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Spatiotemporal Control
of Electrochemiluminescence

Guided by a Visible Light Stimulus

Yan B. Vogel," Nadim Darwish," and Simone Ciampi'?*

SUMMARY

Chemiluminescence and fluorescence have revolutionized the study
of chemical and biological processes. However, unlike fluorescence,
spatiotemporal control of chemiluminescence is challenging, and
the technically simple solution of converting chemical energy into
light energy only at specific sites defined by a clean, easy-to-deliver
focused light stimulus is not yet a viable option. Here, we demon-
strate the spatial and temporal control of a chemiluminescent reac-
tion by photoinduced oxidative hotspots on a silicon surface. The
excitation light is not required to pass through the liquid sample;
hence, the light stimulus can excite a luminescent dye under effec-
tively dark conditions. This provides a strategy for removing light-
induced sample damages, photobleaching, and autofluorescence.

INTRODUCTION

Much of our understanding of biological processes has come from developing and
applying microscopy techniques that harness light emission associated with chemi-
cal changes. ™ Fluorescence remains the dominant microscopy technique.” ® How-
ever, two of the major drawbacks of fluorescence—autofluorescence, and the risk of
damaging light-sensitive samples—are absent in chemiluminescence, potentially
giving it a significant advantage over fluorescence in the field of microscopy.” Con-
trol in 2D and over time of chemiluminescence requires control of a chemical stim-
ulus, but such level of control has not yet been demonstrated.

Here, we address in space and time a chemiluminescent emission by harnessing
localized, light-addressable, microscopic electron-sink sites on a macroscopic semi-
conductor surface. We take advantage of the photoelectric properties of silicon to
localize transient fluxes of charge carriers at an illuminated silicon-electrolyte inter-
face.® This opens up the possibility of a electrogenerated chemiluminescent output
thatis (1) of shorter wavelength than the excitation source;” and (2) controlled with a
degree of spatial and temporal resolution not otherwise possible either by chemical

119 or by using an array of electrodes.’"'? Since light is merely used to

means,
generate localized and microscopic oxidative hotspots on a macroscopic electrode,
the excitation light can therefore impinge the silicon “dry” backside, while the “wet”
face in contact with the sample is kept under dark conditions, hence effectively using

the light stimulus to excite a luminescent dye under dark conditions.
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At a semiconductor-liquid interface a thin space charge layer extends inside the Curtin University, Bentley, WA 6102, Australia
solid."® Depending on the externally applied voltage, this near-surface layer can 2Lead Contact
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charge transfer across the interface is impeded.’” In the case of a depleted n-type
photoanode, as depicted in Figure 1A, photogenerated holes accumulate in the
valence band and are collected by reduced luminol molecules (5-amino-2,3-dihy-
drophthalazine-1,4-dione) present in the electrolyte. The main reactions (redox
and non-redox) involved in the design of our photoinduced electrochemilumines-
cent system are schematized in Figure 1B. The monoanion of luminol (at the pH stud-
ied in this work luminol is present in the form of its monoanion)'* is first oxidized by
one photogenerated hole to diazasemiquinone radical (i) and then reacts with a su-
peroxide radical in a nucleophilic addition forming a bicyclic endoperoxide (ii). "> Ni-
trogen loss leads then to an excited state intermediate, 3-aminophtalate*, which in
water emits blue light (425 nm) upon relaxation (iii and iv)."®> The superoxide radical
comes principally from the oxidation of HO,™ present in the alkaline aqueous
solution.

With the objective of exploring to what degree a localized flux of photogenerated
surface holes translates to a localized chemiluminescence emission (Figure 1C), we
spatiotemporally address the light stimulus impacting the semiconductor using an
adaptation of a ferroelectric liquid crystal spatial light modulator (Figure 1D)."®
This type of spatial light modulation, often used in super resolution microscopy,'’
allows projecting over an electrified macroscopic substrate any arbitrary user-
defined image, or sequence of images. This gives high spatial and temporal resolu-
tion of the light stimulus (in the current setup these are, respectively, 4 pm and 4.5
kHz), with a 2D flexibility'®'? not otherwise possible using a traveling light pointer.”®
A dichroic mirror reflecting wavelengths below 550 nm is placed between the semi-
conductor and the incoming light, so that the supra band gap red radiation (625 or
730 nm) can reach the electrode to address its conductivity, while any higher-energy
emission (Figure 2A) is reflected toward a complementary metal-oxide-semicon-
ductor (CMOS) camera. This setup can therefore operate with both front and back-
side electrode excitations (Figure 1D), with the latter being investigated here to
demonstrate a method of removing light exposure to the sample.

