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To control and enhance light-matter interactions at the nanoscale, two
parameters are central: the spectral overlap between an optical cavity mode
and the material’s spectral features (for example, excitonic or molecular
absorption lines), and the quality factor of the cavity. Controlling both
parameters simultaneously would enable the investigation of systems

with complex spectral features, such as multicomponent molecular
mixtures or heterogeneous solid-state materials. So far, it has been possible
only tosample alimited set of data points within this two-dimensional
parameter space. Here we introduce ananophotonic approach that can
simultaneously and continuously encode the spectral and quality-factor
parameter space withina compact spatial area. We use a dual-gradient
metasurface design composed of a two-dimensional array of smoothly
varying subwavelength nanoresonators, each supporting a unique mode
based on symmetry-protected bound states in the continuum. This results
in 27,500 distinct modes and a mode density approaching the theoretical
upper limit for metasurfaces. By applying our platform to surface-enhanced
molecular spectroscopy, we find that the optimal quality factor for
maximum sensitivity depends on the amount of analyte, enabling effective
molecular detection regardless of analyte concentration within a single
dual-gradient metasurface. Our design provides amethod to analyse the
complete spectral and coupling-strength parameter space of complex
material systems for applications such as photocatalysis, chemical sensing
and entangled photon generation.

% Check for updates

Optical cavities have substantially advanced our ability to manipulate
light-matterinteractions, with various applications ranging fromlasers
and spectroscopic techniques to quantum information processing'.
Especially in nanoscience, nanoresonators>’—the nanoscale coun-

two key parameters: the spectral overlap of the optical mode with the
excitation of the target system (for example, excitonic™*"* or molecu-
lar absorption lines''?) and the strength of the interaction set by the
resonators’ quality (Q) factor (defined as the resonance frequency

terparts of optical cavities—have bridged the size gap to materials like
quantum dots, van der Waals materials and molecules. This allowed
breakthroughsin photocatalysis*®, entangled photon sources™, bio-
chemical sensing®’° and the study of polaritons™'*. The interaction
of light and matter in nanoresonators is fundamentally governed by

divided by the line-width).

Interms of spectral overlap, the fundamental goal is to simultane-
ously amplify and probe the material’s dispersive properties. To achieve
the necessary spectral coverage, research in multiresonant nano-
photonic platforms has led to concepts like plasmonic oligomers'”*%,
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Fig.1| Concept of dual-gradient metasurfaces combining independent
spectral and coupling gradients. a, Schematic representation of aspectral-
gradient metasurface composed of unit cells of tilted ellipse pairs. Identical
resonators form chains along the vertical, with a gradual increase in scaling along
the horizontal. b, Schematic representation of a coupling-gradient metasurface.
The asymmetry (in the form of the tilting angle ) varies along the vertical,
altering the far-field coupling strength and the resonance Q-factor. ¢, Numerical
reflectance spectra of BIC resonances with scaling factors ranging from1.0to 1.3,
increasing incrementally by steps of 0.01. d, Numerical reflectance spectra with

Scaling —>

aconstantscaling factor (§=1), and 8 varying from 0° (light grey) to 45° (black)
inincrements of 5°. Spectral alignment of the resonances is achieved by using

an additional scaling factor, discussed in Fig. 3. e, Illustration of a dual-gradient
metasurface thatincorporates both aspectral gradient along the horizontal and
acoupling gradient along the vertical, illustrated by a spectral gradient along the
xaxis and asaturation gradient along the y axis, respectively. f, SEM image of the
final metasurfaces showing two unit cells. A and Brepresent the long and short
axes of theellipses, and Ois the tilt angle.

multiresonant plasmonic surface lattice resonances'*°, dual-band per-
fectabsorbers?, fractal plasmonics?*** and non-local metasurfaces®.
However, these platforms often face restrictions owing to the limited
number of resonances that a single nanoresonator, or two-dimensional
(2D) arrays of such resonators known as metasurfaces*?, can sup-
port. While active metasurfaces allow some degree of tunability, they
typically cannot cover wide spectral ranges'>”. Thus, researchers
have turned to using metasurfaces with spatially varying resonator
geometries that allow local adjustment of the optical response. Initially
developed for non-resonant phase gradient metasurfaces®®?, this
concept has been extended to resonant systems>*>,

Whereas the advancements for spectral coverage have been sub-
stantial, precisely tuning the resonators’ coupling strength remains
challenging. Symmetry-protected bound states in the continuum
(BICs) have recently been shown to be a promising approach®>*,
By adjusting geometric parameters, BICs can fine-tune their resonance
line-widths, controlling the strength of the light-matter interaction®*.
This has led to multispectral BIC-driven metasurfaces with up to 100
resonances on asingle sensor platform*®**”. While BICs are effective at
probingthe spectraland coupling space, they require extended arrays
of identical resonators as BICsinherently are collective modes*®. Each
metasurface, consisting of at least hundreds of identical resonators,
can probe only a single point in the 2D spectral-coupling parameter
space. This prohibits the complete analysis of complex systems like
multicomponent molecular mixtures that need extensive data to
uncover the numerous interactions and effects occurring within them.
Furthermore, it hinders the integration into hyperspectral optical
systems and compact devices. Despite recent successes in creating
spectrally tuned plasmonic gradients for refractive index sensing® and
dielectricgradients for higher harmonic generation*°,acomprehensive
platform for studying both the coupling space and the combined 2D
spectral-coupling space remains elusive.

