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ABSTRACT: Electrochemiluminescence (ECL) is widely employed for medical diagnosis and imaging. Despite its
remarkable analytical performances, the technique remains intrinsically limited by the essential need for an external power
supply and electrical wires for electrode connections. Here, we report an electrically-autonomous solution leading to a
paradigm change by designing a fully-integrated all-optical wireless monolithic photoelectrochemical device based on a
nanostructured Si photovoltaic junction modified with catalytic coatings. Under illumination with light ranging from visible
to near-infrared, photogenerated holes induce the oxidation of the ECL reagents and thus the emission of visible ECL
photons. The blue ECL emission is easily viewed with naked eyes and recorded with a smartphone. A new light emission
scheme is thus introduced where the ECL emission energy (2.82 eV) is higher than the excitation energy (1.18 eV) via an
intermediate electrochemical process. In addition, the mapping of the photoelectrochemical activity by optical microscopy
reveals the minority carrier interfacial transfer mechanism at the nanoscale. This breakthrough provides an all-optical
strategy for generalizing ECL without the need for electrochemical setups, electrodes, wiring constraints, and specific
electrochemical knowledge. This simplest ECL configuration reported so far opens new opportunities to develop imaging

and wireless bioanalytical systems such as portable point-of-care sensing devices.

INTRODUCTION

Among the luminescence techniques,
electrochemiluminescence (ECL) is an ultrasensitive
analytical technique' that is widely applied in
biosensing”* and imaging.” The ECL light emission is
triggered by electrochemistry.® The electrochemical
reactions initiated at the electrode surface generate the
excited state of the luminophore that relaxes by
emitting light. Its intrinsic remarkable features are
nicely exploited in biosensing, especially for clinical
diagnostics ~ with  successfully = commercialized
immunoassays.” ™ In addition, since ECL offers an
optical readout, it evolves progressively from a pure
analytical technique to a powerful microscopy.”” For
example, Feng et al. resolved spatially a single photon
emitted by an individual ECL reaction.”®"* Moreover,
single entities such as nanoparticles, cells or
mitochondria have been imaged by ECL microscopy.””
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In spite of its exceptional analytical capabilities, ECL
requires the use of an external source of electricity
(typically, a potentiostat) powered by the local electrical
network and an electrochemical setup involving
reference and counter electrodes, connectors, and

electrical wires. This considerably limits the
applicability of ECL, especially for non-specialists and
for on-site and portable analysis. In all the approaches
documented so far, potentiostats or comparable
electrical powering devices are necessary to produce
ECL emission. Recent advances in photoinduced ECL
have shown the possibility to reduce the potential
needed to achieve ECL at an illuminated semiconductor
electrode,” *> however external power sources were still
required hitherto. Here, we report an original approach
for true wireless ECL generation that only requires an
all-integrated monolithic device and a light source. The
approach, named all-optical ECL (AO-ECL), is based on
a nanostructured pnn™Si photovoltaic junction,
modified with catalytic Au and Pt coatings to generate
ECL and the associated counter reaction at each device
side under illumination with a low-cost light-emitting
diode. This electrically-autonomous strategy was
inspired by research on monolithic water splitting
photoelectrochemical devices,”®? in which the light
absorbed by an immersed photovoltaic junction
generates charge carriers that are directly employed at
integrated catalytic interfaces for water electrolysis. It
requires neither an electrical power supply nor
additional electrodes, but only a single all-optical device



immersed in a standard ECL solution, thus constituting
the simplest ECL configuration reported so far.
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Figure 1. Description of the monolithic ECL device and light emission schemes. (a) Scheme of monolithic AO-ECL
at a nanostructured Au-pnn**Si-Pt junction under illumination. (b) Hole transfer mechanism leading to visible
photons generation at the solid-liquid interface, P represents reaction products. (c) Normalized spectra of the
incident excitation light emitting diodes (brown/red curves) and the resulting AO-ECL emission of luminol/H,O, at
Au-pnn™*Si-Pt (blue curve); the largest anti-Stokes shift is represented by a pink dashed arrow. (d and e) Secondary
(d) and backscattered (e) electron microscopy images of the frontside of Au-pnn**Si-Pt.

