Solar Energy Materials & Solar Cells 246 (2022) 111917

=0 -
Solar Energy Materials
and Solar Cells

Contents lists available at ScienceDirect

Solar Energy Materials and Solar Cells

journal homepage: www.elsevier.com/locate/solmat

Photovoltaic photographs S|
Jeroen Hustings ?, Nico Fransaert ?, Kristof Vrancken ”, Rob Cornelissen ?, Roland Valcke ¢,
Jean V. Manca "

a UHasselt, X-LAB, Agoralaan D, Diepenbeek, 3590, Limburg, Belgium
Y LUCA, School of Arts, C-Mine 5, Genk, 3600, Limburg, Belgium
¢ UHasselt, Molecular and Physical Plant Physiology, Agoralaan D, Diepenbeek, 3590, Limburg, Belgium

ARTICLE INFO ABSTRACT

Keywords: In the field of photovoltaics (PV), an important trend is to increase the aesthetic and creative design aspects
Patterned solar cells of solar cells towards more attractive and customized devices for integration in for instance architecture,
Dye-sensitized solar cells e.g. building integrated photovoltaics (BIPV). Here we introduce the concept of “photovoltaic photographs”,

Building-integrated photovoltaics

A defined as semi-transparent solar cells (STSC) that are treated with a light-induced process to integrate an image
Photographic process

in the photoactive layer, allowing creative applications such as photovoltaic photographs, paintings, posters,
etc. Contrary to previously reported patterning processes used in emerging photovoltaics such as inkjet printing
or methods where patterned transparent foils are assembled on top of the solar cells, the approach proposed
here to obtain a patterned 2D-photoactive layer, is by using a direct photo-induced patterning process based
on photobleaching of chromophores. Proof-of-principle demonstrators have been realized using dye-sensitized
solar cells and the obtained insights can open the way to the exploration of combining this concept with other
PV technologies.

1. Introduction Si:H) solar cells [2] and emerging technologies such as OPVs, PSCs
and DSSCs [3,4] — and the use of active materials with low absorption

In the field of photovoltaics (PV), an important trend is to increase in the visible range [5,6]. Alternatively, transparency can be achieved
the aesthetic and creative design aspects of solar cells towards more by creating gaps between the active material, e.g by laser scribing

attractive and customized devices for integration in for instance ar-
chitecture (e.g. building integrated photovoltaics BIPV) and cars (i.e.
automobile integrated photovoltaics AIPV) [1]. Recent evolutions in
this domain are situated in all classes of PV, from conventional silicon
technology to emerging PV such as organic solar cells (OPV), dye-
sensitized solar cells (DSSC) and perovskite solar cells (PSC). The latter
technologies provide additional degrees of design freedom, as they can

patterns [7], mesh-assisted self-assembly [8], or by replacement of
uniform films by micro-holes [2] or “islands” of active material—as
has been demonstrated with neutral-color semi-transparent perovskite
solar cells [9]. Color-tuning often involves the use of colored elec-
trodes [7,10] or the introduction of additional reflecting layers such
as one-dimensional photonic crystals and light coupling layers [3,10].

be processed by wet deposition techniques and allow the realization Of course, the chemical composition of the active material influences
of semi-transparent solar cells (STSC) and the use of various colors. In the color of OPVs and PSCs [2,10-12], and “color-tinting” has been
the following paragraphs, a brief overview is provided of the current realized by adding a dye to the hole transporting medium of initially
state-of-the-art in relation to colored and patterned solar cells. neutral-colored PSCs [9]. In DSSCs, the light absorbing dye is the

In STSCs, patterns correspond to a controlled spatial variation of vital component regarding color [13] — and optical properties can be
device transparency and color, both of which are primarily related to tuned with quantum dot size in so-called quantum-dot-sensitized solar

compositional and structural properties of the active layer and the elec-
trodes. Since photovoltaic power generation requires the absorption of
light, STSCs are burdened with an intrinsic trade-off between efficiency
and transparency.

General strategies to build STSCs include the use of ultrathin active
layers — which is applicable to both hydrogenated amorphous Si (a-

cells [14,15] - but the color and transparency of the electrolyte also
influences the appearance of the final device [16].