Here we introduce the concept of dual-gradient metasurfaces,
seamlessly spanning the 2D parameter space of resonance wavelength
and coupling strength, ideal for probing diverse light-matter coupling

phenomena. First we explore spectral gradients that offer continuously
spectrally tunable resonances. Experimentally, we investigate the effect
of the gradients’ spectral coverage on the resonance performance.
Strikingly, we find that for moderate widths, the performance of the
gradient is equal to established monospectral metasurfaces, despite
the perturbed periodicity. Similarly, we present the idea of coupling
(Q-factor) gradients. Distinct from the widely used phase gradients that
manipulate beam profiles in the far field"**, our coupling gradients
enable spatial mapping of light-matter interaction strength in the
near field. Combining these advancements, we experimentally realize
adual-gradient metasurface withindependently adjustable gradients,
showcasing extensive and simultaneous spectraland coupling-strength
coverage in a compact footprint. To demonstrate the dual gradient’s
capabilities, we apply it to surface-enhanced molecular sensing, where
awidespectral coverageis needed to retrieve the unique vibrational fin-
gerprints of molecules. We not only capture the spectral fingerprint but
also unveil an additional coupling-based dimension of spectroscopic
data, showcasing a concentration-based dependence between the
resonances’ Q-factor and the detection sensitivity. This crucial insight
was largely unnoticed as sampling of the coupling parameter space
had been constrained to discrete points within it. Our dual gradient
ensures optimal sensitivity across all sensing conditions, irrespective
of the analyte concentration or the solvent used.

Principle of dual-gradient metasurfaces

We chose a BIC-driven metasurface geometry consisting of pairs of
tilted amorphous silicon ellipses on top of an infrared-transparent
calcium fluoride (CaF,) substrate (Supplementary Fig. 1a for a detailed
sketch of the unit cell and relevant dimensions). This particular unit
cell design is ideal for our target molecular spectroscopy appli-
cation due to its strong surface-confined electromagnetic fields,
low baseline reflectance and fabrication robustness**. Extending
the traditional approach of arranging the elliptical resonators in a
2D periodic array, we introduce a multiplicative lateral scaling fac-
tor S (Supplementary Fig. 2) to modify the dimensions of each unit
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Fig. 2| Spectral-gradient metasurface. a, SEM image of a spectral gradient
withthe scaling along the x axis. b, Optical image of the three monospectral
metasurfaces with scaling factors $ =1.01,1.05 and 1.09 from left to right, and

the spectral gradient with S =1.0-1.1 (below). ¢, Reflectance snapshots of the
metasurfaces showninb, taken at wavelengths (1) of 5.9, 6.1and 6.3 um. d, Colour-
coded resonance wavelengths A, for each detector pixel. Non-resonant pixels
areshowninwhite. e, Normalized reflectance spectra taken from the spectral
gradient along the x axis, shownin grey. The coloured spectra correspond to the

three monospectral metasurfaces, each normalized to the gradient’s maximum
reflectance at their respective spectral position. A direct reflectance comparison
of the monospectral metasurfaces with the gradient at the equivalent scaling
positionis shown in Supplementary Fig. 9.f, Average reflectance amplitude and
wavelength range for gradients with 8 = 20° of different gradient steepness.

g, Average reflectance amplitude and Q-factor plotted against different scaling
increments & for gradients with 6 =10, 20 and 30°. The horizontal dashed line
represents the values for the monospectral metasurfaces with 8 =20°.

cell, creating spectral gradients (Fig. 1a). Spectral resonance tun-
ing is achieved by continuously varying S, creating an unambiguous
mapping between spatial and spectral information. The photonic
behaviour of symmetry-protected BIC metasurfaces is fundamentally
determined by the asymmetry factor a, defined as the sine of the
ellipsetiltangle 6, thatis, a = sin(0) (ref. 45). The asymmetry controls
theradiative coupling of the resonance to the far field and therefore
governs the resonance’s Q-factor, the ratio of the resonance frequency
to theresonance line-width (Supplementary Fig. 1b,c). By arranging
unit cells withidentical Sbut varying a into a 2D lattice, we generate
a coupling gradient that provides a broad range of Q-factors within
asingle metasurface (Fig. 1b).

