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Metasurfaces provide anideal platform for optical sensing because they

produce strong light-field confinement and enhancement over extended
regions that allow us to identify deep-subwavelength layers of organic and
inorganic molecules. However, the requirement of using external light
sources involves bulky equipment that hinders point-of-care applications.
Here we introduce a plasmonic sensor with an embedded source of light
provided by quantum tunnel junctions. An optically resonant, doubly
periodic nanowire metasurface serves as a top contact for the junction
and provides extremely uniform emission over large areas, amplified by
plasmonic nanoantenna modes that simultaneously enhance the spectral
and refractive index sensitivity. As a proof of concept, we demonstrate
spatially resolved refractometric sensing of nanometre-thick polymer
and biomolecule coatings. Our results open exciting prospects based on a
disruptive platform for integrated electro-optical biosensors.

Plasmonic metal nanostructures have been intensively investigated
as a platform for optical sensors owing to their unique abilities
to simultaneously support strong optical field enhancement and
deep-subwavelength light confinement via localized surface plas-
mon resonances and propagating surface plasmon polaritons (SPPs)".
On the basis of these assets, biosensing devices rapidly excelled the
detection performance of conventional optical sensors, paving the
way for widespread use and commercialization®. Surface plasmon
resonance biosensors based on flat metal films have become one of the
gold-standard label-free techniques for real-time monitoring of bio-
molecularinteractionsinboth applied and fundamental bioanalytical
studies. Concurrently, nanostructured surfaces and nanoantennas fea-
turing localized plasmonicresonances enabled further enhancement
of the sensitivity® and facilitated multiplexed sensing*. The compact
footprints of such nanoplasmonic biosensors also allowed areduction

inthe required sample volumesin portable device configurations® that
evenenabled the observation of real-time single-cell secretion®. More
recent advances are exploring quantum plasmonic sensing regimes”®
that uncover new opportunities for enhanced device performance
reaching down to the single-molecule detection level’'°. Despite the
impressive progress experienced by nanophotonicsinrecentyears, the
excitation of SPPs mostly requires an external light source combined
withbulky coupling schemes, such as prisms, gratings or tightly focus-
ing optics, which limit the usability of plasmonic sensors in biochemical
research and medical diagnostics where miniaturized and integrated
devices are crucial, especially at point-of-care settings™.

Electrical excitation of SPPs constitutes a desirable goal to achieve
the ultimate on-chip integration and compact device footprint for
applications in biosensing and beyond. In this regard, in 1976, Lambe
and McCarthy discovered light generation through electron tunnelling
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inthin-film heterostructures with ametal (Al)-insulator (Al,0,)-metal
(Au) configuration®. These pioneering observations showcased the
possibility of direct and ultrafast transduction between electrons and
photons, as the excess energy of the tunnelling electrons can generate
light viaradiative decay assisted by the intermediate excitation of plas-
mons. Applications of this phenomenon have been mostly associated
with scanning tunnelling microscopy operating in ultrahigh-vacuum
environments and allowing for the mapping of photon emission with
exceptional spatial resolution. In particular, scanning tunnelling
microscopy proved itself useful for probing molecular vibrations®,
visualizing electronic wave functions and molecular orbitals™*",
exploring intermolecular coupling' and scrutinizing the dynamics
of adsorbed molecules”.

More diverse applications of light emission frominelastic electron
tunnelling (LIET) are largely hindered by its extremely low intensity,
whichis the combined result of alow efficiency of the process (on the
order of 107 photons per tunnelled electron) and a small emission
area.Alarge deal of work hasbeen devoted to enhancing the emission
intensity from both material science and nanophotonics research
viewpoints. One of the critical parameters in devices relying on the
LIET process s the quality of the electron tunnel barrier'®", Grain for-
mation and defects of the isolating layer can undermine the stability
and efficiency of the insulator junction considerably, thereby neces-
sitating advanced thin-film deposition techniques to formsufficiently
smooth layers that are immune to such problems. In this context,
two-dimensional (2D) materials offer notable advantages owing to
their crystalline structure and atomically flat interfaces. In particular,
hexagonal boron nitride with its large band gap (-6 eV) and excellent
crystalline quality can serve as a suitable tunnelling barrier material®*”,
while graphene or transition metal dichalcogenides can act as either
electrical contacts*** or additional modulators of the LIET efficiency,
thanksto their opticaland electrical characteristics and their tunability
via electrical gating'>***, In addition, barrier engineering through
quantum wells has been demonstrated tointroduce resonantinelastic
electron tunnelling, enhancing the efficiency considerably”. However,
2D materials are so far poorly compatible with large-scale fabrication
approaches, where a much bigger emission area could compensate
for asmaller photonyield.

