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Metasurfaces precisely control the amplitude, polarization and phase of

light, with applications spanning imaging, sensing, modulation and
computing. Three crucial performance metrics of metasurfaces and their
constituent resonators are the quality factor (Q factor), mode volume (V)
and ability to control far-field radiation. Often, resonators face a trade-off
between these parameters: areductionin V,, leads to an equivalent
reductionin Q, albeit with more control over radiation. Here we
demonstrate that this perceived compromise is not inevitable: high quality
factor, subwavelength V,, and controlled dipole-like radiation can be
achieved simultaneously. We design high quality factor, very-large-
scale-integrated silicon nanoantenna pixels (VINPix) that combine guided
mode resonance waveguides with photonic crystal cavities. With optimized
nanoantennas, we achieve Qfactors exceeding 1,500 with V,, lessthan 0.1
(A/nair)a. Eachnanoantennaisindividually addressable by free-space light
and exhibits dipole-like scattering to the far-field. Resonator densities
exceeding a million nanoantennas per cm? canbe achieved. As a
proof-of-concept application, we show spectrometer-free, spatially
localized, refractive-index sensing, and fabrication of an 8 mm x 8 mm
VINPix array. Our platform provides a foundation for compact, densely
multiplexed devices such as spatial light modulators, computational
spectrometers and in situ environmental sensors.

Photonic resonators are evaluated using two key metrics: quality fac-
tor (Q factor) and mode volume (V,,). The Q factor measures tempo-
ral confinement of electromagnetic waves, indicated by the mode’s
linewidth. V,, quantifies the spatial concentration of the modes. Meta-
surfaces, arrays of nano-scale optical resonators, stand as some of
the most recent and impactful innovations in photonics' . Owing to
eachresonator’s ability to control the phase, amplitude, and polari-
zation of light, metasurfaces can manipulate far-field radiationin a
compact footprint. Particularly, metasurfaces have found applications
inmeeting the growing demand of platforms for wearable, deployable

or point-of-care scenarios such as health and environmental moni-
toring*”, light detection and ranging systems®’, wavefront shaping
and imaging'®™, modulation'", computing'®"’ and computational
spectrometry’®?. Metasurfaces have added another key metric to
photonic resonators beyond Q factor and V,,;: the ability to control
free-space radiation.

Plasmonic and Mie resonators, foundational elements of meta-
surfaces, confinelightinto subwavelength volumes and adeptly mani-
pulate far-field radiation®*%. However, these nanostructures often
show modest Q factors (tens to hundreds) due to increased radiative
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Fig.1| VINPix resonators. a, Schematic of an array of individually addressable
15-um-long high-Q photonic antennas (VINPix) made of Si nanoblocks ona
sapphire substrate. The resonators are excited using anormally incident NIR
laser source, and the scattered light is recorded using acamera or animaging
spectrometer. b, Representation of a VINPix’s structural design, broken into
three sections: a photonic cavity section, a tapered mirrors section and a padding
mirrors section. ¢, Top view (SEM image) of VINPix resonators with different
tapering functions—polynomials of order, p = 0-6 from top to bottom—without
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any padding sections. d, Angled SEM images of VINPix without padding sections,
andp=1,2,4and 6, as labelled. e, Angled SEM image, with enlarged inset of the
cavity section, of a representative 15-um-long VINPix consisting of a 7-pm-long
cavity section, 3-pm-long tapered mirror sections and 1-um-long padding
sections. f, Angled SEM image, with enlarged inset of the cavity section, of a
slotted VINPix with a 70-nm-wide slot. g, A large-scale VINPix array patterned
with VINPix resonators spanning an area of 8 mm x 8 mmon al0 mm x 10 mm
chip. h, Dark-field optical microscopy image of a small section of a VINPix array.

channels. Recently, high quality factor (high-Q) metasurfaces merging
high-Q cavities with Mie antennas have emerged. These metasurfaces
enable high-Q (>1,000), controlled far-field radiation, and wavefront
control, operating on the principle of free-space excitation of guided
mode resonances (GMRs) that scatter orthogonally as a dipole™*%,
Yet, maintaining high-Qin these structures oftenrequires at least one
translationally invariant dimension, rendering subwavelength mode
volumes a challenge.

Meanwhile, high-Q photonic crystal defect cavities have demon-
strated high-Q with subwavelength mode volumes (10*-107'(A/n)?)

through in-plane band-gap confinements* >, However, they scat-
ter light arbitrarily with limited control over free-space radiation, as
emission often spreads out in many directions, without a distinct or
intended pattern. Whispering-gallery-mode resonators such as ring
resonators, microtoroids and microspheres®* achieve higher Q fac-
tors ranging from thousands to billions. However, these ultrahigh
Qfactor structures exhibit relatively large V,, values (on the order of a
few to hundred cubic wavelengths). Additionally, they require fibres,
prismsor grating-couplers to address wavevector mismatches due to
their limited free-space coupling efficiencies. These results beg the
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question: can optical resonators be designed to simultaneously provide
high-Q, small V,, and controlled dipolar radiation?

