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While the current surging global energy crisis highlights the urgent need for a transition to renewable
energy sources, the large physical footprint—as experienced by humans—of the required installations
reduces public acceptance and therefore strongly hampers its development. Solar modules, for electricity
and/or for heating, do not have the audible impact of wind turbines but their visible impact is currently
prohibitive for many installation options, such as on the facades of buildings. Here we show that coatings
of cholesteric liquid crystals (CLCs) can turn any black solar modules into passive surfaces with arbitrary
colour or active surfaces with temperature sensitive colouration, yet with minimum loss of power
conversion efficiency (PCE), thanks to their self-organized helical modulation generating structural colour.
Most conspicuously, we combine red, green, and blue pixels to generate a non-spectral colour that
blends into wooden or metallic backgrounds with a 50% relatively higher PCE than a ceramic ink
equivalent since CLCs neither absorb nor scatter light. Further, we show thermochromic solar cells with
colour tunable across the full visible spectrum, maintaining 88% of their original PCE. We argue these
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DOI: 10.1039/d4ee03010a coatings can be developed to cover solar modules with either arbitrary full-colour images, allowing them

to be aesthetically integrated into building facades and roofs in a way that is fully acceptable by the public,

rsc.li/ees or with active colour changing to add functional value, while always keeping high PCE.

Broader context

Currently, the world’s energy infrastructure is almost invisible to the human eye because of the high energy density of fossil fuels. Switching from centralized
thermal power stations to decentralized wind and solar photovoltaic modules to generate our electricity, the infrastructure will become visibly inescapable in its
current form. In areas with high population and energy demand, calculations show that a land coverage of ~6% of photovoltaic modules will be required.
Protests against large-scale photovoltaic installations are manifesting. Camouflaging the modules into the urban environment on roofs, facades, and vertical
surfaces is a solution to this problem. Camouflaged ceramic ink covered modules are possible, but the energy yield is significantly reduced. Structurally
coloured modules are only available in monotone colours, making them difficult to integrate. Using cholesteric liquid crystals as a colouring layer, we show
solar cells with a high retained power conversion efficiency with the ability to be patterned so that they disappear from sight when placed against building
materials. We even show solar cells with active temperature responsive colouring across the visible spectrum. Using these liquid crystal coatings with integrated
photovoltaics, we can convert our urban cityscapes into energy generating surfaces, which seamlessly fit into their environment.

gases. The sixth assessment report of the Intergovernmental
Panel on Climate Change makes clear that wind and solar

Introduction

Climate change requires that we transition from a world
powered by carbon emitting fossil fuel to one where we harvest
energy from renewable sources without emission of greenhouse
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energy technologies offer the biggest potential to reduce carbon
emissions by far and, encouragingly, they are also the
cheapest." Two groundbreaking studies of how our planet
could run on 100% renewable energy found for Belgium,
Luxembourg, and the Netherlands (exemplary countries with
high population density and high energy demand), that
between 2 and 6% of their respective land surface would need
to be covered with photovoltaic (PV) modules in addition
to wind turbines.>® To put this in perspective, the average

This journal is © The Royal Society of Chemistry 2025
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percentage of man-made surface of these countries is 11%,
which is nearly the highest in Europe.* This additional large
area of modules would lead to cityscapes and some part of the
landscapes appearing monotonously black in colour, if conven-
tional PV technology were used. Furthermore, although solar
energy is generally perceived positively, large PV module instal-
lations have received negative feedback from the public.” One
way to overcome these potential drawbacks and improve public
acceptance is to colour the PV modules or even camouflage
them into their surroundings.

Colour plays a profound and multifaceted role in shaping
our perception of the world around us. Its effects are not only
visual but also extend into our psychological and physiological
experiences. To date, coloured PV modules have been devel-
oped mainly within the scope of building integrated photovol-
taic (BIPV) applications. These are PV modules that have a dual
use as energy generator and building element. Since buildings
account for 40% of final energy use it makes great sense not
only to use roofs but also the facades for generating energy.®®
If BIPV can be realized such that it gives a significant contribu-
tion to the energy supply and decentralisation of energy sys-
tems, it would reduce the amount of utility-scale PV that will
have to be placed in non-urbanized spaces. Colouring BIPV
improves the possibility of fitting modules into their local
environment in a visually pleasing way, see concept in Fig. 1,
thereby enabling more of the building’s visible surface to be
used to generate energy.’ To allow any facade section exposed
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to sunlight to be used, it is not enough to make monocoloured
modules with a limited palette, because in many cases truly
aesthetic integration requires arbitrary colours as well as pat-
terning. Of course the additional colouring of the module
should not inhibit an effective generation of electrical power.
In fact, there is a trade-off between colouring a PV module and
its ability to generate power efficiently, and this greatly depends
on how the colour is generated; any effect other than reflection
of the desired colour, such as absorption or indiscriminate
scattering, must be avoided to minimise the negative impact on
PV performance.

