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High-quality nanocavities through 
multimodal confinement of hyperbolic 
polaritons in hexagonal boron nitride
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David Barcons Ruiz1, Alexander Hötger4, Ricardo Bertini    1, 
Sebastián Castilla    1, Niels C. H. Hesp    1, Eli Janzen5, Alexander Holleitner4, 
Valerio Pruneri    1,6, James H. Edgar    5, Gennady Shvets7 & 
Frank H. L. Koppens    1,6 

Compressing light into nanocavities substantially enhances light–matter 
interactions, which has been a major driver for nanostructured materials 
research. However, extreme confinement generally comes at the cost of 
absorption and low resonator quality factors. Here we suggest an alternative 
optical multimodal confinement mechanism, unlocking the potential of 
hyperbolic phonon polaritons in isotopically pure hexagonal boron nitride. 
We produce deep-subwavelength cavities and demonstrate several orders 
of magnitude improvement in confinement, with estimated Purcell factors 
exceeding 108 and quality factors in the 50–480 range, values approaching 
the intrinsic quality factor of hexagonal boron nitride polaritons. 
Intriguingly, the quality factors we obtain exceed the maximum predicted 
by impedance-mismatch considerations, indicating that confinement is 
boosted by higher-order modes. We expect that our multimodal approach 
to nanoscale polariton manipulation will have far-reaching implications for 
ultrastrong light–matter interactions, mid-infrared nonlinear optics and 
nanoscale sensors.

Confining light into a deep-subwavelength volume has been a major 
driver of nanophotonics research over the last few decades. Innova-
tions in nanocavity design1 allow light to be confined to extremely 
subwavelength volumes, enabling even single emitters to be strongly 
coupled to cavity polaritons2–4. Likewise, nanocavity coupling strengths 
can become so large that they reach the onset of ultrastrong-coupling5 
and deep-coupling6 regimes, where bound states entangle with virtual 
excitations7,8, challenging the basic tenet of perturbative light–matter 

interactions. Moreover, cavities with strongly spatially varying fields 
are expected to induce super-radiant quantum phases9. Therefore, 
creating cavities with deep-wavelength mode volume is the key to pro-
gress in fundamental physics as well as in a range of applications such 
as quantum chemistry and the manipulation of matter10–14.

However, compressing light to the nanometric scale typically 
comes at a cost: high absorption losses, which plague all existing nano-
cavity designs and are intrinsic with metal- or semimetal-based cavities. 
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(λp ≈ λ0/30), and these cavities can be passively tuned by varying their 
dielectric environment41. Intrinsically, isotopically pure hBN cavities 
could attain extremely small volumes of the nanometre scale com-
bined with very high Q factors approaching the intrinsic PhP Q factor 
of 800. However, in practice, nanoscale material damage (a combina-
tion of surface roughness and surface degradation) is inevitable in 
conventional directly patterned (etched) cavities and—to the best of 
our knowledge—leads to increased absorption and surface scattering, 
which restricts the attainable size and Q factor.

It is, therefore, enticing to identify a different way to confine polari-
tons, to harness the full potential of hyperbolic materials. However, to 
do so, two major hurdles must be overcome: first, field confinement 
in the cavity by momentum mismatch alone is inefficient, as a sub-
stantial amount of the energy leaks out of the cavity. Second, being 
a hyperbolic material, hBN supports many (in principle, infinite) PhP 
modes33. Ordinarily, these additional modes are expected to provide 
additional leakage channels, further degrading the retention time of 
light in the cavity.

Here we turn these challenges into opportunities by utilizing 
the hyperbolic nature of long-lived PhPs in isotopically pure hBN, 
thereby achieving the previously unattainable fusion of high Q factors 
with ultrasmall modal volumes. Uniquely, optical confinement in our 

Figure 1a visually summarizes the state of the art in nanocavity 
research15–35 and shows that cavity performance progressively degrades 
for V < 10−4λ30, where λ0 is the vacuum wavelength. Similarly, on the 
absolute scale, cavity performance drops when the cavity dimensions 
drop below 100 nm. Virtually, all polaritonic cavities on that size scale 
show low quality (Q) factors, corresponding to a lifetime of just one or 
two optical periods. Moreover, due to the slow group velocity typical 
to light at the nanoscale, light does not complete a single cycle inside 
a nanocavity before losing most of its power36 (Supplementary Section 
1), in stark contrast to the common intuitive conception of cavities as 
multi-bounce resonators. This appears to be an intrinsic challenge for 
plasmonic nanocavities, which motivates the pursuit of a different 
material platform.

