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Abstract38

Manipulation of the propagation and energy transport characteristics of subwavelength39

infrared (IR) light fields is critical for the application of nanophotonics devices in40

photocatalysis, biosensing, and thermal management. In this context, metamaterials are41

useful composite materials, although traditional metal-based structures are constrained by42

their weak mid-IR response, and their optical propagation including focusing is limited by43

the size of artificial optical structure and poor performance of available active means of44

control. Herein, a tunable planar focusing device operating in the mid-IR region was45

reported by exploiting highly oriented in-plane hyperbolic phonon polaritons in α-MoO3.46

Specifically, an unprecedented change of effective focal length of polariton waves from 0.747

to 7.4 μm was demonstrated by the following three different means: the dimension of the48

device, light frequency, and phonon–plasmon hybridization. The high confinement49

characteristics of phonon polaritons in α-MoO3 permit the focal length and focal spot size50

to reduce to 1/15 and 1/33 of the incident wavelength, respectively. In particular, the51

anisotropic phonon polaritons in α-MoO3 were combined with the tunable surface plasmon52

polaritons in graphene to realize in situ and dynamic control of the focusing performance,53

thus paving the way for phonon-polariton-based planar nanophotonic applications.54



Introduction55

Subwavelength optical focusing has been widely exploited to concentrate56

electromagnetic energy down to nanoscale regions and achieve large field enhancement,57

which shows promising application prospects in optical imaging[1], biosensing[2],58

photocatalysis[3], nonlinear optics[4], and manipulation of nano-scale energy flow[5]. In59

particular, in-plane subwavelength focusing is a critical element for realizing integrated60

nano-optics devices that enable applications in planar photonics[6], such as nanoscale61

imaging, enhanced spectroscopy, and nanolithography. Metamaterials[6a-c, 6g-i] are the most62

commonly used composite materials to construct planar hyper-lenses and achieve in-plane63

subwavelength focusing. However, the focal distance and focal spot size are limited by the64

feature size in these artificial materials, and most nanostructures exhibit poor ability to65

modulate focusing spot, thus achievement of ultra-small resolution becomes difficult[7]. As66

a result, their active modulation is a challenging task that demands urgent attention.67

Moreover, the operation regime is limited to the ultraviolet (UV) to the near-infrared (IR)68

range when relying on metals as constitutive materials, which present a weak mid-IR69

polarization response[6c].70

Polaritons are described as quasiparticles with a hybrid light-matter mode that allows71

for light trapping at the nanoscale, deep below the optical wavelength. The roadmap for72

polaritons has been dramatically enriched by the emergence of van der Waals (vdW)73

materials that are attracting significant research attention because of their photonic and74

optoelectronic applications[8]. These vdW materials support various types of surface modes,75

including plasmon polaritons supported by charge carriers in conductors[5a, 6d, 9], atomic76

vibrations (phonons) in polar insulators[10], excitons in semiconductors[11], cooper pairs in77

superconductors[12], and spin resonance in (anti-)ferromagnets[13]. Among them, phonon78

polaritons (PhPs) feature ultra-low inelastic losses, highly confined light fields, and strong79

stability at room temperature[10]. Moreover, confined electromagnetic waves coupled to80



phonons in hyperbolic dielectrics are referred to as hyperbolic phonon polaritons81

(HPhPs)[14]. In particular, orthorhombic molybdenum trioxide (α-MoO3)[10b] and vanadium82

pentoxide (α-V2O5)[10c] have been demonstrated to support biaxial HPhPs with extreme83

anisotropy in the mid-IR to terahertz spectral region (corresponding to energies ranging84

from molecular vibrations to thermal emission and absorption), which stems from their85

highly anisotropic lattice vibrations along different principal axes. In contrast to artificial86

surfaces, these natural hyperbolic two-dimensional (2D) materials support higher wave87

vectors and electromagnetic confinement in the hyperbolic regime and thus offer potential88

advantages in planar focusing[10a, 15]. Moreover, vdW materials offer a platform that allows89

for the fabrication of heterostructures with a plethora of properties via stacking weakly90

bonded atomic layers, facilitating the design of focusing structures, and providing a rich91

range of possibilities in control[16].92

Recently, several pioneering studies have revealed the potential of HPhPs of α-MoO393

in the field of planar focusing[17], and in-depth analyses of this phenomenon have been94

proposed[18]. In this study, the highly integrated planar focusing of HPhP propagating on95

the surface of the α-MoO3 flakes in the mid-IR range was demonstrated. Using gold disks96

as nano-antennas to couple external light to HPhPs (which has been previously97

implemented in uniaxial hexagonal boron nitride (h-BN)[19]), a focal length as low as 70098

nm and a focal spot size of 323 nm (~1/33 of the incident wavelength) was simultaneously99

achieved. By changing the size of the gold disks and the frequency of incident light, the100

position of the focal point could be controlled over one order of magnitude, from 0.7 to 7.4101