Much research has been dedicated to the development of top elec-
trodes that are both highly conductive and semi-transparent. Con-
ventional metal film top electrodes are usually reflective, but trans-
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parency can be achieved by making the films ultrathin [17,18]—
however, the trade-off in conductivity is generally considered non-
profitable [10]. Therefore, conventional metal films are routinely re-
placed by silver nanowires in OPVs and PSCs, except in DSSCs where
the liquid electrolyte causes poor stability of the nanowires [3,10].
Non-metal high performance transparent electrodes have been devel-
oped - ranging from transparent conductive oxides [19,20] to con-
ducting polymers [21,22] and carbon materials [23-26] — with a focus
on stability and processability [2,10]. When considering aesthetic and
BIPV applications, additional aspects such as color-neutrality become
important.

One way to achieve colored solar cells is by the application of color
coatings. This method is used on black solar cells, e.g. a-Si, to raise
their aesthetic value [27]. Besides covering PVs with semi-transparent
foils or printing a pixelated pattern on the outer glass [28], the most
straightforward way of displaying patterns with PVs is by connecting
conventional solar cells in an arrangement, which is exemplified by
the mosaic module concept based on metal-wrap-though cells [29];
however, with this approach, the sub-cells are opaque and their size
limits the resolution. More flexible single-cell patterning methods are
searched for in the fields of semi-transparent dye-sensitized, organic
and perovskite solar cells. A recent study regarding DSSC anodes
stained by inkjet printing demonstrated multi-colored solar cells with
tailored transparency [30], and monochrome logos and images have
been inkjet-printed using perovskite precursor ink [31]. Moreover,
precise removal of materials by computer-controlled non-thermal laser
ablation allowed for manipulation of transparency and aesthetic pattern
design in PSCs [32].

Although research on DSSCs has grown significantly over the last
two decades, performance — lab record efficiency of 12.25% [33] — and
stability restrictions are at present the main obstacles to compete with
conventional silicon solar cells, which dominate the PV market [34,
35]. However, DSSCs offer differentiating intrinsic properties, which
could lead to creative niche applications beyond the reach of silicon
solar cells. As with OPVs and PSCs [36,37], DSSCs can be fabricated
into flexible, semi-transparent modules available in wide color ranges
at low production costs [34,38], which are appealing features for
aesthetic purposes. The colored sensitizers used in DSSCs are mainly
synthetic dyes, usually transition metal complex based compounds or
organic dyes [39,40]. Alternatives are natural dyes (e.g. chlorophylls,
anthocyanins, carotenoids,..) whose popularity originates from their
relative abundance, large absorption in the visible spectrum, ease of
preparation, cost effectiveness and eco-friendliness [40,41], but in
general suffer from low efficiency and stability issues compared to their
synthetic substitutes.

The semi-transparent character and ease of color implementation
place DSSCs on the forefront of BIPV and AIPV [1]. One such example
is the development of smart windows in zero energy buildings [38,42],
with large-scale installations having been introduced over a decade
ago [43] and successful long-term outdoor testing supporting the con-
cept [44]. Recent works discussing the use of semi-transparent DSSCs as
PV windows are reviewed elsewhere [45,46]. These PV glass modules
do not only produce electricity, but also provide a wide variety of solar
shading, which is made possible through the color tuning ability of
these devices [47]. BIPVs also affect the image of our cities by providing
buildings with an attractive and environmentally-friendly appearance.
Specifically, when applied in large quantities, they contribute to the
reduction of carbon emissions, while at the same time servicing an
aesthetic or shading purpose.

It is clear that significant progress has been made in the realiza-
tion of uniform colored photovoltaic films, with however only limited
attention to patterned devices, e.g. through inkjet-printing or add-on
transparent printed patterns. In the evolution towards more aesthetical
solar cells, here the proposed innovation consists of integrating an im-
age (photographs, paintings, geometric and graphical patterns, text,..)
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with photo-active functionality into the STSC using a direct photo-
induced patterning process. Key advantages of this approach include:
(1) preparation time is independent of size, (2) patterning process is
compatible with the traditional production process, (3) no external,
fragile foil is needed, (4) high-resolution patterning is possible, and (5)
this methodology could possibly be applied to various classes of solar
cells, specifically technology based on photosensitive absorbing layers
that are prone to bleaching (e.g OPV and PSC [48-50]).