Alternative materials are those that host hyperbolic phonon polari-
tons (PhPs). Of specific interest are crystals such as hexagonal boron 
nitride (hBN) or MoO3 as they support PhPs in their Reststrahlen bands 
with very high momenta and relatively low losses33–39. For example, 
extreme confinement can be achieved with hBN nanotubes40 where 
whispering-gallery modes can attain extremely high momentum 
(λp ≈ λ0/500 polariton wavelength) and Q ≈ 100. More commonly, PhP 
cavities are formed out of thin hBN flakes by etching hBN27–33. The 
cavities can achieve Q > 200 and have sizes on the order of ~300 nm 
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Fig. 1 | Nanocavities in the literature and MECs. a, Survey of the Q factor and 
normalized cavity volume (normalized by the vacuum photon volume) for 
various types of cavities, based on tabulated data (Supplementary Section 1). 
The coloured areas correspond to different cavity types: picocavities2,3 (pico), 
nanogap plasmon polaritons15,16 (nanogap), graphene plasmon polaritons17–20 
(graphene), metallic particles21,22 (MP), hyperbolic metamaterials23,24 (HMM), 
non-hyperbolic25,26 and hyperbolic27–35,41 phonon polaritons (PhP), and the 
multimodal enhanced cavities (MECs) studied here. Generally, cavities 
with V below λ3 show low Q factors, typically below 10 and always below 20 
(Supplementary Section 1). b, Schematic of the cross-section of an MEC cavity, 
superimposed with the simulated electric-field amplitude (in-plane component) 
of a resonant cavity, showing the ray-like characteristics of the standing wave 
inside the cavity. The simulation aspect ratio is adjusted for clarity and the range 
of yellow colour indicates the field maximum. c, Isofrequency line in momentum 
space, with the PhP eigenmodes A0, A1 (in suspended hBN) and M1 (on a metallic 

substrate) indicated by the black dots (for experimental parameters, similar 
to device N1). The insets show the calculated electric-field distribution and 
profile of these modes (Supplementary Section 2.1 provides the derivation). 
Additional higher-momentum modes (not shown in the figure) are involved in 
the multimodal reflection process. d, Simulated intensity profile of a multimodal 
ray propagating inside an hBN flake (edges indicated by cyan lines) when it is 
incident on a single metallic corner or incident ~10 nm after the corner (the 
virtual interface of reflection is indicated by the dashed white line). Due to the 
reduced overlap with the modes over the metal, the ray incident on the corner 
reflects strongly and in an anomalous way such that it continues propagating 
back to the left (Supplementary Video 1). The ray incident after the corner shows 
the usual propagation to the right. The dipole of the ray is situated outside (to the 
left) and is not shown to avoid colour saturation (Supplementary Section 4.3). 
The same colour map is used in both plots, where a brighter colour corresponds 
to a higher intensity.
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cavities is enhanced rather than reduced by the additional higher-order 
modes, owing to a unique multimodal reflection enhancement mecha-
nism. Our experimental observations are made with scattering-type 
near-field optical microscopy (SNOM)42–44 and directly demonstrate 
the previously unattainable Q > 100 in ultracompact cavities on the 
100-nm-size scale. These cavities are orders of magnitude smaller 
than any comparable existing high-Q-factor polaritonic cavity. At the 
same time, we also demonstrate that larger nanocavities show Q in the 
400–500 range, approaching the intrinsic PhP Q factor, and higher than 
any previously reported value for polaritonic nanocavities, including 
directly defined hBN cavities31. Moreover, the observed Q factors can 
exceed the maximum single-mode Q factor and are explained in terms 
of multimodal reflection enhancement.