μm. Furthermore, a graphene/α-MoO3 heterostructure was designed to demonstrate active102

control over HPhP focusing by changing the graphene Fermi energy. Our findings open103

new vistas for tunable planar focusing of mid-IR HPhPs based on planar antennas104

fabricated on α-MoO3, with potential application in chemical sensing and thermal105

management.106



Results107

Planar focusing of hyperbolic polaritons in α-MoO3108

109

Fig. 1. Conceptual design of planar focusing of HPhPs in α-MoO3: (a) IFC of HPhPs in110 a 262-nm-thick α-MoO3 crystal under excitation by light of frequency ω0 = 910 cm−1. The111

Poynting vector 𝑆 associated with PhPs at high wave vector �⃗� is nearly perpendicular to112

the asymptote of the IFC. The inset shows the real-space propagation of PhPs launched by113

a dipole, where the Poynting vectors 𝑆 (green arrows) are shown to be consistent with that114

in the IFC. (b) Experimental scheme for launching and planar focusing of HPhPs in an α-115 MoO3 film by s-SNOM. (c) Simulated real part of the near-field distribution Re{Ez} of116 HPhPs in α-MoO3 launched by a gold disk at a frequency of 910 cm−1. The intersection of117

Poynting vectors 𝑆 (green arrows) indicates the focus of the antenna. (d) Similar to (c)118

but using a concave gold antenna with the same radius as the gold disk shown in (c), which119 shows no evidence of focusing. The inset shows focusing of PhPs by a concave gold120 antenna in a film with in-plane isotropic permittivity 𝜀𝑥 = 𝜀𝑦 = −3.0 + 0.16𝑖 . (e)121

Simulated distribution of electric field intensity |Ez|2 derived from (c). (f) Simulated122 distribution of |Ez|2 derived from (d). (g) The electric field intensity along with the123 corresponding red (green) dashed lines in panels (e) and (f).124

In conventional optics, according to the Huygens–Fresnel principle, wave propagation125

can be regarded as the interference and superposition of spherical waves emitted by each126

point on the wavefront as a wavelet source. Further, considering the time-reversal127



symmetry of the wave, the wavefront of a point excitation serves as a new wavelet source128

that generates a wave converging at the original excitation point. Similarly, the use of129

concave antennas or convex lenses can aid in achieving planar focusing in in-plane130

isotropic polaritons, such as plasmons in graphene[6d] and PhPs in h-BN[6k].131

α-MoO3 is a natural hyperbolic material with a highly anisotropic response in the mid-132

IR to terahertz region, featuring three mid-IR Reststrahlen bands (the frequency region133

between transversal and longitudinal optical phonons), where PhPs can exist[10b, 20]: band I134

at ω = 542–856 cm−1 for [001] phonons (εx > 0, εy < 0 and εz > 0); band II at ω = 816–976135

cm−1 for [100] phonons (εx < 0, εy > 0 and εz > 0); and band III at ω = 956–1012 cm−1 for136

[010] phonons (εx > 0, εy > 0 and εz < 0) (Supplementary Materials Fig. S1a). As a result,137

PhPs in natural α-MoO3 exhibit both elliptic and hyperbolic in-plane dispersion. The138

different modes can be described by an isofrequency curve (IFC) at a specific incident139

frequency (more details are presented in Supplementary Materials Note 1). Fig. 1a exhibits140

that for PhPs in an α-MoO3 film at the mid-IR frequency ω0 = 910 cm−1, hyperbolic PhPs141

can propagate only if 𝜑 ≤ −𝜀𝑦 𝜀𝑥⁄ . Therefore, the convergence of HPhPs in α-142

MoO3 can be realized with convex antennas, in contrast to focusing on isotropic143

electromagnetic waves that follow the Huygens–Fresnel principle.144

To validate this prediction, a gold disk was used herein to excite and focus the HPhPs145