RESULTS AND DISCUSSION

The  reported approach is based on
photoelectrochemical Au-pnn**Si-Pt devices that were
manufactured on Si wafers by a combination of dopant
implantation, nanosphere lithography, and reactive ion
etching (Section Manufacturing of the Au-pnn’*Si-Pt
junction in SI). As shown in Figure 1a, they are
composed of a pn-Si photovoltaic junction interfaced at
both sides with noble metal contacts, enabling efficient
electrochemical  reactions  (Figure 1ab). The
implantation of a highly doped n**Si layer between nSi
and the Pt thin film (Figure S1) ensured the formation
of an ohmic contact and optimal charge collection at the
metal. The frontside (i.e., the illuminated side in Figure
1a) of the device comprised an array of randomly
distributed Au-capped nanopillars with a diameter of
~275 nm and a total height of 265 nm, which comprises
190 nm of the silicon nanopillar and 75 nm of the Au
nanodisk, as shown in Figure 1d (secondary electrons
image), Figure 1e (backscattered electrons image) and
Figure S2. X-ray photoelectron spectroscopy (XPS,
Figure S3) confirmed the expected chemical
composition at each side of the device (Section
Description of the XPS spectra in SI) and scanning
electron microscopy (SEM) revealed the geometry of
the nanostructures at the frontside. Figure 1d-e show
the entire nanopillars’ morphology and the geometrical
features of the Au nanodisks (a diameter of ~275 nm and
a height of 75 nm). The nanopillars geometry was

designed for operating from the visible to the near IR
absorption and avoiding the shortcut of the pn junction
when the electrolyte solution is exposed to both n- and
p-doped regions. The Si-Au nanopillars exhibit
enhanced absorption at 850 nm due to the excitation of
a hybrid plasmonic-dielectric resonance (Figure Sja,c
Section Optical simulation in SI). Note that the pure
plasmonic resonance of the Au nanodisk is located at 1.5
pm, i.e., much higher than the silicon bandgap 1.1 pm
(Figure S4b,d). Due to its electrocatalytic performance
for the H,O, reduction,* a 50 nm-thick Pt (Figure S1)
thin film was deposited at the backside (i.e., the non-
illuminated side in Figure 1a) of the junction. In our
studies, the Au-pnn*Si-Pt device was immersed in a
standard ECL aqueous system containing 3-
aminophthalhydrazide (i.e., luminol) as the
luminophore and H,O.." These reagents constitute a
model ECL system widely used in different fields such
as biosensing, forensic science, and imaging.”” The
mechanism for the wireless AO-ECL generation
occurring at the monolithic Au-pnn™Si-Pt device
during frontside illumination is depicted in Figure 1a,b.
Under irradiation with photons having a higher energy
than the Si bandgap (i.e., Aexc < 1.1 pm), electron/hole
pairs are generated at the photoactive Si pn junction, as
it was confirmed by the photovoltaic solid-state
measurements in Figure Ss. Driven by the induced
photovoltage (band diagram presented in Figure S6),
the photogenerated electrons diffuse to the Pt surface
where they trigger the H,O, reduction, and the holes



diffuse to the Au contacts where they afford
simultaneous oxidation of H,O, and luminol3**” The
concomitant oxidation of H,O, and luminol, depicted in
Figure 1b, is a well-known ECL process that produces
blue light through a bond-breaking mechanism where
the 3-aminophthalate* excited-state relaxes to the
ground state by emitting a photon at Agc. = 440 nm."*
* In the case of the Au-pnn*'Si-Pt device, the
illumination leads to an anti-Stokes process where low
energy photons (from 1.18 eV) are converted into high
energy photons (2.82 eV), resulting in an anti-Stokes
shift, which can be higher than 600 nm (Figure 1c). Such
a large shift allows to easily separate illumination from
the AO-ECL emission.

To understand the wireless AO-ECL processes, the
electrochemical properties of the frontside (the Au-
pnn**Si photoanode) and the backside (the Pt cathode)
were independently investigated in the presence of the
ECL electrolyte using a conventional three-electrode
setup (Section Photoelectrochemical measurements and
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Figure S7 in SI). We first discuss the photoanode
behavior. The blue voltammogram of Figure 2a,
recorded on the Au-pnn**Si under intermittent 850 nm
irradiation (power density Piep = 5 mW cm), displays
a pronounced photoactivity, which is characterized by a
negligible dark current, a high photocurrent generation
under near IR irradiation (maximum current density,
jmax = 1.5 mA cm™), and a low onset potential (-0.52 V vs
Ag/AgCl, Figure S8a). This measurement demonstrates
that the photogenerated holes efficiently participate in
oxidation processes at the solid-liquid interface. As a
comparison, an Au-free and flat pnSi junction studied in
the same illumination conditions only produced a 30-
fold lower photocurrent density (50 pA cm™) (Figure 2a,
green curve), due to the poor hole transfer at the SiOy
interface impeding the electrochemical reactivity.**
This effect reveals the essential role of the
nanostructured Au metal contacts to promote an
efficient interfacial Faradaic process by protecting the