Inthis Article, we present high-Q antennas that sculpt free-space
lightinto subwavelength volumes while controlling far-field radiation
withadipole-like scattering profile. Merging high-Q GMR waveguides™"
with photonic crystal cavities”, we design free-space subwavelength
V.., high-Q resonators. Owing to their very-large-scale patterning
(densities of >1 million antennas per cm?) and combination of distinct
photonic elements integrated within a compact pixelated design, we
term these nanoantennas very-large-scale-integrated silicon nanoan-
tenna pixels (VINPix). Experimentally, we achieve Q factors as high as
~4,700 for individual VINPix resonators with free-space excitation.
Incorporating a slot in our design, we predict deep subwavelength
modevolumes (~ O.O7()l/nai,)3) withexperimental Qfactors surpassing
1,500, showcasing heightened sensitivity to surrounding refractive-index
variations. As a proof of concept, we create a dense VINPix array of
8mm x 8mmandimagelocalrefractive-index variationsfor high-resolution
and high-sensitivity spectrometer-free hyperspectral mapping.

The VINPix resonator design

Figurela,b depicts our setup and the structural design of a VINPix. Our
design comprises: (1) a photonic cavity section, (2) tapered photonic
mirrors and (3) padding photonic mirrors. Figure 1c-f displays scan-
ning electron microscopy (SEM) images of several antenna designs.
All structures are based on 600-nm-tall Si nanoblocks on a sapphire
substrate. Figure 1g,h shows large-scale arrays of these antennas. The
first design feature of VINPix isits cavity section. The optical cavity sup-
portsbound modes that canbe coupled to normally incident free-space
light as GMRs by introducing a bi-periodic width perturbation, Ad
(Supplementary Fig.1). Theintroduction of subtle periodic perturba-
tionsinthe waveguide cavity section bridges the wavevector mismatch
betweentheincidentlight and the guided modes within the resonator
(Supplementary Information)™5341,

Toachieve optical resonances in the near-infrared (NIR) telecom-
munication frequency range, we select the average block width, d, to
be 600 nm (Supplementary Fig. 3). The bonding and anti-bonding
GMRs of interest are at 207 THz and 262 THz, respectively, for nor-
mally incident light with an infinitely long waveguide cavity (Fig. 2a
and Supplementary Fig.1). The perturbation magnitude (Ad) controls
the lifetime (and Q factor) of the GMRs. Decreasing the perturbation
increases the Qfactor toashigh as~240,000, with a10 nm perturbation
(Supplementary Fig. 4). The long resonant lifetime results in a strong
~40-fold increase in the electric near-field enhancement (Fig. 2b).
Taking into account the fabrication limitations, Ad was chosen to be
50 nm, unless specified otherwise.

The second design feature of the VINPix is the integration of pho-
tonicmirrors. Tapered photonic mirrors allow us to truncate the cavity
length, that is, decrease the V,,,, while preserving Q factors through
band-gap effects***. Without mirrors, as the cavity lengthis reduced,
the Q factor drops substantially due to radiation losses (Fig. 2c). For
example, the Q factor drops from ~12,000 to 600 when the cavity is
shortened from semi-infinite to 5 um without photonic mirrors. Here,
we design nanoblocks of the same thickness but varying widths (d) as
our individual mirror segments to create our tapered photonic mirrors.
Figure 2d presents a simplified band structure for a mirror segment
with d =600 nm. The mode gap indicates the range of forbidden fre-
quenciesthat arereflected by the mirror segment. Amirror segment’s
reflection strength is contingent on the relative positions of its bands
and the target GMR frequency according to

\J (wp — wl)z _ (@res — wo)z ) )

(@, + @) (@o)’

where w,, w, and w, are, respectively, the frequencies for the air band
edge, dielectric band edge and mid-gap frequency of the mirror

segment, and w,., is the GMR frequency**. By tracking the positions of
the dielectric (bonding mode) and air (anti-bonding mode) bands of
mirror segments with varying widths (d), we determine their respec-
tive strengths (Fig. 2e and Supplementary Fig. 2). Based on these cal-
culations, we opt for a segment with d = 2.5 um as the strongest and a
segment with d =600 nm as our weakest mirror segment.

