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Abstract: Photoinduced electrochemiluminescence (PECL) allows
the electrochemically assisted conversion of low-energy photons into
high-energy photons at an electrode surface. This concept is
expected to have important implications, however, it is dramatically
limited by the stability of the surface, impeding future developments.
Here, a series of metal-insulator-semiconductor junctions, using
photoactive n-type Si (n-Si) as a light absorber covered by a few-
nanometer-thick protective SiO/metal (SiOx/M, with M = Ru, Pt, and
Ir) overlayers are investigated for upconversion PECL of the model
co-reactant system involving the simultaneous oxidation of
tris(bipyridine)ruthenium(ll) and tri-n-propylamine. We show that n-
Si/SiO./Pt and n-Si/SiO,/Ir exhibit high photovoltages and record
stabilities in operation (35 h for n-Si/SiO,/Ir) for the generation of
intense PECL with an anti-Stokes shift of 218 nm. We also
demonstrate that these surfaces can be employed for spatially
localized PECL. These unprecedented performances are extremely
promising for future applications of PECL.

Introduction

Photoinduced electrochemiluminescence (PECL) is a growing
field of research that combines charge transfer at the
semiconductor/electrolyte interface and
electrochemiluminescence (ECL)."81 ECL is a well-known
phenomenon that involves an electrochemical reaction
generating the excited state of a luminophore at an electrode
surface leading to light emission.I”#! A model ECL system that has
become widely used in medical diagnosisi®*? and currently
attracts considerable attention for sensing,*-% imaging,*4-17]

and microscopy,**?2 involves the simultaneous oxidation of
tris(bipyridine)ruthenium(ll) ([Ru(bpy)z]?*) and tri-n-propylamine
(TPrA) in an aqueous electrolyte at physiological pH. In PECL,
this co-reactant ECL system can be employed with Si
photoanodes to perform an electrochemically-assisted
upconversion processl®! where the absorption of infrared (IR)
photons (>800 nm) results in the emission of visible photons (632
nm) at the electrode vicinity, as shown in Figure l1a. Another
remarkable aspect of PECL is the considerable decrease of the
ECL onset potential, which is caused by the photovoltage at the
semiconductor interface and allows for triggering photon emission
at record low potentials®S! even if ECL reactions are always
highly exergonic and typically require the application of high
potentials.?324l PECL systems are extremely promising for
ultrasensitive detection, microscopy, light-addressable devices,
and IR imaging.*-® However, as for all photoelectrochemical
processes, they are strongly limited by the poor stability of the
photoelectrode.?® The advantages of PECL and the challenges
in this field have been discussed in a recent review.?® So far,
upconversion PECL could be demonstrated in water and was
reported for short durations, typically in the minute scale (Table
S1) for Si-based photoanodes protected with a covalently-
attached organic monolayer,?7 and n-Si/SiO/Ni metal-
insulator-semiconductor (MIS) photoanodes.®! These operation
times are obviously too short to allow a prospect of practical
application. A possible solution to this bottleneck is the use of
oxide-based photoanodes, known to exhibit higher stabilities. This
strategy, which has been recently explored with BiVO,® and a-
Fe,03,1® resulted in considerably improved PECL stability of 2 h
(Table S1).5
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Figure 1. Upconversion PECL and MIS structures. a) Scheme showing the photoinduced charge transfer process occurring at the MIS photoanode initiated by the
absorption of IR light (exc) and leading to the emission of visible light (em) by PECL (the side product of the TPrA radicals formed during the ECL process is denoted
by P). b) Scheme of the photoelectrochemical setup employed for studying PECL. c) Normalized spectra of the electrolyte absorption (orange curve), emission of
the LED used in this work (brown), PECL emission (red curve), and bandgap position of Si (blue dashed line).

However, the wide bandgaps of oxide-based semiconductors do
not allow absorption of low-energy photons and strictly prohibit
their use in upconversion PECL processes (allowing only Stokes-
type PECL).>8 Consequently, future developments in
upconversion PECL crucially rely on the development of stable
narrow-bandgap photoanodes.