The two most popular ways to colour PV modules are either
to apply multi-layer thin film stacks giving rise to structural
colour by interference or to use standard pigments dispersed in
an ink, generating colour as a result of absorption and scatter-
ing. The multi-layer structures are designed to have regular
changes in refractive index on the scale of light wavelengths,
causing a Bragg like reflection of light within a specific colour
band. This allows the rest of the solar radiation to transmit
through to the underlying solar cells, hence minimising impact
on solar to electrical power conversion efficiency (PCE). These
multi-layers are grown by vacuum deposition systems over large
areas, the size of the module, to create constant colour whilst
keeping a power output of over 90% of the original uncoloured
module.'®"" The disadvantages are that

1. it is challenging to pattern the solar cell in order to go
beyond the mono-colour PV category.
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(a) Roof PV installations of today. (b)—(d) Monocolour BIPV modules with near matching roof colour. (e) With full-colour patterning, BIPV can be

seamlessly integrated with arbitrary roofs. (f) Schematic illustration of the local helicoidal order modulation in cholesteric liquid crystals, defining the
director n, the helix axis m and the helix pitch p. The selective reflection and complete transmission outside the reflection band are illustrated for the case
of green right-handed retroreflection. (g) Measured transmission (continuous lines) and reflection (dashed lines) spectra of CLC mixtures tuned for red
(R), green (G), and blue (B) retroreflection (see Table S1, ESIt for compositions) filled into standard LC cells with parallel flat glass plates 15 um apart.
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2. the obtainable colour palette does not include all colours
that our eyes can perceive.

3. the colour is viewing and illumination angle-dependent,
such that the actual colour of the module appears different if
mounted on a vertical wall or inclined roof, and for either case
the colour will also change between a sunny day with directed
illumination compared to a cloudy day with diffuse light.

Pigments in inks, on the other hand, can be deposited
locally by liquid printing methods to create patterns or pictures
with arbitrary colours, enabling them to truly camouflage PV
modules into their environment.">"* But this enhanced colour-
ing freedom comes at the cost of significantly reducing the PCE
performance of PV modules by up to 68%, since the pigments
absorb and scatter light that could have been used by the solar
cells.">'* Combining the ability of inks to produce local colour
variation with the optical efficiency of structural colour would
enable a patterned picture or arbitrarily coloured BIPV modules
with high PCE.

A more versatile approach to generate structural colour is to
take advantage of the self-assembly provided by cholesteric
liquid crystals (CLCs) to generate the periodic refractive index
modulation required to generate visible Bragg diffraction. In
CLCs, the molecules spontaneously align over large distances
along a common orientation (indicated by the director, n) and
this orientation continuously rotates in a helical fashion along
a direction m L n, see Fig. 1(f)."*"® The long-range orienta-
tional order along n leads to optical anisotropy (birefringence)
with a greater local refractive index n; along n than n;
perpendicular to it (or vice versa), such that the rotation along
m results in the periodic modulation of the effective refractive
index required for structural colour. As the name suggests,
CLCs are liquid, enabling all types of liquid processing (includ-
ing ink jet printing),"®® and by using reactive molecules the
CLC mixture can be turned solid by polymerisation while
retaining the self-assembled structure,'® thus enabling the
use of CLCs for templating solid and durable materials. As
with other types of structural colour, the selective reflection of
CLCs is viewing angle-dependent, the centre wavelength of the
reflection band being given by:

Ay = fipcosl, (1)

where 77 & 1.5 is the average refractive index of the CLC, p is the
pitch of the helical modulation, and 0 is the viewing angle with
respect to m. The longest reflected wavelength is thus seen at
retroreflection (6 = 0), the retroreflection wavelength being
given by the simple relationship 4o = 7ip. The width of the
reflection band is given by:

pAn (2)

where An =~ 0.1 is the local birefringence of the CLC phase, as
measured in the absence of helix."®

A key difference from other materials generating structural
colour is that the chirality of a CLC helix selects only one
handedness of circular polarisation for reflection: a right-
handed CLC helix reflects all right-handed polarised light within
the reflection band, but the left-handed light is passed through.
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This means that CLC-generated colour can have an exceptionally
small impact on the performance of PV modules, since all
light outside the reflection band and half the light within the
reflection band is transmitted, since the incoming light is
unpolarised, see Fig. 1(f). Bae et al. were the first to demonstrate
the potential of CLCs for adding colour to solar cells, using
prefabricated polymerised CLC films with constant red, green or
blue colour that were glued on the outside of the front protective
glass.>' They chose to maximise colour intensity by sandwiching
two identical left-handed CLC films around a thin film acting as
a /2 plate, converting the right-handed polarised light trans-
mitted by the first CLC film into left-handed, in order that all
light within the reflection band was reflected. This of course
came at the cost of reduced PCE of the solar cell.

Here, we take the first step in demonstrating the potential of
CLCs to solve problems (1) and (2) mentioned above, by pixelating
a reactive CLC film with temperature-tunable retroreflection
colour, created by photocrosslinking different pixels at different
temperatures using a photomask, thereby generating an array
with red, green and blue retroreflection. We show that this allows
us to generate non-spectral colours on solar cells to camouflage
them with their surroundings, and we demonstrate that the
impact on solar cell performances is minimal. We discuss pro-
blem 3, namely the angular instability of structural colour, and
how this can be overcome. Finally, we also make uniformly
coloured thermochromic CLC layers on solar cells that are not
polymerised, and where the retroreflection colour can be tuned
continuously from red to blue by changing the temperature. In all
cases, we use a single layer of CLC and we coat this in the liquid
state directly on the solar cell, below the protective top glass layer,
and we demonstrate that this causes no damage. In fact, we argue
that our approach of internal CLC colouring layer is ideal, as it
protects the CLC film from weather impact and mechanical
disturbance, it minimises losses due to scattering, and because
the CLC film can be easily combined with the encapsulation
elements against weather-related factors used in commercial
silicon solar modules.