A major increase in the LIET efficiency can be achieved by using
resonant optical nanoantennas. Enhancement of the detected LIET sig-
nalfromatunneljunction with aplasmonic nanoantennawasreported
experimentally® and later explained theoretically”’ by showing that
the nanoantennaradically increases the electromagneticlocal density
of states and enhances radiative emission by orders of magnitude,
thus overcoming nonradiative decay processes, which are otherwise
dominantin conventional tunnel junctions. Additional enhancement
of the measured LIET signal is also achieved owing to the ability of
nanoantennas to steer the generated radiation towards the detector
whenthey are designed to exhibit a directional emission pattern®*%,
Furthermore, the resonant response of nanoantennas can be tailored
such that they shape the spectrum of the inherently broadband LIET
emission?***°,

Assisted by nanophotonic designs and newly available materials,
LIET sources have been leveraged for abroad range of applications that
include ultra-compact waveguide-integrated light sources®, spectro-
scopic detection of nanoscale distances®, on-chip data communica-
tion?” and enhanced in situ tracking of chemical reactions®. Recent
studies reported LIET efficiencies surpassing 1% (refs. 30,34), achiev-
ing uniform emission over a larger area with stable electrical biasing,
although minimizing blinking still remains a challenge. Addressing
theseissuesis pivotal for the design of integrated devicesincorporating
tunnelling junctions in applications such as biosensing.

In this Article, we demonstrate an on-chip self-illuminating
label-free optical biosensor that exploits quantum tunnelling in a
multilayer metal-insulator-metal film. The top surface incorporates

aplasmonic metasurface that plays adual role, serving simultaneously
asanelectric contact for the tunneljunctionand as an optical interface
for facilitating the coupling of inelastic quantum electron tunnelling
accompanied by light emission to free-space radiation. The latter
aspect, whichis enabled by thelocalized plasmonic modes supported
by the antennas in the metasurface, impacts the internal quantum
efficiency of the tunnelling process through the enhancement of the
radiative component of the electromagnetic density of optical states.
This contributes to theimprovement of radiative quantum efficiency
and, therefore, enhances the detected signal. We make use of a flexible
metasurface design optimized for biosensing to produce efficientand
spatially uniform LIET, enabling the mapping of the spatial distribution
ofthe analyte layer deposited onthe metasurface. These features ulti-
mately enable anintegrated nanoscale light source that can transduce
small changes of the local optical environment from low volumes of
analyte tothe modulation of the far-field optical signal without requir-
ing any labels. With plasmonic antennas serving both as a sensing
element and a light source, LIET sensor architecture offers a consid-
erably smaller device footprint compared with designs involving the
integration of plasmonic structures on top of light-emitting diodes™ or
photodetectors®. Importantly, the inherently low efficiency of LIET is
compensated in our design not only by antenna-driven enhancement
butalso by havingalarge and uniformlithographically defined area of
emission. In our sensing devices, the total emitted power is sufficient
for the operation with most general-purpose light detectors. We test
ourbiosensor with various analytes such as thin layers of polymer and
biomolecules, and observe that both the intensity and the spectral
profile of the emitted light are modulated by the local refractive index
changes produced by the presence of the analyte. These results support
the use of LIET devices as highly compact and sensitive on-chip optical
biosensors for point-of-care applications by eliminating the need for
anexternal light source.

Results

Self-illuminating metasurface design

Our metasurface is based on an interconnected mesh of nanowire
nanoantennas that are used as a transducer between the plasmons
excited by inelastic electron tunnelling in a vertical planar junction
and the far-field light emission (Fig. 1a). In a cross-sectional view of
arepresentative device (Fig. 1a, inset), these cross-linked gold (Au)
nanowires reside ontop of athin aluminalayer (the tunnelling barrier)
that separatesit from an aluminium (Al) film (the bottom contact). To
make this barrier extremely uniform and ensure a low defect density,
we use thermal oxidation of an amorphous Al film evaporated onto a
glass substrate, which leads to the formation of a thin Al,O; film with
self-limited thickness. The metasurface is fabricated by depositing a
50-nm-thick Au filmafter athin (-5 nm) chromium adhesion layer. The
nanowires have awidth of 92 nm (from scanning electron microscopy
(SEM) images), a fixed period of 400 nm along the x-axis (horizontal
direction), as shown in Fig. 1a, and a varying period (=100 pm) along
the y-axis (vertical direction).

Aschematicoftheresulting tunneljunctionis showninFig.1b.In
the experiments, a positive bias voltage V, is applied to the Au metas-
urface layer, while the Al layer is grounded. Inelastic electron tunnel-
ling leads to the excitation of plasmons and subsequent emission of
photons that are detected in the far field with a spectrometer system
for spectral analysis or with acamera for imaging. To electrically drive
the sensor, we utilize acustom-printed circuit board with a set of con-
tact pads (Fig. 1d) that are connected to the pads on the chip via wire
bonding. The contact pad of each device is fabricated on top of the
bare glass area, while the metasurface extends over the bottom Al
contact (Fig. 1e). The transmission electron microscopy (TEM) image
of a thin lamella cut from the metasurface in Fig. 1f demonstrates a
high-quality tunnelling contact with an AL,O; barrier thickness of -5 nm.
The proposed design implies no spatial overlap between the analyte
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Fig.1|Label-free on-chip biosensor based on light emission from
metasurfaces driven by quantum electron tunnelling. a, Artistic view of the
quantum tunnelling-based sensing device. Inset: the layer sequence; doubly
periodic Aumetasurface with a thin Cr adhesion layer separated by an Al,O,
tunnelling barrier froma 25 nm Al film deposited on a glass substrate.