As a proof-of-principle for the concept of photovoltaic photographs,
demonstrators (up to 9 x 9 cm?) have been realized using DSSCs,
due to ease of fabrication and broad variety of available colors. In
the following sections the photo-induced patterning process and the
preparation and results of photovoltaic photographs will be presented.
The ultimate goal of this endeavor is the introduction of photovoltaic
photographs as a potential novel route to enhance the aesthetical and
design possibilities for a variety of PV technologies.

2. Materials and methods
2.1. Direct photo-induced patterning of 2D-photoactive layer

The approach proposed here to obtain a patterned 2D-photoactive
layer is by using a direct photo-induced patterning process, i.e. one-
step photolithography in the presence of oxygen to induce selective
photobleaching in the photoactive layer of organic-based solar cells.
The method differs from traditional photolithography as employed in
for instance semiconductor industry, as here no sacrificial resist film is
needed, and no additional etching steps or chemical removal steps are
required.

The approach to pattern the photoactive layer of organic-based solar
cells to realize photovoltaic photographs is inspired by the anthotype
photographic process; an ancient photographic method of transferring
images from a transparency film to a sheet of paper (see Fig. 1). This
invention can be attributed to Sir John Herschel (1792-1871) [51,52].
An anthotype photograph starts out as a sheet of paper dyed with a
pigment extracted from mostly natural sources, such as berries, leaves,
petals, ...A mask containing the desired image is placed over the
dyed sheet, whereafter the assembly is left exposed to sunlight. This
process will cause the underlying sheet to bleach in areas that are
exposed to the light, while covered areas remain dark. The result is a
monochromatic photograph of the image from the mask. Depending on
the type of dye, the anthotype process can take from a couple of hours
to a few days to develop. Recently, the anthotype technique has been
rediscovered in several domains; for instance, for producing motifs on
textile [53] and in the artistic work of experimental photographers such
as co-author K. Vrancken [54].

2.2. Preparation of proof-of-principle photovoltaic photographs using DSSCs

The proposed procedure towards DSSC-based photovoltaic pho-
tographs using light-induced processes consists of the following general
steps: first, the TiO, anode is dyed with a synthetic or natural dye. A
transparent sheet (mask) containing the desired image is placed over
the dyed electrode, and the assembly is exposed to a light source (see
Fig. 2). The result is a monochromatic photograph that looks like the
original image. For this process, the underlying photoanode will bleach
in areas that are exposed to light, while covered areas remain dark.

By following this procedure we realized several proof-of-principle
photovoltaic photographs based on different colors, offering a renew-
able energy source while servicing an aesthetic purpose. A detailed
description of the fabrication process is discussed in the following
paragraphs.

2.3. Materials

Experiments were done using two different types and sizes of anode
material. Both types of DSSCs were built using pre-sintered titania
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Fig. 1. (A) Schematic setup for anthotype photography — an early method of transferring images from a transparent to a sheet of paper — to selectively bleach a dye in the
presence of light and oxygen; (B) example of an anthotype photograph by K. Vrancken based on the photobleaching of anthocyanin dye [54].
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Fig. 2. The production process of photovoltaic photographs: after the procedure of staining of the anode, and before the sealing of the cell, the photoanode is selectively bleached

by use of a mask.

photoanodes (Solaronix, Switzerland). In the case of small-scale tests,
the FTO (TCO22-7) coated glass plates had an active area of 6 x 6 mm?
consisting of a multi-layer TiO, architecture of transparent Ti-Nanoxide
T/SP covered by a reflective layer of Ti-Nanoxide R/SP. These cells
are referred to as the test cells. The anodes of the larger demonstrator
cells comprise an active area of 9 X 9 cm? and had the same trans-
parent conducting FTO (TCO22-7) coating with only the Ti-Nanoxide
T/SP layer. All anode materials as well as platinized cathodes and
electrolyte solution (Iodolyte AN-50) were purchased from Solaronix
(Switzerland).

2.4. Dye solution preparation

Anthocyanin pigments were extracted from black rice (Oryza sativa
L. indica). The chemical structure of anthocyanins is depicted in Fig. 4.
Cyanidin-3-O-glucoside and peonidin-3-O-glucoside are the two major
anthocyanins found in black rice [55]. The hydroxyl and methoxy
functional groups are known to bind well to the titania surface of the
photoanode [40,41,56]. A solution was prepared by soaking 500 g of
dry black rice in 500 ml 96% ethanol (Sigma-Aldrich) at 55 °C in a
heat bath. After 5 h, the mixture was vacuum-filtered using filter paper
type MN 640 m (Macherey-Nagel, Germany). The filtration ensured
the removal of undissolved organic material that would otherwise
contaminate the device. The dye solution was kept in an airtight bottle
and stored in a dark environment at room temperature.