Results and discussion
Permanent CLC-generated single spectral colour solar cells

We first demonstrate the application of thermally stable perma-
nently coloured CLCs directly on top of inorganic thin film
Cu(In,Ga)Se, (CIGSe) based solar cells below the outer protective
top glass. Fig. 2(a) displays the schematic of the device structure
including CLC colouring layer. The full fabrication process is
described in the Methods and Fig. S2 (ESIt). Briefly, we first
attach the protective top glass plate to the solar cells, each plate
nearly fully covering eight solar cells, using glue along two
parallel sides of the glass. By including spacer balls in the glue,
we fix the solar cell-to-protective glass spacing to 15 pm. We then
place a drop of each reactive CLC mixture at an edge without
glue, such that capillary forces suck the CLC into the interstitial
space. After completing filling and annealing, the samples are
exposed to ultraviolet (UV) light to photopolymerise the CLC into

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) Top: Structural diagram of CIGSe solar cell with CLC colouring layer. Middle: Macroscopic photographic image of three samples with eight

solar cells each, covered by polymerised CLC films generating red, green and blue retroreflection colour, respectively. Scale bar: 1 cm. Bottom: Close-up
images obtained by reflection polarized optical microscopy (POM) of the sample areas marked by squares in middle. Scale bar: 200 pm.
(b) Corresponding reflection spectra (dashed) and EQE spectra (continuous) of the most efficient type of each coloured solar cell (red, green, blue,
as the respective retroreflection colour) along with the representation of the AM1.5G photon flux (grey shaded area) plotted against the right axis.
A reference EQE spectrum of one of the cells without CLC in (a) is plotted in black. The box plot statistical properties of before and after CLC for red
(4) green (8) and blue (5) solar cells (see Section Sl 1.4 ESIT) with (c) displaying the JE2€ and (d) showing the active area PCEs. (e) Colour coordinates
comparison in the CIE 1931 2° chromaticity diagram between our three samples (black balls), Bae et al. (stars)?* and Morpho colour (triangles), ' as
obtained from reflection spectra. The colour gamut of sRGB is shown with purple diamonds. (f) Ten days of monitoring results of transmission and
reflection spectra of CLC films at 85 °C and 85% humidity. Photography images of the film before stability testing on the first day and on the tenth day of

the stability test.

a solid film. In total, eight solar cells are assigned to each of the
red, green and blue retroreflection colours, with the current
density-voltage (JV) and external quantum efficiencies (EQE) of
the solar cells being measured before the application of the CLC
colouring layers to act as exact reference solar cells. All the
reference solar cells before CLC coating have similar PV perfor-
mances as shown in Fig. S4 (ESIT).

The bottom part of Fig. 2(a) shows reflection microscopy
images (crossed linear polarisers) of the coloured solar cells. In
each case they appear with one single bright colour, albeit with
some very small regions that are dark which is likely where the
CLC is locally misaligned and does not efficiently retroreflect
the light. The reflectance spectra of the coloured solar cells
show each of them having a single peak with a maximum
reflectance of ~48% (see Fig. 2(b)), which is almost the max-
imum possible for a single layer of CLC, slightly higher than the
single-layer reflectance of Bae et al.>'

Wavelength dependent EQE measurements assess the effect
of the colouring layers on the current collecting ability of the
solar cells and are shown in Fig. 2(b). The reference measure-
ment shown here was obtained from one of the reference solar
cells before the CLC coating devoid of any cover glass,

This journal is © The Royal Society of Chemistry 2025

exhibiting a typical EQE spectrum for CIGSe solar cells with
an EQE of greater than 80% above the band gap, observed here
around 1100 nm. At wavelengths shorter than 530 nm the EQE
decreases down to 10% due to the parasitic absorption of the
buffer and window layers. Since our CLC colouring layer allows
all photons to pass through to the solar cells to generate charge
carriers except those that are reflected by the CLC, i.e., those
with wavelength within the local reflection band and the same
circular polarisation handedness as the CLC helix, we expect to
observe similar EQE spectra for the coloured solar cells as the
reference except for a dip in the respective reflection band. This
is indeed what is observed, with the red, green, and blue solar
cells all showing narrow dips in the EQE of around 40%. The
lack of any other dips confirms the absence of parasitic
absorption or scattering in other wavelength regions, in stark
contrast to non-structural colouring methods. Remarkably,
outside of the CLC selective reflection dip in the EQE spectrum,
each coloured solar cell shows a slightly higher response
than the non-coloured one, most likely due to better refractive
index matching between the different layers on top of the solar
cells (see Section SI 1.5, ESIt for the effect of the cover glass on
EQE spectra).