The general design of our multimodal enhanced cavity (MEC) is 
shown in Fig. 1b and consists of a sharply defined hole in a gold film 
covered by a thin hBN flake. The hBN acts as a slab waveguide for PhPs, 
with the dispersion of PhP modes indirectly affected by the permittivity 
of the environment (Supplementary Section 2.1). Above the hole, the 
first PhP mode A0 has a much smaller momentum (longer wavelength) 
than the PhP modes M1, M2… of hBN on gold (Fig. 1c). Light is confined in 
hBN in the region above the hole, through a combination of two mecha-
nisms. First, by impedance mismatch between the modes inside and 
outside. Second, by a multimodal mechanism, unique to hyperbolic 
media, which can be understood as follows.

A dipole above the hBN slab can excite multiple modes and the 
interference between these modes produces a sharply localized nano-
ray45,46 with a width of just a few nanometres. This ray can be reflected at 
the top and bottom surfaces of the flake, producing a zig-zag motion. 
When this ray is incident on a sharp metallic corner (Fig. 1d), it experi-
ences strong reflection to the left such that it propagates back into the 
original ray path (Supplementary Video 1). This is due to the diminished 
overlap between the ray with the M1, M2… modes on the metallic sub-
strate (Supplementary Section 4.3 provides the details), and is there-
fore earmarked as a multimodal reflection process. On the contrary, if 
the beam misses the corner, it is mirrored from the bottom surface as 
usual and shows almost perfect transmission to the right. Further hints 
of the role of multimodal interference are apparent in the simulated 
cavity-mode profile (Fig. 1b and Supplementary Section 4.2), which 
shows ray-like features that result from the combination of high-order 
modes. We discuss the multimodal reflection enhancement further 
down, evaluating the relative strength of the two abovementioned 
mechanisms.

Experimentally, our MECs are made by milling holes in an ultraflat 
layer of gold, using a focused-ion-beam microscope (FIB) with extreme 
resolution of a few nanometres. This is essential, as the sharpness of 
the metal corner governs the efficiency of the ray reflection amplitude. 
We transferred an isotopically pure 11B hBN flake on top of the milled 
pattern (Methods and Supplementary Section 3). Since the hBN flake 
is not directly milled nor processed in any way, it maintains very low 
PhP losses, typical for pristine isotopically pure hBN flakes38,39. Below, 
we consider four cavity sets: N1 and N2, both of which are milled by 
Ne-based FIB, comprising an hBN flake with a thickness of 25 and 3 nm, 
respectively; and H1 and H2, made with a He-based FIB having a thick-
ness of 3 and 32 nm, respectively.

The near-field SNOM signal (fourth-harmonic homodyne), meas-
ured for a fixed frequency f, from a representative 600 × 600 nm2 
square cavity in the H1 set is shown in Fig. 2a for a number of frequen-
cies. This signal is directly related to the spatial distribution of the 
(projected) local density of states (Supplementary Section 5.1) and 
shows a clear evolution with frequency. The mode profile suggests that 
this is the lowest-order cavity mode and the rapid rate of change with 
frequency indicates a large Q factor. Repeating this measurement for 
a set of cavities with different widths (in cavity set N1), we obtain the 
data shown in Fig. 2b, which shows the normalized near-field signal in 
the middle of the cavity as a function of frequency and cavity width. 

The experiments closely agree with the full Maxwell finite-element 
simulations (Supplementary Section 4.1). However, in particular, the 
width of the cavities is slightly shifted relative to λA0 /2, half the in-plane 
wavelength of A0. This suggests a possible deviation from the simple 
impedance-mismatch scenario (for example, a phase acquired on 
reflection).