of α-MoO3 (Fig. 1b). The simulation substantiates that the PhPs launched by the gold disk146

converge on a focal point (Fig. 1c). Through coupling to IR light, each point on the edge147

of the gold disk can be regarded as a wavelet source, and waves from all wavelet sources148

are considered to interfere with each other. Based on this construction, the focus is located149

at the intersection of Poynting vectors 𝑆 tangent to the gold disk (green arrow in Fig. 1c,150

corresponding to a high wave vector �⃗� (red arrow in Fig. 1a) and perpendicular to the151



asymptote of IFC, i.e., 𝜃 𝜋
2
−𝜑). Based on this simple geometrical analysis, the focal152

length f can be expressed as follows:153

𝑓 𝑅
sin 𝜃

− 𝑅 𝑅 1
tan2 𝜃

− 𝑅 𝑅 − 𝜀𝑥
𝜀𝑦
− (Eq. 1)154

where R is the radius of the gold disk and the focal length herein is defined as the shortest155

distance from the edge of the gold disk. Noteworthy, although the thickness of α-MoO3156

affects the propagation of PhPs (Supplementary Materials Fig. S2g), the influence can be157

ignored when the α-MoO3 film is sufficiently thin (less than 300 nm).158

To verify that only a convex antenna can produce a focusing effect in planar159

anisotropic α-MoO3, PhPs launched by a concave gold antenna were simulated in this study.160

Fig. 1d illustrates that there is no evidence of focusing of the PhPs launched by the concave161

antenna in the anisotropic plane compared with the isotropic plane. Comparative analysis162

of the energy distribution of the electric field generated by the excitation of the convex163

antenna and the concave antenna (shown in Fig. 1e) further confirms that the concave164

antenna does not exhibit a focusing effect on the PhPs in α-MoO3.165

Propagation angles of the HPhPs have a limited range; therefore, most of the166

electromagnetic energy is increasingly confined between the focal point and the gold disk,167

thereby leading to a high electric field enhancement compared with focusing on the168

isotropic plane. Owing to the contribution of the spherical aberration (SA) and the169

diffraction limit of surface waves, the real focus is a spot of finite size instead of a point,170

and this size can be considered as the superposition of the transverse spherical aberration171

(TSA) and the optical resolution limit of surface waves. The full width at half maximum172

(FWHM) was obtained at the focal spot by Gaussian fitting of the electric field intensity173

along the y-axis (Fig. 1f), which renders a value of 0.39 μm, corresponding to 1/28 of the174



excitation light wavelength (λ0 = 10.99 μm), thus revealing a deep subwavelength 175

compression.176

Controlling the focusing performance of HPhPs by varying the gold disk diameter177

178 Fig. 2. Controlling the focusing performance of HPhPs in α-MoO3 by varying the gold 179 disk diameter: (a) Optical micrographs of gold disks of different diameters under the α-180 MoO3 flake. The α-MoO3 flake is marked in dashed lines. (b) Measured near-field optical181 images of the focusing of HPhPs with varying diameters of gold disks. The frequency of182 illumination light is ω0 = 910 cm−1. The intersections of dash lines indicate the focus of the183 antennas. (c) Simulated real part of the near-field distribution Re{Ez} at a frequency of 910184 cm−1 launched by gold disks corresponding to (b). (d) FWHM of the focal spots for185 different gold disk diameters extracted from (b) experiments and (c) simulations. (e)186 Dependence of the experimental, simulated, and analytically calculated values of the focal187 length f versus gold disk diameter D. 188

Eq. 1 indicates that the focal distance f of HPhPs in α-MoO3 should be proportional to 189

the radius R of the employed gold disk. To experimentally corroborate the regulating effect 190

of the gold disk size on the focal distance of in-plane HPhPs, a series of different structures 191

with different sizes of gold-disk antennas (diameters from 0.5 to 22 μm) was fabricated to 192

excite the polaritons (Fig. 2a). A scattering-type scanning near-field optical microscopy (s-193