b, Energy-level diagram for the metal-insulator-metal tunnel junction
illustrating the possible electron pathways including plasmon/photon emission
driven by inelastic tunnelling. ¢, lllustration of the quantum tunnelling-assisted

Tunnel junction "~
ALO, - HA
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Antennas

sensing principle. The bare metasurface (green curve) exhibits a tunnelling
luminescence peak that is redshifted and enhanced when the metasurface

is covered by an analyte (orange). d, Optical microscope image of an array of
devices electrically connected to the metallic pads on a printed circuit board.

e, Enlarged optical image from d and SEM image of the metasurface. f, High-
resolution TEM image of a thin lamella cut from the metasurface. Further zoom-
ins of asingle antenna and the tunnelling gap allow us to estimate the thicknesses
ofthe Al,O;insulator gap (-5 nm) and the Cr adhesion layer (-5 nm).

onthesensor surface and the emission source (tunnelling gap). While
this configurationimposes certain limitations on the sensitivity com-
pared with, for example, picocavity-based sensors’, the transduction
of optical signal through the more easily accessible plasmonic lattice
mode facilitates analyte handling in practice.

Metasurface electro-optical properties

Animportant prerequisite for sensing applicationsistorealizea LIET
device that produces highly uniform emission over a large detection
area for reliable measurements. Owing to the extreme sensitivity of
the tunnel junction to local defects, even minor perturbations along
thelength of the antennas could lead to voltage drops and strong vari-
ations in the emission strength. To illustrate this point, we present in
Fig.2aametasurface made solely fromalD array of horizontal nanowire
antennas with a period of 400 nm. Its LIET image clearly shows such
defect-related emission discontinuities. We mitigate this issue by add-
ing an array of nanowires in the y-axis direction to form an intercon-
nected mesh (see SEMimagesin Fig.2b,c). Overall, we observe that the
doubly periodic design suppresses discontinuities, but the density of
theinterconnectionsalso affects the strength of the emission intensity.
For example, the LIET image of a high-density mesh with 2D arrays
of nanowire having a period of 400 nm in both vertical and horizon-
tal directions in Fig. 2b produces a very low emission yield. Instead,
Fig. 2c shows an optimized metasurface with a period of 400 nm and
100 pmin the x- and y-axis directions, respectively. For a quantitative
comparison of different designs, we estimate the emission efficiency
as the total number of detected photons per tunnelling electron. The
colourbarinFig.2a-candthe average valuesindicated on top, obtained
from a representative sample set at 2.4 V, provide a comparison for
three different designs. For the optimized mesh (Fig. 2c), we detected
(0.42 +0.21) x 107 photons per electron on average over 20 different
tested devices, which is ~2.3 times higher than for the square mesh

having a period of 400 nmin both vertical and horizontal directions
(Fig.2b). Also, this metasurface design with lessinterconnections con-
sistently produced a highly uniform emission over a large area with
no emission discontinuities in all tested samples. This is aresult of a
favourable trade-offbetween the electrical connectivity thatimproves
with adenser mesh and far-field light outcoupling that is facilitated by
sparser antennas. Taking into account the possible decay channels for
inelastic electron tunnelling, such as SPP leakage radiation into the
substrate and emission at larger angles that are not collected within
thenumerical aperture (NA) of the objective (see Supplementary Sec-
tion 2.5 for details), we estimate the total conversion efficiency of our
device as 1.2 x107 photons per electron, which is consistent with a
theoretical estimate in previous literature® (1.1 x 107). Although this
valueis lower than the experimentally reported value® (1.6 x 107), it is
compensated by the design of our device providing uniform emission
over large areas.

Insets in Fig. 2c present back-focal-plane images of the emission
collected from the metasurface for two orthogonal polarizations of
the analyser. The radiation patterns show two characteristic lobes that
reveal the dipolar nature of the emission associated with the plasmonic
mode of the nanowire grid (see Supplementary Section 2.4 for details).
The weaker signal with a similar pattern observed for the opposite
polarizationis consistent with the lower density of nanowire antennas
in the orthogonal direction. These observations are supported by
calculations of the angle-resolved spectral photonic contribution
S(w, 0, ¢) (Supplementary Fig.12).