Ruthenizer 535-bisTBA, more commonly known as N719 (Solaronix,
Switzerland), was dissolved in a solution of 3 x 107 M in 96% ethanol
for a couple of hours, resulting in a dark red solution. The solution was
stored airtight in a dark environment to prevent degradation. Prior to
usage, the quality of the solution was verified by checking for brown
discoloration which would indicate oxidation of the pigment [57].

2.5. Cell assembly

Assembly of the test cells was done following the procedure doc-
umented in Ref. Martineau et al. [57]. In order to reactivate the
photoanodes they were re-fired for 15 min at 450 °C before cooling
to 60 °C, at which point the cells were placed in the staining solution.
After staining for 6 h, the photoanodes were rinsed with ethanol and
dried with pressurized air. The platinized electrodes were also re-fired
for 15 min at 450 °C. The cells were assembled using a Meltonix sealing
gasket placed between the photoanode and the cathode while applying
heat and pressure. The electrolyte was injected through a hole in the
platinized electrode, whereupon the cells were sealed by means of
Meltonix sealing film and a glass cap. All Meltonix sealing products
were obtained from Solaronix (Switzerland). Lastly, silver paste was
applied to the electrodes to enhance charge collection and enable a low
contact resistance.
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2.6. Details on the bleaching procedure

The selective bleaching of the photoanodes took place immediately
after staining. Bleaching experiments were performed using a solar
simulator: a Xenon arc lamp Model 6690 (Thermo Oriel, USA). Stained
anodes were either fully covered (kept in dark), not covered or partly
covered. In the case of the latter, masks were made from optically
thick sticker material fixed to microscope slides. These masks have
an 11.4 mm? area cut-out depicting an X at their center. They are
placed between the light source and the anodes, with the titania facing
away from the light, i.e. with the same light path direction as during
the operation of a finished solar cell. Anoxygenic experiments were
conducted by performing the bleaching step in an airtight chamber
filled with N, gas during illumination. The windows of these chambers
were made of the same type of glass that the masks were made out of.
They were (besides atmospheric gas) the only optical obstacle between
the light source and the anodes, guaranteeing identical light paths to
those in the experiments that were performed in air. The input power
of the light source was set to 150 W, resulting in an irradiance of 6
kW/m? at the distance of the anodes. The test cells were bleached
by exposing them for 18 h in the case for anthocyanin. Due to its
superior photostability, N719 required an exposure time of 22 h. A
black background was utilized to prevent undesired light scattering.
The R3L3S1N negative USAF1951 test chart (Thorlabs, USA) was used
as a mask to obtain the resolution of the imaging technique. These
resolution tests were captured using a Dino-Lite Digital Microscope
Premier AM4113ZT(R4).

2.7. Demonstrator cells

Preparation of the demonstrator cells proceeded in a similar man-
ner, the only notable difference being the larger photoactive area and
only containing the Ti-Nanoxide T/SP layer on the anode, resulting
in a semi-transparent solar cell. The photoanodes were subsequently
stained by soaking in a dye solution bath for at least 20 h. Images were
transferred to demonstrator cells by placing transparencies, printed by
a common inkjet printer, between the cells and the light source, after
which the cells were bleached for 7.5 h (anthocyanin) or 23 h (N719).

2.8. IV measurements

IV measurements were recorded using a Keithley 2602 A source
meter. Three devices of each type of test cell were fabricated (fully cov-
ered, partly covered and not covered). The full active area of 6x6 mm?
of the cells was illuminated under an AM1.5G irradiance simulated
solar light from a class A solar simulator by Abet Technologies. The
light source was calibrated by a reference c-Si solar cell certified by
ISE Fraunhofer to guarantee a total incident power of 1000 W/m?. A
voltage sweep was taken from —0.20 V to 0.70 V at 0.01 V intervals.
Due to inherent diffusion mechanisms in a dye-sensitized solar cell,
prior light soaking up to 1 min was needed to reach a maximum current
output [58]. Measurements were performed in a temperature controlled
lab at 21 °C.