SNOM) was used to image the propagation and focusing of HPhPs in α-MoO3 with 194

different sizes of gold-disk antennas. 195



The images obtained for three different diameters D = 15, 11, and 6.7 μm of gold-disk196

antennas at a fixed frequency (ω0 = 910 cm−1) are shown in Fig. 2b. Noteworthy, all the197

experimental results corroborate that the HPhPs launched by the gold-disk antennas198

propagate along the [100] α-MoO3 direction and are increasingly focused on the199

propagation distance, eventually leading to the formation of a focal spot. Moreover, the200

near-field images are in excellent agreement with full-wave numerical simulations, as201

shown in Fig. 2c and Supplementary Materials Fig. S3. The TSA is directly proportional202

to the size of antennas[21]; therefore, the FWHM of the focus size increases with the increase203

in the diameter of gold disks, from 0.39 μm for D = 6.7 μm to 0.62 μm for D = 15 μm, as204

shown in Fig. 2d and Supplementary Materials Fig. S4a. Noteworthy, the electric field205

intensity at the focus decreased significantly with the increase in the disk size206

(Supplementary Materials Fig. S4a). As a result, the coupling efficiency of gold disks with207

different diameters (see details in Supplementary Materials Note 2) was further estimated.208

Supplementary Materials Fig. S5 demonstrated that when the diameter of the disk is greater209

than 3 μm, its coupling efficiency decreases with the increase in size, and gradually210

approaches a certain value. The focal distances f obtained from the experimental and211

simulation results are marked in red and green dots in Fig. 2e, respectively. The solid black212

line shows the focal distance obtained from the analytical calculation performed using Eq.213

1. Both the experimental and numerical simulation results show a linear dependence that214

is consistent with the analytical prediction of Eq. 1.215

In addition to gold-disk antennas, circular holes on the silica (SiO2) substrate could216

also achieve similar focusing performance, in which HPhPs was launched by the edge of217

the hole, and the focal length f followed the same linear dependence on the hole diameter218

as with the gold disks (Supplementary Materials Figs. S6 and S7). However, when using219

holes, the excitation structure no longer occupies extra space in the vertical direction220

caused by the thickness of gold disks (Supplementary Materials Figs. S7c,d), thus realizing221

the focusing effect in the absolute plane (Supplementary Materials Figs. S7e,f).222



Controlling the focusing performance of HPhPs in α-MoO3 by varying the light 223

frequency224

225

Fig. 3. Controlling the focusing performance of HPhPs in α-MoO3 by varying the light 226 frequency: (a) Measured near-field optical images of the focusing of HPhPs with different 227 incident light frequencies. The diameter of the gold disk is 6.7 μm. (b) Simulated real part 228 of the near-field distribution Re{Ez} at frequencies corresponding to (a). (c) IFC of HPhPs 229 in a 262-nm-thick α-MoO3 crystal under excitation light of frequencies corresponding to 230 (a). (d) FWHM of the focal spot at different frequencies extracted from (a) and (b). The231 simulated focus sizes are extracted from |Ez|2 shown in Supplementary Materials Fig. S4b. 232 (e) Dependence of the experimental, simulated, and analytically calculated values of the 233 focal length f versus the wavenumber k0 of the incident light. 234

Careful examination of the dielectric function of α-MoO3 indicates that the permittivity 235

of each principal axis changes direction with the frequency of the incident light, as shown 236

in Supplementary Materials Fig. S1a. First, the in-plane permittivity εx and εy aids in the 237

determination of the angular range of HPhPs propagation (i.e., tan 𝜑 ≤ −𝜀𝑦 𝜀𝑥⁄  ), 238



which in turn affects the focusing distance. Second, the IFC shifts along the x-axis with239

varying frequency, thus leading to the change in the polaritonic wavelength, and240

consequently, the focus size.241

In this study, incident light with different frequencies between 892 and 950 cm−1 was242

used to illuminate the sample with a gold disk diameter of 6.7 μm (Fig. 2a). The images243

obtained under three different incident frequencies (ω0 = 892, 910, and 930 cm−1) are244

shown in Fig. 3a. With the increase in frequency, the focusing point gradually approaches245

the gold disk, and the focal positions become consistent with the full-wave numerical246

simulation results, as shown in Fig. 3b. As mentioned above, the propagation boundaries247

of HPhPs (i.e., the tangents to the gold disk through the focal point) correspond to the248

Poynting vector 𝑆 at high wave vector �⃗� under a given wavenumber k0. Fig. 3c shows249

the IFC diagram with wavenumbers corresponding to Fig. 3a, where the labeled Poynting250

vectors 𝑆 have the same slopes with HPhPs propagation boundaries as obtained from the251

experiment (white dashed lines in Fig. 3a) and simulation (black dashed lines in Fig. 3b)252

at the corresponding frequencies.253

The FWHM of the focus size decreases from 0.46 μm at ω0 = 892 cm−1 to 0.32 μm at254