RESULTS AND DISCUSSION

ON-OFF Switch of Electrochemiluminescence by Light

Before attempting to localize the electrochemiluminescence of luminol in 2D, we
first sought to demonstrate the ON-OFF switch of the luminescence across the entire
macroscopic electrode surface. For this purpose, we illuminated the entire silicon-
electrolyte interface (~0.28 cm?). Luminol electrogenerated chemiluminescence is
generally reported for anodically biased metals.”' Because of difficulties in prevent-
ing anodic decomposition of non-oxide semiconductors,’” electrogenerated chem-
iluminescence has only been reported for silicon surfaces coated with a passivating
thin metallic layer.” However, while a protective metallic layer is an effective solution
to prevent substrate oxidation, its presence will eliminate any possibility of gaining
lateral resolution for a light-activated charge transfer process. On the contrary, Si-C-
bound monolayers of 1,8-nonadiyne molecules, effectively both prevent corrosion
of the silicon photoelectrode,”” as well as ensure negligible in-plane electrical con-
duction.?*** Representative optical measurements, such as those in Video S1, reveal
a stable electrochemiluminescence emission from low doped n-type silicon photo-
anodes under frontside illumination.

The choice of proceeding first by validating the experimental design under frontside

illumination was to ensure a maximum flow of holes to the reaction site, hence the
largest possible chemiluminescent output. Alternatively, using backside illumination
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Figure 1. Spatiotemporal Control of Electrochemiluminescence at a Macroscopic and
Unstructured Semiconductor Surface

(A) Band diagram of an illuminated n-type semiconductor under reverse bias (depletion).
Incident photons with energy greater than the band gap (red wavy arrows) create electron/holes
pairs (e /h"). The electric field present in the space charge layer (SCL) drives electrons to the
semiconductor bulk and holes to the liquid interface. Holes are captured by a luminol molecule to
yield a diazasemiquinone radical intermediate.

(B) Proposed mechanism for the photoinduced anodic electrogenerated chemiluminescence of
luminol. The monoanion of luminol is first oxidized to diazasemiquinone radical (i), which reacts
with superoxide radical in a cycloaddition reaction (ii), resulting in the formation of the excited state
3-aminophtalete*, which emits light upon relaxation (i and iv).

(C) Schematics depicting the monolayer chemistry and the spatiotemporal control of
electrochemiluminescence in either front (left) or backside (right) illumination mode.

(D) The 2D spatial modulation of the light beam addressing the conductivity of the silicon electrode
is accomplished by a micromirror array of ferroelectric liquid crystal elements on silicon (FLCoS).
Sequences of user-defined images (arrays 3.1 million of ON-OFF pixels) are projected on the
semiconductor substrate. Each element of the FLCoS micromirror can either change (ON pixels,
depicted in white) or leave unchanged (OFF pixels, depicted in black) the polarization of the light
reflected toward the semiconductor substrate. The presence of a polarizer beam splitter between
the FLCoS and the semiconductor creates an “ON pixels only” image on the latter. The incident red
image (730 nm or 625 nm) addresses in 2D a chemiluminescent blue (430 nm) emission. Emission
frames are collected by a CMOS camera.
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Figure 2. ON-OFF Switch of Electrochemiluminescence by Visible Light

(A) Electrogenerated chemiluminescence emission spectra of luminol obtained on a highly doped (HD) silicon electrode biased at +0.8 V (versus Ag/
AgCl, KClq.o).

(B and C) Electrochemical (B) current-voltage and (C) luminescence emission intensity-voltage curves. Data were recorded using either HD (black solid
line) or low doping (LD) silicon electrodes (red symbols).

(D and E) Effect of the incident light intensity (max, black; max/3.6, blue; max/5.1, magenta; max/8.5, green; 0, indigo) on the electrochemical current-
voltage (D) and luminescence emission intensity-voltage (E) curves obtained on LD electrodes.

