Downloaded from orbit.dtu.dk on: Sept 08, 2026

DTU Library

=
=
—

i

Cavity-driven arbitrary in-plane focusing of phonon polaritons in hBN with deep-
subwavelength confinement

Borodin, Bogdan; Lepeshov, Sergey; Watanabe, Kenji; Taniguchi, Takashi; Stepanov, Petr

Published in:
Communications Physics

Link to article, DOI:
10.1038/s42005-025-02451-0

Publication date:
2026

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):

Borodin, B., Lepeshov, S., Watanabe, K., Taniguchi, T., & Stepanov, P. (2026). Cavity-driven arbitrary in-plane
focusing of phonon polaritons in hBN with deep-subwavelength confinement. Communications Physics, 9(1),
Article 18. https://doi.org/10.1038/s42005-025-02451-0

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

e Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
e You may not further distribute the material or use it for any profit-making activity or commercial gain
e You may freely distribute the URL identifying the publication in the public portal

If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.


https://doi.org/10.1038/s42005-025-02451-0
https://orbit.dtu.dk/en/publications/6c9ae21a-cda8-4c04-8e96-2b47dbcb6e65
https://doi.org/10.1038/s42005-025-02451-0

communications physics

A Nature Portfolio journal

Article

https://doi.org/10.1038/s42005-025-02451-0

Cavity-driven arbitrary in-plane focusing
of phonon polaritons in hBN with deep-
subwavelength confinement
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Bogdan Borodin ® '
Petr Stepanov ® 2

, Sergey Lepeshov®*, Kenji Watanabe ®°, Takashi Taniguchi®°® &

Precise control of phonon-polaritons (PhPs) in planar media is a central challenge for advancing mid-
infrared nanophotonics. Here, we demonstrate cavity-driven excitation and shaping of in-plane PhPs
in hBN using subwavelength resonators lithographically defined at the Au/SiO, interface. These
cavities efficiently couple far-field light into propagating PhPs and act as planar polaritonic lenses, with
their shape governing the wavefront geometry and depth of field. We show that triangular and curved
cavities generate “convex” and “concave” focusing behavior, enabling arbitrary spatial shaping of PhP
fields. We achieve in-plane spatial confinement down to A/70 and observe well-defined focal points.
Our approach is fully compatible with standard fabrication techniques and decouples the light
coupling and focusing functions-light couples at the cavity edge, while the cavity geometry governs
the polariton wavefront. Unlike prior demonstrations in strongly in-plane-anisotropic media such as
MoQj3;, our work establishes arbitrary focusing and deep-subwavelength confinement in hBN without

relying on anisotropic substrates or exotic heterostructures. This cavity-driven scheme provides a
distinct route for realizing polaritonic elements, including lenses, wavefront shapers, and

metasurfaces operating in the mid-infrared.

Strong light-matter interactions play a crucial role in well-established
photonic devices, such as lasers, integrated photonic circuits, sensors, and
hold promise for advancing future photonic quantum technologies, single-
photon sources, entangled spin-photon interfaces, and quantum
memories'. In particular, strong light-matter interactions can be achieved in
propagating and localized phonon-polaritons (PhPs), which result from
coupling between photons and phonons, quantized vibrations of a crystal
lattice. PhP resonances occur in various polar crystals within the Rest-
strahlen band—the spectral region between the transverse (TO) and long-
itudinal (LO) optical phonons, where the real part of the dielectric function
becomes negative. PhPs have garnered significant attention as they confine
light substantially below the diffraction limit"*. This enables PhP wave-
guides and cavities with exceptional electromagnetic confinement in the
mid-infrared range (mid-IR) and with low propagation loss compared to
plasmon-polaritons’. The mid-IR range of the spectrum is highly sought
after due to its potential applications in medical diagnostics™, bio- and gas

sensing”'’, LiDaRs for spacecraft'’™”, optomechanics', and optical

trapping"”. To achieve micrometer-scale integration of devices in the mid-IR
range, the strong confinement provided by hyperbolic materials is likely the
only viable solution.