As the cavity width shrinks, the signal strength becomes weaker 
since the near-field microscope picks up less signal, but both experi-
mental and simulated resonances (Fig. 2b) remain narrow, suggesting 
that the Q factor of the cavities does not degrade. In fact, the signal 
reduction witnessed in the experiment is primarily due to the tip 
(mechanically) drifting away from the cavity during the frequency 
sweep. To circumvent this drift problem, we apply pseudoheterodyne 
(PsHet) SNOM measurement at a fixed frequency to obtain the complex 
amplitude and phase. From these data, we extracted the optical phase 
as a function of the cavity width (Fig. 2c and Supplementary Section 5.5).  
The measured data show a clear π-phase jump, as expected when 
changing a critical parameter across a resonance. This phase response 
in cavity set N1 can be clearly identified and quantified for cavities down 
to 60 × 60 nm2. To shrink the cavity size further, we turn to cavity set 
N2, where the hBN is even thinner (3 nm) and where even smaller cavi-
ties are made. These very small cavities show a weaker signal, which 
complicates the measurement, but we can nevertheless identify the 
cavity response down to a cavity size of 23 × 23 × 3 nm3.

This raises the question: what is the smallest cavity size that can 
be produced using our approach? Remarkably, the limit of the smallest 
cavity size seems to not be technical (for example, fabrication capabil-
ity) or fundamental (for example, losses or spatial non-locality in the 
PhP dispersion). Rather, the limit to cavity size is determined by our 
ability to measure such small cavities with the near-field microscope. 
The smallest cavities we measured are smaller than the diameter of the 
SNOM tip, and the wavelength associated with the PhPs in our cavities 
is already more than 200 times smaller than the vacuum wavelength, 
which is the highest compression seen in an infrared near-field meas-
urement38 (we note that the evidence for even stronger compression 
appears in monolayer hBN, using electron microscopy47). With such 
extreme wavelength contraction and considering that the area of the 
tip is several times larger than the cavity, it is normally expected that 
the coupling efficiency would be extremely low. It is, thus, remarkable 
that any near-field response is observed in our experiments.

Next, we quantify the Q factor for a range of cavity sizes, taken 
from different cavity sets and using different methods (Fig. 3a; Sup-
plementary Section 5 provides a detailed explanation). We find that Q 
factors above 50 are typical for cavities with volumes on the order of 
V = 2 × 105 to 106 nm3. Peak confinement values are on the order of Q ≈ 90 
for V ≈ 50 × 50 × 25 nm3 (N1) to Q ≈ 125 for V ≈ 60 × 60 × 3 nm3 (N2) and 
Q ≈ 75 for V ≈ 90 × 90 × 33 nm3 (H2). When normalized by the 
vacuum-mode volume, that is, V0 = λ30, this yields volumes on the order 
of 3 × 10–7 to 4 × 10–8λ−30 . In both absolute and wavelength-normalized 
terms, these volumes are orders of magnitude smaller than the volume 
of any previous cavity of comparable mode quality. Furthermore, in 
relatively wide cavities, such as the V ≈ 600 × 600 × 3 nm3 cavity (in H1), 
the spectral response becomes exceedingly sharp (Fig. 3b) and fitting 
yields a Q factor well above 400 (black dash–dot line is the best fit with 
Q ≈ 480). The quality factor achieved exceeds that previously obtained 
with any PhP cavity31, nearing the intrinsic, absorption-limited value 
of approximately Q~650 (assuming perfect reflections), for the specific 
boron isotope under consideration. Based on a semi-analytical calcula-
tion of the loss function in a trench cavity48, we find that the modes are 
strongly localized in the cavity, suggesting that the mode volumes 
should be comparable to the cavity volume. We note that the smallest 
cavities, including the 23 × 23 × 3 nm3 (5 × 10–9λ30) cavity studied above, 
also appear to possess substantial Q factors. However, due to the 
weaker signal associated with those small cavities, the error magnitude 
is much larger, preventing us from accurately assessing the Q factor.
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With the exception of cavity set H1, the Q factor of our cavities is 
well below the absorption-limited Q factor (698 or 826, depending on 
the boron isotope), implying that confinement is exclusively limited 
by leakage. Theoretically, one can estimate the amount of leakage 
in a single-mode model based on the impedance mismatch between 
the relatively low-momentum mode of PhPs inside the cavity and the 
higher PhP momentum on the gold substrate outside (Supplementary 
Sections 2.2 and 2.3 provide the detailed calculations). Remarkably, 
the experimentally measured Q factors (in sets N1, N2 and H2) exceed 
the upper bound on the Q factor predicted in this single-mode model  
(Fig. 3a). Likewise, finite-element simulations (Fig. 3a) and a 
semi-analytical model of the one-dimensional cavity48 (Fig. 3c) also 

yield Q factors far above the single-mode maximum. This points at the 
importance of multimodal physics in the confinement mechanism.