(F and G) Representative amperometric (F) and light emission (G) traces demonstrating the ON-OFF switch of the luminol electrochemiluminescence under a
chopped light source addressing the silicon conductivity. The time decay, of both the current (F) and the light intensity (G), has a mass transport origin.
Experiments in (A-G) were performed using Si(111) electrodes modified with a protecting monolayer of 1,8-nonadiyne, and in the presence of 5.0 x 1072
M luminol, 1.0 x 10°'M potassium hydroxide, and 1% (v/v) H,O5. In (B-E) the voltage scan rate was 50 mV/s. The amperometric curves in (F) and (G) were
performed under a constant voltage of +0.2 V (versus Ag/AgCl, KCl,,) at constant light intensity. Substrate illumination of LD silicon is by means of a
frontside deep red radiation (730 nm). Experiments for the HD silicon were performed under dark conditions.

and therefore forcing a longer diffusion path for photogenerated holes, would have
led to a loss of oxidative power (vide infra). Furthermore, changes to the intensity of
the incident illumination were expected not only to affect the luminescence intensity
but also the voltage required to generate it. The electrogenerated chemilumines-
cence of luminol on metals or “metallic” highly doped semiconductors requires rela-
tively large positive voltages (>0.4 V; black solid lines in Figures 2B and 2C) buton a
low doped semiconductor extra oxidative power is supplied by the incident photons
(Figure 1A). The result is that on depleted and illuminated n-type Si light emission is
triggered at a record low voltage of —0.2 V (Figures 2B and 2C, red dotted line). The
advantage of using photoelectrochemistry at silicon to trigger a chemiluminescent
reaction at contrathermodynamic voltages has also been recently reported for the
oxidation of [Ru(byp)s]**.” We remark that in absence of an externally applied poten-
tial there is no luminescence emission.

In more details, Figures 2D and 2E show the influence of both light intensity and bias
on electrochemical currents and luminescence emission. As the intensity of the inci-
dent red light increases, the open circuit voltage shifts to less anodic values, in pro-
portion to the logarithm of Io/(lg + I), where lg and ||_are the reverse-saturation diode
current and the photogenerated current, respectively.”® The contrathermodynamic
shift observed for the onset of luminescence parallels the shift of the system open
circuit voltage, and, as the incident light intensity increases, the 430 nm emission
is observed under less anodic voltages. It can also be inferred from the current-
voltage and emission intensity-voltage data in Figures 2D and 2E that both oxidation
rates and electrochemiluminescence intensities reach a plateau when the incident

4 Cell Reports Physical Science 1, 100107, July 22, 2020



Cell Reports

Physical Science
A B C
800 pm
e -
||
D E F

Figure 3. Spatial Resolution of Electrochemiluminescence

200 ym 80 um
—_— - —_— -
] ]
%
g
]

¢ CellP’ress

oIl T .-

(A-F) By projecting user-defined images, luminol oxidation and its electrogenerated electrochemiluminescence are spatially confined on a silicon

photoanode. (A)-(C) show the shape of the supra band gap light (730 nm) reaching the silicon-electrolyte interface, and (D)~(F) show the corresponding

false-color electrochemiluminescence intensity emission microscopy images. The intensity bar is in arbitrary units. The white ink labels specify the width

of the line-shaped illumination pattern. The substrate is low-doped n-type Si(111), modified with a protecting monolayer of 1,8-nonadiyne. A constant

voltage of +0.8 V (versus Ag/AgCl, KClg,,) is applied to the Si(111), while microscopy images are taken with a 200 ms exposure time. The electrolyte is
1.0x 107" M potassium hydroxide, with 5.0 x 1072 M luminol, and 1% (v/v) H,O,. Substrate illumination is by means of a frontside deep red radiation

(730 nm). Scale bars are T mm.

light is sufficiently low. This steady state is a kinetic effect arising when the current
across the interface is limited by the amount of photogenerated charge car-
riers.”>~?® When the light is turned off, there are only thermal carriers and the semi-
conductor substrate is of high resistance, and electrochemiluminescence is not
observed within the accessible voltage window (Figures 2D and 2E). Furthermore,
data in Figures 2F and 2G show how both the electrochemical current and the lumi-
nescence emission rapidly track the ON-OFF switching of the light stimulus. The
decay in both current and light emission over time has a mass transport origin.
The electrochemiluminescence output is stable over time; see Video S1.