3. Results and discussion
3.1. Photo-induced patterning on small-scale cells

Two dyes were explored to prepare photovoltaic photographs using
DSSC devices: anthocyanins — natural pigments extracted from plants
- and a common ruthenium based dye, known as N719. The effects
of bleaching the two dyes are studied both by visual inspection and
by IV characterization of the finished DSSCs. These experiments were
performed on small-scale cells with a photoactive area of 6 x 6 mm?
(see the Materials and methods section for details on the fabrication of
the devices).

Solar Energy Materials and Solar Cells 246 (2022) 111917

3.1.1. The effect of light and oxygen on pigment bleaching

Fig. 3 depicts photographs of finished cells made using anthocyanin
and N719 dyes after exposure to light during the fabrication process.
Here we make the distinction between three cases: one set of cells
was immediately covered after staining to ensure a dark environment,
another set got completely exposed to light, and a third set of cells got
partly covered by means of a mask containing an X-imprint (detailed
description in the Materials and methods section). The top rows depict
the effect of photobleaching in air, while the cells in the bottom rows
were placed in a chamber in N, atmosphere during exposure. In the
presence of O,, anthocyanins are strongly affected by light; there is a
clear visual contrast between areas of photoanode that were exposed to
light and areas that were covered. A comparison between the oxygenic
and anoxygenic environments demonstrates that O, plays a crucial role
in the degradation of the dye. As a side remark, we mention that the cell
with the X-imprint also shows signs of bleaching on the areas covered
by the mask, which is likely caused by scattered light.

In the case of N719, the bleaching effect is less pronounced. How-
ever, the cells yield a significantly higher photovoltaic output than
for the case of the anthocyanin dye. Either this pigment is more
photostable or there is no strong contrast in color intensity between the
pigment and its photobleached counterpart. Still, it remains possible
to transfer an image with this technique. The anodes that were kept
anoxygenic during the light exposure show no visual signs of bleaching.
Furthermore, there is a striking contrast between the covered anodes
with and without O,, suggesting that O, affects the pigment and that
bleaching occurs even though the cell is not illuminated.

From the analysis of these photo-patterned solar cells, it is clear
that the combination of light and O, drives the bleaching mechanism.
This finding provides tentative evidence for the production of reactive
oxygen species (ROS) during the bleaching process, as it is a known
mechanism for photobleaching in anthocyanins [59]. Yet, in the case
without O, presence, slight bleaching is also observed in the partly
covered cell as a faint imprint of the X. This might hint towards a
supplementary pathway of anoxygenic bleaching. However, residual
O, or leakage of the sample chamber could equally well explain this
effect. Further work should elucidate the exact nature of this bleaching
mechanism.

It is known that the principle of anthotype photography is based
on the mechanism of oxygenic photobleaching. Photo-induced degra-
dation of several organic dyes, e.g anthocyanins [59,60] can occur
due to reactive oxygen species (ROS) that are photosensitized in the
presence of light and O,. The presence of molecular oxygen reacting
with excited fluorophores can generate ROS, of which the production
of singlet oxygen (10,*) is the most important in many cases, reacting
rapidly with the exposed chemical groups in organic dyes [61]. Fig. 4
presents the tentative mechanism behind ROS photosensitization: when
the photosensitizer dye is excited to the S; state and when it exhibits
intersystem crossing to the T; state, it can either decay by phospho-
rescence emission or transfer the excitation energy to the ground-state
triplet oxygen (0,) to result in the formation of 10, *. This species can
emit phosphorescence in the near-IR region, but being highly reactive,
it is able to activate different photochemical processes, including the
irreversible photo-oxidation of the dye [60].

In the case of DSSCs, a different mechanism is generally proposed
for the production of ROS. When dye molecules, adsorbed on the
surface of TiO, nanoparticles, absorb light energy, they can inject
electrons into the conduction band of TiO,. This excitation triggers
the photocatalytic process by which adsorbed O, is converted to the
superoxide radical O,~ [62]. This species is scavenged by anthocyanin
molecules, resulting in photo-oxidative degradation of the dye. There
exist other intricate pathways by which the photocatalytic process
generates ROS, which are discussed in detail elsewhere [62,63].
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Fig. 4. (A) The generation of singlet oxygen '0,* by the photosensitization of anthocyanins in anthotype photography. (B) The mechanism behind ROS generation by the

photocatalytic process in dye-stained TiO, nanoparticles.