Creating a Gaussian field envelope using rationally tapered mirrors
minimizes radiation losses and maximizes mode confinement in pho-
toniccrystal cavities, asdemonstrated by out-of-plane Fourier analyses®.
To achieve a Gaussian field profile within our 15-pm-long antenna, the
width of each mirror segment (d) progressively increases from the cav-
ity endto establish a polynomial taper, following X =AY + C. X gives the
width ofthe mirror segment (d), Yrepresents the position of the mirror
segment from the end of the cavity section, pindicates the polynomial’s
order,and A and Care constants dictated by the minimal and maximal
widths of the mirror segments in the tapered mirrors section (detailed
further in Supplementary Information). We arrange these mirror seg-
mentsinan ascendingorder of strength within 5-um-long tapered mirror
sections ontwo ends of a5-um-long cavity. We examined seven distinct
polynomial functions, from p =0 to p = 6. We evaluated the mode con-
finement in the out-of-plane dimension by performing Fourier trans-
forms (FT) of the cross-sectional electric near-field profile, to quantify
radiation®**, Figure 2f displays a cross-sectional near-field represen-
tation of the x component of the electric field and its corresponding
FT spectrum for an unperturbed VINPix resonator (Ad = 0), with mir-
ror sections exhibiting no taper (p = 0). In this instance, a pronounced
intensity within the radiation zone is apparent, signifying substantial
radiation losses. These losses result in a modest simulated Q factor of
approximately1,900.In contrast, Fig. 2g shows a VINPix resonator with
aQfactorof-615,000. Here, amirror section employing afourth-order
polynomial taper generates a more Gaussian-like field envelope and a
substantial decrease inintensity within the radiationzone (see Supple-
mentary Fig. 5 for one-dimensional line traces). By employing rational
taper functions for the mirror, we minimize radiative losses in our design.

Optimization and measurements of high-Q
VINPix resonators
We optimize our VINPix design with width perturbationsin the cavity
to maximize Qfactors while retaining free-space excitation. Figure 3a
shows simulated Q factors for a 15-pm-long VINPix with a 5-pm-long
cavity and varying perturbation (Ad), truncated by 5-um-long tapered
mirror sections of different polynomial orders (p). A fourth-order poly-
nomial taper yields the most optimal confinement for a range of per-
turbation magnitudes, consistent with simulations sans perturbations
(Fig. 2g). Employing a fourth-order polynomial taper, we conduct a
coarse optimization analysis to identify optimal length ratios for each
section of the VINPix resonator (Fig. 3b). Note that, here, the padding
sectionisasetofthe strongest mirrors that can be added to the end of
the tapered mirrors forincreased confinement. We achieve calculated
Qfactors, exceeding 10,000 by configuring the VINPix resonator with
a cavity length of 7-um-long and 4-um-long mirror sections (Fig. 3b).
Figure 3¢ depicts the simulated normalized electric near-field inten-
sity (log scale) at the cross-section of the optimized VINPix resona-
tor design. Using this near-field profile, we calculated the far-field
response, as seen in Fig. 3d. The VINPix shows a strong directional
emission in the primary resonance mode (Supplementary Fig. 6).
Figure 3e is a cross-sectional x-z near-field profile at the GMR wave-
length. Our simulations resultin arefined 15-pm-long, high-Q antenna
withadipole-like far-field pattern and reduced higher-order radiation.
We validate our resonator design using a home-built reflec-
tion microscope (detailed in Methods and Supplementary Fig. 7).
Guided by our calculations, we opt for a 7-pm-long cavity section and
4-pm-long tapered mirrors. We fabricate and characterize individual
resonators with varied polynomial orders (from p =1to 6) and per-
turbations (Ad =50 nm and 100 nm). Figure 3f shows a SEM image of
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Fig.2|Photonic mirrors confine GMRs. a, Simplified TE band diagram of
infinitely long photonic cavity with average width, d = 600 nm, and Ad =50 nm,
the unit cell size (b,) = 660 nm. Bands at 207 THz and 262 THz (for k= 0) are the
bonding and anti-bonding GMRs of interest. Refer to Supplementary Fig. 1

for aschematic of our waveguide cavity and band diagram calculations.

b, Simulated normalized electric field enhancements at the cross-section of
the unit cell of an infinitely long cavity with Ad = 50 nm, of the bonding GMR.
Geometrical parameters of the unit cell are: height of 600 nm, average width
(d) =600 nm, thickness (f) =160 nm and block spacing (a,) = 330 nm. Scale bar,
200 nm. The colour bar is linearly scaled. ¢, Simulated Q factors of the GMR for
waveguide cavities of different lengths. The stars correspond to waveguide
cavities of infinite length. d, Simplified TE band diagram for amirror segment

withd =600 nm with labelled radiation zone, the bonding and anti-bonding
modes, and the corresponding mode gap. Simulated mode profiles of the
bonding and anti-bonding modes are shown in Supplementary Fig. 1. e, Mirror
strength calculated using band positions. Refer to Supplementary Fig. 2 for band
positions of the bonding mode (dielectric band edge), anti-bonding mode (air
band edge) and the mid-gap frequency for different mirror segments. f,g, (left)
Simulated cross-sectional field profiles for the x component of the electric field
(colour bar s linearly scaled) and (right) corresponding FT spectra (colour bar is
logarithmically scaled) to visualize the out-of-plane scattering for a VINPix with
Ad=0,with atapered mirrors section of p =0 (f) and p = 4 (g). The region inside
thecircleis the radiation zone. Nanoblocks are marked with black borders to aid
visualization. Scale bar,1 pm. NF stands for near-field.