Silicon is established as the material of choice in many light-
conversion applications due to its abundancy, nontoxicity, and
narrow bandgap (Eq = 1.1 eV) which makes it active from IR to UV
regions. For these reasons, it is undeniably the most important
semiconductor in the photovoltaic industry,?®29 a highly
promising material for photonics,®*34 and a prime candidate for
photoelectrochemical devices.F?>24  However, manufacturing
stable Si photoelectrodes is still a major challenge!®>2¢ pecause
of its low intrinsic activity and poor stability in aqueous
solutions. This issue is even more pronounced on photoanodes
as photocorrosion generates an electrically insulating SiOx layer
that inhibits charge transfer at the solid/electrolyte interface. In
this respect, Si photoanodes based on the MIS junction, a key
architecture of modern electronics, are attracting considerable
attention because of their remarkable properties.[3-4
Specifically, it has been reported that MIS photoanodes made on
n-type Si (n-Si) wafers can be used to efficiently and durably
oxidize water in harsh conditions.?6-52

In typical MIS photoanodes, the metal thin film is a key element
that must have a thickness in the nanometer range to enable light
transmission  that ensures electron/hole (e/h*)  pair
photogeneration in the semiconductor.3>*° Besides, it plays a
crucial role by i) protecting the semiconductor by avoiding its
corrosion,®>37 i) ensuring the efficient collection of charge
carriers through the insulator tunnel layer 2839 iii) granting fast
kinetics of the electrochemical reaction, >3 and iv) ensuring a high
barrier Schottky junction to promote high photovoltage.*34 In this
article, we report on our investigations of three Si/SiOx/metal
(Si/SiOWM, with M = Ru, Pt, and Ir) MIS electrodes for the
upconversion PECL of the [Ru(bpy)s]**/(TPrA) model system. Ru,
Pt, and Ir were chosen as potential candidates because,
according to their Pourbaix diagrams, they are expected to exhibit
higher stability®™ in PECL conditions (pH = 7.4) than the
previously-used Ni thin films.l In addition, these metals are

known for their good electrocatalytic activities and possess high
work functions (4.7 eV < Wu < 5.9 eV),5657 essential for creating
a photoactive junction with n-Si  and producing high
photovoltages.®®¥ Our results demonstrate that, while Si/SiO«/Ru
fails in  promoting PECL, n-Si/SiOyPt and n-Si/SiO/Ir
photoelectrodes exhibit unprecedented performances, enabling
long-term PECL generation with ultrathin film thicknesses (3 nm),
opening exciting opportunities for PECL.

Results and Discussion

Preparation and characterization of the surfaces

The Si/SiO«/M MIS junctions were prepared, first, by chemically
oxidizing cleaned Si (100) wafers to create a 1.5-to-2 nm-thick
SiOy tunnel layer, as we previously reported.°58] After that, a 3
nm-thick metal layer was deposited on SiOy by direct current
magnetron sputtering onto 1.5x1.5 cmz2 Si/SiOy surfaces. During
deposition, the thickness of the coating was monitored in-situ
using a quartz crystal microbalance (QCM) and monitored ex-situ
by atomic force microscopy (AFM). This low thickness value was
specifically chosen because previous research in the field of Si-
based MIS anodes has revealed that ultralow metal thicknesses
(< 5 nm) promote the highest photoelectrochemical
performance. 340471

AFM and scanning electron microscopy (SEM) were performed
on the so-prepared Si/SiO/M surfaces and revealed high
uniformity and planarity of the metal films, which is demonstrated
by the absence of observable features on the high-magnification
SEM pictures of Figure S1 and the low root mean square (RMS)
roughness values of 0.36, 0.28, and 0.33 nm determined from the
AFM pictures of Si/SiOy/Ru, Si/SiO/Pt, and Si/SiO/Ir presented
in Figure 2a,b, and Figure S2. The composition of the outermost
surface of the electrodes was analyzed by X-ray photoelectron
spectroscopy (XPS), as shown in Figure 2c. The grey spectrum,
measured for Si/SiOy, indicates that, before deposition, the
surface is only constituted of Si and O atoms, with a low content
of adventitious carbon. The colored spectra, acquired after the
deposition of the metal thin films, confirm the presence of the
deposited metals with characteristic Pt 4f peaks at 71.5 and 74.9




eV, Ru 3d peak at 280.5 and 284.6 eV, and Ir 4f peaks at 61.0
and 63.9 eV. These spectra also feature a strong disappearance
of the Si 2s and 2p peaks, which is in good agreement with dense
and conformal metal thin films. The presence of oxygen, which
can be observed by its 1s peak localized between 530 and 534
eV, originates from the native oxide/hydroxide phase at each
metal surface and the underlying SiO layer.