We can draw a similar conclusion from a control experiment per-
formed with a ‘counter example cavity’—an inverted design where the 
hBN lies on a metallic patch that is surrounded by a dielectric (SiN) sub-
strate, instead of a dielectric patch (hole) surrounded by metal. If only a 
single PhP mode exists in the cavity, the inverted cavity should support 
impedance-mismatch resonances with a Q factor similar to the regular 
(MEC) cavities. Figure 4a shows the SNOM signal measured from the 
inverted cavity, which is much weaker, more localized and has a dis-
tinct cross-like shape that distinguishes it from the cavity resonance 
in the MEC (Fig. 4a and Supplementary Section 5.7). As observed in the 
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accompanying simulations (Fig. 4b and Supplementary Section 4.2),  
this weaker signal is the result of non-resonant PhP launching from 
the corners of the cavity. Thus, for the inverted cavity, the presence of 
additional modes substantially reduces the confinement quality, in 
sharp contrast with our findings for MECs.

To understand the physical mechanism of enhancement in our 
MECs, we first consider the basic excitation of a hyperbolic medium: 
although the eigenmodes of a hyperbolic metamaterial slab are delo-
calized, placing a dipole source on the slab excites a superposition of 
the eigenmodes in the slab (Fig. 4b, A0, A1…). This superposition forms 
a transverse-magnetic-polarized ray-like excitation whose electric 
field is strongly concentrated in a narrow nanoscale ray49. This ray 
propagates at a fixed angle of ±atan (Re (√−ϵx/ϵz)) inside the flake, 
performing a zig-zag motion between the top and bottom interface. 
Unlike optical beams more commonly encountered in optics, this ray 
does not continuously accumulate phase, but through discrete reflec-
tion events, whenever the ray is mirrored off the top or bottom of the 
flake. As it propagates, the nanoray also absorption-broadens as 
Γ ≃ Im (√−ϵx/ϵz) x, which—for our experimental parameters—is about 
1–2 nm in a flake with a thickness of t = 25 nm. Enhanced backreflection 
(such that the ray propagates backwards along the path of the incom-
ing ray) will occur if this nanoray is incident on the sharp (nanometre- 
scale) corner of a metallic structure. Above a metallic substrate, the 
electric field of the eigenmodes M1, M2… is zero at the hBN–metal 
interface due to screening (Fig. 4c). Therefore, the overlap of the nar-
row ray with any of the modes on the metal is very small and the reflec-
tion can approach unity for t ≫ Γ (ref. 49). Importantly, this reflection 
enhancement effect is inherently asymmetric—a beam incident on the 
corner from the metal substrate side will not experience this enhance-
ment. In fact, it experiences a counterpart effect of transmission 

enhancement, as is evident from our results with the inverse cavity 
(Fig. 4a,b, bottom).