arepresentative section of an array of 15-um-long VINPix resonators.
Figure 3g presents aspectralimage from five individual VINPix resona-
tors demonstrating that our high-Q GMRs do not rely on interdevice
coupling. This makes each VINPix individually addressable enabling
higher packing densities, exceeding millions per cm The character-
ized GMR wavelength matches our theoretical predictions (detailed in
Supplementary Fig. 8). Figure 3h presents Qfactors obtained from this
experiment. We observe the highest confinement with afourth-order
polynomial, as anticipated from simulations. Experimentally, we
achieve Qfactors peakingat~4,700 (mean of ~3,500) with Ad =50 nm,
and ~2,000 (mean of ~1,600) with Ad =100 nm for individual VINPix
resonators. We also demonstrate the fabrication and characterization
of VINPix resonators with different device spacings (3, 5, 7,and 9 pm)
indicating that our resonators maintain high performance and minimal
cross-coupling, even when densely packed (Supplementary Fig. 9).
Inspired by recent large-scale spatio-temporal light modulators
and active metasurfaces®**'*, we fabricated an 8 mm x 8 mm VINPix
array on a 10 mm x 10 mm chip, demonstrating scalability (Figs. 1g
and 3i). Characterization across the array (Fig. 3j) shows Q factor and
resonance wavelength variations from centre to periphery, attributed

to fabrication variances (Fig. 3k). Despite this variability, the VINPix
array’soverall performance remains robust, underscoringits potential
forlarge-scale applications.

Spatial refractiveindex mapping on a VINPix
array

We fabricated a VINPix array to showcase potential applications in
high-density, multiplexed computational spectrometry and bio-
sensing, among others. Here, each VINPix reports the local refractive
index via its spectral resonance shift, which we record via spatially
dependent intensity variations. Asillustrated in Fig. 4a, we use hyper-
spectral imaging to concurrently extract spectral and spatial data of
individual VINPix resonators. This is achieved through a time series
of wide-field images captured on a two-dimensional charge-coupled
device (CCD) array, forming a data cube®*. We pattern the top layer of
126 VINPix resonators with PMMA resist in the shape of an ‘S’. Inside
the ‘S’ is water (refractive index ~1.33), while outside the ‘S’ is PMMA
resist (refractive index ~-1.47) as shown in Fig. 4c,d (see Methods for
details). We illuminate the VINPix array with a narrow-linewidth NIR
tunable laser and sweep the wavelength from 1,560 nm to 1,620 nm
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Fig.3|Optimization and characterization of VINPix resonators. a, Simulated
Qfactors of 15-pm-long VINPix with a 5-um-long cavity of different (Ad) and
5-pm-long mirror sections of different p. b, Simulated Q factors of 15-um-long
VINPix with varying fractional configurations of the cavity sections’, tapered
mirror sections’ (p = 4) and padding mirror sections’ lengths. The arrows point
towards the respective axes for one representative configuration. ¢, Simulated
normalized electric near-field (NF) enhancements at the cross-section of a VINPix
with 7-um-long cavity section of Ad = 50 nm, 3-pm-long mirror sections of p = 4
and 1-um-long padding sections. The colour bar is logarithmically scaled.

d, Far-field (FF) simulation plot of the optimized VINPix. The concentric circles
represent10°,30°, 60° and 90° from the centre. The colour bar is linearly scaled.
e, Simulated electric near-field (NF) profile through the cavity of the optimized
VINPix. Colour bar is linearly scaled. f, Representative SEM image of an array

of 15-um-long VINPix with p = 4 and Ad = 50 nm. g, Spectral image from five

individual VINPix as marked in f (left) and normalized row-averaged reflected
intensities corresponding to each VINPix (right). The colour bar is linearly scaled.
h, Experimentally characterized Q factors of 15-pm-long VINPix with 7-pm-

long cavity sections of Ad =50 nm and 100 nm, and 4-pm-long tapered mirror
sections of different polynomial orders. Average values and standard deviations
(represented with error bars) correspond to 30 VINPix resonators measured

for each set. i, Schematic of a VINPix array patterned with VINPix resonators
(Ad =100 nm) spanning an area of 8 mm x 8 mm on a1l0 mm x 10 mm sapphire
substrate. Resonators are spaced by 30 pm. j, Representative reflection spectra
fromindividual resonators selected from the three regions of the chip—S1,S2 and
S3as marked and colour coded ini. k, Top: averaged Qfactor values and standard
deviations (represented with error bars) recorded across 30 resonators for each
section. Bottom: averaged resonance wavelengths and standard deviations
(represented with error bars) recorded across 30 resonators for each section.