Hexagonal boron nitride (hBN) is one of the most promising and
technologically accessible materials that provides a hyperbolic optical
response in the mid-IR region of the spectrum. hBN is a uniaxial hyperbolic
material that exhibits two types of hyperbolic optically active transitions —
Type - 760-820 cm ™' (g, = ¢, > 0; &, < 0) and Type II - 1360-1600 cm ™"
(exx=8y < 0; &.> 0)*'°, where &; is the permittivity tensor components.
Recent studies have reported on the reliable growth of large-scale high-
quality crystals with the possibility to control their isotopic purity'”™".
Currently, antennas are widely used to couple the far-field component of
light with polaritonic systems, facilitating the selective launch of PhPs**.
However, this approach suffers from two critical limitations: the lack of
control over the wavefront and low in-plane spatial confinement of the

"Department of Physics and Astronomy, University of Notre Dame, Notre Dame, IN, USA. 2Stavropoulos Center for Complex Quantum Matter, University of Notre
Dame, Notre Dame, IN, USA. ®Department of Electrical and Photonics Engineering, DTU Electro, Technical University of Denmark, Kgs. Lyngby, Denmark.
“NanoPhoton - Center for Nanophotonics, Technical University of Denmark, Kgs. Lyngby, Denmark. °Research Center for Electronic and Optical Materials,
National Institute for Materials Science, Tsukuba, Japan. ®Research Center for Materials Nanoarchitectonics, National Institute for Materials Science,

Tsukuba, Japan. e-mail: bborodin@nd.edu; pstepano@nd.edu

Communications Physics| (2026)9:18


http://crossmark.crossref.org/dialog/?doi=10.1038/s42005-025-02451-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42005-025-02451-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42005-025-02451-0&domain=pdf
http://orcid.org/0000-0002-8673-4413
http://orcid.org/0000-0002-8673-4413
http://orcid.org/0000-0002-8673-4413
http://orcid.org/0000-0002-8673-4413
http://orcid.org/0000-0002-8673-4413
http://orcid.org/0000-0003-3701-8119
http://orcid.org/0000-0003-3701-8119
http://orcid.org/0000-0003-3701-8119
http://orcid.org/0000-0003-3701-8119
http://orcid.org/0000-0003-3701-8119
http://orcid.org/0000-0002-1467-3105
http://orcid.org/0000-0002-1467-3105
http://orcid.org/0000-0002-1467-3105
http://orcid.org/0000-0002-1467-3105
http://orcid.org/0000-0002-1467-3105
http://orcid.org/0000-0002-1121-3146
http://orcid.org/0000-0002-1121-3146
http://orcid.org/0000-0002-1121-3146
http://orcid.org/0000-0002-1121-3146
http://orcid.org/0000-0002-1121-3146
mailto:bborodin@nd.edu
mailto:pstepano@nd.edu
www.nature.com/commsphys

https://doi.org/10.1038/s42005-025-02451-0

Article

launched PhPs. While hBN nanocavities exhibit strong mid-IR light con-
finement down to A/500, where A is the incident wavelength, an extra-
ordinary Purcell factor (up to 10'), and a high quality factor (Q > 400), the
resonant modes in these cavities remain trapped within the resonators™".
Up to our best knowledge, there has been no demonstration of utilizing
these localized modes to focus propagating PhPs. As for PhP focusing,
impressive results with confinement up to A/50 have been achieved in biaxial
hyperbolic materials, such as MoO3*™*, where the focusing occurs strictly
along the optical axis. This fundamental constraint imposed by crystal-
lographic directions makes such materials unsuitable for arbitrary-lens
applications. This poses a significant limitation on the advancement of PhP-
based technologies and leaves the effective control over spatially confined
propagation and focusing in uniaxial hyperbolic materials unresolved. In
contrast, hBN is in-plane isotropic and thus lacks crystallographic aniso-
tropy as a natural focusing mechanism. In hBN, several demonstrations
have been reported using exotic substrates possessing in-plane anisotropy,
such as black phosphorus™ or tellurium™, or phase-change functionality,
such as GST™, IST*, or VO,”. While phase-change substrates are attractive
for in-situ lens tuning, their influence remains inherently limited because
PhP modes are strongly confined within the hBN layer itself. As a result,
these substrate-assisted approaches fail to achieve high confinement factors
of propagating polaritons, typically below A/50.