ω0 = 930 cm−1, as shown in Fig. 3d, which is positively correlated with the polariton255

wavelength 𝜆𝑝, according to the optical resolution limit 𝜆𝑝⁄ . Fig. 3e shows the256

relationship between the focal length f and the wavenumber k0 of the incident light. When257

the incident frequency is tuned from 892 to 950 cm−1, focal length f shifts from about 0.95258

to 5.8 μm. Notably, the focal length maintains good linearity with the diameter of the gold259

disks under different incident light frequencies (Supplementary Materials Fig. S8).260

However, when the incident frequency exceeds 950 cm−1, close to the Reststrahlen band261

III, the in-plane PhPs tend to be the elliptical mode, and the focusing performance262

undergoes rapid degradation.263



Active control over the focusing performance of SPP-PhPs in graphene/α-MoO3 264

heterostructures by changing the graphene Fermi energy. 265

266

Fig. 4. Active control over the focusing performance of SPP-PhPs in graphene/α-267 MoO3 heterostructures by changing the graphene Fermi energy: (a) Schematic 268 representation of a graphene/α-MoO3 heterostructure and excitation of SPP-PhPs. (b) 269 Optical micrographs of CVD-graphene covered α-MoO3 decorated with the gold disk. The 270 thickness of α-MoO3 is 123 nm. (c) IFC of SPP-PhPs under excitation light of frequency271
ω0 = 920 cm−1 in a graphene/α-MoO3 heterostructure at different Fermi energies of 272 graphene. (d) Near-field optical images of the focusing of HPhPs in α-MoO3 without CVD-273 graphene and the focusing of SPP-PhPs in graphene/α-MoO3 at different Fermi energies of 274 graphene. The frequency of illuminating light is 920 cm−1. (e) Simulated real part of the 275 Re{Ez}, corresponding to (d). (f) Dependence of the experimental and simulated values of276 the focal length f versus the Fermi energy EF of graphene. 277

Graphene is a well-studied vdW material that can effectively support surface-plasmon 278

polaritons (SPPs) formed by the hybridization of photons and electrons, with a broad 279

response frequency range and susceptibility to electrical tunability. Noteworthy, this 280

particular optical response characteristic is derived from the unique linear band structure 281

of graphene with zero bandgap, that is, the momentum and energy of its electrons are 282

linearly related. Therefore, the properties of SPPs can be tuned dynamically by changing 283



the Fermi energy of graphene, which can be achieved by applying gate voltage[22] and284

chemical doping[23, 24]. To further apply this property of graphene, multiple studies have285

realized the excitation and modulation of in-plane isotropic SPP-PhPs in graphene/h-BN286

heterostructures[16b, 16c]. Compared with h-BN, α-MoO3 can support in-plane hyperbolic287

PhPs, and the hybridization with the isotropic SPPs of graphene leads to effective288

modulation of the focusing performance, as explored previously[24].289

Herein, following the previous study[24], a hybrid plasmon-phonon polariton between290

the graphene and α-MoO3 vdW heterostructures interface was designed to reconfigure and291

engineer in-plane hyperbolic response (shown in Figs. 4a,b). The hybrid mode is driven by292

the electromagnetic hybridization between isotropic SPPs in the top graphene and293

directional PhPs in the bottom α-MoO3 film[24]. According to the theoretical calculations294

(details presented in Supplementary Materials Note 3 and Fig. S9), with the increase in the295

graphene Fermi energy, the IFC of the SPP-PhPs shifts toward the lower wave vector296

direction along the x-axis (Fig. 4c). At the same time, the shape of the IFC gradually297

expands along the y-axis, thus narrowing the range of propagation angles φ (Fig. 4c). In298

particular, at high wave vector angle φ, the IFC changes from outward bending to inward299

bending (taking the origin point as a reference), and exhibits a minimum slope and zero300

curvature at the transition point. For convex antennas, only wave vectors with outward IFC301

curvature contribute to focusing (analogous to the pure α-MoO3), while the part with302

inward curvature causes the wavefront to diverge (as in the case of isotropic media[19]).303