in 0.05 nmincrements. Eachimage frame corresponds to asingleillu-
mination wavelength as schematically showninFig.4a,b. By sweeping
theillumination wavelength across the resonances, we simultaneously
image and collect spectra for hundreds of individually addressable
resonators in a single experiment (Fig. 4e).

We extract the spectral information for each resonator as sche-
matically shown in Fig. 4a,b. Here, Ryyua is @ VINPix situated outside

the ‘S, while R, is located within the ‘S’. The detected resonance
wavelengths at ~1,570 nm (A,,,.;) and ~1,610 nm (Apyma) for the two
resonator groups agree with our theoretical calculations (Supple-
mentary Fig. 10). As anticipated, the resonance wavelength for VIN-
Pix resonators enveloped by PMMA is longer, attributable to the
higher effective refractive-index of the encompassing medium. A
spatially resolved map of resonance shifts spanning the entire field
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resonatorsinside the ‘S’ are exposed to the top medium and the rest are covered
under PMMA resist. e, Image frames recorded on the camera at the two resonance
wavelengths where A, corresponds to ~1,570 nm for GMR wavelengths of
VINPix inside the ‘S’ and Ay, corresponds to ~1,610 nm for GMR wavelengths

of VINPix outside the ‘S’ Colour bar is linearly scaled. f, Top: spatial resonance-
shift map generated by extracting spectral information for all the 126 VINPix
resonators recorded in the data cube. Bottom: histogram displaying the GMR
wavelengths of all the recorded VINPix resonators.

of view is shown in Fig. 4f. The appended histogram shows the GMR
wavelengths for all VINPix resonators recorded in the experiment
(Fig. 4f).

Higher spatial confinement and sensitivity viaa
slot
We further decrease the V,, of our VINPix resonators by incorporating a
slot.Slotted photonic crystal cavities have shown extremely small mode
volumes on the order of -0.01 (A/nair)3 (ref. 45). Due to electromagnetic
boundary conditions, this secondary level of spatial localization man-
dates the field, formerly confined within the dielectric, to now concen-
trate within the air section, while maintaining the high-Q character*¢ ™%,
To calculate the V,,, we use the conventional definition wherein V,,
is determined usingthe electric field intensity (E) and permittivity (¢):

SelEav
" maxelE) @

Introducing a slot (Fig. 5a, schematic and Fig. 5¢, SEM image)
reduces V,,, butstillretains relatively high Qfactors. Figure 5b compares
the theoretically calculated effective V,, values for different device
lengths of our waveguide cavity, VINPix design, and slotted VINPix with
a30-nm-wideslot (see Supplementary Fig. 11 for similar comparisons
of Qfactorsand Q/V,). Thelengthratios for the cavity, tapered mirror
and padding mirror sections are kept the same across all different
device lengths using highest Q factor configuration ratio from our
optimizations (Fig. 3b). Our VINPix resonators exhibit V,, values close
to I(A/neff)3 and as small as ~ 0.07(/1/nair)3 after introducing a
30-nm-wideslot. Here, n is 2.24, the average of the refractive indices
of air and Si based on our waveguide cavity’s design, and is used to
calculate the effective V;, for both the waveguide cavity and VINPix
designs. For the slotted VINPix design, the field confinement is at a
maximum within the air slot, so n.s=n,, =1in that case. Figure 5d

illustrates the normalized cross-sectional electric field intensity of a
15-pm-long slotted VINPix with a 30-nm-wide slot, showing an electric
field enhancement of approximately 110-fold within the slot—
substantially higher than our infinitely long waveguide cavity (-40-fold;
Fig. 2b) and a VINPix resonator without a slot (-10-fold; Fig. 3c).
Figure 5e shows the electric field enhancements of a smaller region at
the centre of the VINPix.