3.1.2. The effect of light and oxygen during fabrication on photovoltaic
performance

The IV curves are depicted in Fig. 3 for anthocyanin in air (B),
anthocyanin in N, (C), N719 in air (E) and N719 in N, (F). Table 1 lists
the average IV characteristics: short-circuit current J., open-circuit
voltage V., fill factor FF, and efficiency 5. Three cells were prepared
for each variant. Although this is insufficient for adequate statistical

analysis, we still can see the overall adverse effect of bleaching emerg-
ing in the IV characteristics. In all cases a drop in performance is
observed going from the covered to the not covered anodes. Focusing
on the tests performed in air, there is a confirmation of the visual
analysis as we notice a decrease in performance with increasing area
of bleached photoanode, especially considering J,, and #. This is to be
expected, since bleached pigments lose their ability to absorb light and
therefore cannot transfer any photoelectrons to the TiO,. Nonetheless,
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Table 1
IV Characteristics obtained for variants of DSSCs. Each result is the average of three
test cells, with the standard error on the last digit displayed between brackets.

Samples Jie v, FF n
[mA/cm?]  [V] [%]
Not sensitized 0.12 0.38 0.51 0.02
Anthocyanin in air, covered 0.49(3) 0.506(6)  0.69(1) 0.17(2)
Anthocyanin in N,, covered 0.62(2) 0.500(2) 0.727(3) 0.224(8)
Anthocyanin in air, partly covered  0.29(2) 0.478(4) 0.669(7) 0.091(6)
Anthocyanin in N,, partly covered  0.51(3) 0.497(5) 0.714(4) 0.18(1)
Anthocyanin in air, not covered 0.26(6) 0.449(8) 0.64(2) 0.08(2)
Anthocyanin in N,, not covered 0.43(2) 0.486(1) 0.694(3) 0.145(4)
N719 in air, covered 6.3(9) 0.64(1) 0.757(5)  3.1(5)
N719 in N,, covered 8(1) 0.636(8) 0.749(8) 3.9(6)
N719 in air, partly covered® 3.7(4) 0.607(6) 0.767(6) 1.7(2)
N719 in N,, partly covered 6.8(2) 0.619(2) 0.751(4) 3.15(9)
N719 in air, not covered 1.2(4) 0.55(1) 0.75(1) 0.5(2)
N719 in N,, not covered 4(1) 0.58(3) 0.737(8) 1.8(7)

aDue to a defective device the results of only two test samples were averaged to obtain
these values.

the partially bleached cells depicting an X still generate a significant
current. Likewise, a smaller, but significant drop in V,, is measured
for both dyes each time the proportion of exposed area increases. The
exact nature of this voltage drop is unknown at the moment. Likely
this originates from the loss of light absorption, hereby decreasing the
photo-generation current which causes a drop in voltage [64]. We also
observe that fully bleached cells perform better than cells that were not
sensitized, indicating that either some dye molecules stay intact after
bleaching or that the photodegraded reaction products retain some
photosensitizing functionality.

For best contrast of the X-imprint, the anodes should be exposed
to air during bleaching. Not surprisingly, these cells show a drop in
efficiency (46(7)% for anthocyanin and 45(11)% for N719) compared
to the covered cells. It should be noted that the loss in performance
depends on the image imprinted on the anode. A lighter image with
large bleached areas will for instance yield a lower photovoltaic output
than darker images, i.e. less bleached. This corresponds with the earlier
mentioned general drawback of patterned solar cells, i.e. the intrinsic
trade-off between efficiency and transparency. An important finding
is that once the cells are isolated from O,, the bleaching mechanism
is inhibited. This means that photobleaching of the pigments can be
suppressed by encapsulation, such that a finished cell can be exposed to
light without significant degradation. This creates a pathway for novel
applications such as the implementation of an intrinsic image into a
fully functional and stable DSSC.