Therefore, unlike HPhPs in α-MoO3, the propagation boundaries of SPP-PhPs in the304

graphene/α-MoO3 heterostructure no longer correspond to the Poynting vector 𝑆 at high305

wave vector �⃗�, but to the Poynting vector 𝑆 with the largest angle θ relative to the x-axis,306

as shown in Fig. 4c. According to the 2D fast Fourier transform (2D-FFT) of the simulated307

near-field distribution (shown in Supplementary Materials Fig. S10b), the intensity of wave308

vectors launched by the gold disk is mainly concentrated in small angles below the309



transition point, indicating that the energy of wave vectors at higher angles is divergent.310

The Fermi energy of graphene is effectively tuned by doping with NO2 gas[25] (see311

Methods), and quantified by Raman spectroscopy (Supplementary Materials Fig. S11). Fig.312

4d and Supplementary Materials Fig. S12 show near-field images of the same α-MoO3313

sample with and without chemical vapor deposition (CVD) graphene under 920 cm−1 light314

irradiation. The focal length f of the HPhPs in α-MoO3 is 2.80 μm, and then f is slightly315

decreased to 2.77 μm after covering with undoped graphene, which further increases to316

4.66 μm when the graphene is doped to a Fermi energy EF = 0.2 eV. The simulation results317

(Fig. 4e and Supplementary Materials Fig. S10a) indicate that the focal length f of SPP-318

PhPs increases exponentially with the increase in the Fermi energy EF of graphene (Fig.319

4f). Noteworthy, owing to the finite doping of the wet-transferred CVD graphene, the320

experimental focal length (2.77 μm) is slightly greater than the simulated focal length (2.59321

μm) at the Fermi energy of 0 eV. The simulation results (Supplementary Materials Fig. S13)322

further indicate that the focus size decreases slightly with the increase of Fermi energy,323

mainly because of the high dissipation of polaritons at low Fermi energy. In contrast, when324

Fermi energy is higher, the focus size increases, which may be due to the influence of325

divergent polaritons.326

Conclusions327

In this study, a new type of planar focusing device in the mid-IR range was328

demonstrated using highly oriented in-plane HPhPs in α-MoO3, launched by a metal329

antenna with tailored geometries. By changing the antenna structure, incident light330

frequency, and α-MoO3 thickness, the focal length and focus size could cover a wide range331

from 700 nm to 7.4 μm. In particular, the anisotropic PhPs in α-MoO3 were combined with332

the tunable SPPs in graphene to further realize in situ and dynamic focusing control333

performance. Furthermore, high confinement characteristics of PhPs in α-MoO3 resulted334

in a decrease in the focal length and focal spot size down to just 1/15 and 1/33 of the335



incident wavelength, respectively.336

This highly compressed focusing effect could effectively increase the interaction337

between IR light and matter, which could be advantageous in planar photonics and further338

benefit the design of integrated nano-optical systems, such as on-chip selective waveguides,339

optical routing, and beam splitting into subwavelength scales. Notably, the mid-IR region340

encompasses molecular vibrational energies and thermal radiation; therefore, this focusing341

effect causing near-field enhancement and high energy density can increase light-matter342

interaction, making it more versatile for photocatalysis, biological detection, spontaneous343

emission, and thermal energy management. Finally, the focusing tunability of phonon344

polaritons in α-MoO3 also provides a prototype for exploring other types of anisotropic345

polaritons in vdW materials.346

Methods347

Theoretical modeling and numerical simulations.348

In this study, full-wave simulations were carried out by the finite-element method in349

COMSOL Multiphysics. The structures were modeled as an α-MoO3 film of specific350

thickness on the top of a 500-nm-thick SiO2 substrate with a 1000-nm-thick air layer above351

it. A 60-nm-thick gold disk was placed between the α-MoO3 film and the SiO2 substrate,352

replacing the corresponding part of the α-MoO3 to ignore its deformation. During the353

simulation, the model without the gold disk was first illuminated with a plane wave354

normally impinging on the surface with linear polarization along the [100] axis of α-MoO3.355

Subsequently, the obtained electric field was applied as a background field to the model356

with the gold disk. The real part of the vertical component of the electric field Re{Ez} was357

collected from 10 nm above the α-MoO3 surface to obtain the near-field images. The358

focusing of HPhPs launched by holes in the SiO2 substrate was simulated by following the359



same method but replacing the gold disk in α-MoO3 with an air hole in SiO2. The360

permittivity of α-MoO3 was described by using the Lorentz model[20a] (details are presented361

in Supplementary Materials Note 4 and Table S2), while the dielectric constants of SiO2[26]362

and gold[27] were obtained from the database in COMSOL (Supplementary Materials Figs.363