InFig. 5f, we compare experimentally measured Qfactors (circles)
of slotted VINPix to theoretical predictions (stars). Measurements were
made on 15-um-long slotted VINPix resonators with p =4 and slots
70 nm and 100 nm wide. Both simulations and experiments exhibit a
decrease in the Q factor compared with a VINPix resonator (from an
average of -3,500t0 ~1,600) as the field is now localized within alower
refractive index medium. Nevertheless, while Q factor decreases by
~2.2-fold, V,, shrinks by ~100-fold in simulations, boosting the effec-
tive Q/V, sratio substantially (Supplementary Fig. 11). Higher Q/V,;and
moreaccessible enhanced electric fields increase the sensitivity of our
slotted VINPix design (Fig. 5g). The resonator’s sensing figure of merit
is defined as sensitivity (resonant wavelength shift per refractive index
unit (RIU) change) divided by the full width at half maximum of the
mode. We observe higher resonant wavelength shifts per RIU change
with our slotted VINPix resonators compared with those without the
slots (see Supplementary Fig. 12 for simulated results and comparison
with other designs). With high-Q factors and subwavelength V,,, our
optimized slotted VINPix design achieves an excellent figure of merit
(FOM) of 440 nm RIU with effortless free-space excitation and effi-
ciently captured controlled radiation. Notably, while ensemble sensitiv-
ity sees an averaged response manifested by the radiating field in the
vicinity of the resonators, a single or few molecules adeptly placed in
the slot region of high electromagnetic intensity would experience
amuch more pronounced interaction. Hence, for sparse-molecule
measurementsin the slot, the sensitivity enhancement is expected to
be substantially greater.

Nature Nanotechnology


http://www.nature.com/naturenanotechnology

Article

https://doi.org/10.1038/s41565-024-01697-z

-@- Waveguide cavity
-O- VINPix
-A- VINPix with 30 nm slot

Slotted VINPix

4 7
o ] .o
T 34 7
C% 1 @
< 2 e ..o
2 o T
.0~
3 P
2 14 @° 8
>
0 012 ] __A
-é 01 AT
0081 , A A"
0.06 +— , . . . . .
10 15 20 25 30 35 40
Device length (um)
g9 Refractive index
vl )
o W o s
N N N N
12+ @ VINPix 2 //
© slotted VINPix é y:
= /
E, 10| ;
£
s
c 8¢t g /¢
E /
< /
T . /
z L
d e > ’
) /
lum  5000m  |E)/|E,| % al // g
10 5
NF ! I S ? ;
| 9] 355.6 nm RIU
' a4 x 'y
' | 10 2r 4
|
e //
: | o & ‘ ‘
1 A4
i 0 5 10 15
i
o f NaCl concentration (w/w%)
120 2,000
g3 . h
1-4 * ~ 113 115q
SEW) L * 1,800 S 0% w/w 15% w/w
i &
: z
F 1,600 O 2
= 3
8 Q £o 0
| e |1400 © 1,480 1,492 1,492 1,504
. Wavelength (hnm)  Wavelength (nm)
8 VINPix
F 1,200 —~ 17 1=
S 0% w/w 15% w/w
EI/|E,| H K
E 11,000 £
T 10 70 100 g
slit width £, o
(nm) 1,540 1550 1,548 1,558

Wavelength (hm)  Wavelength (nm)

Fig. 5|Slots boost light confinement within our VINPix resonators.

a, Schematic of aslotted VINPix. b, A comparison of simulated effective
mode volumes for our perturbed waveguide cavity, optimized VINPiXx,

and aslotted VINPix with a 30-nm-wide slot. ¢, Top-down SEM images

of aslotted VINPix with insets showing the cavity and mirror sections.

d, Simulated normalized electric field enhancements at the cross-section
ofal5-um-longslotted VINPix with a 30-nm-wide slot. The colour bar is
logarithmically scaled. NF, near field. e, Zoomed-in normalized electric

field enhancements of asmall region at the centre of the VINPix. The colour
bar is logarithmically scaled. f, Simulated (stars) and experimentally
characterized (circles) Qfactors of slotted VINPix with 70-nm-wide and
100-nm-wide slots. Average values and standard deviations (represented
with error bars) correspond to 30 slotted VINPix resonators measured for
each set. g, Resonant wavelength measurements as a function of background
medium refractive index with slotted VINPix. Average values and standard
deviations (represented with error bars) correspond to 30 resonators
measured for each set. The lines represent linear fits to the data. h, Spectra of
characterized representative VINPix with and without slots at 0 and 15% NaCl
concentrations.

Conclusion

We introduce high-Q photonic nanoantennas—VINPix—that integrate
key features of high-Q GMR waveguides and tapered photonic crystal
cavities. We simultaneously achieve high Q factors, subwavelength V,,
and controlled dipole-like radiation, with free-space coupling. We
experimentally demonstrated average Qfactors of-3,500 in15-um-long
VINPix resonators. We further sense local refractive index changes
using high-resolution hyperspectral imaging using a dense VINPix
array. The introduction of a slot increases the spatial localization of
ourresonator, enabling subwavelength volumesaslowas ~ O.O7()l/nai,)3
and increased sensitivity to refractive index variations with an ROl of
~-440 nm RIU™. The slotted VINPix design enhances the local electro-
magnetic field strength, which is promising for detecting molecules
at concentrations lower than the femtomolar range based on our pre-
vious work” and potentially at the few-to-single molecule level. By
employing surface functionalization”***°, nanofluidic strategies’
and surface photochemistry with nano-scale spatial resolution®*, one
can selectively capture and interact with target molecules within the
slots. Such selective strategies would substantially increase the detec-
tion sensitivity.