Here, we demonstrate that cavity-driven excitation alone enables
arbitrary wavefront shaping and deep focusing in hBN without resorting to
anisotropic substrates or exotic heterostructures, thereby establishing a
distinct and substrate-agnostic route to polaritonic optics. We obtain
focused, spatially-confined, and long-lived PhPs that are launched by
carefully engineered subwavelenght cavities. We fabricate sub-wavelength
hBN cavities at the edges between Au and Si**/SiO, (285 nm) substrates
(see Fig. la). The Au edge acts as a scatterer, compensating for the
momentum mismatch between incident light and PhPs. The Au/SiO,
interface enables the coupling of PhPs with the out-of-plane far-field
component of the incident light and serves as an in-plane partially trans-
parent mirror for PhPs. On the SiO; side, it localizes a mode within the
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cavity, while on the Au side, it facilitates the launch of propagating and
focused PhPs into the hBN bulk. Using scattering-type scanning near-field
optical microscopy (s-SNOM), we visualize the real-space optical contrast
and distinguish between cavity-launched (1,) and tip-launched (,/2)
modes. The cavity-launched PhPs result from coupling of the incident mid-
IR light to the cavity modes and exhibit significant shape-dependent
focusing. This approach for launching PhPs contrasts with s-SNOM tip-
mediated excitation, which is employed in previous demonstrations of
focused PhPs™. We propose a distinct method for launching and focusing
spatially confined in-plane PhPs, fully compatible with standard litho-
graphic procedures. By fabricating cavities with various shapes, that deter-
mine the focal points and wavefronts of the PhPs, we demonstrate “concave
lens™-like and “convex lens’-like focusing. Concave lens’-like cavities
achieve confinement down to /70 at the focal point, setting a record-high
confinement compared to previous studies on in-plane-focused PhPs***,

Results

In this work, we study two types of samples: (i) mechanically cleaved hBN
crystals (of 30-45 nm thickness) transferred on the pre-patterned Au on Si*
*/Si0, (285 nm) substrates as is (see Methods) and (ii) cavities fabricated at
the interfaces between SiO, and Au using electron-beam lithography and
plasma etching (see the schematics in Fig. 1). Figure la shows the mea-
surement scheme for s-SNOM accompanied by the schematics of the fab-
ricated sample. Here, we use a commercially available s-SNOM equipped
with Ptlr-coated (23 nm thick) AFM tips with the curvature radii less than
25 nm. A tunable (A =5.5-11.5 pm) mid-infrared QCL allows us to cover
Type IT hyperbolic transition - 1360-1600 cm ™ (€, = €,y < 0; €, > 0) (see
Methods section for details).

Figure 1 b shows optical amplitude (S,) versus tip position on a 42 nm-
thick hBN flake placed on top of a 50 nm-thick Au stripe at w = 1452 cm ™"
(see topography and optical phase data in Supplementary Information
Fig. S1). We focus on three specific regions: i) to the left of the Au stripe, ii)
on top of the Au stripe, and iii) to the right of the Au stripe. The first region
comprises a triangular hBN piece, where we observe distinct maxima and
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Fig. 1 | Diversity of PhP waves. a Schematics of the setup for the s-SNOM mea-
surements of PhPs in hBN sub-wavelength resonators. A quantum cascade laser
(QCL) emits a mid-IR beam toward a beam splitter, which divides it into a reference
path and a sampling path. The reference path contains an interferometer with a
mirror driven by a piezoelectric actuator at frequency M. The sampling path includes
several mirrors and a parabolic mirror that focuses the beam onto the AFM tip. The
light reflected from the sample is then combined with the reference beam and
directed to a detector connected to a digital lock-in amplifier, enabling phase-
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amplitude separation and background-free detection. Note that the far-field light
covers the majority of the sample’s area (spot radius > 10 um). b Optical amplitude
(S4) image of the 42 nm-thick hBN flake placed on the pre-patterned Si/SiO, sub-
strate with Au stripes. Colored dotted lines indicate line-cuts of various propogating
PhP waves. ¢ S, profiles taken across corresponding propagating PhP waves.

d S-SNOM image of the cavity and propagating PhPs at various excitation wave-

lengths. e S, profiles taken across the Au stripe and the cavity at w = 1410 cm ™.
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Fig. 2 | Focusing of PhPs using patterned subwavelength cavities. a AFM topo-
graphy of the Au edge with the resonators of triangular shapes. The hBN flake
thickness is 45 nm. Magenta dashed line shows the edge between Au and SiO,.