To demonstrate how enhanced multimodal rays are reflected, we 
simulated the intensity profile of a ray generated by a dipole source as it 
propagates in an hBN flake in the vicinity of a sharp metallic corner (Fig. 1d  
and Supplementary Videos 1–5). When the ray is precisely incident on 
the metallic corner, it is strongly reflected with an estimated power 
reflection coefficient of 93%. If we slightly shift the dipole frequency 
(4 cm−1), the angle of propagation of the multimodal ray changes and 
the ray hits ~10 nm after the metallic corner (that is, a distance several 
times the ray thickness). Since the ray misses the metallic corner, it is 
transmitted almost perfectly; hence, its reflection is reduced rather 
than enhanced by multimodal interference, similar to the reduced Q 
factor observed in the inverted cavity. Likewise, smoothening the cavity 
corners reduces the effectiveness of the ray reflection mechanism and 
reduces the MEC Q factor (Supplementary Section 4.1). We emphasize 
that confinement in an MEC cavity occurs due to a combination of 
multimodal effects and more simple impedance-mismatch mecha-
nisms. Higher-order modes decay faster than lower-order modes in the 
cavity and are less efficiently excited in the cavity due to their larger 
momentum. Hence, the multimodal ray broadens due to absorption as 
it propagates inside the cavity. After circulating in the cavity, only the 
first few modes (A0, A1 and A2) play a role and eventually there is only 
one mode in the cavity and the reflection mechanism is more similar 
to impedance mismatch.

In practice, the magnitude of multimodal reflection enhance-
ment we have in our experiments is restricted, due to both absorption 
(which broadens the width of the ray and diminishes the strength of 
the reflection mechanism) and smearing of the effect by the finite size 
of the scattering-type SNOM tip and its distance above the hBN. This 
is most evident when comparing the simulations shown in Fig. 2b, 
which simulate a finite semi-spherical tip and additional simulations 
(Supplementary Section 5) where light is coupled into the cavity via 
an infinitesimally sharp element. In the latter case, the cavity response 
and Q factor increase whenever the ray completes an integer num-
ber of bounces inside the cavity. For the finite-tip-size simulation, a 
modulation with the cavity size is seen, but is much less pronounced. 
In the experiment, such a modulation is hard to recognize, suggest-
ing that the effect is even further smeared out. In particular, all the 
Q factors in the calculation, simulations and experiment exceed the 
single-mode limit.

To conclude, we return to the data shown in Fig. 1a and compare 
our MEC resonators in the current work with all the other types of 
nanocavity. For Q = 50–100, our MEC cavities are orders of magnitude 
smaller than any other optical resonator of a comparable Q, in terms 
of both absolute volume and normalized volume. This high Q (low loss) 
is a testament to the power of our MEC approach and to the power of 
indirect patterning, which can be elegantly applied to assemble a range 
of nanoscale devices. Moreover, the small volume of our cavities 
implies a gigantic Purcell enhancement of Q/V ≫ 108λ−30 , making it a 
unique platform to study material systems as well as to modify their 
behaviours via light–matter interaction5–14. Future prospects for our 
work include using hBN nanotubes40, instead of hBN flakes, in the hopes 
of achieving an even larger degree of confinement and Purcell enhance-
ment. Alternatively, many of the insights of our work can be applied to 
artificial hyperbolic metamaterial cavities, thereby creating 
higher-quality cavities in the near-infrared or visible parts of  
the spectrum.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41563-023-01785-w.
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Fig. 4 | Multimodal reflection. a, Fourth-harmonic signal of a SNOM 
measurement (homodyne) of a resonant 600 × 600 nm2 MEC cavity (top; 
f = 1,368 cm−1) and an inverted cavity, 300 × 300 nm2 sized, (bottom; 
f = 1,381 cm−1) at their respective expected resonant frequencies. The MEC 
shows a clear resonant state with practically no visible leakage. The inverted 
cavity shows no clear resonance. The relatively weak signal in the middle of the 
cavity is associated with launching from the cavity corners. The brighter areas 
in the colour map correspond to a higher signal and each subplot is separately 
normalized. b, Simulated electric-field cross-section of an MEC cavity (top; 
f = 1,497 cm−1) and an inverted cavity (bottom; f = 1,393 cm−1). The MEC cavity 
resonance shows ray-like features and undulations with a wavelength associated 
with higher-order modes. In contrast, the inverted cavity is not resonant, since 
the multimodal-ray excitations can freely escape it. Supplementary Section 4.2 
and Supplementary Videos 1–5 show the additional frequencies and details.  
The simulation dimensions are scaled for presentation purposes, the size of 
the MEC (inverted cavity) is 260 nm and the flake is 10 nm thin. The colour bar is 
identical to the one shown in Fig. 2b. c, Illustration of nanoray reflection. A ray, 
with an Lray skip distance, is incident on the metallic corner of the cavity. The 
calculated nanoray-field profile (red line) has minimal overlap with the M1, M2 
PhP modes (black and grey lines, respectively) on the metal substrate, leading to 
enhanced reflection.
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Methods
Supplementary Information provides detailed methods and extended 
discussion of the techniques.