We further characterize the optimized metasurface through
electro-optical measurements. In Fig. 2d, a semilog plot shows the
dependence of the current density on the applied bias voltage, exhib-
iting an exponential profile typical of tunnel junctions”. When the
applied voltage exceeds 1.25 V, the light intensity detected by a point
photodetectorincreases linearly with the electric currentin the shaded
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Fig.2|Electro-optical characterization of a large-area metasurface.

a,b, Top: optical microscope images of the light emission from a metasurface
consisting of a1D array of horizontal nanowires with a period of 400 nmin the
vertical direction (a) and a doubly periodic metasurface formed by densely
interconnected 2D arrays of nanowires with a period of 400 nmin both
directions (b). Bottom: corresponding SEM images. ¢, Top: image of the spatially
homogeneous and electrically stable light emission observed from an optimized
doubly periodic metasurface formed by less densely interconnected 2D arrays of
nanowires witha400 nm period in the vertical directionand a100 pm period in
the horizontal direction. Insets: measured angular distributions of the tunnelling
luminescence with different orientations of the analyser, illustrating that the
observed emission has adipolar nature. Bottom: SEM image of the optimized
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metasurface. Allmeasurements in a-c are taken at a voltage of 2.4 V. The numbers
ineach panel show the average number of photons per electron detected from
eachstructure (in107 units). d, I-V curve (orange) of the optimized metasurface
incalong with the simultaneously recorded electroluminescence (EL) intensity
from the tunnelling device (dark violet; normalized (norm.) to the noise level of
the detector). The range of voltages above the field emission threshold is shaded
inlightviolet. e, Corresponding Fowler-Nordheim representation of the /-V
data (orange curve) and its fitting to the Simmons model (black curve). The field
emission region (shaded in violet) is clearly defined by the sharp bend of the
curveat 0.8 V.Below 0.8 V (above 1.25in1/V), the signal is dominated by direct
electron tunnelling.

violetarea. The transition between direct-tunnelling and field-emission
regimes is illustrated in the Fowler-Nordheim representation of the
I(V) datain Fig. 2e, which shows aminimum at a voltage of 0.8 V. We fit
the/-Vdatawith the Simmons model*®, assuming an effective electron
mass of 0.23 m, (ref. 39). From this analysis, we extract the values of the
junction’smeanbarrier height ¢ =2.62 eV and barrier widthAs=3.2 nm.
The inconsistency of fitting results with TEM data indicates the pres-
ence of local (antenna-scale) inhomogeneities of the barrier layer and
surface charge phenomena*’ that could contribute to diminishing the
effective tunnelling barrier width.

We then study the optical properties of LIET by measuring the
dependence of the emission spectra on the applied bias voltage.
Figure 3a shows the corresponding spectra recorded from the opti-
mized metasurface within the 500-950 nm spectral range for a bias
voltage V, increasing from 1.5 V to 2.3 V. We observe two major trends
in the spectra: first, the emission band shifts to shorter wavelengths
with increasing V,, which is explained by the linear change in the

cut-off condition with the energy of the emitted photons, fiw,,,, = |eV,|
(ref.37); second, for high enough V,, (>1.9 V), the spectrastart to manifest
apronounced peak closeto 650 nm. The change of V, withinthe1.5-2.3V
range leadstoanincreasein thetotal signalintensity as well as agradual
blueshift of the shorter wavelength peak. At the applied voltage of 2.4 V,
the measured emission power density is 0.49 nW mm™ This brings the
total detected power to 40 pW, making our device feasible for use with
most standard detectors.

Theoretical model

To elaborate on the origin of the observed spectral features and their
evolution with bias voltage, we introduce a theoretical model that
describes both the tunnelling process and the antenna-assisted cou-
pling of LIET to the optical far field. The spectrally resolved LIET inten-
sity is calculated as the product of two contributions:

hier(@, Vp) «x Hw, V) x G(w), (1
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Fig. 3| Experimental and theoretical analysis of the spectral response
associated with LIET. a,b, Electroluminescence spectra of the optimized
metasurface for various applied voltages ranging from 1.5V to 2.3 V as obtained
from experimental measurements (a) and theoretical calculations (b).

¢, Calculated spectrum of emission intensity (blue curve) and its correlation

to the experimental emission spectrum (green curve) at V, = 2.3 V.Insets: the
calculated optical electric field amplitude distribution in the x-z plane for
p-polarized plane-wave excitation at two characteristic wavelengths under a
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yellow line).d, Calculated normalized spectral electronic contribution H(w) for
V,=2.3V.e, Calculated normalized spectral photonic contribution G(w).

f, Calculated angle-resolved EL intensity in k, - k; space. The emission features
corresponding to the dispersive plasmonic lattice mode and the dispersionless
gap mode are marked with black lines. g, Calculated spectra of emission

(solid lines) along a discrete set of angles corresponding to the dashed lines of
matching colourinf.

where we introduce the spectral electronic contribution H(w, V;)
across the tunnelling layer as a function of photon frequency w
(thatis, the electron energy loss) and applied potential V;, and the
antenna-mediated spectral photonic contribution G(w) describing the
far-field distribution of photons originating from the Al,O; tunnelling
layer. Note that Hdepends onthe overlap between electronic statesin
theelectronemitter and receptor, as well as the gap distance separating
them, but it does not depend on the optical properties of the system.
By contrast, Gencapsulates the optical response, including the far field
associated with the transition matrix elements, but it isindependent of
the electronic matrix elements. Details on the calculations of these two

quantities are presented in Methods and Supplementary Information.
The results of our simulations closely reproduce the spectral features
of the emission observed in the experiment (Fig. 3c) as well as their
evolution withincreasing V; (Fig.3a,b).