underlying Si from electrical passivation.**°
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Figure 2. Electrochemical characterization of the involved surfaces. (a) Linear sweep voltammograms (50 mV s™) recorded with a
three-electrode setup under intermittent IR light illumination at Au-pnn**Si (blue curve), under illumination at pnSi (green curve),
and in the dark at Pt (grey curve). (b) IPCE spectrum recorded with a three-electrode setup at Au-pnn**Si (blue curve) at 0.6 V vs
Ag/AgCl, overlaid with the electrolyte absorption (black curve). The excitation wavelengths are represented by dashed lines. (c)
Open-circuit potential recorded with a three-electrode setup at Au-pnn*'Si under intermittent IR light illumination. The
photovoltage is indicated by a pink line. (d and e) Cyclic voltammograms (50 mV s™) (d) and corresponding ECL intensity (e)
measured with a two-electrode setup comprising an Au-pnn**Si anode and a Pt cathode under IR light illumination (blue curves)
and in the dark (black curves). Inset: Scheme of the two-electrode setup. Electrolyte composition: 10 mM luminol, 33 mM H.O,

(pH =12.8), 0.1% Triton X-100. Aexcs = 850 nm, Pigp = 5 mW cm™.
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Figure 3. Monolithic photoelectrochemical emission resolved at the macroscopic and the single nanopillar scale. (a and b)
Schemes (top) and corresponding smartphone photographs (bottom) showing Au-pnn*Si-Pt immersed in the electrolyte in the
dark (a) and under 850 nm illumination (b). (c) Graph showing the AO-ECL intensity emitted at Au-pnn*'Si-Pt frontside as a
function of time under intermittent IR illumination (Aexe. = 850 nm, Pigp = 18 mW cm™). (d) Scheme showing the ECL imaging
setup. (e) Colored SEM image showing the Au-pnn**Si-Pt frontside, structured with a low nanopillar density, studied by AO-ECL
microscopy. (f and g) Optical microscopy images of the Au-pnn**Si-Pt frontside (low nanopillar density) measured under white
light (f) and IR (Aexe = 1050 nm, Prgp = 7 mW c¢m™) illumination (g). For clarity, four individual nanodisks are localized by colored
dashed circles. Electrolyte composition: 10 mM luminol, 33 mM H,O, (pH = 12.8), 0.1% Triton X-100.

The incident photon-to-current efficiency (IPCE)
spectrum (Figure 2b, blue curve) recorded at 0.6 V vs
Ag/AgCl at the Au-pnn™'Si confirmed the strong
photoactivity of the electrode in the visible-to-near IR
region with a maximum value of 48% at Aexc. = 850 nm
(note that the inactivity in the UV is caused by
electrolyte absorption, Figure 2b, black curve). The
open-circuit potential (OCP) measurements, performed
under intermittent IR illumination, (Figure 2c), allowed
measuring a photovoltage value of 0.47 V, which is in
good agreement with the 0.46 V estimated by
voltammetry (Figure S8b). On the other hand, the grey
voltammogram of Figure 2a, recorded at the Pt thin film
in the dark (i.e., the backside of the Au-pnn"*Si-Pt
junction, Figure 1a), displays a cathodic activity at an
onset potential of -0.07 V vs Ag/AgCl, corresponding to
H,O, reduction (a cyclic voltammogram study is
provided in Figure Sg). The fact that the cathode onset
potential is more positive than that of the illuminated
photoanode indicates that the two shorted electrodes

(Au-pnn™*Si-Pt)  should spontaneously
photocurrent in this medium.

generate

This behavior was tested using a two-electrode
electrochemical setup (depicted in the inset of Figure
2d, details in Section  Photoelectrochemical
measurements, and Figure Sio in SI), which allows
monitoring the current flow between the two surfaces
as a function of bias. While negligible current was
measured in the dark (Figure 2d, black curve), a
considerable photocurrent was produced under the
illumination of the Au-pnn**Si photoanode with Aexc, =
850 nm (Figure 2d, blue curve), with a short-circuit
current density (i.e., at a bias of 0 V) of 1 mA cm™. If this
proves that the system can spontaneously promote
redox reactions at both faces, the possibility for AO-ECL
generation was also assessed by measuring emission at
the photoanode with a spectrometer (details in Section
Photoelectrochemical measurements and Figure Sioa in
SI). Figure 2e presents the ECL intensity signal recorded
during the bias sweep and shows that ECL emission



starts at negative bias, demonstrating the possibility for
ECL generation in short-circuit conditions. This was
further confirmed by monitoring the short-circuit ECL
emission (Figure Sua,b present the setup and the
control experiments, that are discussed in Section
Description of control experiments in SI) as a function of
time (Figure Stic) and Pigp (Figure Sud).