b Experimental s-SNOM amplitude (S;) map vs. the tip position recorded at
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w=1450 cm . Orange dashed lines indicate the edges of the cavity-launched
resonator modes. ¢ s-SNOM amplitude (S;) profiles taken across cavity-lanched
waves (magenta, blue, and black lines) and the hBN flake edge on Au (purple line).
Dashed lines show exponential decay fit for each curve.

minima of the optical amplitude (related to the electric field amplitude
(Re EZ)2 ), characteristic of localized resonant PhP modes”. In the second
region, we identify two types of the PhP waves. The first type appears near
the edges of the hBN flake (highlighted by the orange dotted line). The
second wave emanates from the cavity (magenta dotted line). In the third
region, additional two PhP waves are visible. The first wave is positioned
near the edges of the hBN flake (blue dotted line). The second wave extends
from the edge of the Au stripe to the right across the entire hBN bulk (purple
dotted line).

The waves, which are localized close to the edge and propagate
perpendicularly to it, are the tip-launched PhPs (we do not observe hBN
edge-launched fringes in our geometry)™”. These waves originate from the
mid-IR light scattered on the AFM tip. The observed fringes represent
only a half-wavelength of the corresponding PhP (Ap,p/2) since the
detection moves along with the excitation*>*'. Based on this, we attribute
the orange and the blue PhP waves to the tip-launched modes on Au and
SiO,, respectively. Figure 1c shows linecuts taken along the dotted lines in
the Fig. 1b. As expected, the magenta and the purple curves exhibit
doubled wavelengths Ap,p (compared to the tip-launched waves on Au
and SiO,, respectively). They also demonstrate longer propagation
lengths. We attribute these PhPs to the cavity-launched waves*'. In the
case of the purple curves, the right edge of the Au stripe launches the
corresponding PhP in the hBN on SiO,. For the magenta curves, we
assume that the left Au edge launches the PhPs inside the cavity where
they localize and enhance, and then it leaks back through the semi-
transparent interface into the hBN bulk on Au. We emphasize that the tip-
launched PhPs (orange and blue curves) only exist when the AFM tip is
present in the measurement setup, while the PhPs, indicated by the
magenta and purple lines, couple to the far-field light and exist as long as
there is far-field light excitation. Figure 1d shows a set of zoomed-in maps
of the cavity-launched wave at various excitation wavelengths. The
launched PhP (white arrow) moves and shrinks along with the resonant
maximum position inside the cavity (see the detailed investigation of the
dispersion in Supplementary Information Fig. S2). Figure le shows optical
amplitude profiles taken along the magenta and the orange lines in Fig. 1d
at w=1410 cm™". We find that the electric field is significantly enhanced
inside the cavity exhibiting a two-fold larger reflectivity compared to the
bare gold signal (and seven-fold larger compared to hBN/SiO, signal).

This observation establishes our subwavelength cavities as effective PhP
resonators.

To investigate PhP waves” dependence on their shapes and sizes, we
utilize a standard electron beam lithography and plasma etching (see
Methods). We fabricate cavities of the desired shapes at the edges of gold
patterns. Fig. 2a shows a topography of one of our samples. Attributed to an
exceptional alignment (within ~10 nm) between the e-beam lithography
steps, we create the matching edges between the patterned hBN and the Au
substrates. This allows us to avoid unwanted leakages of the PhP modes
away from our cavities. On the left hand side of the magenta dashed line, a
45 nm thick hBN flake covers a 50 nm thick Au stripe. On the right hand
side, the patterned hBN triangles hang from the Au edge and lie down on the
SiO, substrate (note a smooth hBN topography height transition across the
Au/SiO, edge). Respectively, Fig. 2b shows an experimental s-SNOM
amplitude (S3) taken at w = 1450 cm ™ (see its dispersion and the analogous
set of data for a 31nm thick hBN in Supplementary Information
Fig. S3 and $4, respectively). Inside the cavities, the scattered signal maxima
confirm the field localization and enhancement.

Similar to the case in Fig. 1b, two different PhP types can be observed.
The one that exhibits a Ap;p/2 distance between intensity maxima is a tip-
launched PhP (indicated by a purple arrow). This wave results from mid-IR
light scattered by the s-SNOM tip, which excites PhPs propagating toward
the edge of the sample, reflecting back, and interfering with
themselves*>* ™. The cavity-launched PhPs show the distance between the
intensity maxima of Ap;,p, which contrasts them with the tip-launched PhPs.
Apip/2 fringes are completely suppressed in front of the cavities, and only
Apyp fringes are observed, which implies a suppressed back-reflection of the
tip-launched PhPs at the cavity interface.