Energy Environ. Sci., 2025, 18, 884-896 | 887
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Multiplying the EQE spectrum by the sun’s AM1.5G solar
spectrum on earth and then integrating across the wavelength
range enables us to calculate the short circuit current density

EF) of each solar cell, as if the entire surface is covered with
the colouring layer (see Methods). Using this value of Jio" the
light illuminated JV curves have been corrected for the coloured
solar cells and also the uncoated reference solar cells (before
CLC) and all other PV parameters were recalculated. Therefore,
it is important to note that the (power conversion efficiencies)
PCEs shown in this study pertain to active area efficiency of solar
cells. The coloured solar cells all show almost the same open
circuit voltage (Vo) and fill factor (FF) (see Fig. S3 and S4, ESIt)
as compared to the reference measurements, demonstrating that
the polymerised CLC layer has no detrimental electrical effect on
the underlying solar cell. Only the Ji® values of the coloured
cells are slightly reduced, as shown in Fig. 2(c), in order of blue,
green, then red, which corresponds to the width of the reflection
band (see eqn (2)) and the fact that the number of photons from
the sun is the least in the blue part and the most in the red part
of the solar spectrum (see Fig. 2(b)). Thus, the decrease in PCEs
of the solar cells (see Fig. 2(d)) follow exactly the decrease in o
Overall, the relative PCEs of the blue, green, and red best solar
cells are 96.3, 93.6 and 92.6%, respectively, which is similar or
slightly better than the best published inorganic Bragg filter'*
and the previously used free standing CLC film,”" as shown in
Table 1. When comparing power outputs, we should be mindful
that the band gap of the absorbing layer of the solar cell plays a
role. The same colouring layer on a high band gap solar cell will
have a reduced power output compared to a low band gap solar
cell, since the high band gap cell will absorb relatively fewer
photons. Hence, for coloured solar cells low band gap photo-
voltaic absorber layers such as CIGSe and silicon (around 1.1 eV)
have a competitive advantage over high band gap absorber layers
such as hybrid-inorganic-organic-perovskites (1.5-1.65 eV).
Table 1 displays also the relative PCEs of some of commercially
available PV modules in red, green and blue colours. It is evident
that our CLC colouring layers lead to considerably higher relative
PCE than the ink based layers.

Besides the relative PCE, the other important property is the
reflected light spectrum of the solar cell or the human percep-
tion of its colour, which is of great interest to architects. Several
attempts have been made to correlate colour and PCE in a
single figure of merit,”>* but as yet there is no agreement in
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the field on the best way of doing this, and thus we restrict
ourselves to discussing the colour. Colour may be defined in
terms of its chromaticity and its brightness or intensity. The
intensity of our colour peaks are in line with the previously
mentioned organic CLC Bragg filters®® and higher than the
recently developed inorganic Morpho colour technology.'® We
believe that the reflectance of a single CLC layer can be sufficient,
not least based on how nature demonstrates that a single layer
of cholesteric can give rise to very strong reflection colour
in plants and animals, e.g., in certain beetles that incorporate a
CLC structure in their cuticles.”® The chromaticities of our CLC
coloured solar cells and the other technologies, based on the
reflection spectra summarized in Fig. S6 (ESI), are shown in
Fig. 2(e) along with the s-RGB colour gamut. Our blue hued solar
cells almost overlap with the vertices of the s-RGB gamut whilst
our green and red hue are slightly further away, although still
closer than Morpho colour.'® This means that the ability to
additively mix these fundamental colours by making small ‘pixels’
of single colour close to one another, following the same red-
green-blue (RGB) colour mixing principle as used in digital display
technology,”® enables to make other colours, including non-
spectral ones, resulting in a much wider colour palette, as we
discuss in the next section.

Any colouring layer must be thermally stable since photo-
voltaic modules can operate at temperatures up to 70 °C, which
is above the clearing transition of the unpolymerised CLC.
To confirm that our samples sustain high temperatures, we
subject the samples with blue, green and red retroreflection to
temperatures up to 120 °C, finding only a slight blueshift of the
peak from 100 °C and higher, see Fig. S7 (ESIf). To further
validate the stability of the CLC layers we performed an
aggressive damp heat test at 85 °C and 85% humidity, which
is from the standard IEC 61215. We tested a red CLC layer by
using an in-house humidity chamber (setup see Fig. S8, ESIT),
with the edges exposed to the atmosphere, sandwiched
between two pieces of glass for ten days under these conditions
(the monitoring results are shown in Fig. S9, ESIt). Photogra-
phy images of the film on day one before testing and on day ten
are shown in Fig. 2(f), along with the reflection and transmis-
sion spectra. The film’s optical properties remain unchanged
within the error of measurement over the test period, as
confirmed by the similarity of the two images. 240 hours testing
is shorter than the standard 3000 hours usually needed for

Table 1 Comparison of the relative efficiencies of our work and previous works together with commercially available coloured PV modules. Note that
the background has been coloured to match the colour of the cell or module derived from the respective reflection spectra (Fig. S6, ESI). For Heliartec

these are colour codes RAL3028 (red), RAL6026 (green), RAL5015 (blue)

Relative PCE (%)

Organic filters

Ceramic inks

Inorganic filters

This work | Bae et al.”

Reference

HeliArtec™

Morpho!!
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guaranteeing a 25-year lifetime. However, for context, this is
still sufficient time for an unencapsulated silicon module to
degrade performance by 15% relative.”” Here there was no
colour change despite the edges of the CLC layer being exposed
directly to the humid atmosphere. We are thus confident that
the colour will be stable under all normal operating conditions.
Although we have only demonstrated temperature stable con-
stant red, green, and blue cells here, any spectral colour can be
prepared in the same way simply by adjusting the amount of
chiral dopant (see Methods).