Importantly, the model allows us to discriminate between the
relative importance of the spectral electronic contribution H(w, V,)
and the antenna-mediated spectral photonic contribution G(w) inthe
resulting spectra. Figure 3d,e shows the spectral dependence of these
two functions plotted separately for V, = 2.3 V. The spectral electronic
contribution H(w, V) has no pronounced spectral features (Fig. 3d) and
its effect on the total emission intensity is a gradual increase towards
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Fig. 4| Demonstration of label-free biosensing by LIET in optimized
metasurfaces. a, Image of the homogeneous light emission from the optimized
metasurface with (orange box, analyte region of interest (ROI)) and without
(greenbox, bare ROI) a coating PMMA thin film. b, Spectral response from the
colour-matched regions in a: orange/green with/without PMMA. ¢, Simulated
electroluminescence spectraunder the conditions of b. d, Image of light
emission from a metasurface partially covered with alanine (black box, analyte
ROI) and without alanine (green box, bare ROI). e, LIET electroluminescence
spectrameasured for different amounts of alanine evaporated on the sensor
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surface. The semitransparent curves show the raw data, while the solid curves
show the datasmoothed over awindow of 2.5 nm (10 points). f, Sensor response
for different amounts of alanine extracted as a differential emission signal
averaged within the 620-700 nm spectral range, highlighted in grey in e, with two
additional data points at 7 pg and 18 pg. The limit of detection defined as triple
the noise level isindicated by a dashed line. The sensor responses are presented
as mean values for three samples + s.d., where s.d. stands for standard deviation
from the statistical uncertainty. Alanine thicknesses are presented as mean
values * s.d. derived from AFM measurements.

longer wavelengths. By contrast, G(w) (Fig. 3e) exhibits spectral vari-
ations associated with the optical modes excited in the structure. The
enhancement of G(w) in the spectral range from 500 nm to 750 nm
originates from the dispersive plasmonic lattice mode. To illustrate
this, in Fig. 3f, we plot the calculated angle-resolved emission. The
plasmonic lattice mode manifests as an angle-dependent emission
peak spanning the range of wave vector kbetween 8 pm™and 11 pm™
The emission spectraatadiscrete set of angles indicated with dashed
linesin Fig. 3f are shown in Fig. 3g. The combined contribution of the
electronic component H(w, V,,) and the photonic component G(w)
averaged over the angular range corresponding to the NA of the col-
lection objective leads to the formation of the main feature in the total
emission (thatis, the peak at ~-650 nm). Thisis further detailed in Sup-
plementary Fig.10 and therelated discussion in Supplementary Section
2.3. The angle-resolved spectraalso reveal the emission associated with
the dispersionless plasmonic gap mode manifested as a peak ataround
1,000 nm. Notably, while the Crlayer quenches the contribution from
the plasmonicgap modein the photonic part G (Supplementary Figs. 8
and 9), this layer has a positive influence on the total electrolumines-
cenceintensity. Thisis partly due to substantially higher values of the

spectral electronic contribution Hfrombetter matching betweenthe
electricband structures of Crand Al.

Additional simulations of the electric near field of the nanoan-
tenna shown in the insets of Fig. 3c further support the assignment
of spectral features of emission to the plasmonic lattice mode and
the gap mode. The electric near-field map calculated for p-polarized
plane-wave excitation at 650 nm (Fig. 3¢, inset in red box) shows two
characteristic hotspots at the top surface of the antenna. The minor
increase in G(w) at longer wavelengths (>850 nm) represents the contri-
butionfromthe plasmonic gap mode, which has its resonant frequency
outside of the spectral range of detection (Supplementary Fig. 11).
Accordingly, the near-field distribution for plane-wave excitation at
900 nm (Fig. 3¢, inset in yellow box) reveals a maximum field in the
Al O;insulating layer.

Biosensing with a self-illuminating metasurface

Tobenchmark the on-chip LIET-based optical biosensor, we test it with
two organic analytes using a polymethyl methacrylate (PMMA) polymer
layer and a thin film of amino acid biomolecules. Figure 4a shows the
LIET image of the metasurface covered with 45-nm-thick PMMA and
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biased at 2.8 V. To illustrate the changes in the emission intensity and
the spectrum with and without analyte, after spin-coating a uniform
layer of PMMA on the sensor surface, we use electron-beam (e-beam)
exposure and subsequent development steps to selectively remove
the polymer and create PMMA-free regions. Figure 4a shows arec-
tangularly shaped bare region (green box) that is used for reference
spectrameasurements as well as a patterned regionin the form of the
EPFL logo (orange box). The image shows a 2.2-fold enhancement of
the emission intensity at ~650 nm on the areas covered with the analyte
film compared with the bare regions, and the intensity distribution
remains spatially uniform. Further insight is provided by the emission
spectra shown in Fig. 4b, which are measured from the bare (green
curve) and analyte-covered (orange curve) regions of interest on the
functionalized LIET device. The spectrareveal that the stronger emis-
sion intensity in the LIET image is mainly due to enhancement of the
shorter wavelength peak corresponding to the dipolar plasmon mode
of the nanowire antenna.