The Au-pnn"*Si-Pt monolithic device was then
studied by immersing the entire surface in the ECL
electrolyte without any contact and recording the blue
light emission first with a smartphone camera (details
in Section Macroscale measurements of AO-ECL and
Figure S12 in SI). Indeed, the emitted AO-ECL light was
bright enough to be easily viewed with naked eyes. As
schematized in Figure 3a,b and demonstrated by the
corresponding photographs, blue color light was
observable only when Aex. = 850 nm was applied at the
device frontside. The emission signal responded
instantaneously to the IR stimulus, its intensity
depended on the applied irradiation power density
(Figure S13) and it was stable for 30 min without a
decrease in intensity, as shown in Figure 3c. Similar
behavior was observed with visible excitation (Aex =733
and 633 nm, Figure Si14). In other words, illumination
wavelengths ranging from the visible to the near-IR can
generate bright AO-ECL emission. The incident light
can be conveniently tuned and the spectral limits are
imposed at low and high wavelengths by the emission
of the selected ECL system (to easily differentiate Aexc
from Aaorct) and the bandgap of Si, respectively.
Finally, the phenomenon was investigated by
microscopy experiments (depicted in Figure 3d, details
in Section Microscopy measurements of AO-ECL and
Figure Si5 in SI) where the frontside of Au-pnn**Si-Pt
junctions, specifically tailored with a low density of
nanopillars (Figure 3e and Figure S16), was observed
under different illumination conditions. Under white
light illumination, the gold-capped nanopillars
appeared as white dots due to light reflection (Figure
3f). In contrast, under near IR illumination with Aex, =
1050 nm (Figure 3g), individual AO-ECL-emitting spots
appeared, that colocalize with a good correlation with
the white light image (Figure Si17). The spatial
distribution of AO-ECL emission spots (Figure 3g)
matches perfectly the pattern observed by white light
(Figure 3f). This experiment allowed the direct
visualization of the light emission process at the single
nanopillar level (four randomly-chosen individual Si-Au
nanopillars are identified by dotted circles in Figure
3f,g). In addition, this imaging approach demonstrates
that the photogenerated solid-liquid charge transfer
specifically occurs at the surface of the Au nanodisks,
thereby enabling direct visualization of the
photoelectrochemical activity, which is essential to
optimize catalytic photoelectrodes.*’

CONCLUSION

To conclude, our results highlight a novel all-optical
strategy for the generation of ECL emission in a wireless
manner without any electrical power supply, any
electrochemical setups, any additional electrodes and
the constraints related to the electrode connections.
The ability to produce electrically-autonomous ECL
using the simplest configuration reported so far is in
marked contrast to current methods that are limited by
the requirement of such specific electrochemical setups
and knowledge. Using immersed Au-pnn**Si-Pt fully-
integrated  monolithic devices, comprising a
nanostructured photovoltaic junction interfaced with
electroactive conductive coatings, we were able to
directly exploit photogenerated carriers for wireless and
stable ECL emission. In this process, the light
absorption by the nanostructured surface triggers
electrochemical activity, which, in turn, induces the
generation of blue light (Aao-ecL = 440 nm). This blue
ECL was produced efficiently with excitation
wavelengths ranging from the visible (633 nm) to the
near IR (1050 nm). Microscopy experiments allowed us
to correlate the emission spots with the nanoscale
architecture of the device, demonstrating that
interfacial charge transfer specifically occurs at the Au
nanodisk-liquid interface. This process is remarkable in
several aspects. As such, it constitutes an
unprecedented  direct light emission process
reminiscent of light upconversion (among rare
examples such as two-photon absorption or triplet-
triplet annihilation)** working at low light intensities,
where the emission energy (2.82 eV) is higher than the
excitation energy (down to 1.18 eV). This represents an
ultimate anti-Stokes shift of -610 nm. From an analytical
point of view, although we have demonstrated it on
these specifically tailored Au-pnn**Si-Pt devices, this
strategy should be also effective with other
photoelectrochemical devices, such as nanostructured
photoelectrodes,*™" semiconductor photocatalysts®>
or artificial leaves,>** and can play a relevant role in
elucidating energy conversion mechanisms at the
nanoscale. Finally, due to its all-optical nature, the
simplicity and versatility of the reported approach
should extend this powerful technique to non-
specialists. Given the importance of ECL technologies
for biosensing and medical diagnosis,” this
phenomenon has a strong potential for the
development of a new generation of sensitive and
portable biosensing devices and imaging strategies.
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