Following extensive numerical optimization, targeted at achiev-
ing BICs on the long wavelength side of the Rayleigh limit*®, even for
high asymmetries 6 of up to 45° (Supplementary Fig. 1d-ifor details),
we have selected a unit cellgeometry with apitch of P,= 2.4 puminthe
xdirection, apitchof P,=4 pmintheydirection, anellipse long diam-
eter A of 2 um, a short diameter B of 1 um and a height 4 of 0.75 pm.
The numerical results reveal that adjusting the scaling factor from
1.0 to 1.3 along the x axis for 8 = 20° shifts the pronounced reflec-
tance peak of the BIC resonance from 5.9 um to 7.2 pum, underlining
the distinct spatially dependent response of a spectral-gradient

metasurface (Fig.1c). Similarly, Fig. 1d presents numerical results for a
fixed scaling factor (S =1) with the tilting angle O ranging from 0 to 45°,
generating the spatially dependent response of acoupling gradient.
We observe abroadening of the mode withincreasing angles, follow-
ing the typical Q-factor relationship for symmetry-protected BICs, in
this case Q =1/sin*(#). The simultaneous parameter variation of the
dual gradient is created by merging both resonance tuning mecha-
nisms (Fig. 1e), allowing the metasurface to seamlessly encode awide
range of spectral and coupling-strength information.

Spectral gradients

Weiinitiate our experimental demonstration of gradient metasurfaces
by investigating the performance of continuous spectral gradients
with a fixed tilting angle 8 =20° and varying lateral scaling S. Using
high-resolution electron-beam lithography and reactiveion etching, a
spectral gradient with continuous unit cell scaling along the x axis from
S=1.0tol.1over alength of 600 um was realized (scanning electron
microscopy (SEM) image of two unit cells in Fig. 1f, a section of the
spectralgradientin Fig.2aand anangled view in Supplementary Fig. 3).
Inour study, we fabricate monospectral metasurfaces each measuring
150 x 150 pm?and consisting of 35 x 59 unit cells. These dimensions are
sufficient to support symmetry-protected BICs*****8 and are further
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Fig.3| Coupling-gradient metasurface. a, lllustration of the coupling gradient
oriented perpendicular to the excitation polarization, accompanied by SEM
images of unit cells from the gradient’s start and end. b, Reflectance spectra
fromthe gradients captured along the x axis. ¢, Q-factor map derived from
temporal coupled mode theory for the coupling gradient. d, The associated
resonance frequency map. e, Depiction of ellipse scaling ES dependent on 6 for
the coupling gradient (CG; black) and the spectrally aligned coupling gradient
(grey). f, lllustration of the spectrally aligned gradient and SEM images of the

X position (um)

gradient’s start and end. g, Reflectance spectra from the spectrally aligned
coupling gradient, analogous to b. h, Reflectance amplitude comparison of the
two gradients extracted from the temporal coupled mode theory fitted data.

i, Q-factor map for the spectrally aligned coupling gradient. j, Acomparison
betweenboth gradients taken along the dashed lines in c andi. k, Resonance
wavelength map for the spectrally aligned gradient. l, Acomparison of both
gradients taken along the dashed linesind and k.

confirmed by anexperimental monospectral metasurfaces size sweep
inSupplementary Fig. 4. The metasurfaces, with scaling factors $=1.01,
1.05and 1.09, were fabricated close to the spectral gradient for a direct
comparison (opticalimage in Fig. 2b). The monospectral metasurfaces
were chosen so that they correspond to points in the centre and close
to the ends of the spectral gradient, with resonance wavelengths of
5.9 um, 6.1 umand 6.3 um. The metasurfaces were optically character-
ized using amultispectral imaging microscope incorporating tunable
quantum cascade lasers and a 480 pixel x 480 pixel imaging detector
(Supplementary Fig. 5a), allowing us to record snapshots of the reflec-
tance signal at different wavelengths.

At each of the three wavelengths given above, one of the mono-
spectral metasurfaces exhibits a high reflectance amplitude, indicat-
ing resonant nanostructures. The spectral gradient, however, shows
pronounced reflectance zones (cross-sections for 6.1 pm in Supple-
mentary Fig. 6) across all three wavelengths, demonstrating resonant
behaviour throughout (Fig. 2c). Supplementary Video 1illustrates
this unique resonant behaviour, where each frame represents the
reflectance response for a specific wavelength. In striking contrast
to the monospectral metasurfaces, the peak reflectance map across
all wavelengths shows a consistently high reflectance signal over the

wholesspectral gradient, indicating efficient and continuous resonance
coverage (Supplementary Fig. 5b and rotated polarization in Supple-
mentary Fig. 7a). This advantageous behaviour is further highlighted
by plotting the extracted resonance wavelengths A, for each image
pixel (Fig.2d), where the spectral gradient reveals asmooth transition
from 5.9 to 6.4 um, compared to the solid colours associated with the
discrete metasurface pixels. The lower reflectance amplitude in the
upper portion of both the gradient and the monospectral metasur-
faces canbeattributed to aslight angle of the illuminating laser beam
(Supplementary Fig. 8).