Sample fabrication
The cavity substrate for N1 and N2 is a Si chip with a 285 nm SiO2 
oxide layer on which a metallic layer of 2 nm Cu is sputtered, followed by 
an evaporated 10 nm Au (Kurt J. Lesker Company—LAB 18 thin-film depo-
sition system). The resulting gold layer is ultraflat with a less than 0.5 nm 
root mean square roughness. For cavity sets H1 and H2, the substrate 
is a commercial 20-nm-thick SiN membrane (Norcada), evaporated in 
the same manner. The metallic surface is patterned using a Ne+ (He+) FIB 
(Zeiss Orion microscope), which is focused to a spot size of ~6 nm (~2 nm), 
working with 5 μT gas pressure and a 10 μm aperture. Isotopically pure 
hBN flakes are then mechanically exfoliated and transferred onto the 
substrate using one of two standard techniques (Supplementary Sec-
tions 3.3 and 3.4 provide additional details). Cavities C1, H1 and H2 and 
the large trench are made using polydimethylsiloxane-based exfoliation 
and transfer (X0 retention, DGL type from Gelpak). Cavity N2 was made 
with a polycarbonate transfer, using home-made polycarbonate stamps. 
Contact-mode atomic force microscopy (AFM) was used to clean the 
surface of cavity sets N1 and N2. We emphasize that both the quality of 
the flakes and high FIB resolution were shown to be instrumental to the 
success of the measurements reported here and we, therefore, provide 
additional detail on the fabrication process (Supplementary Section 3).

The inverse cavity was made starting with a 20-nm-thick SiN mem-
brane and evaporating a 10 nm layer of gold on the underside of the 
membrane (for grounding purposes). Through holes were milled using 
Ne FIB (holes confirmed to be through in the AFM data). An hBN flake 
was transferred (by polydimethylsiloxane) on the top side of the mem-
brane, followed by a second round of evaporation on the membrane 
underside. The gold, hence, fills the holes in the membrane, creating 
topographically flat patches of gold substrate underneath the hBN 
(flatness confirmed by the AFM data).

Near-field measurements
All the measurements were performed using a commercially availa-
ble scattering-type near-field microscope (neaspec), equipped with 
Pt-coated AFM tips (Arrow NCPt from NanoAndMore; nominal diam-
eter, 40–50 nm). The laser source was a tunable quantum cascade laser 
(Daylight Instruments MIRcat), giving 10 to 90 mW continuous-wave 
laser power, depending on the frequency. In the homodyne mode, the 
laser frequency was increased in small increments using a computerized 
interface to produce frequency sweeps and the signal at each frequency 
was normalized against the maximum signal measured far away from 
the cavities, during the exact same scan. Such high-resolution frequency 
scans are sensitive to mechanical (piezo) drift, the exact amount of which 
changes from measurement to measurement and which prevents the 
measurement of smaller cavities. As an alternative, two-dimensional 
measurements with a lower spectral resolution are also possible, in which 
case the frequency response can be extracted (Supplementary Section 5).

Theoretical analysis
Supplementary Information provides details on the theory on the forma-
tion of bound in the continuum modes and the evaluation of cavities on a 
single-mode basis. Numerical calculation of ray propagation and reflec-
tion were made with Lumerical, the cavity SNOM response was simulated 
using COMSOL Multiphysics and the cavity response was simulated 
using a rigorous coupled-wave approach. In addition, a semi-analytical 
approach was used to calculate the cavity modes as well as to confirm 
that the cavity-mode volume is very similar to the cavity volume.

Data availability
The data that support the findings of this study are available from the 
corresponding author upon request.
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