Confinement of Electrochemiluminescence by Spatial Light Modulation

After proving the ON-OFF switch of the luminol electrochemiluminescence by
means of modulating in time the incident light, we proceeded to investigate the pos-
sibility of confining the emission only to a discrete illuminated area, specifically
trying to define to what extent electrochemiluminescence can follow a static, or dy-
namic, illumination pattern. Examples of static illumination patterns are shown in
Figures 3A-3C, while Figures 3D-3F are the corresponding false-color intensity
luminescence emission microscopy images. The images in Figures 3D-3F show
that luminol reactivity, hence its light-output, can be confined to selected areas.

Cell Reports Physical Science 1, 100107, July 22, 2020 5
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This is exemplified by projecting line-shaped red light patterns (730 nm) of specific
widths (80-800 um) on the frontside of depleted low doped n-type Si electrodes.

Although it is evident that electrochemiluminescence is generally emitted in corre-
spondence of the illuminated area, the match is not perfect. The 2D luminescence
profiles are generally broader than the projected images, an effect most likely due
to the lateral diffusion of photogenerated carriers. This loss of resolution is not sur-
prising since the minority carriers diffusion length in crystalline silicon is several mi-
crometers.”” In an attempt to improve spatial resolution, we replaced crystalline with
amorphous silicon, the latter having a carrier diffusion length of only few nanome-
ters.”® We followed the same passivating procedure applied to the hydrogen-termi-
nated crystalline substrates and modified the amorphous silicon layer with a protec-
tive 1,8-nonadiyne monolayer. Surprisingly, although the electrochemical oxidation
of luminol can still be turned ON and OFF by intermittently illuminating the whole
amorphous silicon surface (current-potential responses in Figure S1A), we could
not detect any electrochemiluminescence emission with a CMOS camera (Fig-
ure S1B). We speculate that this may be due to the relatively low electrochemical
signal in amorphous silicon (anodic currents were ~2 orders of magnitude lower
than in crystalline Si), which is a result of its high recombination rates. At present,
there is therefore evidence of a trade-off between the 2D resolution and the intensity
of the emission.

Another feature of the emission micrographs in Figures 3D-3F is that the center of
the reaction cell appears consistently to emit brighter luminescence. This is probably
an aberration effect due to the field-curvature of the lenses focusing the incident red
light. Round spots of low luminescence can also be observed (Figure 3D), which are
likely to be sites where oxygen gas bubbles are liberated from hydrogen peroxide
decomposition.

Spatiotemporal Control of Electrochemiluminescence by Light

The spatial confinement of electrochemiluminescence, demonstrated in Figure 3,
makes it possible to address an up-converted emission, from 730 to 430 nm, at
any arbitrary electrode location, and potentially at any given time. The latter
feature—time resolution—is shown in Figure 4, where 200 pm wide red light squares
are projected in rapid sequence (600 ms) at random x-y locations (Figure 4A) across a
macroscopic and unstructured Si electrode. The corresponding optical outputs,
shown in Figure 4B, are a proof of principle of a spatiotemporally resolved electro-
chemiluminescence emission achieved over an electrode that has a single peripheral
electrical connection to its voltage source. The temporal resolution is limited by the
exposure-time needed to detect the emission, and in our setup this sampling limit
was 250 ms (see Figure S2). The high spatiotemporal control of our spatial light
modulator design may be of relevance in applications such microscopy, where the

study of dynamic biological processes requires a large x-y speed and resolution.*'+*?

Furthermore, as shown in Figure 4 for the sequential illumination of non-adjacent
areas, speed constrains generally imposed by a raster scan, such as when mechan-
ical moving probes are involved,”®* are completely removed by our spatial light
modulation concept. This could allow the observation of processes separated in
space but occurring simultaneously, for example, mapping diffusion fronts in viscous
electrolytes and/or over rough substrates, which is outside the reach of current redox
imaging techniques such as those based on scanning probes.*** Nevertheless, if
required, a raster-type scan of the sample, as well as the projection of any arbitrary
moving shape, can still be implemented (Videos S2, S3, and S4).
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Figure 4. Spatiotemporally Resolved Electrochemiluminescence Emission

(A) A dynamic red-light pattern (730 nm, squares with side of 200 um) illuminates sequentially
specific areas of a macroscopic silicon-electrolyte interface. The electrode is n-type Si(111) of low
doping, modified with a protecting monolayer of 1,8-nonadiyne and biased into depletion. The
dashed white circles indicate the limit of the interface.