c z
(=]
g &
B
2 | s
| orsisio, © jﬁ &
Y L R AT
a T Y
3 2 &5
R TR
}; W\,‘\‘ wr-”J“I P8ISO, P ‘2
B g 5 o
i & \ Y
] 2 i S W
2 i 2 -
] g L E s
Ll | :
L el | DT-SUSIONRU :fnr'
- L 3z
a 4
o - =
s = ]
] Jl -
i {1 — r
bt Y psisio, Iry "L
L
.
600 500 400 300 200 100 O

binding energy (eV)

Figure 2. Characterization of the MIS surfaces. a,b) AFM pictures of the p**-
Si/SiOx surface before coating (a), and p**-Si/SiOx/Ir after Ir coating (b). c) XPS
spectra of the p**-Si/SiOx surface before coating (grey) and the p**-Si/SiOxM
surfaces with M = Pt (blue), M = Ru (green), and M = Ir (red).

Electrochemiluminescence (ECL)

The junctions were then investigated for ECL of the co-reactant
[Ru(bpy)s]?*/TPrA system. In the first experiments, the MIS
electrodes were manufactured onto degenerate p**-Si. This type
of silicon, characterized by a high concentration of dopants and
low resistivity (o = 0.001 - 0.005 Q cm), is non-photoactive, which
allows straightforward assessment of the ECL performance for
each MIS electrode in the dark. The effects of the ECL reagents
dissolved in phosphate-buffered saline (PBS) were investigated
on p**-Si/SiOy/Ir. Figure 3a presents the cyclic voltammograms
(CVs, top panel) and the corresponding ECL intensity vs potential
curves (bottom panel). This figure shows that, when studied
individually, TPrA (black curves) and [Ru(bpy)s]>* (blue curves)
are oxidized at potentials higher than 0.9 V and 1 V, respectively
(all potentials reported in this article are referred vs Ag/AgCIl (3 M
KCI)), and do not emit detectable ECL. However, when they are
present together in the electrolyte, their concomitant oxidation
produces ECL from 1 V, showing the suitability of the p**-
Si/SiOy/Ir anode for triggering [Ru(bpy)s]?*/TPrA ECL.

Next, the effect of the metal thin film was investigated. The
electrochemical and corresponding ECL responses for the three
p**-Si/SiOx/M anodes in the ECL electrolyte (100 mM TPrA and 5
mM [Ru(bpy)z]?* in PBS) are presented in Figure 3b. Here, we can
observe a strong similarity between p**-Si/SiOy/Ir (red curves) and
p**-Si/SiOL/Pt (blue curves) that both granted ECL emission from
1 V and stable voltammograms. However, p**-Si/SiOy/Ru
exhibited a completely different behavior. First, it only produced
measurable ECL at potentials higher than 1.35 V (detailed data
for this anode is presented in Figure S3) and its CV features
changed drastically during cycling. The first cycle, shown as a thin
green line in Figure 3b, exhibits a large oxidation wave with a