To further assess the performance of the spectral gradient, we
extract normalized reflectance spectrafromequally distributed points
alongthe gradient’s x axis (Fig. 2e, grey lines) and compare them to the
monospectral metasurfaces, normalized to the reflectance amplitudes
of the gradient at the corresponding resonance positions (Fig. 2e,
coloured lines). Strikingly, the spectra taken from the gradient with
AS =0.1show nearly identical reflectance amplitudes compared to
the monospectral metasurfaces (Supplementary Fig. 9). Furthermore,
we observe good agreement between simulations and experiments,
especially when introducing parasitic losses into the simulations (Sup-
plementary Note 1and Supplementary Fig.10).
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Asanextstep, we expand our analysis beyond the AS = 0.1gradient
and investigate gradients of the same lateral size but with a varying
spectral range and thus varying steepness. In total, we fabricated and
analysed eight gradients with spectral ranges from 225 nmt01,910 nm
(AS=0.05-0.4). Figure 2f displays the average maximum reflectance
amplitude for the different gradients, with their spectral coverage visu-
alized by the bar length. We find a considerable decrease in resonance
amplitude withincreasing spectral coverage, droppingfromanaverage
reflectance amplitude of 0.52 for the 225 nm coverage case to 0.15 for
the 1,910 nm coverage case. To quantify this correlated behaviour, we
introduce the scaling increment &= AS x P/AL, calculated from the
maximum scaling factor variation AS, unit cell periodicity Pand spatial
extent AL of the gradient metasurface. This metric offers an intuitive
way to characterize the behaviour of the gradient, since it represents
the change in scaling factor between two neighbouring unit cells.
Extracted average reflectance amplitudes and Q-factors for different
tilting angles 6 (10°,20°and 30°) are shownin Fig. 2g as afunction of ;.
Foracomparison, the performance of the monospectral metasurfaces
for 8=20° is shown as dashed lines. Although the average resonance
amplitude and Q-factor decrease as gsincreases, the spectral gradients
can match the performance of the monospectral metasurfaces when
£<0.5x1073 as highlighted for the case of 6 = 20° (Fig. 2g). This insight
into BICsis crucial for applications requiring both continuous spectral
coverage and maximum resonance performance. It clearly demon-
strates that the pseudoperiodicity does not have a negative impact if
£,<0.5x1073, Crucially, even in the parameter range where reflectance
and Q-factor fall below the monospectral case (5> 0.5 x 10°%), spectral
gradients canstill provide considerable benefits, such as hyperspectral
operation, while maintaining sufficient optical performance.

Coupling gradients

Following the demonstration of spectral gradients, we now focus on
spatially encoding the radiative losses of BIC-driven metasurfaces. As
introducedinFig. 1b, tuning of the ellipse opening angle 6 can provide
resonances with a wide range of Q-factors, following the character-
isticinverse square relationship Q = 1/a*=1/sin*(0) (Supplementary
Fig.1b)®. This precise resonance control allows for tailored interac-
tions between the resonant mode and surrounding materials due to
the proportionality of the Q-factor with thelocal electromagnetic field
enhancement (FE)*’ via FE2 < Q (Supplementary Note 2).

Leveraging the concept of coupling gradients introduced above,
we fabricated metasurfaces with continuously increasing values of
6 ranging from 0° to 45° (Fig. 3a). The direction of the 0 variation is
chosen perpendicular to the excitation polarization, since this con-
figuration provides better optical performance for spectral gradients
(Supplementary Note 3 and Supplementary Fig. 11). The dimensions
of the gradientare 650 x 150 pm? Experimental reflectance spectrain
Fig.3b show overallincreasing amplitudes for increasing 8, which we
mainly attribute to the reduced susceptibility of lower-Qresonances to
intrinsic material losses and fabrication defects (a more detailed analy-
sisisin Supplementary Fig.12). We attribute the decrease inamplitude
for high 6to the quenching effect of the Rayleigh limit. Using temporal
coupled mode theory (Supplementary Note 2 and Supplementary
Fig.13foraschematicillustration), wefit thereflectance spectra of each
pixel of our dataset to extract the characteristic resonance parameters
(reflectance amplitude, resonance wavelength A,., and Q-factor). The
resulting Q-factor mapin Fig. 3c (maximumreflectance map in Supple-
mentary Fig. 14) aligns with our numerical design, showing adecrease
in Q-factor withincreasing 6. However, when changing the asymmetry,
A..sdoes not remain constant but undergoes aspectral shift of around
500 nm (Fig. 3d). This crosstalk between Q and A,., is detrimental for
applications, asit hinders the consistent spectral overlap with disper-
sive media like molecules and their vibration lines.

To overcome this challenge and facilitate the accurate imple-
mentation of dual-gradient metasurfaces, we introduce the concept

of spectrally aligned coupling gradients using an additional ellipse
scaling factor ES (Supplementary Fig. 2 for a sketch of the effect ES
has onthe geometric parameters). Instead of modifying all lateral unit
cell parameters, ES alters solely the ellipses’ dimensions, A and B, while
keeping P, and P, constant, allowing for local adjustments of the reso-
nance wavelength without breaking the overall gradient metasurface
pattern. Using extensive numerical simulations to determine ES values
that offset the spectral shifts caused by 6 (Fig. 3e and Supplementary
Fig.15), we then fabricated a spectrally aligned coupling gradient as
shownin the sketch and SEM images at 8 = 0° and 45° in Fig. 3f.