Generating non-spectral colours with CLCs on solar cells

To go beyond spectral colours we subdivide the CLC coating
into ‘pixels‘ small enough not to be discriminated by the
human eye at normal viewing distance, and we give each pixel
one of the three fundamental colours red, green or blue. To do
so, we now coat solar cells with reactive CLC mixtures that
change colour across the visible spectrum depending upon
their temperature (see Section SI 2.1, ESIt for the strategy
behind the mixture development), and we photopolymerise
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them through photomasks at different temperatures, ensuring
that only those pixels that have their target colour at the current
temperature are irradiated by the UV light. The retroreflection
colour of the unpolymerised mixture shifts continuously from
blue to red on cooling (see Fig. S11, ESIt), from centre wave-
length 4, =461 nm at 66 °C to 4o = 685 nm at 10 °C. Adapting to
this temperature dependence of Ay, our pixelation procedure is
shown in Fig. 3(a). After placing a drop of the mixture directly
on the cleaned solar cell surface we heat to 66 °C and then cover
it with the top glass. At this temperature, we UV-irradiate the
sample through a photomask pre-designed with ~4 mm?®
transparent squares for all pixels that should be blue (see
Methods). This polymerises the blue pixels into a strongly
crosslinked solid polymer film while the remaining areas are
still in a responsive CLC state. This allows us to cool the sample
to 50 °C, a temperature where all unpolymerised CLC regions
show green retroreflection. We now place a different photo-
mask, again with ~4 mm?® transparent squares for all
pixels that should be green over the sample and UV-irradiate
to make the green pixels permanent. After that, we decrease the
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(a) Schematic representation of the CLC film pixelation process. (b) Macroscopic photograph of orange-green-blue-pixellated solar cell. The

contacts are left free for electrical measurements. (c) POM close-up images of the pattern (scale bar: 400 pm) and (d) each individual colour (scale bar:
100 pum). (e) The EQE spectra and integrated short circuit currents of the solar cell with and without pixellated CLC colours. (f) JV-curves of the solar cell
before and after pixellated CLC coating, which are corrected according to the Jsc derived from EQE spectra.
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temperature to 10 °C for the final curing, which does not
require a mask since the only remaining unpolymerised
regions are those that should become red pixels. Through these
subsequent curing steps, we fix the retroreflection band centres
within the three pixel types at 447 nm, 500 nm and 585 nm,
respectively, as shown in Fig. S14 (ESIt). Our manually realised
multi-step procedure is not perfect, leading to some deviation
of the target colours, hence the red pixels end up rather orange,
and their total area is slightly larger than the total areas of
green and blue, respectively. If the sample is now subjected to
heating or cooling, there is no longer any change in reflection
colour since the CLC has been transformed into a highly
crosslinked glassy film network. The result is that three perma-
nent colours are alternatingly pixellated into small sizes of
~1 mm? on the solar cell, as seen from the macro- and
microscopic images in Fig. 3(b)-(d).

The EQE spectra of the solar cell before and after applying
the pixellated CLC are demonstrated in Fig. 3(e). For the
pixellated sample we show an average of five measurements
conducted in regions of different colouring since the light
beam size is only slightly larger than that of a pixel. As expected,
before and after CLC coating, the EQE spectra are identical
outside of the visible light region, the CLC-coated cell showing
losses only due to the reflection of the CLC layer across all
wavelengths with a distinct trough for the orange colour dis-
cernible. The loss across all visible wavelengths is expected
since the reflection spectra (see Fig. S14, ESIt) are rather broad
for each of the different colours. Based on the EQE from before
and after pixelation, the J52” is extracted to correct the respec-
tive JV-curves of these solar cells, as if they were fully covered
with the pixellated CLC layer, as seen in Fig. 3(f). Furthermore,
using a light beam with ~400 pm diameter at the sample plane
(LEQE setup), the EQE spectra of individual pixels were
recorded, confirming troughs for the orange, green and blue
colours (see Fig. S15, ESIt).

As previously found for our uniformly coloured solar cells,
the Vo and FF of the pixellated solar cells remain almost
the same within error when comparing before and after the
addition of the CLC layer (see Fig. S13 and S12, ESIt). For the
best cell the J5F drops from 32.1 to 28.5 mA cm™ 2, leading the
pixellated sample to have a relative efficiency of 89% compared
to before coating. Based on the sum-up of the reflection spectra
for each individual pixel (see Fig. S14a, ESIY), it is obvious that
the perceived colour from a distance moves towards the white
part of the CIE diagram in Fig. S14a (ESIY). It is fair to compare
relative efficiencies of our pixellated CLC solar cell and com-
mercially available PV module with the nearest colour. Accord-
ingly, we found the nearest colour of a window grey (RAL 7040)
PV module from HeliArtec.'® As shown in Table 2, the relative
PCE of our pixellated solar cell is 50% relatively higher than
that of commercial PV modules offering the similar colour.