(B) Video frames (false-color intensity, intensity bar is in arbitrary units) showing the 2D mapping of
the electrogenerated chemiluminescence emission. The video frame time stamp is specified at the
top-left corner of each panel. Electroluminescence images were recorded with an exposure time of
600 ms, such to match the frame rate of the projected dynamic pattern. A constant voltage of +0.8 V
(versus Ag/AgCl, KCls,,) is applied to the silicon electrode during the experiment. The electrolytic
solution contained 1.0 x 107" M potassium hydroxide, 5.0 X 1072 M luminol, and 1% (v/v) H,0.
Substrate illumination is by means of a frontside deep red radiation (730 nm). Scale bars are 1 mm.

Spatiotemporal Control of Electrochemiluminescence under Dark Conditions
The above experiments prove the spatiotemporal control of electrochemiluminescence
by using a frontside illumination to generate photocarriers in silicon (Figure 1C). As dis-
cussed above, illumination of the silicon-electrolyte interface was for having charge car-
riers trapped by luminol as soon as generated. This arrangement limits lateral hole diffu-
sion, hence theoretically giving higher emissions and better resolutions. However, the
possibility of using backside illumination, that is, from the silicon side not in contact
with the solution (Figure 1C, right), is attractive if dealing with photosensitive samples.
It removes light exposure, and avoids nonspecific signals, major challenges encoun-
tered in fluorescence microscopy. To ensure a completely dark wet side, we used an
incident light with wavelength of 625 nm, which has a penetration depth around 5 um
in crystalline silicon,®” ~1/20 of the thickness of our wafers.

Cell Reports Physical Science 1, 100107, July 22, 2020 7
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Figure 5. Spatially Resolved Electrochemiluminescence Guided on a Si Photoanode under Effectively Dark Conditions

(A-C) False-color intensity electrochemiluminescence emission maps as a function of the substrate thickness (130 um, 100 um and 70 um, respectively),
recorded with an exposure time of 500 ms. Intensity bar is in arbitrary units. A constant voltage of +0.8 V (versus Ag/AgCl, KCl,,,) was applied to the Si
electrodes during the experiments. The red light (625 nm) images projected on the backside of the electrode are lines 800 pm in width and are depicted
to scale (horizontal direction) above of each emission image. The electrodes, low doped n-type Si(100) substrates, were thinned by etching in 30%
potassium hydroxide and modified with a monolayer of 1,8-nonadiyne. The electrolytic solution contained 1.0 x 10" M potassium hydroxide, 5.0 x
1072 M luminol, and 1% (v/v) H,0,.

(D-F) Optical micrographs of the substrate cross-section showing the thickness of the electrodes in (A)-(C), respectively. Scale bars in (A)-(C) are T mm.

A first challenge when using backside illumination to assist a photoelectrochemical
reaction is to minimize the loss of photogenerated carriers during their diffusion from
the generation site to the wet interface. Carriers diffuse isotropically in the bulk of
the electrode before reaching the space-charge layer near the semiconductor-liquid
interface.®® Therefore, the extent to which the chemiluminescence can match the ge-
ometry of the light stimulus may depend inversely on substrate thickness. For
instance, we could not detect any emission when using 500 pum thick silicon wafers.
Substrates below 200 pm started showing chemiluminescence, but the 2D chemilu-
minescence localization was only observed for even thinner substrates. Figure 5A
shows an electrochemiluminescence emission image obtained by projecting a
“line” pattern on the backside of a 130 um thick substrate. The spatial resolution
is significantly poorer than when using frontside illumination, but when the substrate
is thinned further (100 and 70 um, Figures 5B and 5C, respectively) the optical output
becomes a better match of the excitation light pattern that is projected on the dry
backside of the electrode.