S1c,d).364

To simulate the graphene/α-MoO3 heterostructure, graphene was modeled as a365

homogenous 2D conducting layer with complex conductivity (σ = σintra + σinter) given by366

the Kubo formula[28] as follows:367

𝜎 𝑖𝑒2𝐸𝐹
𝜋ℏ2 𝜔+𝑖𝜏−1

𝑖𝑒2

4𝜋ℏ
𝑙𝑛 2 𝐸𝐹 −ℏ 𝜔+𝑖𝜏−1

2 𝐸𝐹 +ℏ 𝜔+𝑖𝜏−1
(Eq. 2)368

where ω = 2πν is the angular frequency and τ = μEF/evF2 denotes the relaxation time. The369

Fermi velocity vF was set to c/300 = 106 m s−1, and the carrier mobility μ of graphene was370

assumed to be 2000 cm2 (V s)−1. The graphene permittivity is defined as follows:371

𝜀𝑔
𝑖𝜎

𝜔𝜀0𝑡𝑔
(Eq. 3)372

where tg represents the thickness of graphene, which is set to 1-nm-thick in the simulations373

of graphene placed at the interface between α-MoO3 and air. Furthermore, the Fermi energy374

EF of graphene is varied to regulate the focusing performance.375

Fabrication of sample.376

The gold-antenna arrays (diameters from 0.5 to 22 μm) were fabricated by electron-377

beam evaporation of 5 nm titanium and 60 nm gold in vacuum (<5 × 10−6 Torr) onto378

commercial silicon (Si) wafer (SVM, Inc., with a 300 nm SiO2 layer) with ~350 nm379

PMMA950K resist that was pre-lithographed by electron-beam lithography (EBL, 100 kV,380

Vistec 5000+ES, Germany). The electron beam resist was removed by using a hot acetone381

bath at 70 °C for 25 min and a gentle rinse with isopropanol (IPA) for 3 min, followed by382



nitrogen gas drying and thermal baking.383

Circular holes (Supplementary Materials Fig. S6a) were patterned on the 300 nm384

SiO2/500 μm Si wafer (SVM, Inc.) by EBL on approximately 350 nm ZEP520A resist and385

etched with C4F8 and SF6 gases (North Microelectronics, DSE200). The resist layer was386

dissolved with butanone, and the entire wafer was then cleaned with IPA.387

High-quality α-MoO3 flakes were mechanically exfoliated from bulk crystals prepared388

by CVD by following the previously reported methods[29], and the selected flakes were389

transferred onto gold antenna arrays (Fig. 2a and Supplementary Materials Figs. S7a and390

S8a) or circular holes (Supplementary Materials Figs. S6b and S7b), respectively. The391

lattice direction of α-MoO3 was determined through optical microscopy, because α-MoO3392

crystals grow naturally into anisotropic rectangular flakes with dimensions [001] >>393

[100] >> [010][10b].394

Monolayer graphene was grown on Cu foil by CVD and transferred onto α-MoO3395

samples through a polymethyl methacrylate (PMMA) assisted method[30] (Fig. 4b). The396

Fermi energy of graphene was tuned by placing samples in a chamber with NO2 gas397

molecules for several hours.398

s-SNOM measurements.399

The near field was measured using a scattering SNOM setup (Neaspec GmbH)400

equipped with wavelength-tunable lasers (between 890 and 2000 cm−1). The incident p-401

polarized IR light from a tunable CO2 laser was directed to a metalized tip (NanoWorld) of402

the atomic force microscopy (AFM) with an apex radius of ~25 nm. The spot sizes of the403

mid-IR beam under the AFM tip were made ~20 μm in lateral size to cover the large area404

spanned by the antenna and the α-MoO3 samples. The tip-tapping frequency and405

amplitudes were ~270 kHz and ~30–50 nm, respectively. Furthermore, the near-field406



amplitude images were obtained from the third-order demodulated harmonic of the407

scattering amplitude, which resulted in massive suppression of background noise. The focal408

position extracted from experiments is mainly based on the width of the electric field along409

the y-axis, the hyperbolic boundary, and the electric field distribution along the x-axis.410
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