Experimentalreflectance spectra for different asymmetries con-
firm the near-perfect spectral alignment of the resonances (Fig. 3g;
maximum reflectance map in Supplementary Fig. 14). Additionally,
the reflectance amplitude is substantially improved compared to the
initial gradient, especially for large asymmetries (Fig. 3h). Likewise,
the spectrally aligned coupling gradient delivers consistently higher
values of the Q-factor for all tilting angles 8 (Fig. 3i,j), and the resonance
wavelength remains nearly constant at 5.85 pm, as shown in the reso-
nance wavelength map in Fig. 3k and in the comparison plot in Fig. 3I.
Supplementary Video 2 directly compares both coupling gradients
frame by frame.

Itis crucial to note that the relationship FE? < Q holds true only in
lossless systems (Supplementary Note 2). In our silicon resonators,
while material (intrinsic) losses are minimal, scattering losses are a
substantial factor. These losses, arising from various sources such as
surface roughness, variations in resonator size and imperfectly col-
limated excitation light, lead to discrepancies between our numerical
and experimental findings. Specifically, thisis evident in the deviation
observed between the numerical results shown in Fig. 1d, where the
reflectance amplitudeis equal tolacross all Q-factors, and the experi-
mental results in Fig. 3g, where the reflectance amplitude is notably
reduced, especially at higher Q-factors. Accounting for these losses,
the peak field enhancementin our excited gradientis achieved at 8 = 9°
(Supplementary Fig. 16). Beyond this point, the coupling gradient
demonstrates a continuous and smooth tuning of coupling strength
andalinearly decreasing FE?with the Q-factor (Supplementary Note 2).
Future applications of our principle could potentially shift the point of
highest field enhancement to smaller asymmetries, thereby aligning
more closely with the ideal scenario. Supplementary Note 4 discusses
theinfluence of scattering loss on the position of highest field enhance-
ment in more detail. The ability to continuously scale the resonance
line-width while maintaining its resonance frequency enables the full
decoupling of spectral and coupling-strength tuning, providing the
crucial prerequisite for realizing dual-gradient metasurfaces.

Dual gradients for infrared absorption
spectroscopy

A dual-gradient metasurface (Fig. 4a) is realized by building on the
insights gained from the spectral and coupling gradients introduced
above. Continuous spectral tuningis applied along the short axis (P,) of
the unitcell, enabling the effective excitation of collective dipoles as dis-
cussed in Supplementary Fig.11. Conversely, the tilting angle Ois scaled
along the long axis of the unit cell (P,). We fabricated a dual-gradient
measuring 600 x 450 pm?, with aspectral scaling factor S ranging from
0.95t01.25(AS=0.3) and 6 from 0 to 45°. The optical performance of
the dual gradientisillustrated by taking asingle-wavelengthreflectance
image at 6.25 um (Fig. 4b; additional wavelengths in Supplementary
Fig.17 and Supplementary Video 3), showcasing a narrow vertical strip
indicating excellent spectral selectivity. The vertical strip increases
in width for higher asymmetries, indicating precise control over the
coupling strength.

Figure 4c shows the extracted resonance wavelength for each
pixel, obtained through temporal coupled mode theory modelling,
demonstrating a linear and continuous spectral coverage from 5.6 to
7.2 um (Supplementary Fig.18a,b). Notably, the resonance wavelength
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Fig. 4 | Dual-gradient metasurfaces and resonance density. a, Sketch of a
dual-gradient metasurface with the spectral gradient along the x axis and the
spectrally aligned coupling gradient along the y axis. b, Single-wavelength
snapshot of the dual gradient with S = 0.95-1.25 and 8 = 0-45° at 6.25 um.

¢, Resonance wavelength map of the dual gradient showing continuous
wavelength encoding along the x axis. d, Q-factor map of the dual gradient
with decreasing values along the y axis. e, lllustrative comparison of distinct
modes within conventional monospectral metasurfaces and a dual-gradient
metasurface. Inthe monospectral metasurface, all unit cells are identical,
resultingin a single supported resonance (N,, = 1). By contrast, each unit
cellwithin the dual-gradient metasurfaceis unique, leading to N,,being equal
to the total number of unit cells (Nyyccen)- f, Alog-log plot of N, against the
resonance density (p,,). Comparative works are marked with numbers: pixelated
sensors [1] (ref. 36), radial BICs [2] (ref. 58), trapped rainbows [3] (ref. 39) and
spectral-gradient metasurfaces [4] (ref. 40). Our work is highlighted with an
asterisk (*), showcasing the spectral gradient and the coupling gradient at
Pm=2.9x102and 2.7 x 1072 respectively. The dual gradient is positioned at the
topright, withp,,=1.

isunperturbed by different values of §, as enabled by the spectral align-
ment procedure. Figure 4d shows the coupling-strength encoding, with
Q-factors decreasing continuously from approximately 130 to 20 along
the y axis as @increases (Supplementary Fig. 18¢c,d for a cut along the
yaxis). By combining the wavelength and coupling-strengthencodings
highlightedin Fig. 4c,d, we demonstrate a dual-gradient metasurface
that continuously maps both the wavelength and coupling parameter
space in a unified nanophotonic system.