3

current density (j) as high as 8.7 mA cm?, while subsequent
cycles are associated with smaller values (j <1.7 mA cm?) and
decaying ECL intensity (Figure S3). Similar behavior was
observed in the absence of the ECL reagents (in an electrolyte
consisting only of PBS, Figure S4a), which suggests that the large
current observed during the first forward scan is mainly caused by
the oxidation of the Ru thin film and the oxidation of water. The
higher ECL onset potential is attributed to the low activity of this
anode and the evolution of the CVs during cycling is consistent
with strong damage of the Ru thin film during the first cycle,
leading to its deactivation. This is in good agreement with the AFM
measurements presented in Figure S4c, which shows a
considerable increase in the surface roughness after the CV
study.
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Figure 3. ECL at non-photoactive MIS electrodes. a) CVs measured in the dark
(top) and corresponding ECL intensity profiles (bottom) measured on p**-
Si/SiOW/Ir in the presence of 100 mM TPrA (green), 5 mM [Ru(bpy)s]?* (purple),
and 100 mM TPrA + 5 mM [Ru(bpy)s]?* (red). b) CVs measured in the dark (top)
and corresponding ECL intensity profiles (bottom) measured in the presence of
100 mM TPrA + 5 mM [Ru(bpy)s]?* on p**-Si/SiOx/Ir (red), p**-Si/SiOx/Pt (blue),
and p**-Si/SiOx/Ru (green). The first cycle measured on p**-Si/SiOx/Ru is shown
by a thin green line. The ECL intensity shown for p**-Si/SiOx/Ru corresponds to
the second CV cycle. c) CP curves (lines) recorded at 1 mA cm™ on p**-
Si/SiOx/Ru (green), p**-Si-H (pink), p**-Si/SiOx (black), p**-Si/SiOx/Pt (blue), and
p**-Si/SiOx/Ir (red). The ECL intensity is shown by circles for p**-Si/SiOx/Pt (blue
circles) and p**-Si/SiO«/Ir (red circles). These experiments were performed in
PBS (pH 7.4), CVs were recorded at 50 mV s™.

The stability was assessed by galvanostatic experiments in which
a current density of 1 mA cm? was applied and the anode
potential was monitored. In these tests, the electrolyte was
circulated in the cell using a peristaltic pump (flow rate = 0.7 mL
s1), which ensures efficient mass transport of the ECL reactants
at the solid/liquid interface leading to homogenous and brighter



ECL emission for a long duration.®® The chronoamperograms
(CPs) of Figure 3c shows that freshly hydrogenated p**-Si (p**-Si-
H, pink), uncoated p*™*-Si/SiOx (grey), and p**-Si/SiOx/Ru (green)
rapidly failed. It is evidenced by the strong potential increase
(resulting from the degradation of the electrode interface)
occurring a few minutes after the beginning of the test. Compared
to these anodes, p**-Si/SiO.«/Pt exhibited a considerable stability
improvement and operated at a potential lower than 2 V for almost
2 h. However, after 160 min, its degradation led to a dramatic
potential increase. Conversely, p*-Si/SiO/Ir outperformed all
studied anodes and could be used for 3 h without potential
variation. In these conditions, p**-Si/SiOy/Ir and p**-Si/SiO/Pt
produced a bright ECL emission during the entire experiment
(circles in Figure 3c) that was visible with naked eyes.

Photoinduced electrochemiluminescence (PECL)

After having identified the best interfaces for ECL, we tested them
for PECL. For that, MIS structures were prepared on moderately
doped n-Si (p = 0.3-0.7 Q cm) to yield photoactive n-Si/SiO,/Pt
and n-Si/SiO./Ir anodes (i.e., photoanodes). The typical emission
responses obtained for ECL with a non-photoactive MIS surface
and PECL for its photoactive equivalent can be compared in
Figure 4a. This 3D plot presents the emission spectra as a
function of potential recorded: i) in the dark on a non-photoactive
p**-Si/SiOy/Ir producing ECL (left) and ii) under 850 nm
illumination on a n-Si/SiOy/Ir producing PECL (right). We now
discuss the characteristic PECL features of the n-Si/SiOx/M
photoanodes.