To elaborate on the origin of the changes in the emission owing
to the presence of aPMMA film, we considered a uniform layer with a
thickness of 45 nm and arefractiveindex of 1.49 (ref. 41) in the theoreti-
cal model used above. The modifications of the spectra observed in
the experiment are in good agreement with our simulations based on
equation (1) (Fig. 4c). The dominant effect is an increase in the ampli-
tude of the -650 nm peak, whichis well reproduced in the simulations
(2.13-fold increase versus 2.2 in the experiment). This intensity change
originates from the refractometric spectral redshift of the dispersive
plasmonic lattice mode, which improves the coupling of emission
into the NA of the objective (see Supplementary Fig. 13 and detailed
discussionin Supplementary Section 2.4).

Finally, to demonstrate the biosensing application of our device
and quantitatively estimate the sensitivity performance, we studied
the dependence of the LIET signal on varying amounts of biomol-
ecules deposited on the surface of the device. For these studies, the
antenna width of the sample was slightly changed from 92.5 nm to
120 nm. This new width did not lead to any sizable changesin the spec-
tral profile (Fig. 4b,e), but allowed us to use a10x (NA = 0.3) objective
lens owing to the shift in the dispersion of plasmonic lattice modes
towards small angles. In this way, we were able to compare the sensing
performance with a state-of-the-art plasmonic biosensor based on Au
nanohole arrays that are optimized for low NA optics. As abioanalyte,
we used alanine, whichis an a-amino acid with the chemical formula
C,H,NO, and a molecular weight of 89 daltons. Small amounts of
alanine were deposited onto the sample surface through thermal
evaporation. During the evaporation process, we used ashadow mask
to block a portion of the structure, creating an uncovered region
withawell-defined boundary that served as anin-line reference (see
Supplementary Section 1.2 for details). Figure 4d shows a LIET image
of the sensor surface partially covered with alanine. Similar to the
PMMA data shown in Fig. 4a, the analyte-covered region exhibits
anincrease in the LIET intensity. To test the limit of detection of
our sensor, we performed measurements for different amounts of
biomolecules ranging from -5 pgto~50 pg (see Supplementary Sec-
tion 1.2 for an estimation of the analyte amount). Figure 4e shows
the response of the sensor to different doses of evaporated analyte,
indicating a gradual increase in the detected emission intensity for
higher amounts of alanine. As an output metric for our sensor, we
used the LIET intensity. This holds several advantages over spectral
shift characterization, namely simpler detection principle, higher
signal-to-noise ratio and faster response time. We integrated the
emission withinaspectral region from 620 nmto 700 nm because this
yielded the strongest modulationinthe LIET signal, whichin practice
canberealized by introducing aspectral band-pass filter in the detec-
tionscheme. The extracted data are plotted in Fig. 4f, normalized to
theintegrated emission of the bare chip. Our measurementsindicatea
reliable detection of analyte down to ~9 pg within the signal collection

area, defined as amass for which the response of the sensor is 3 times
larger than the noise level. To correlate the performance of our device
with state-of-the-art methods, we used an optimized nanoplasmonic
biosensor consisting of Aunanohole arrays with 630 nm RIU of bulk
sensitivity*?, which is well within the range reported in the literature*
(see Supplementary Section 1.2 for details). The results show a similar
signalamplitude, highlighting the potential of our LIET platform for
high-performance biosensing.

Discussion

In brief, we introduce a self-illuminating plasmonic sensor in which
light emission is provided by quantum electron tunnelling junctions.
Our design features a bottom Al electrode, with a thin isolating layer
of alumina formed by thermal oxidation of the film and acting as a
tunnelling barrier. The upper electrode consists of a doubly periodic
metasurface made of resonant Au nanowire antennas that simultane-
ously provide enhanced electron-to-light conversion and far-field
light emission owing to the mediation of plasmonic antenna modes.
We optimize the metasurface to provide exquisite spatial uniformity
and large-area emission, which are critical for agood performance of
the proposed sensors.

The electro-optical properties of the devices and their spectral
performance towards the detection of different types of analyte are well
explained by theoretical modellingincorporating microscopic details
of the tunnelling process as well as the electromagnetic response
associated with plasmonic antenna modes. We demonstrate that the
emission peak at short wavelengths, which originates fromthe resonant
mode of the nanowire antennas, allows spatially resolved refractomet-
ric sensing with our device. We validate this sensing concept for athin
film of polymer and a biomolecule layer, for which we demonstrate a
limit of detection of -9 pg.