Delving deeper into the implications of dual gradients, we
introduce the density of resonances p,. as a measure for the
amount of information encoded within a metasurface. To ensure a
wavelength-independent metric, we define p,, as the number of modes
N,, divided by the number of unit cells N cen, that is, pr, = N/ Nunic cen
(Supplementary Note 5 for more details). Conventional monospectral
metasurfaces, as illustrated in Fig. 4e, typically feature only a single
mode (N,,=1). Consequently, p,, is low, for example p,,=9.1 x10™* for
a100 x 100 pm?metasurface®®. While a shrinkage of the footprint will
increase p,,, afundamental limit exists to the minimum pixel size that
will sustain high-Q modes®®. Conversely, in our spectral and coupling
gradients, only one-dimensional chains of resonators share identical
geometrical parameters, resulting in higher p,,, values 0of 2.9 x 102and
2.7 x107?, respectively. The dual gradients, as illustrated in Fig. 4e,

show an even higher mode density, with each unit cell being unique
within the gradient, and therefore encoding a distinct pointin the 2D
spectral-coupling parameter space. This pushes p,, to its theoretical
maximum of 1 for metasurfaces with unit cells supporting a single
mode. This leads to a total number of 22,800 modes across the dual
gradient (27,500 modes in the dual gradient of Fig. 5). Such a high
number of modes and p,,, = 1are unusual even for state-of-the-art meta-
surface designs. Evenlarger p,, values could be achieved by using unit
cell geometries supporting more than one distinct mode. However,
this would lead to spectral crosstalk between different spatial points
within the gradient, substantially complicating dataanalysis and prac-
tical spectroscopic experiments. This mode density advancement is
evident in the comparative analysis presented in Fig. 4f, where our
dual-gradient design surpasses previous metasurface implementa-
tions, outperforming p,, in plasmonic gratings by a factor of 50, and
exceeding dielectric metasurfaces by at least two orders of magnitude,
as detailed in Supplementary Note 6 and Supplementary Table 1. In
our methodology, N, is considered the theoretical maximum num-
ber of supported resonances. However, practical limitations related
to spatial and spectral resolution may reduce the actual number of
distinguishable modes. Furthermore, our metric is generally valid
only for extended metasurfaces, asisolated resonant nanostructures
supporting at least one mode would always achieve p,, > 1.

The dual gradient captures generalized information about light-
matter coupling processes and consequently has potential applications
in a wide variety of fields ranging from polaritonic coupling to quan-
tum light emission and biochemical sensing. Here we focus on using
dual gradients to obtain new functionalities for the surface-enhanced
infrared absorption spectroscopy (SEIRAS) of molecular systems'>,
In addition to retrieving the conventional spectral fingerprint of the
molecules, the integration of the coupling parameter into the gradient
metasurface unlocks anew dimension of spectroscopy data, which is
correlated with intrinsic analyte properties such as concentration. To
reveal the relationship between analyte concentration and optimal
sensing performance, we conducted a series of measurements on a
dual-gradient metasurface (5§ =0.95-1.1, 8 = 0-45°; Supplementary
Fig.19; 27,500 distinct modes) with varying amounts of molecular
analyte. We chose poly(methyl methacrylate) (PMMA) as the ana-
lyte because of its widespread use as a sensor benchmark® > and the
straightforward control over the layer thickness through spin-coating
of solutions with varying concentrations. Seven concentrations of
PMMA dissolved in anisole ranging from 4% to 0.05% were prepared
and spin-coated onto the metasurface at 3,000 rpm, resulting in layer
thicknesses of approximately 200 nm (4%) to 1.5 nm (0.05%).

Figure Saillustrates the varying thicknesses of the PMMA coat-
ing on top of the resonators; the uncoated structure is on the far left,
followed by structures coated with decreasing concentrations of 1%,
0.2% and 0.05% PMMA solution. Maximum reflectance images of the
dual gradient with the coatings from Fig. 5a are presented in Fig. 5b.
The molecular fingerprint of PMMA can be clearly resolved by eye
for the higher concentrations, where it appears as an area of reduced
maximum reflectance within the left third of the dual gradient. Sup-
plementary Fig. 20 further illustrates the molecular fingerprint within
the Q-factor map for a 1% concentration. By calculating the relative
absorbance of the analyte on a pixel-by-pixel basis viaA = -log(R./R,),
where R. and R, represent the maximum reflectance of the coated
and uncoated gradient metasurface, respectively, the molecular fin-
gerprint of PMMA becomes evident for all concentrations (Fig. 5¢;
wavelength by wavelength comparisonin Supplementary Videos 4 and
5). While we expect a correlation between overall absorbance modula-
tionand analyte concentration, a closer look reveals an additional shift
of the most sensitive pixels (highest A) along both the spectral and
coupling-strength axes as the concentration varies. The spectral shift
aligns well with the analyte-induced refractive index changes, but the
coupling-strength shift needs further investigation.
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Fig. 5| Dual-gradient metasurfaces for molecular sensing. a, Unit cell sketches
ofthe dual gradient with varying thicknesses of an analyte coating (PMMA).