We have developed the spatiotemporal control of electrochemiluminescence on
single crystal silicon wafers. The electrochemiluminescence of luminol was guided
in 2D and time by using visible light to generate transient arrays of microscopic elec-
tron-sink sites on an unstructured macroscopic silicon electrode. A ferroelectric mi-
cromirror spatial light modulator enables creating dynamic or static illumination pat-
terns with high temporal resolution and absolute geometric flexibility. For instance,
sequential illumination of non-adjacent electrode areas removes the speed con-
strains generally imposed by a raster scan, such as when mechanical moving probes
are involved. This photoelectrocatalytic system on silicon shows onset of electrogen-
erated chemiluminescence at an unprecedented low anodic voltage, as well as up-
conversion from red to blue of the excitation wavelength. It opens up new prospects

8 Cell Reports Physical Science 1, 100107, July 22, 2020
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in optical microscopy, with some specific advantages over fluorescence. Specifically,
contrary to fluorescence, a light stimulus can address electrochemiluminescence of a
sample hitting the electrode backside (air-solid interface) ensuring the electrode-
liquid interface remains under complete dark conditions. This can be advantageous
for photosensitive samples, as well as removing nonspecific signals, two of the main
drawbacks of fluorescence dyes.

EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the lead contact, Simone Ciampi (simone.ciampi@curtin.
edu.au).

Materials Availability
This study did not generate new unique reagents.

Data and Code Availability
This study did not generate any unpublished custom code.

Chemicals and Materials

Unless specified otherwise, all chemicals were of analytical grade and used as
received. Sulfuric acid (H,SOy, Puriss, 95%-97%, Honeywell Fluka), hydrogen
peroxide (H,O,, MOS Puranal, 30%, Sigma Aldrich), gallium-indium eutectic
(99.99%, Sigma Aldrich) 1,8-nonadiyne (98%, Sigma Aldrich), luminol (97%, Sigma
Aldrich), 2-propanol (99.5%, Ajax Finichem), and sodium hydroxide (95%, Ajax Fin-
ichem) were of analytical grade and used as received. Dichloromethane was distilled
before use. Milli-Q water (>18 MQ cm) was used for surface cleaning and for prepar-
ing solutions. Prime-grade, single-side-polished silicon wafers were purchased from
Siltronix, S.A.S. (Archamps, France), and unless otherwise specified they were
500 pm thick. Wafers were either (111)-oriented (£0.5°) of p-type (boron-doped,
0.007-0.013 Q cm in resistivity), referred as highly doped (HD) or (100)- and (111)-ori-
ented (+0.5°), n-type (phosphorous-doped, 7-13 Q), referred as low doped (LD).

Preparation of the Amorphous Silicon Substrates

Amorphous silicon films (1 pm thick) were grown by plasma-enhanced chemical va-
por deposition on Si(100) wafers (n-type, boron-doped, and 0.001-0.003 Q cm).
Prior to deposition of the amorphous silicon layer, the Si(100) substrates were
cleaned in an ozone chamber, immersed for 3 min in 3% aqueous hydrofluoric
acid solutions, and then blown dried under a flow of nitrogen gas.

Surface Functionalization

All silicon samples were functionalized with monolayers of 1-8 nonadiyne by a UV-
assisted hydrosilylation reaction, according to a previously reported procedure.*®
In brief, silicon wafers were cut into 1 X 1 cm samples, cleaned with dichlorome-
thane, 2-propanol and water, and then immersed in a hot Piranha solution (100°C,
1:3 H,02:H,S04,) for 20 min. Samples were then rinsed thoroughly with Milli-Q water
before being etched for 10 min in a deoxygenated 40% wt aqueous NH4F solution.
Hydrogen-terminated silicon samples were then rinsed with water and dichlorome-
thane and then blown dry under an argon gas stream. Samples were then immedi-
ately placed on a glass slide with their polished side facing upward. A small amount
(~50 pl) of deoxygenated 1,8-nonadiyne was dropped on the silicon sample. A
quartz slide was placed on the sample to limit the diyne evaporation. The
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hydrosilylation reaction (2 h) was carried out at room temperature, under argon, with
the silicon sample kept ~200 mm away from the UV source (Vilber, model VL-215.M,
312 nm, and nominal power output of 30 W). The monolayer-modified samples were
then rinsed thoroughly with dichloromethane before analysis.