We find that the cavity-launched PhPs acquire well-defined focal
points. For cavity 1 (see Fig. 2a, b), the PhP shrinks before and expands after
the focal point (marked by the magenta arrow). The lateral size of the focal
point corresponds to a confinement of 1/25. For cavity 2 and cavity 3, PhPsa
focused at focal points outside of the detectable regions. The orange dashed
lines serve as guides to the eye, indicating the boundaries of the cavity-
launched PhPs. At the focal point, we identify a “hot spot” that corresponds
to the electric field node. This shows that the PhP’s width and the focal point
location can be effectively tuned by changing the size of a cavity. Figure 2c
shows linecuts taken across the dashed lines in Fig. 2b (solid lines) and their
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Fig. 3 | Numerical simulations of PhPs alongside
comparisons to experimental data. a Numerically
calculated dispersion of propagating PhP modes
generated at the hBN/SiO, and hBN/Au interfaces
(solid lines) compared to the experiment (symbols).
Insets show the experimental s-SNOM optical
amplitude (S4) maps and the theoretical spatial
distributions of (Re E,)? in triangular cavities, for the
wavelength indicated by the gray dashed lines.

b Numerically and experimentally obtained dis-
persion of the attenuation constant (Im k) for hBN/
SiO, and hBN/Au interfaces. The error bars indicate 0 2
the spread of Im k in the experimental data.
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exponential decay fits (dashed lines). Tip-launched PhPs exhibit rapid
amplitude decay because they originate from the interference between tip-
launched waves and those reflected from the edge, meaning they must
complete a round-trip distance before detection. In contrast, cavity-
launched PhPs exhibit oscillations with considerably slower amplitude
decay. As a result, the cavity-launched PhPs propagate more than three
times farther than those of tip-launched PhPs.

To characterize the decay rate quantitatively, we fit the amplitude of
oscillations using an exponentially decaying function A = Age™ + A where
Ag and Ay are the fitting parameters related to the initial and the final
amplitude values, x is the coordinate of the tip position, and « is the
attenuation constant. The larger the value of , the faster the damping. For
the tip-launched PhPs in hBN/Au, we obtain Im k ~3.1 x 10’ cm™". For the
all cavity-launched PhPs, Im k acquires several times smaller values
Im k ~1.0x10°cm™". Thus, the fitting demonstrates that the cavity-
launched PhP quenches considerably slower than the ordinary tip-
launched PhP.

Numerical model

We build a theoretical model that predicts optical properties of PhPs and
effectively describes the PhP dynamics in the triangular cavities observed in
the experiment. Figure 3a shows the dispersion of the propagation constant
(Re k) of the PhP guided modes at the hBN/SiO, and hBN/Au interfaces.
The thickness of the hBN flake is 45 nm. The numerically calculated dis-
persions appear to be in good agreement with the data extracted from the
experiment. The dispersions take into account the waviness of the hBN flake
as a 5 nm gap formed due to the hBN transfer technique. Figure 3b shows
the dispersion of the attenuation constant Im k and compares it with the
decay rate x =2 x Im k obtained from the experiment. The numerical and
experimental attenuation constants well-agree with each other between
1400 cm ™" and 1460 cm ™" but diverge at the frequencies above 1460 cm™".
We attribute this divergence to the absorption of residual polymers, speci-
fically PMMA 950 A4 (polymethyl methacrylate, an e-beam lithography
resist) and PC (polycarbonate, the top surface of a dry-transfer stamp),
remaining on the sample surface after the fabrication process. These
materials exhibit high absorption in this spectral range due to the presence of
various carbon bonds™™. The dispersion, refractive index and the