b, Maximumreflectance maps of adual gradient with S = 0.95-1.1and 8 = 0-45° for
the different coating thicknesses following a. From left to right, the maps show
the gradient with no PMMA coating, followed by layers created with 1%, 0.2% and
0.05% PMMA solutions. ¢, The absorbance signal for each pixel is calculated using
-log(R/R,). The absorbance due to the analyte’s vibrational fingerprint is evident
within the left third of the dual gradient, with higher values corresponding to
higher concentrations. d, Relationship between optimum sensing configuration
and analyte concentration. The angle, 8, ..., Where the relative absorbance
A=-log(Rc/R,) is maximal, is plotted against the analyte layer thickness.

For aninitially lossless system with k5; = 0, 8, .., remains at the lowest simulated
angle of 5°. For k; = 0.03, which reflects the losses observed in our experiments
(Supplementary Fig.10), 8, ..x increases with the amount of analyte (more in
Supplementary Note 7). e, Azoomed-in section of the dual gradient, outlined by
the dashed black boxes in ¢, presents the 100 pixels with the highest absorbance
for seven different coating thicknesses. The range starts with thick layers (4%)
represented in blue and ends with thin layers (0.05%) in red. The kernel density
estimation of the pixel distributionsis plotted along both the xand y axes. f, The
same zoomed-in section with the highest modulated pixels depicted as ellipses.
The dimensions of the ellipses are set by twice the standard deviation in the x and
ydirections and are centred at the mean value. Ingrey is the linear regression line.

Simulations across various analyte concentrations and ellipse
tiltangles (Supplementary Note 7and Supplementary Figs.21and 23)
challenge the common belief that the highest Q-factors always yield
the highest SEIRAS sensitivity. This behaviour becomes evident in
Fig.5d, whichshows 8, ..., (thatis, theellipse tilt angle where the relative
absorbance A is maximal) for varying analyte layer thicknesses from 0.5
t0200 nm. Itreveals distinct trends of 8, .. for bothlossless (extinction
coefficient ks; = 0) and lossy (kg; = 0.03) systems, where the value of k;
is chosen to mirror the loss observed in our experimental data (Sup-
plementary Fig. 10). For k; = 0, the smallest simulated angle and thus
the highest Q-factor performs best regardless of analyte concentra-
tion, yielding a constant 8, ,,,,. However, for k;= 0.03, 6, .. increases
substantially from 7.5° (high Q-factors) to 25° (low Q-factors) when the
analyte layer thickness increases. These findings are confirmed by ana-
lytical modelling (Supplementary Note 7 and Supplementary Fig. 22).

Revisiting our experimental data, Fig. 5e shows the 100 most sen-
sitive (highest absorbance modulation) pixels for each concentration
withina subsection of the full gradient (marked areain Fig. 5c). As the
analyte concentration decreases, these pixels shift towards larger

scaling factors due to reduced spectral redshift. This refractive index
sensitivity allows the dual gradient to provide acomplementary source
of information on the analyte besides the absorption-based sensing
data.Moreover, atrend towards lower asymmetries (higher Q-factors)
isvisible whenthe concentration decreases, as evidenced by the mean
values plotted for each concentration in Fig. 5f. These experimental
results strongly support the numerical and analytical findings given
above, demonstrating a clear shift towards lower Q-factors (and there-
forelower optimal coupling strength) withincreasing analyte concen-
tration. Although determining and setting the ideal coupling strength
is crucial for optimizing next-generation sensor designs, we believe this
phenomenon has not yetbeen observed in metasurface sensors, since
they do not typically resolve the coupling-strength dimension at all.

Conclusions

In our study, we have investigated and established a framework for
describing the working principles of spectral BIC gradients and dis-
cussed their limitationsin terms of scaling increments of neighbouring
unit cells. Our results on spectral gradients are of special importance
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in the context of miniaturizing optical systems with a possible key
application of on-chip spectrometers, where the spectral gradient
could be directly fabricated on top of, for example a complementary
metal-oxide-semiconductor sensor, allowing the metasurfacetoactas
a2Dequivalentofagratingor prism. Thisintegrationwould resultina
simplified fabrication process and substantial reduction in systemsize.

We have introduced the concept of coupling gradients asamethod
to map the Q-factor of aresonance (and consequently its field enhance-
ment) both continuously and spatially. We believe this feature makes
coupling gradients highly promising for studying emerging materials
at the nanoscale, such as the density of photonic states in quantum
systems within the framework of Fermi’s golden rule, and tuning the
absorption of light in arbitrary target materials. For the latter, the
equilibrium point between intrinsic losses within the material and
radiative losses, known as critical coupling, is often the ideal state for
applications as it allows for the highest field enhancement combined
with maximum absorption. Our coupling-gradient method enables
the continuous mapping of the entire coupling space, including the
critical coupling point, without requiring prior detailed knowledge of
the absorptive properties of the material under investigation.