Beyond the present results, we envision that additional insight
could be gained by resorting to angle-resolved photodetection, as
the angular distribution of the emission is intimately related to the
frequency of the excited modes. Indeed, the evolution of the observed
angle-resolved emission patterns (Supplementary Fig. 5) indicates the
possibility of photodetection along selected angular windows as away
togainspectral selectivity without the need to use an optical spectrom-
eter.Inaddition, because the used metal films are polycrystalline, the
effect of conservation of in-plane electron momentum in the tunnelling
process is substantially erased by averaging over grain orientations
(Supplementary Fig. 6). We thus anticipate that even more control
over the inelastic tunnelling process could be attained with the use of
crystalline materials® by exploiting the in-plane momentum-matching
condition of the tunnelling electrons defined by the mutual orientation
ofthe crystallographic axesin the two metals. Finally, we note that the
planar geometry of our device is compatible with wafer-scale fabrica-
tion, while the low efficiency of inelastic tunnelling is compensated by
antenna-drivenenhancementand a large area of emission. This opens
up exciting prospects to realize a practical electro-optical biosensor
and novel device applications.

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 competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41566-025-01708-y.
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Methods

Fabrication of the sensor

The LIET device was fabricated on acommercially available glass cov-
erslip measuring 22 x 22 x 0.13 mm?. The bottom metal electrode was
designed using ultraviolet laser photolithography (VPG 200, Heidel-
berg Instruments), while the metasurface and top electrode were
defined by using e-beam lithography (Raith EBPG5000+). Each metal
thin film was deposited through e-beam evaporation using a Leybold
Optics LAB 600H evaporator. The bottom electrode was formed by
depositing Althrough the designed photoresist layer and subsequently
lifting it off. Then, the Al,O; layer was formed using athermal oxidation
process in a Neytech furnace (Qex) at 200 °C for 3 h. After forming
the Al,O,tunnel barrier, we deposited a Cr adhesion layer followed by
deposition of the top Au electrode using a patterned e-beam resist.
Subsequently, the e-beamresist layers were removed through a lift-off
process, resulting in the formation of a metasurface connected witha
top electrode. We used 92 nm wide antennas for electro-optical char-
acterizations and 120 nm wide antennas for sensing experiments with
alanine. Electrical contacts from the bottom and top Al and Au elec-
trodes were established by connecting them to a printed circuitboard
with Auwire using a wire bonder (F&S Bondtec 5630i Semiconductor
GmbH). Allsample fabrication and preparation procedures took place
withinthe cleanroom facilities at the Center of MicroNanoTechnology
(CMi) at EPFL.

Preparation of polymer and biomolecular analyte layers on
LIET devices
For the on-chip LIET-based optical biosensor, we prepared two types
of analyte: PMMA and thin layer of amino acid molecules (alanine).
For the former, we used PMMA 495k A2 (Sigma-Aldrich), which was
coated onto the substrate using a spin-coating machine at 6,000 rpm
for 60 s. Subsequently, the sample was baked at 180 °C for 5 min. To
open an area for reference measurements, the PMMA layer was pat-
terned using an e-beam. After the exposure, the resist was developed
using a MiBK:IPA = 1:3 solution for 1 min. The resulting analyte layer
had athickness of approximately 45 nm and arefractive index of 1.49.
For deposition of alanine (Thermo Scientific), we used thermal
evaporation. Approximately 100 mg of alanine was loaded into the
evaporationboat for each process. The sample, mounted onadummy
wafer, was positioned approximately 40 cm above the evaporation
boat containing the alanine. The evaporator chamber was evacuated
toapressure of 107 mbar. To initiate evaporation, an electrical current
was applied to heat the evaporator boat. The evaporationrate and the
amount of deposited material were monitored using a quartz crystal
microbalance. To ensure auniform coverage on the sample, the evapo-
rationrate was maintained between 0.1A s*and 0.3 As™. Theresulting
alanine layer was characterized using atomic force microscopy (AFM)
on a polished reference silicon chip placed near the studied sample
during the same deposition session.

Sample characterization

Optical measurements were conducted using a customized inverted
Nikon microscope (Ti-E). For studies of the electro-optical response
of our devices, we used a 50x NA 0.8 objective, except for the sensing
experiments, where we used a 10x NA 0.3 objective. The spectrally
resolved measurements were performed with an IsoPlane 320 spec-
trometer using a Pixis camera from Princeton Instruments. All spectra
were normalized to account for system efficiency, acquisition time
and sampling rate, resulting in wavelength-resolved emission spectra
quantified in units of counts s nm™. Real-plane and back-focal-plane
images of the metasurface emission were captured using an AndoriXon
Ultra EMCCD camera (model 888). For the experiments, we custom-
ized the optical path in the signal collection channel by introducing
anadditional linear polarizer and aBertrand lens before the tube lens
that formed the image on the EMCCD camera. Switching between

real-plane and back-focal-plane imaging regimes was achieved by add-
ing or removing the Bertrand lens from the optical path.