Chemical Micromachining of the Silicon Electrodes

Prior to the surface functionalization (previous section), the thickness of samples
used in backside illumination experiments was reduced below 200 um by chemical
etching in potassium hydroxide aqueous solutions (30% [v/v]). Thin samples were
required in backside illumination in order to improve the spatial resolution of the
electrochemiluminescent output. Single-side-polished Si(100), n-type (phospho-
rous-doped, 7-13 Q), 200 um thick wafers were cut into pieces of 1 X 1 cm and
placed in a polytetrafluoroethylene etching cell, with the unpolished side contacting
the etching solution. Samples were kept in the etching bath, set to 40°C, for either
16, 20, or 26 h, to yield, respectively, 130, 100, and 70 um thick wafers. The exact
thickness of each sample was measured with an optical microscope.

Spectroelectrochemistry

Spectral information cannot be unambiguously extracted from the RGB channels of a
CMOS camera. Luminol emission spectra (e.g., Figure 2A) were therefore recorded
on a Cary Eclipse Fluorescence spectrophotometer, with the Si(111) HD surfaces as
the working electrode, a platinum wire as the counter electrode, and a Ag/AgCI/KCl
(sat.) as the reference electrode. All electrochemical measurements were performed
using a potentiostat from PalmSens BV (EmStat3).

Electrochemiluminescence Characterization and Mapping

The electrochemiluminescence emission intensity of the silicon electrodes was re-
corded and mapped using a CMOS camera (CS235CU, Thorlabs) and analyzed
from the RGB channels in ImageJ. Experiments were performed in a three-electrode
electrochemical cell (Figure S3) with an Ag/AgCl (sat. KCIl) as the reference elec-
trode, an ITO slide (ITO on glass, 8-12 Q/sq., Delta Technologies) as the counter
electrode and the silicon substrates as the working electrode. All potentials are re-
ported versus the reference electrode. The backside of the silicon substrate was
pressed against a copper plate and ohmic contact was ensured by applying a small
amount of gallium-indium eutectic between the silicon and the copper plate. A small
hole (e 6 mm) in the center of the plate allowed for the excitation light to reach the
silicon backside. All electrochemical measurements were performed using an
EmStat3 potentiostat. The spatiotemporal resolution of the electrochemilumines-
cence emission was attained using a microprojection system to localize the incident
light on the silicon substrate (Figure 1D and Figure S4). This illumination system is
built around a ferroelectric liquid crystal on silicon (FLCoS) spatial light modulator
(QXGA-3DM, Forth Dimension Displays, 3.1 MPixel), as schematized in Figure 1D.
A deep red LED (730 nm, M730L5, Thorlabs, nominal power 680 mW) was used as
the light source for experiments with frontside (silicon-electrolyte interface) illumina-
tion. For experiments under backside illumination (air-silicon interface) a red LED
(625 nm, M625L3, Thorlabs, nominal power 770 mW) was used. The LED light was
collimated and s-polarized (LPVISC100, Thorlabs) before hitting the FLCoS micro-
mirror. Depending on the ON-OFF status of each pixel of the micromirror, the polar-
ization remained either unchanged (OFF pixels) or was converted to p-polarized (ON
pixels). The s polarization was reflected and lost, while the p polarization was allowed
to pass through a beam splitter (CM1-PBS251, Throlabs, for backside illumination
and CCM1-PBS252, Thorlabs, for frontside illumination) and focused (AF-S NIKKOR,
Nikon, 50 mm, f/1.8G) either on the semiconductor-electrolyte or air-semiconductor
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interfaces. The electrochemiluminescence emission was reflected by a dichroic
mirror toward the CMOS camera, after passing through a focusing lens
(MVL50M23, Thorlabs, 50 mm, f/2.8). The experimental setup varied slightly de-
pending on the illumination side (frontside versus backside, Figure 1D). All experi-
ments were performed inside a light-proof Faraday cage. Backside experiments
were performed using Si(100) electrodes, while Si(111) was used for the frontside
experiments.

The projected images were uploaded as bitmap files to the QXGA-3DM PCB. The
bitmap files were generated in MATLAB. The specific sequence and projecting
time of the images were specified by the QXGA-3DM user interface.
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