Having demonstrated the minimal PCE loss also with pix-
ellated CLCs capable of generating non-spectral colour on a
2 cm X 2 cm area of our solar cells, it is important to test at
larger-scale if the pixelation allows the CLC coating to
blend in with the urban environment. To this end, we create
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Table 2 Comparison of the best relative efficiency of the pixellated CLC
and a commercially available grey coloured PV module (RAL 7040) from
HeliArtec Corporation.™® The specific colour of each has been indicated in
the background, which is calculated for the pixellated device from the
summed reflection spectrum

Relative PCE (%)

pixellated CLC
HeliArtec

a 7.5 cm x 7.5 cm array of near identical polymerised CLC films
with the same repeating RGB pattern as above, placed on black-
painted microscope slides to emulate a PV module background,
and photograph it in different environments and under varying
lighting conditions as shown in Fig. 4. The sample is photo-
graphed at five different distances, approaching the camera
stepwise from 6 m to 0.2 m to the sample. The backgrounds
have been chosen based on two criteria: (1) their colours are
non-spectral (and the two wooden surfaces are, additionally,
textured), hence no conventional uniformly coloured CLC
surface can be hidden on them by the principle of camouflage,
and (2) their colours are close to the effective colour of our
pixellated CLC array when seen over large distance under the
lighting conditions of each photography series. Indeed, the
sample is almost impossible to detect over distances greater
than 2 m (i-iii), especially on the two wooden backgrounds
where the effective colour is particularly suitable for providing
camouflage. Against the silvery background of the metal plate
the sample is detectable, but it is still well enough camouflaged
that one would not notice it if not looking for it.

When the photography distance is less than 2 m (iv and v),
the sample can be distinguished from the background in all
cases. At these short distances, the sample is revealed also
by the inability to place it flush with the background during
these experiments, but this problem would disappear in a
fully implemented BIPV context since each module becomes
integrated in the facade. Note that we have not designed the
pattern for any particular camouflage function, hence better
results still can be expected when the pattern is purpose-
designed, adapting it also for a much greater variety of back-
grounds. Even with this very simple proof of concept, we have
demonstrated that the pixellated polymerised CLC film can solve
the first two problems of structural colour listed in the introduc-
tion, where the textured wooden backgrounds represent examples
of patterned backgrounds. Moreover, pre-designing with various
photomasks enables us to create arbitrary shapes, facilitating the
production of intricate images. For example, the Christmas tree
patterned solar cell shown in Fig. S16 (ESIt) is achieved using two
photomasks and curing at different temperatures.

Concerning the third problem, which we do not address
concretely in this paper, we study the sample appearance from
different angles « with respect to the surface normal for each of
the three situations of Fig. 4, see Fig. S17 (ESIt). We keep the
distance approximately constant within one photography ser-
ies, studying the sample on the wooden door at short distance
(about 0.2 m) while the sample on the outdoor wall and door
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Fig. 4 Photographs of a 7.5 cm by 7.5 cm array of RGB-pixellated polymerised CLC film placed on a wooden door and illuminated by indoor diffuse
ambient light (top row), an outdoor wooden wall illuminated by indirect sunlight on a sunny day (middle row) and a silver-coloured metal panel on a door
outside, also illuminated by indirect sunlight on a sunny day. For each situation, panels i to v are obtained with stepwise reduced photography distance, as

indicated in the top row.

outside are studied at approximately 6 m distance. For refer-
ence, the normal-incidence appearance is included in the first
column, whereas the other columns show the appearance at « =
20° to o = 60°. As o is increased, the apparent colour of the film
blue shifts under all conditions, as expected. While the change
in colour with viewing angle of this flat CLC film is clearly a
drawback, one must remember that we have optimised the
sample for normal viewing angle (retroreflection). Since the
effective colour of each CLC pixel can be calculated using
eqn (1), with appropriate averaging applied to account for
diffuse illumination, and since it is so easy to change p by
varying the mixture composition and/or the temperature of
polymerisation, a tailor-designed BIPV coating based on our
method would most likely not be designed based on retro-
reflection as in this first study, but rather on the most common
viewing conditions that human occupants will experience. For
instance, for an inclined roof, p would be extended in all pixels
since no regular occupant will be observering it at normal
incidence, and the same thing would apply for a BIPV module
placed high above street level, where the apparent colour could
be optimised for pedestrians who may observe the modules at
an angle of 6 ~ 60°.

It is also possible to mold CLCs into spherical shape,
polymerising each sphere into a solid and then distribute the
resulting cholesteric spherical reflectors (CSRs) on a surface to
create a reflective coating.”®?° This has the great benefit that

This journal is © The Royal Society of Chemistry 2025

the viewing angle dependence is significantly reduced, yielding
colours that are better defined regardless of illumination
conditions and the orientation of the surface.>* Moreover, since
CSRs are effectively structural colour ‘pixels’ that can be dis-
tributed as desired across a surface, they are well suited to
realise non-spectral colours by RGB color mixing.*" Thus,
polymerised CLCs have the potential to solve all three major
drawbacks of current structurally coloured BIPV modules.
However, the replacement of the flat CLC film with CSRs presents
new challenges from a processing point of view that go well
beyond the scope of this paper. While a method to pixelate a PV
module surface using CSRs can certainly be developed, it would
be more disruptive with respect to the current industrial PV
module fabrication methods, whereas our current flat CLC film
can readily be integrated with standard processes.