The strong localized field enhancement within the slots (-110x)
also opens potential for applications beyond molecular sensing. For
example, each antenna could act as an independent micro-reactor
or thermal heater, facilitating large-scale chemical reactions at the
nano-scale. Already, DNA synthesis for synthetic biology is conducted
on optically addressable Si microarrays, and our VINPix resonators
could facilitate higher-density, longer-oligo synthesis. VINPix arrays
couldalso be configured to enhance vibrational (suchasinfra-red and
Raman) scattering. Here, one could foresee VINPix arrays as substrates
for high-efficiency, label-free chemical profiling of materials—from
the tumour immune environment to battery electrodes. The indi-
vidual addressability and decoupled nature of the resonators at high
densities also allows for applications in spatio-temporal modulation,
promising for beam steering, holography, and dynamic wavefront
shaping. For these applications, addition of electrical interconnects
will be crucial, yet tractable with standard complementary metal-oxide
semiconductor-compatible processes.

Our devices are fully complementary metal-oxide semiconduc-
tor compatible, so foundry-scale fabrication of 200-300 mm wafers
shouldbe achievable. Here, attention must be given to bolster uniform-
ity in VINPix dimensions, resonant wavelength and Q factor across
the full wafer, nominally with <5% variation for key applications. With
the capability to pattern millions of individually addressable resona-
tors per square centimetre on large scales, the VINPix platform opens
exciting avenues for developing innovative integrative and/or wear-
able and deployable photonic platforms for multiplexed health and
environmental monitoring, molecular synthesis, enhanced vibrational
spectroscopy, wavefront shaping and on-chip spectrometry.

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-
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Methods

Computational design

Simulations were performed using the Lumerical finite difference
time domain (FDTD) solver (Lumerical 2023 R1.3). Perfectly matched
layer boundary conditionsin thexand ydirections were used for struc-
tures with finite lengths. Perfectly matched layer boundary conditions
were usedinthe zdirectionin all cases. Localized dipole sources were
used to excite structures with no perturbations (Ad = 0). For struc-
tures with non-zero perturbations (Ad # 0), a plane wave excitation
source was used in the case of periodic boundary conditions, whereas
a total-field/scattered-field excitation source was used otherwise.
The standard polarization used with all plane wave and total-field/
scattered-field sources in simulations was transverse electric (TE)
polarization, where the electric field is along the x direction, con-
sidering that the antenna extends in length along y and the sapphire
substrate/medium is along the z direction. The plane wave incidence
isalong the positive zdirection. Default material options from Lumeri-
cal FDTD solver’s database were used wherever possible. A mesh size
of 10 nm x 10 nm x 10 nm was used to simulate structures featuring
features of 50 nmor larger. Smaller mesh dimensions as smallas 5 nm
were used appropriately for smaller feature sizes. Simulated Q fac-
tors were calculated using Lumerical FDTD solver’s high-Q analysis
monitor. Consistent Q factors were observed with all three sources
for waveguide cavities of different lengths (Supplementary Fig. 13).
Standalone device simulations, for example, for VINPix optimiza-
tions, were performed in air as the medium. Simulations to replicate
experimental results were performed in water as the medium. Far-field
and k-space plots were calculated using the x component of the elec-
tric near-field from a monitor situated at the cross-section of our
resonators.