attenuation constant for the 31- and 42-nm thick hBN can be found in
Supplementary Information Fig. S5 and S6. We use the complex effective
refractive index of PhPs extracted from the dispersions in Fig. 3ab to
construct a 2D model that captures the PhP wave dynamics in the cavities
and waveguides formed at the hBN/SiO, and hBN/Au interfaces, corre-
spondingly. As can be seen from the insets in Fig. 3a, the simulated field
distributions showcase a reasonable agreement with the experimental
optical amplitude maps. The discrepancies between the simulated and
experimental distributions, that are observed at the edges of the cavities, are
due to the interactions of the s-SNOM probe and edges, while the probe is
next to the edge of the cavity™. This interaction is wavelength dependent.
However, in the experiment, the optical amplitude along the Au and hBN
edges is noticeably higher, which is attributed to 3D effects at the edges of the
heterostructure and buckling of the hBN at the Au edge which cannot be
described within our 2D model. Figure 3¢ demonstrates the spatial dis-
tributions of the PhPs localized in the triangular hBN/SiO, cavities and
propagating in the hBN/Au waveguide. The distributions show that the
triangular cavities can support localized PhP modes that leak into the hBN/
Au environment and that the PhP waves are focused at a distance from the
triangle base depending on the triangle size, which is also observed in the
experiment (see Fig. 2b).

The schematic analysis of the triangular and rectangular cavities (see
Supplementary Information Fig. S7) shows that the shape of the PhP’s
wavefront is closely related to the geometry of the cavity. For example, the
size of the triangular cavity determines the focal point, while cavity-
launched PhPs of rectangular cavities do not shrink and, as a result, do not
obtain a focal point. Conclusively, due to a strong confinement, polaritons
obey the laws of the wave optics, which brings up and opportunity to realize
“concave lens”-like and “convex lens”-like focusing.

PhP lensing

Figure 4a—c show the AFM topography, the numerically calculated electric
field (Re E,)%, and the experimental near-field optical amplitude (S) of a
2.35-um “convex lens”-like cavity, respectively. This patterned shape exhi-
bits focused PhPs at a point beyond the cavity, similar to triangular cavities.
A focal point can be observed where the curvature of the wavefront changes
from positive to negative. Figure 4d illustrates a schematic of the “convex
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Fig. 4 | Convex-type PhPs focusing. a AFM topography of a 2.35 pm cavity. The
light yellow dashed line shows the edge between Au and SiO,. The thickness of hBN
is 55 nm. b Numerical modeling of the cavity. (Re E,)* in the 55 nm-thick convex-
type cavity presented in (Fig. 4a). The distribution is taken at w = 1410 cm™".
Magenta dashed lines are a guide for eyes indicating boundaries of cavity-launched
polaritons. ¢ Experimental s-SNOM optical amplitude (S;) map recorded at
w=1410 cm ™. Magenta dashed lines are a guide for eyes indicating boundaries of
cavity-launched polaritons. Dotted lines highlight maxima of optical amplitude for

cavity-launched and tip-launched PhPs. Purple lines demonstrate tip-launched PhP
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waves. d Schematic of the “convex lens"-like cavity operation. e Experimental
s-SNOM optical amplitude (S4) map of three small-diameter cavities (0.55 um,

0.9 um, and 1.1 pm, respectively) recorded at w = 1405 cm™". f Dependence of the
focal point distance on cavity size at w = 1410 cm ™, as well as the confinement factor
for each point. g Dependence of the distance to the focal point on the excitation
wavelength for small-diameter cavities (Fig. 4e). The depth of field (DoF) was
determined for each cavity based on the distance oscillations. h Dependence of a full
width at half maximum (FWHM) (purple lines) and confinement factor (magenta
lines) on the excitation wavelength for small-diameter cavities.

lens”-like focusing. The PhP waves launched by the Au edge propagate
perpendicular to the Au edge inside the cavity and reflect back from the
convex cavity edge. Upon reaching the cavity’s edge, they reflect normally to
the curvature of the reflecting plane. The positive curvature of the reflecting
plane results in a positive curvature of the PhP wavefront.

Figure 4e shows the s-SNOM optical amplitude (S;) map of three
cavities with different diameters: 0.55 pm, 0.9 pm, and 1.1 um. The focal
points are located at varying distances from the cavity/Au interfaces which is
determined by its diameter. The focal distance as a function of the cavity
diameter for @ = 1410 cm ™' is shown in Fig. 4f. As can be seen, the focal
distance linearly depends on the cavity diameter (i.e., on the curvature of the
reflective plane). Figure 4g demonstrates the distance to the focal point as a
function of the frequency of the incident light for three cavities illustrated in
Fig. 4e. The focal distance oscillates with a period specific to each cavity.
Based on this, we determine the depth of field (DoF) for these cavities. DoF
for classical lenses is the range of distances over which an object remains in
focus, given by DoF = ni/ (NA)?, where n is the refractive index, A is the
wavelength, and NA is the numerical aperture. Each PhP lens has a specific
focal length that depends on the geometry of the cavities, but at the same
time, DoF for these lenses is finite and depends on the geometry of the
cavities as well. By changing the excitation wavelength, we change the real-
space PhP field distribution. Therefore, for some wavelengths, the max-
imum of the PhP field is located exactly in the middle of the focal point,
while for other wavelengths, it is shifted to the edge of field (see the detailed
investigation in Supplementary Information Fig. S8). Figure 4h demon-
strates the full width at half maximum (FWHM) of the focal point as well as
the confinement factor calculated as A/FWHM for cavities 1, 2, and 3 at