Integrated monitoring of solar cell operating temperature using
unpolymerised CLCs

The thermochromic properties of CLCs can be exploited to
make the colour of the solar cell change across the full visible
spectrum as it heats and cools. This may find application as a
way of monitoring the temperature of solar cells or modules, or
even be used in a public health concept to warn people in real
time of dangerously high air temperatures. The temperature-
responsive CLC mixture used in this part of our study com-
prises the nematic LC mixture E7 and the chiral dopant S811
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(chemical structures in Fig. S18, ESI{).***® After thorough
mixing at 80 °C (in the isotropic phase) to ensure homogeneity,
a drop is placed onto the solar cell and then a protective cover
glass is placed on top. As shown in Fig. 5(a), the solar cell with
this CLC mixture exhibits blue retroreflection at 37 °C, corres-
ponding to a peak at 1, = 470 nm (Fig. 5(b)). Upon gradually
decreasing the temperature at a rate of —0.5 °C min~ " (Fig. S20
and Supplementary Video 1, ESIf), we induce a continuous
redshift of the retroreflection colour until the sample appears
red at 29.5 °C (4, ~ 680 nm). The reflection spectra are
converted and placed on the CIE chromacity diagram in
Fig. 5(c), clearly demonstrating colour in all parts of the visible
spectrum. Visual observations and differential scanning calori-
metry (DSC, see Fig. S19, ESIT) indicate that above 37 °C the
CLC is in the isotropic phase, rendering it colourless, whilst
below 29.5 °C the phase initially remains cholesteric but the
retroreflection colour shifts into the infrared, thereby being
invisible to the human eye.

To understand the effect of the colour modification by
temperature change on the solar cell electrical performance,
EQE measurements have been carried out at each temperature,
as shown in Fig. 5(b). Again, the minimum in each individual
EQE spectrum matches the maximum of the corresponding
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reflection spectrum. This is seen even for the near infrared
response at 29 °C. As before, the width of the dip in EQE is
larger at longer wavelengths, meaning that higher Jsc losses can
be expected at longer wavelengths compared to shorter ones.

Fig. S21 and S22 (ESIt) visualise the comparison of the
performance of the coloured solar cell as the temperature rises,
and indeed once the solar cell is in the colouring temperature
range, >29 °C, the JE&” steadily increases as the colour shifts
from red to blue, whereas for uncoated CIGSe devices the
current essentially stays constant.>**> The effect of increasing
temperature leads to a well known decrease in the Vo which is
independent of the CLC layer’**® and the fill factor stays
approximately constant as expected. Seemingly therefore, the
CLC has no net adverse electrical effect on the solar cell and
maintains 88-91.4% of its relative efficiency over the colouring
temperature range as compared to room temperature.

To test the stability of the mixture and to check if the
thermochromic behavior is reversible, the temperature sensi-
tive CLC mixture is injected into a liquid crystal cell and placed
in the in-house humidity chamber for five days. Afterward, the
sample is tested for the reversibility of the colour change upon
heating and cooling between 30 °C (red retroreflection) to
36.5 °C (blue retroreflection). As can be seen in Fig. 5(d), after
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(a) Macroscopic photographs of the solar cell with temperature-responsive CLC mixture. Scale bar: 1 cm. (b) Reflection spectra (dashed lines) and

EQE measurements (continuous lines) of the solar cell with temperature-responsive CLC at various temperatures. (c) Colour coordinates (black dots) of
this solar cell in the CIE 1931 2° chromaticity diagram, as obtained from the reflection spectra as the temperature decreased from 37 °C to 29.5 °C. (d)
Reflection peak wavelength reversibility test result for temperature-responsive sample. The sample was first exposed to an environment of 85 °C and 85%
humidity for five days, and then its reversibility is measured 16 times between 30 °C and 36.5 °C over two and a half hours.
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16 cycles, the CLC peak reflection wavelength, and thus colour,
exhibited constant reversibility. All things considered, the CLC
mixture appears stable at elevated temperatures and the solar
cells coated with temperature responsive CLCs perform as
expected and have a dynamic decorative function.

Conclusion and outlook

We have shown that CIGSe solar cells can be directly coated
with a constantly coloured fully polymerised CLC layer inside of
the protective top glass ensuring its stability from the surrounding
environment and without harming the solar cell’s electrical
properties. By extension, it is expected that the CLC would work
equally well with market dominant silicon solar cells. The CLC
colouring is agnostic to the PV technology as long as the naked
solar cell has a black color. Due to the nature of CLCs the solar
cells retain a high PCE since CLCs do not scatter or absorb light in
the visible and near infrared parts of the solar spectrum. The
colour of a CLC film was found to be unchanged after ten days of
damp heat testing attesting to its stability. A further improvement
in the colour of the devices can be expected when an alignment
layer is utilized. The single colour films can be tuned to any colour
of the spectrum by altering the concentration of chiral dopant.
Alternatively, non-spectral colours may be formed by creating
small pixels of spectral colours. While we here, for simplicity
reasons, used photomasks to realise the pixellated structure, a
faster and more versatile option is to use a digital light projector
that can be programmed to irradiate each set of pixels specifically,
without a mask. When coating these pixels on solar cells a similar
high PCE was achieved, especially in comparison to the pigment
alternatives, and when tested in a large-scale format, pixellated
samples appeared to be indistinguishable from textured back-
grounds with non-spectral colours at a distance of two metres or
greater, aligning with the building materials commonly used by
humans. This camouflaging could be tuned further by reducing
the size of the pixels or by changing their number and distribu-
tion. By changing the mask, it is possible to create coloured
images. Since CLCs are liquid, they may potentially be printed
using more traditional methods in the future. Finally, CLC layers
were made to actively change colour by using thermochromic
sensitive mixtures over a 10 °C temperature range. By changing
the chemistry, the exact temperature range where the colour
transition occurs can be tuned giving them active functionality.
With these innovations we offer a brighter, more colourful alter-
native view to the dark blue/black of traditional solar modules,
thereby increasing the likelihood of public acceptance.