Fabrication

Photonic structures were fabricated using standard lithographic
procedures. Resonators were patterned at 45° with respect to the ¢
axis of sapphire. This configuration helped in overcoming the bire-
fringence of the sapphire substrate, which can otherwise introduce
polarization-dependent variations in the measured signals. First,
600 nm, single-crystal silicon-on-sapphire (MTI Corporation and
University Wafer) substrates were cleaned by rinsing with acetone,
methanol and isopropanol, followed by sonication in acetone and
isopropanol followed by a dehydration bake at 180 °C for 2 min. The
substrates were spin-coated with hydrogen silsesquioxane (HSQ)
negative tone resist (XR-1541-006, DuPont) at 1,500 RPM. The resist
was baked for 5 minat 80 °C. To reduce charging, a charge dissipation
layer (e-spacer, Showa Denko) was spin-coated at 2,000 RPM over
the HSQ resist and baked again for 2 min at 80 °C. The patterns were
defined using electron beam lithography (Raith Voyager) witha 50 kV
accelerating voltage and developed in a solution consisting of 4%
sodium chloride and 1% sodium hydroxide in water. After exposure
and development, the patterns were transferred to the chip using
reactive ion etching (Oxford IlI-V Etcher) using HBr and Cl, chemistry
forananisotropicsiliconetch. Lastly, the resist was removed using 2%
hydrofluoric acid in water, followed by cleaning in a Piranha solution
at 120 °C to remove any organic residue. Further, for preparing the
VINPix array for hyperspectral imaging, patterned silicon-on-sapphire
array was cleaned by rinsing with acetone, methanol and isopropanol,
followed by sonicationin acetone and isopropanol, followed by a dehy-
dration bake for 2 min. The metasurface was spin-coated with PMMA
950A4 positive resist at 3,000 RPM, followed by a2 minbake at 110 °C.
A charge dissipation layer (e-spacer, Showa Denko) was spin-coated at
2,000 RPM over the PMMA resist and baked again for 2 min at 110 °C.
The PMMA patterns were defined using electron beam lithography
(Raith Voyager) with a 50 kV accelerating voltage and developed
in a solution consisting of a 1:3 ratio of methyl isobutyl ketone and
isopropanol.

SEM characterization

Representative images were taken using a FEI Magellan 400 XHR
scanning electron microscope with a field emission gun source. A
representative sample was coated with a -5 nm film of Au to reduce
charging. For side and tilted views, the stage was titled by 30°. Images
were typically acquired with an accelerating voltage of 5-10 kV.

Optical characterization
Resonator spectrawere measured in ahome-built NIR reflection micro-
scope shown in Supplementary Fig. 7. Samples were illuminated via a
broadband super-continuum laser (NKT SuperK EXTREME) or a tun-
able narrow-linewidth laser (SANTEC TSL-550), with a collimated fibre
output. A polarizer P1 was set to create linearly polarized incident
illumination at a 45° angle with respect to the metasurface resona-
tors. Theilluminating beam was focused on the back focal plane of an
objective (Mitutoyo Plan Apochromat NIR) with alens L1 (f=75mm
orf=100 mm) to produce a collimated plane wave at the sample. The
devices were illuminated through the sapphire substrate. To dem-
onstrate general applicability, we characterized our VINPix meta-
surface under a droplet of water, following the common practice
employed in biomolecular sensing. The scattered light was directed
throughacross-polarized polarizer P2 at —45° toreduce the substrate
Fabry-Pérot signal. The scattered light is then focused via a lens L2
(f=75mm)intoaspectrometer (Princeton Instruments SPR-2300). The
broadband signal is diffracted via a diffraction grating (600 g mm™,
blaze wavelength 600 nm, Princeton Instruments) and focused onto
aTE cooled InGaAs CCD detector (NiRvana, Princeton Instruments).
While using the SANTEC for hyperspectral imaging, the diffraction
grating is eliminated, and the images are recorded straight on the
InGaAs CCD detector. We employ a cross-polarization configuration
to mitigate the Fabry-Pérot resonances and to minimize background
signal. This approach was crucial in ensuring that the measured sig-
nals were predominantly from the VINPix resonators themselves,
rather than being confounded by substrate-related interference
effects.

Throughout the paper, the measured resonant spectral features
were first normalized and then analysed by fitting the diffraction
efficiency data with the function

1 2

T= f
1+ Fsin”(ngkhs)

©)]

. b
a+ai+ ——
T f—fo+iy

The first term accounts for the Fabry-Pérot interference through the
substrate of thickness h, and refractive index n;. k is the free-space
wavevector (2) and F accounts for the reflectivity of the interfaces.
The second term represents the superposition between a constant
complexbackground, a, + ai,and aLorentzian resonance with resonant
frequency (f,) and full width at half maximum (2y). The Q factor of
this resonanceis calculated as Q = Z—‘;

Analysis of hyperspectral data cube

Eachimage frameinthe hyperspectral datacube correspondstoasin-
gleillumination wavelength. A time series of wide-field image frames
representing intensity mappings were collapsed by uniform sum-
mation into a singular frame to locate VINPix centres. Pixel rows and
columns corresponding to maximum intensity in the image frames
were selected by determining peaks via local maxima, and manual
adjustments were made on the basis of physical VINPix spacing con-
straints to remove spatial overlap. VINPix centres were then assigned
and labelled at each row and column cross-section. Because our VINPix
sizeisgreater than the individual pixels of our CCD camera, a9 x 9 pixel
intensity integration centred at our VINPix centres was performed
foreach frameinthe hyperspectral stack. Spectral features were then
extracted from each VINPix region and fitted to aFano lineshape using
the above-mentioned formula (3).
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