3.2. Photo-induced bleaching allows images with high contrast and resolu-
tion

Following the proof-of-principle of our technique to transfer an
image onto a DSSC, one might ask what spatial resolution can be
reached. In the case of anthocyanin, the observation of cells bleached
under the USAF-1951 resolution test chart in Fig. 5 reveals a resolution
of 45.3 Ip/mm (Ip: linepairs), corresponding to a minimum linewidth of
11.05 pm. Considering N719, we observe that the contrast between the
bleached and the not-bleached areas is not as pronounced as for antho-
cyanin. The resolution is quantified by means of the acutance, which
can be determined by the edge-spread-function [65]. This technique
revealed a 10%-90% rise distance of 20.0(5) pm for anthocyanin and
21.3(11) pm for N719 (See Fig. 5 (C)), meaning there is no significant
difference in acutance between both dyes. These values demonstrate
the potential of our technique compared to inkjet-printed DSSCs, which
are restricted to a drop spacing of 30 um [30]. Limits in the resolution
of our bleaching technique might have several origins, including: mask
definition, light source collimation, light diffraction, light scattering
and ROS diffusion.
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Fig. 5. Prints of the USAF-1951 resolution test chart were transferred to photoanodes
stained with (A) anthocyanin and (B) N719. An intensity profile (C) was taken along
the white bars which reveals a similar 10%-90% rise distance of both dyes of ~ 20pm.

3.3. Photo-induced bleaching is a scalable technique

To demonstrate the full potential of this new technique, a large-
scale prototype was devised with an active area of 9 x 9 cm?. The
finished solar cell is depicted in Fig. 6 and shows a semi-transparent
DSSC imprinted with an image of the portrait Girl with a Pearl Earring
by Johannes Vermeer (1632-1675). For comparison, we fabricated
a similar solar cell using N719 as photosensitizer (see Fig. 6). This
cell performs better, but has a lower image quality compared to the
anthocyanin stained DSSC due to inferior contrast properties. Notably,
the fabrication of large-scale photovoltaic photographs takes as long
as that of the small-scale cells, demonstrating the size-independent
nature of this technique and promising a fast transition to large-area
application in BIPV.

4. Conclusions

This work is the first step in the development of photovoltaic
photographs containing a patterned 2D-photoactive layer by using a
direct photo-induced patterning process, i.e. one-step photolithography
in the presence of oxygen to induce selective photobleaching in the pho-
toactive layer. As a proof-of-principle for the concept of photovoltaic
photographs, demonstrators (up to 9 x 9 cm?) have been realized
using dye-sensitized solar cells, due to ease of fabrication and broad
variety of available colors. We found that DSSCs can be selectively
bleached by strong illumination in the presence of O, and that an
image can be fixated after encapsulation. This patterning technique can
be integrated in the existing production process without modification
of the staining and assembly procedures. A proof-of-principle using
anthocyanins extracted from renewable sources, in this case black rice,
provided high-contrast, high-resolution images. As is the case for any
patterning technique, a loss in performance is an inevitable downside,
but losses can be mitigated by appropriate choice of images to portray.
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Fig. 6. A 9x9 cm? photovoltaic photograph displaying the portrait of Girl with a Pearl Earring by Johannes Vermeer, realized by selectively bleaching the anthocyanin (left) and

the N719 (right) stained anode.

We also proved that our technique is suitable for the high-performance,
synthetic dye N719. The images obtained with this dye have a lower
contrast, but they exhibit a similar resolution.

The presented technique offers increased aesthetical and design
freedom possibilities in PV technology. The image is integrated directly
into the photoactive layer, whereas other approaches might require
the additional application of an external layer which is sensitive to
weathering. The fabrication procedure is easy to implement in existing
production lines since the patterning process is compatible with tradi-
tional production steps and requires no big investments, resulting in the
inexpensive nature of the process. Furthermore, the preparation time is
independent of size, allowing for fast upscaling to large-area devices.
The high-resolution patterning process ensures high quality of the
images, and although the transferred images are monochromatic, they
are available in varying grayscale. The universality of the bleaching
step creates the potential of this methodology to be transferred to other
classes of emerging solar cells.

Further work should focus on unraveling the details of the un-
derlying photo-induced bleaching mechanism in the photoactive film,
with the goal of an improved understanding and more control of the
technique. Considering PV performance, of further relevance will be
the study of the occurrence and impact of induced electronic defects
and the trade-off between absorption, semi-transparency and photo-
voltaic output. Additionally, long-term stability in operational condi-
tions needs to be studied, to monitor the resilience of performance and
appearance against long-duration exposure to sunlight.

The devices reported here introduce the concept of photovoltaic
photographs and have to be considered as the exploratory starting
point. With the presented concept and insights we aim to inspire further
exploration in combining these processes with other PV technologies
(e.g. organic and perovskite solar cells) to enhance the aesthetical and
design possibilities of solar cells.
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