Electrical biasing was performed using aKeithley 2636B sourcem-
eter along with Kickstart 2 software from Linktronix. Material char-
acterization was conducted through various techniques, including
SEM (MERLIN Zeiss Gemini Il), TEM (Tecnai Osiris) and AFM (Bruker
FastScan).

Theoretical calculations
The LIET photon emission intensity is modelled as

her(w, V) « Hw, V) x G(w)

(equation (1) in the main text), which is the product of two inde-
pendent quantities: an electronic contribution H(w, V,) and the
antenna-mediated photonic contribution G(w). The former is related
to the electron tunnelling probability under the bias voltage V, and it
effectively accounts for the generation of a tunnelling current, while
thelatter describes the intensity of far-field radiation originating from
the tunnelling layer owing to inelastic electron tunnelling.

Whena positive bias voltage V, is applied to the Au/Cr ribbon and
the Al substrate layer is grounded, electrons tunnel from the Al layer
tothe Crlayer. Therefore, the tunnelling probability depends on (i) the
available electronic states in both Al and Cr, given by the respective
density of states p2'and p¢"as a function of electron energy £, and (ii)
their occupation fractions, determined by the Fermi-Dirac distribu-
tions fMand ff writtenas f; = [eE—/kT 4 1]_1,wherey isthe chemical
potential for each of the metals (Ag and Cr), k; is the Boltzmann con-
stant and 7=300 K is the electron temperature (see more details on
these quantitiesin Supplementary Fig.15). The electronic contribution
H(w, V) is then proportional to

Hw, Vi) f dE; / dE; p pgT N (1 - ffff) 8(E; — (E¢ + ho) + eVy), (2)

where eis the elementary charge, the integrals run over all possible
initial (E;) and final (E;) electron energies, and the Dirac -function
enforces energy conservation. The variation of H(w, V) withboth light
wavelength (1 = 2mc/w) and bias voltage is shown in Supplementary
Fig. 6, exhibiting a gradual increase towards longer wavelengths and
for higher bias voltages. We note that, inaddition to energy conserva-
tion, parallelmomentum conservation of the tunnelling electrons with
respect to the metallic surface must be equallyimposed, but the result
isonly dependent on the electronic densities of states when averaging
over crystal surface orientations (see comparison between calculations
with and without inclusion of in-plane wave-vector conservation in
Supplementary Fig. 6). Importantly, electron tunnelling is modelled
between Al and Cr. We have also performed calculations to estimate
theinfluence of Auon this process as shown in Supplementary Section
2.2.0nthebasis of these results, we conclude that the approximation
of neglecting the influence of Au in the evaluation of the tunnelling
matrix elements is rather accurate.

The antenna-mediated photonic contribution G(w) describes
how the transition dipoles generated in the tunnelling layer are able to
radiate into the far field. This quantity can be written as
G(w) x [ dOsinb [ dp G(w, 0, p), where weintroduce

2

5(.6,¢) =3, €))

1

> gk, vy, )
J

astheangle-resolved photonic contribution. Here g(#, r;, w)represents
the far-field amplitude generated in a direction & (pointing along the
polarandazimuthal angles 6 and ¢) by aunitdipole placed at r;within
the tunnelling Al,O, layer under the antenna region, where /and; are
indices indicating the dipole position along the x and y directions,
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respectively (thatis, we define g(#, r;, w)such that the far field generated
alongadirection # by a unit dipole oscillating with frequency w at posi-
tion ry is written as e“”’‘g/r, where ris the distance from the sample to
the detector). Incidentally, the reciprocity theorem ensures that
g(t,r;, w)canbe obtained fromthefield generated at the positionr,; by
alight plane wave impinging at the structure from a direction —¢ and
with the same polarization as the emitted far field. Taking advantage
of thissymmetry, we calculate g(#, ry, w) from the near fieldinduced at
the position r;under p-polarized plane-wave illumination from an
incidence direction —# at frequency w. We note that the generated
dipoles owing to the tunnelling process point perpendicularly to the
antennasurface, and therefore, the field emitted by themis p-polarized.
We use an electromagnetic numerical solver (COMSOL Multiphysics)
to obtain the near field. The quantities $(w, 8, ¢)(plotted in Supplemen-
tary Fig. 12a for different values of w) and G(w) (plotted in Fig. 3e) are
calculated from the equations above. To connect with the experimental
results, the polar angle 8 is restricted to a maximum angle
Omax = sin '(NA) imposed by the numerical aperture NA = 0.8 and
NA = 0.3 of the objectives used in the experiments for electro-optical
characterizations and sensing, respectively. For the sake of complete-
ness, we have included momentum-space absorption maps calculated
viathe Fourier modal method, showninSupplementaryFig.12b. These
maps are in excellent agreement with the results obtained using the
finite-element method (COMSOL Multiphysics) and a Fourier modal
analysis.

Data availability

The data supporting the findings of this study are available within the
article and its Supplementary Information files as well as from the
corresponding author on reasonable request.
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