different wavelengths. The FWHM decreases and the confinement increases
with the increasing frequency, which is in agreement with the effective
refractive index of hBN that grows with frequency (see Supplementary
Information Fig. S6). A confinement factor as high as 70 can be achieved for
the 0.9 um cavity at w = 1420 cm™’, placing it among the highest reported
values.

Using the same approach, we developed a “concave lens”-like cavity
(see Supplementary Information Fig. S9). The negative curvature of the
reflecting plane produces a divergent PhP wavefront and defocusing. Fur-
thermore, multiple cavities launching crisscrossing PhPs can be used for the
formation of interference patterns (see Supplementary Information
Fig. $10), forming a lattice of (Re E,)* minima and maxima with a period
equal to the PhP wavelength at the intersection. Thus, using the interference
of cavity-launched PhP with adjusted wavefronts, it is possible to engineer
polaritonic lattices for structured light-matter interaction.

Discussion

To accelerate the technological application of spatially defined PhP modes, it
is crucial to develop a method for precisely controlling their spatial dis-
tribution and focusing them at specific real-space locations. Significant
progress has been made in tuning and focusing PhPs using in-plane-
anisotropic hyperbolic materials, such as MoO;"*"*. In the case of uniaxial
hyperbolic hBN crystals, most efforts have relied on substrates with in-plane
anisotropy in the relevant spectral ranges’*>> or substrate engineering as
demonstrated by an elegant solution in Chaudhary et al.”’, employing a
phase-change material (Ge;Sb,Tes on a CaF, substrate) to locally modify
dielectric constants and focus tip-launched PhPs.
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One of the most widely adopted methods for focusing PhPs and
coupling them to the far-field component of light is the use of metallic
scatterers, typically made of gold™. This approach is essential because the tip
must not be present in operational devices. By employing scatterers with
curved surfaces, PhPs can be focused via wave interference. However, this
approach has a fundamental limitation: the strength of light coupling to PhP
modes depends heavily on the angle between light polarization and the
normal to the scatterer surface at the launch point (see Supplementary
Information Fig. S11). Consequently, curved scatterers can only efficiently
focus PhP modes within a narrow angular range*, making them unsuitable
for achieving arbitrary PhP lensing in isotropic materials like hBN.

Our approach overcomes these limitations by utilizing standard,
technologically accessible materials (Si/SiO,, Ti/Au) as a platform for PhP
engineering. We introduce hBN subwavelength cavities at the Au/SiO,
interface, which enable the generation of strongly focused (down to 1/70)
and spatially confined PhPs. Crucially, our approach resolves the “scatterer”
issue mentioned earlier: the Au/SiO, interface facilitates coupling to far-field
light but does not actively participate in the focusing process itself. Instead,
the focusing mechanism is governed by the selection of PhPs with specific k-
vector distributions inside the cavity. As a result, for a fixed Au/SiO,
interface orientation, cavities of varying shapes and sizes can produce dif-
ferent focusing effects (e.g., convex, concave, or straight wavefronts) and
different angular ranges of collection. Thus, we believe our approach
addresses several persistent challenges in PhP photonics and paves the way
for numerous future discoveries.

We emphasize that our demonstration of arbitrary focusing in hBN is
fundamentally different from prior lensing approaches in anisotropic van
der Waals crystals, such as MoO; or in substrate-engineered hetero-
structures. In those cases, the in-plane anisotropy or substrate modification
inherently dictates the available polariton trajectories, restricting the optical
response to crystallographic axes or substrate-induced symmetry breaking.
In contrast, hBN is in-plane isotropic, and thus does not permit such an
isotropy-driven focusing. Our results show that cavity-driven excitation
alone can generate and shape polariton wavefronts in isotropic hBN,
enabling convex- and concave-type focusing with subwavelength resolu-
tion. A comprehensive theoretical framework linking cavity geometry to
k-space distributions of launched polaritons would be valuable for sys-
tematic design of polaritonic optics. Developing such a model lies beyond
the scope of this experimental study, but our results provide the experi-
mental foundation and clear motivation for such theoretical advances.

