impact positions marked in Figure 4b 

(right panel). We observe a rather broad spectral feature within the wavelength range 650 nm 

to 850 nm when the electron interacts with the borophene sheet. The absence of a sharp 

resonance is expected and is attributed to the presence of a large photonic density of state 

supported by the hyperbolic materials. The phase constant of in-plane hyperbolic polaritons at 

𝝀 =800 nm is approximately 100 times larger than the free-space wavenumber of the light, 

which means that in-plane polaritons should sustain an effective wavelength of approximately 

8 nm at the wavelength range of 800 nm. This effect explains the absence of the standing-wave-

like features in the hyperspectral CL images. 
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To better understand the characteristics of the optical response of borophene, we now consider 

a multilayer borophene structure, formed into a disc-like structure with the diameter of 350 nm 

(Figure 5a). CL spectra acquired from this structure show two broad spectral features, centered 

at the wavelengths of 𝜆 = 577 nm  and 𝜆 = 719 nm . Hyperspectral images at these two 

wavelengths show the spatial distribution of the CL signal associated with two peaks. The 

optical resonance at 𝜆 = 577 nm demonstrate two maxima located at the outer rim of the 

structure along the y-axis. The lack of CL signal along the x-axis at this wavelength is due to 

the directional propagation of in-plane hyperbolic polaritons. Particularly at this wavelength, 

the direction of in-plane polaritons is along the y-principal axis (see Figure 1d), allowing us to 

determine the y-principal axis (and consequently also x-axis) without ambiguity (see the arrow 

depicted in Figure 5c, top). 

 

 

Figure 4. (a) Experimental setup featuring a CL mirror and the radiation emitted from the sample. (b) 

SEM image of the Borophene structure. The red square indicates the scanned area, while the adjacent 

image depicts average CL response. The black square within this hyperspectral image corresponds to 

the area analysed in panel, (c) revealing the spatial distribution of hyperbolic polaritons at selected 

wavelengths noted above each image.  Black arrows on top of the image at 𝜆 = 750 nm and 𝜆 =

800 nm , demonstrate the orientation of in-plane plasmon propagation. Dashed lines demonstrate 

possible orientations for the y principal axis.  (d) Spectrum extracted from the location marked by a red 

dot in panel (b). 
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Figure 5. (a) Secondary-electron scanning Electron Microscopy image capturing a multilayer 

borophene flake (b) Distance-wavelength spectral distribution of CL light at the positions marked by 

the dashed cyan line in panel a. (c) Hyperspectral images of the particle at selected wavelengths 

(depicted above each image and marked by dashed line in panel (b), illustrating the localization of 

hyperbolic either at the rim along the y-axis or in the centre. (d) Excitation of a dipolar-like optical mode 

upon electron impact and far-field CL signal originated from this excitation. (f) Ez and E components 

of the far-field electrical field distribution. (f) S1 and S2 Stokes parameters that are measured at E = 1.55 

eV (𝜆 ≈ 800 nm) for the electron impact position shown in panel (a). 

 

At the longer wavelength 𝜆 = 719 nm, in-plane polaritons propagate along two directions 

making an angle of 20° with respect to the y-axis. Due to the reflection of both these waves 

from the rim of the structure, the excited in-plane polaritons form a roundish pattern within the 

flake at this wavelength.  

The coherent nature of the CL signal can be better determined by performing polarimetry. By 

acquiring the angular distribution of complete Stokes parameters, the angular pattern of the far-

field radiation as well as the dipolar nature of the near-field resonance are retrieved (See Figure 

5e). The z-component of the electric field demonstrates a donut-like shape, which is expected 

due to the transversal nature of the far-field radiation. The azimuthal component of the electric 

field demonstrates two lobes at 𝜑 = 0 and 𝜑 = 180°, and zero intensities at 𝜑 = ±90°. This 

behavior is attributed to the excitation of charges accumulated at rims along the y-axis, that 

further forms a dipolar resonance. Indeed, this interpretation is fully confirmed by analyzing 

the S1 = |𝐸𝑥|2 − |𝐸𝑦|
2
 and S2 = 2Re{𝐸𝑥𝐸𝑦

∗} stokes parameter, that demonstrate the excitation 

of a dipole along the y-axis (Figure 5f). 
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Conclusion 

Here, we have explored the optical properties of synthesized free-standing borophene using 

deep-sub-wavelength cathodoluminescence spectroscopy. Using density functional theory, we 

have calculated the dielectric function along the principal axes and have shown that borophene 

is a so-far unique material platform for the excitation of in-plane hyperbolic polaritons in the 

visible range. In-plane hyperbolic polaritons in borophene demonstrate an extreme 

subwavelength feature, with an effective wavelength 180 times smaller than the wavelength of 

the free-space light at visible photon energies. We have analytically calculated the dispersion 

of in-plane hyperbolic polaritons that features a highly directional propagation mechanism, and 

further confirmed the excitation of hyperbolic polaritons using cathodoluminescence 

spectroscopy and polarimetry. 

Extremely anisotropic hyperbolic polaritons have attracted a tremendous attention recently, 

after the discovery of hyperbolic polaritons in hBN and a few other non-symmetric crystals, all 

happening at the far infrared range. Our results establish borophene as the only material 

platform, so far, that supports in-plane hyperbolic polaritons in truly 2D materials and in the 

visible spectral range. Due to the impact of the hyperbolic response on tailoring the radiation 

from quantum emitters and manipulating the Purcell effect, borophene can be a material of 

choice for quantum-optical solid-state metrologies. In particular, when combined with deep-

subwavelength characteristics of the in-plane polaritons in borophene, we anticipate that this 

2D material can be used as well for manipulating the optical selection rules beyond dipole 

approximation, at the visible range. Similarly, Dirac plasmons in graphene have been 

theoretically suggested for tailoring the optical selection rules; however, at the far-infrared 

range57. In addition, similar to graphene, this material could become an important candidate for 

light-driven electronic applications58 and directional Schottky barrier in hybrid structures59.   
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1. In-plane polaritons in an atomically thin borophene sheet 

We consider a borophene sheet located at the z=0 plane, supporting in-plane surface waves 

confined to the plane and propagating along the direction specified by the azimuthal angle 

with respect to the principal axis x. We consider the vector potential approach allowing us to 

decompose the waves into transverse-magnetic (TM) and transverse-electric (TE) parts, by 

choosing ( )0,0, zA A= and ( )0,0, zF F= , with A and F being the magnetic and electric vector 

potentials. Therefore, the z-components of the magnetic and electric vector potentials are 

constructed as  

( )
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respectively. The electric and magnetic field components are obtained as 

( )
0

1
, ,E x y z F A

i
= − −          (S3) 

and 

( )
0

1
, ,H x y z A A

i
=  −  ,        (S4) 

Respectively. Using equations (S1) to (S4) and applying the boundary conditions as 

( )1 2 ||ˆẑ H H E − =   and ( )1 2ˆ 0z E E − = , one obtains 1 2A A= − and 1 2F F= , and the following 

relation between the iA and iF coefficients: 
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Simultaneous satisfaction of equations (S5) and (S6) leads to the following values for the 

decay ratio z : 
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as shown in the main text, as well as the following results for the in-plane components of the 

electric field: 
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and the tangential components of the magnetic field represented as || ||
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