In the CV (top part) of Figure 4b, it can be observed that both n-
Si/SiO4/Pt and n-Si/SiO./Ir are inactive in the dark, revealing their
rectifying nature. However, when illuminated with Aexc = 850 Nnm
they afford photocurrents and PECL. While both non-photoactive
anodes (p**-Si/SiOy/Ir and p**-Si/SiO./Pt) triggered ECL at similar
onset potential (vide supra, Figure 3b), the photoelectrochemical
data presented in Figure 4b reveals that both photoanodes
generates PECL at distinct potentials, which is characteristic of a
different photovoltage (Voc) at each photoactive MIS junctions.
Subtraction of the onset potential values of ECL (p**-Si/SiOx/M in
the dark) with that of PECL (illuminated n-Si/SiO/M) gives Voc
values of 485 and 280 mV for n-Si/SiO,/Pt and n-Si/SiO/Ir
photoanodes, respectively (arrows in Figure 4b). Remarkably, the
photovoltage for n-Si/SiO./Pt corresponds to state-of-the-art
performance for n-Si-based photoanodesi®®*:5% and is higher
than that reported for n-Si/SIOy/Ni (Voc = 410 mV) in similar
conditions.B! V. values are correlated with the Schottky barrier
height of the MIS device, which is theoretically controlled by the
work function of the metal (Figure S5). However, in practice, the
effective Shottky barrier height is also strongly affected by other
parameters such as the interface quality and homogeneity.®4 If Ir
and Pt have reported Ww values lying in the same range (5.1 eV
< Wwm < 5.9 eV),557 in our case, Pt produces a higher Schottky
barrier at n-Si/SiOy. This finding is well in line with a recent work
where 2 nm-thick Pt thin films were employed as Schottky contact
to considerably enhance the photovoltage of n-Si-based MIS
photoanodes for water splitting.*Y In this regard, it is also known
that the thickness of the metal thin film often affects photovoltage
on MIS photoanodes, which we experimentally verified for n-
Si/SiO/Ir, as shown in Figure S6.
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Figure 4. PECL at photoactive MIS electrodes. a) Consecutive ECL emission
spectra recorded in the dark on p**-Si/SiO«/Ir (left) and illuminated n-Si/SiOx/Ir
(right) during linear sweep voltammetry. b) CVs (top) measured on n-Si/SiOx/Ir
(red) and n-Si/SiO«/Pt (blue) in the dark and under 850 nm illumination.
Corresponding PECL intensity profiles (bottom) measured on n-Si/SiOx/Ir (red)
and n-Si/SiO«/Pt (blue) in the dark (full lines) and under 850 nm illumination
(circles). The ECL measured in the dark on p**-Si/SiOx/Ir (red) and p**-
Si/SiOx/Pt (blue) is also shown by dotted lines. c) CP curves (lines) recorded at
1 mA cm™ on n-Si/SiOx/Pt (blue), and n-Si/SiOx/Ir (red) under 850 nm
illumination. PECL intensity is shown by circles. The electrolyte was replaced at
the time indicated by dashed vertical lines. d) Optical images showing the
displacement of the PECL spot on n-Si/SiOx/Ir by moving an 840 nm laser beam
on that surface when a potential of 0.85 V is imposed, the white dashed line
indicates the boundary of the electrode surface. These images were extracted
from the movie available in the Supplementary file. €) Normalized intensity
profile of the IR excitation pattern (green) and the PECL emission pattern (red)
recorded at two different positions. This data was measured in the presence of
100 mM TPrA + 5 mM [Ru(bpy)s]?>* in PBS (pH 7.4), CVs were recorded at 50
mV s

Long-term stability was tested for both photoanodes at a
photocurrent density of 1 mA cm in the same conditions as that
previously described, except that, in this case, the entire electrode
surface was homogeneously illuminated at 850 nm. As presented
in Figure 4c, n-Si/SiO,/Pt exhibited a stability profile very close to
that previously determined for its p**-Si-based counterpart (both
CP curves are plotted in Figure S7). The photoanode operated
below 2 V for 140 min, then, a strong increase of its potential
followed. Comparatively, n-Si/SiOJ/Ir exhibited exceptional
stability and generated strong PECL over 35 h of operation with a
minimal potential increase (red curve in Figure 4c). At the end of
the test, the photoanode was still operating at a potential of 0.95
V, with a PECL intensity of 60% of the initial value, demonstrating
the outstanding performance of n-Si/SiO./Ir. Four independently
prepared n-Si/SiOy/Ir were tested for at least 6 h and all promoted
PECL identically, without noticeable performance decrease. After
the stability test, the surface of n-Si/SiO,/Ir was analyzed ex-situ
by XPS (Figure S8) that revealed strong Ir 4f and 4d bands and
weak Si 2s and 2p bands, demonstrating that the Ir film was still
present and densely covered the Si/SiOx surface. An increase of
the O 1s peak can also be noticed on the spectrum, which is