In conclusion, we have developed hBN sub-wavelength cavities that are
compatible with standard lithographic techniques, enabling the launch of
focused, long-lived PhPs. We have fabricated the subwavelength hBN
cavities at the interfaces between Au and SiO, partially transparent for PhPs.
The localized modes exhibit a significant enhancement of the electric field
inside the cavities, launching PhPs that remain spatially confined, with their
confinement determined by the shape and size of the cavities. Using s-
SNOM, we have studied the real-space optical contrast of the cavity-
launched PhPs. Based on the PhP’s wavelength, we demonstrate coupling to
the far-field component of the mid-IR light. The far-field component, which
is resonantly enhanced in the cavities, acquires sufficient momentum to
launch polaritons into the bulk of the hBN/Au heterostructures through the
scattering process at the SiO,/Au interfaces. The shape of our resonators
determines both the focal point location and the wavefront geometry. By
creating different forms of cavities, we showe a focusing effect similar to a
“concave lens” and a “convex lens.” In particular, the “convex lens”-like
cavities enable field confinement down to A/70 at the focal point. By this, we
realize a promising technique for generating and focusing spatially confined
in-plane PhPs compatible with the standard fabrication approaches.

Methods

Device fabrication

Si**/SiO, substrates were pre-patterned using standard photolithography
and metal deposition procedures. For photolithography, SUSS MicroTec
MJB4 mask aligner and SPR-700 photoresist were used. After the

photoresist development, we deposited metal (Ti/Au, 10/50 nm) using the
Oerlikon 450B electron beam vacuum deposition system.

hBN flakes were prepared via mechanical exfoliation using PDMS
adhesive tapes and were transferred on Si/SiO, substrates for selection.
Relying on optical contrast, we selected flakes of suitable thicknesses and
transferred them on the pre-patterned Si**/SiO, substrates using the
PMDS/PC dry transfer method™>*".

For the cavity fabrication, we used the Raith EBPG5200 electron beam
lithographer and PMMA 950 A4 e-beam resist. After the resist develop-
ment, exposed hBN was etched out using Oxford ICP-RIE plasma etcher
with CHF; plasma source (40 sscm, 90 mTorr, 60 W).

Near-field optical measurements

We used a commercially available scattering-type scanning near-field
microscope (s-SNOM) developed by Neaspec/Attocube (cryo-neaSCOPE)
with a pseudo-heterodyne mode to a detect a background-free optical
response (2 + NM) using the decoupled optical amplitude and phase’™.
Ptlr-coated AFM tips (Nanoworld, 23 nm coating) with a resonant fre-
quency =250 kHz were used to obtain the topography and the optical maps.
AFM tips were illuminated by a tunable commercially available mid-
infrared quantum cascade laser (QCL) using 1-2 mW of power (MIRcat,
A=5.5-11.5 um from the DRS Daylight Solutions Inc.) All optical mea-
surements presented in the manuscript were obtained on the 3rd or the 4th
harmonics (i.e, S; and Sy, respectively) to ensure the background-free
detection.

Numerical model

To describe the optical phenomena in PhPs at the hBN/SiO, and hBN/Au
interfaces, we employ numerical calculations in COMSOL Multiphysics,
Wave Optics module. The dispersions of the propagation and attenuation
constants of the PhP modes alongside the complex effective refractive
indices of these modes are calculated in a 4-layer structure, where the top
layer is presented by air, the second layer is presented by hBN which is an
anisotropic (along the hard axis) material with permittivity tensor taken
from® and optical axis directed perpendicular to the layers, the third layer is
a narrow air gap, and the fourth layer is either SiO, or Au with refractive
indices taken from* . The obtained effective refractive indices are used as
refractive indices for hBN/SiO, and hBN/Au domains in the 2D model, and
the surrounding space is treated as a dielectric with a refractive index of 1. As
asource for the 2D model, we specify the surface current density at the edges
of the hBN/SiO,, hBN/Au domains, and the surrounding space.

Data availability
The data that support the findings of this study is available from the cor-
responding authors upon reasonable request.
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