Numerous studies using BIC metasurfaces have demonstrated
enhancement of nonlinear properties and stimulated emission, as
well as strong light-matter coupling in van der Waals materials or
quantum dots'**%, Our dual-gradient metasurface can map these
interactions continuously and within acompactarea, whichis crucial
for researchinvolving small footprint materials such as exfoliated 2D
materials. Furthermore, recent trends in photocatalysis emphasize
light-emitting diode (LED)-driven nanophotonic reactors as energy
efficient alternatives to traditional thermocatalytic methods®. In such
reactors, BICs have a high potential®**” as they typically employ low-loss
materials that ensure high absorbance within any catalytic material
placed in close proximity. The introduction of dual gradients could
streamline the optimization of these systems, offering a substantial
advantage to discover and explore catalytic materials. In this context,
we emphasize that the concept of dual gradients can be applied to the
visible spectral range by simply adjusting the geometric parameters of
theresonator (Supplementary Fig.24). Finally, for molecular sensing,
detectionefficiency and miniaturization areimportant, but sometimes
contrasting, aspects. Our dual gradient achieves a total number of
distinct modes of 27,500, all within a compact area of 650 x 450 pm?.
Our results show how the sensitivity of asensoris linked to the Q-factor
and the concentration of the analyte. But, while the common notionis
that higher Q-factors lead to higher sensitivities, we show this is true
only for lossless systems. In fact, we identify a considerable shift of
the optimal Q-factor when the analyte concentration is changed. Our
dualgradient, withits complete coverage of the coupling space, offers
optimal sensitivity regardless of analyte concentration, degradation
of the sensor over time or introduction of additional lossy materials
like solvents.
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Methods

Numerical methods

Our simulations were conducted using CST Studio Suite (Simulia),
a commercial finite element solver. We configured the software for
adaptive mesh refinement and periodic boundary conditions, oper-
ating in the frequency domain. The CaF, substrate was modelled as
loss-free and non-dispersive within our targeted wavelength range with
arefractiveindex of 1.36. Therefractive index of amorphoussilicon was
set to 3.32, based on near-infrared ellipsometric data.

Sample fabrication

We deposited a 750 nm layer of amorphous silicon on a CaF, sub-
strates using plasma-enhanced chemical vapour deposition with
the PlasmaPro 100 system (Oxford Instruments). The nanostruc-
turing process started with spin-coating a 400 nm layer of positive
electron-beam resist, ZEP520A (Zeon Corporation), followed by a
conductive polymer coating using ESPACER (Showa Denko K.K.).
Electron-beam lithography was performed using an eLINE Plus sys-
tem (Raith) at 20 kVwith a20 pm aperture. The patterned films were
developed in an amyl acetate bath, followed by a bath of methyl
isobutyl ketone andisopropyl alcohol (1:9 ratio). A60 nm chromium
layer was then deposited, and the resist was lifted off using Microposit
Remover 1165 (Microresist). The remaining chromium served as an
etching mask for the subsequent reactive ion etching process, which
used SF, and argon gases. Finally, the chromium mask was removed
using TechniEtch CrO1 (MicroChemicals).

Optical characterization

Optical measurements were performed with aSpero spectralimaging
mid-infrared microscope (Daylight Solutions), as illustrated in Sup-
plementary Fig. 5a. The microscope featured a x4 magnification objec-
tive (numerical aperture = 0.15) and provided a2 mm?field of view of
480 pixel x 480 pixel, and a pixel size of approximately 4 x 4 um Foran
in-depthexploration on why the angles of incoming light have neglecta-
ble effects on the resonances, Supplementary Note 8 and Supplemen-
tary Figs.25-27 contain further details. This system was equipped with
three tunable quantum cascade lasers covering a wavelength range
of 5.6-10.5 pum and offering a spectral resolution of 2cm™. The lasers
emitted linearly polarized light, essential for our measurements.

Molecular sensing

We coated the dual gradient with different concentrations of PMMA
(495K, diluted in anisole), ranging from 0.05% to 4%. Each solution
was uniformly applied to the metasurface through spin-coating at
3,000 rpm for 1 min. Following the coating, the metasurface was
baked at180 °C for 3 minto ensure the PMMA layer was fully solidified.
Toremove the PMMA layer between each measurement run, the PMMA
films were sequentially dissolved using an acetone bath, followed by
anisopropyl alcohol bath. As an additional cleaning step, the sample
was UV cleaned for 30 min, followed by another round of acetone and
isopropyl alcohol baths to remove any residual substances.

The thickness of the PMMA layers was estimated based on ellip-
sometric data obtained for 0.1%, 0.25% and 4% solutions. We fit-
ted a polynomial curve to this data with the following parameters:
d=1.237¢*+4.773¢* +10.88¢ + 0.9635, with d as the thickness in nano-
metres and c as the concentration as a percent. This leads to layer

thicknesses ranging from1.5 nm (0.05%) to 200 nm (4%). The measure-
ments were conducted usingan HS-190).A. Woollam VASE ellipsometer.
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