correlated with the oxidation of the surface during the
photoelectrochemical experiment. Finally, AFM analysis
performed on this surface (Figure S9) showed the apparition of
bigger particles which may be correlated with the precipitation of
insoluble species onto the photoanode, in good agreement with
the increase of the carbon content observed on the XPS spectrum
and the decrease of PECL intensity (Figure 4c). These results
demonstrate that Pt and Ir thin films allow the promotion of
upconversion PECL in water with record stabilities. So far, this
phenomenon was only reported for 15 mint®! (Table S1), while our
results show that n-Si/SiOx/Pt and especially n-Si/SiO,/Ir allow
promoting PECL for tens of hours without any surface
regeneration or re-activation treatments, as usually performed in
classic ECL imaging or bioassays.[®%% This remarkable emission
stability opens new technological perspectives.

Finally, the most promising surface, namely, n-Si/SiO,/Ir was
tested for site-selective upconversion in proof-of-principle
experiments. For that, the setup of Figure 1b was adapted for an
840 nm single-mode laser that was employed for locally
illuminating a 30 pum-diameter spot on the photoanode, that was
constantly polarized at an applied potential (Eapp) of 0.85 V.
Localized illumination of the surface with the invisible (for the
human eye) IR laser beam induced the appearance of a bright
light spot at the surface of the n-Si/SiOy/Ir that could be easily
observed by naked eyes and recorded with a digital camera. This
PECL spot could be moved instantaneously over the photoanode
surface by displacing the laser beam. This can be observed in the
movie provided in Supplementary information (and the snapshots
of Figure 4d) showing the displacement of the PECL spot in the
photoelectrochemical cell when the incident laser spot is moved
horizontally on the surface. The laser and the PECL spots could
be localized and measured using a homemade hyperspectral
confocal apparatus (see Methods section). As shown in Figure
4e, the excitation (i.e., the laser spot) and emission maxima (i.e.,
the PECL spot) are localized at the same location. These curves
also show that the PECL spot size is much larger than the laser
beam diameter, which is a direct consequence of the physical
parameters of crystalline Si. Due to its indirect bandgap and its
high charge transport capabilities, photogenerated holes have a
long lifetime and a diffusion length. These results are in good
agreement with the decay of the PECL profile (Figure S10), the
calculation of hole diffusion length (Section 3 in Supplementary
Information), and previous literature on light-addressable
electrochemistry.[+61-63]

Conclusion

Si/SiOWM (M = Ru, Pt, and Ir) MIS anodes were investigated for
upconversion PECL of the aqueous [Ru(bpy)s]>*/(TPrA) model
system at physiological pH. The performance of the anodes was
first assessed for ECL in the dark, with non-photoactive p**-Si
substrates, and, then, under IR illumination, with photoactive n-Si
substrates. We found that while Si/SiO/Ru fails in the anodic
regime due to dramatic oxidation, Si/SiO«/Pt and Si/SiOx/Ir exhibit
outstanding performance. Specifically, n-Si/SiO/Pt generates
PECL with an unprecedented photovoltage of 480 mV and n-
Si/SiOy/Ir allows to generate bright PECL for 35 h. This is
remarkable when considering the low stability of Si photoanodes
and previous reports achieving a maximum operation time for
upconversion PECL of only 15 min (Table S1).1% This anti-Stokes

PECL process allows to convert IR irradiation (Aexc = 850 nm) in a
visible signal (Aem = 632 Nm) onto the whole surface of the MIS
photoanode or at a specifically-chosen location when an IR beam
with a small spot size is used, which was demonstrated on proof-
of-principle experiments. As the spatial resolution is mainly
controlled by the high performance of crystalline Si, we anticipate
that the resolution for site-selective PECL will be improved soon
by semiconductor engineering. These results provide solutions to
break the wall of instability, which hindered the application of
PECL for technological issues and open exciting opportunities in
IR imaging, (bio)analysis, and microscopy.
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n-Si/SiO,/Pt and n-Si/SiOy/Ir exhibit high photovoltages and record stabilities in operation (up to 35 h) for the generation of intense anti-
Stokes photoinduced electrochemiluminescence onto the whole surface of the MIS photoanode or at a specifically-chosen location.
These results provide solutions for overcoming the instability that has hampered the practical application of upconversion PECL.
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