Methods

Device fabrication

Cu(In,Ga)Se, (CIGSe) absorber layers were co-evaporated using
a 3-stage deposition process on 400 nm thick molybdenum
coated pre-cleaned soda lime glass with the size of 25 x 25 X
2 mm®. The final thickness of absorbers is approximately
2.5 um. The samples show Cu-poor composition with a final

This journal is © The Royal Society of Chemistry 2025

View Article Online

Energy & Environmental Science

molar fraction ratio of Cu/(Ga + In) of 0.9. More details regarding
the 3-stage process can be found in Choubrac et al..>® Following
the etching of the CIGSe absorber layers with an aqueous 5%
KCN(yq) solution for 30 seconds, a CdS buffer layer was deposited
by chemical bath deposition. Window layers consisting of an
intrinsic ZnO and a doped ZnO:Al (transparent conductive oxide)
are sputtered. Ni-Al contact grids were e-beam evaporated in
order to facilitate current collection.

Current density-voltage (JV) measurement

JV measurements have been conducted under standard test
conditions (STC) of AM1.5G, 0.1 W cm ™2, 25 °C in a 4-point
probe configuration using an AAA class sun simulator. The sun
simulator is calibrated by a silicon reference solar cell with a
tolerance of + 2%. In case of temperature responsive CLCs
applied on solar cells, the solar cells could not be measured
anymore under STC due to the changes in temperature. Prior to
each measurement, a contact resistance is ensured to be below
2 Q cm?. 1t is worth noting that JV measurements provide the
total area efficiency of the solar cells with some uncertainty.
The uncertainty arises from the incomplete coverage of CLC
colouring layers on top of solar cells with slightly different
areas, and the shadowing effect of the front contacts. To obtain
a more accurate representation of the solar cell’s PCE, it is
essential to correct the fi; measured by the JV-measurement by
using Jie¥ derived from EQE measurements, enabling to calcu-
late the active area efficiency. This enables us to calculate the
current as if the entire surface of the solar cells is covered with
the CLC colouring layer, ensuring a more precise evaluation of
the CLC colouring potential. Regarding the correction of fi¢
with JEQF, the correction factor JEa®/fic is multiplied by all J-
values for respective voltage values, thereby adjusting the entire
JV-curve. Subsequently, the performance parameters are recal-
culated using the corrected data. Please refer to Section SI 1.1
and Fig. S2f (ESIY) for further information.

External quantum efficiency (EQE) measurement

EQE measurements using an in-house built setup were per-
formed in a dark environment. Based on the EQE-spectra
of a solar cell, the total integrated short circuit current density
can be extracted according to the AM1.5G solar irradiance.
It is worth noting that the standard size of the EQE-
measurement spot is around 1 mm in diameter. For the
measurement of the pixellated solar cells the EQE was mea-
sured five times on the same solar cell with 0.5 mm intervals
along the x coordinate. To investigate the EQE of the individual
pixels, the EQE-measurement spot was focused down to
~400 pm in diameter, such that it only probes the current
generated from a single pixel. Furthermore, the solar cells
employed for the permanent CLC-generated single colours have
a band gap of 1.17 eV, as determined from the inflection point
of EQE curve (dEQE/dA). The solar cells employed in the
remaining sections have a band gap of 1.19 eV. The discrepancy
in E, between solar cells, and the slightly different interference
fringes from different batches is responsible for the observed
differences in Jsc among these reference solar cells.
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CIE 1931 2° chromaticity diagram

A CIE 1931 2° chromaticity diagram with D65 illuminant was
created using Origin(Pro) 2020 data analysis and graphing
software based on the reflection spectra of the coloured sam-
ples or literature references.

Fabrication of colour films

The CLC for a permanent colour film was a mixture of (chemical
structures shown in Fig. S1, ESIt) 4-hex-5-enyloxy-biphenyl-4-
carbonitrile (60CB-1-ene, Synthon Chemicals, purity: 98%), 1,4-
bis-[4-(3-acryloyloxypropyloxy)benzoyloxy]-2-methylbenzene (RM257,
Wilshire Technologies, purity: 95%), R5011 (chiral dopant, HCCH,
China, purity: 99.5%) and 2,2 dimethoxy-2-phenylacetophenone
(photoinitiator Irg651, Sigma Aldrich, purity: 99%) at mass ratios
shown in the top row of Table S1 (ESIt). In order to tune the colour
of the film, varying amounts of chiral dopant were added.

The mixture applied to fabricate the non-spectral coloured
film is prepared from a polymerisable temperature-dependent
liquid crystal mixture (chemical structures shown in Fig. S10,
ESIt). Inspired by de Haan et al,’” the Schréder-van Laar
equation was used for formulating a eutectic mixture, adjusting
the proportion of monomers with carboxylic acid endings to expand
the temperature range of LC phase and reflection interval.*® The
CLC mixture is composed of 1,4-bis[4-(6-acryloyloxyhexyloxy)-
benzoyloxy]-2-methylbenzene (RM82, Wilshire Technologies, purity:
95%), (3R,3aS,6aS)-hexahydrofuro[3,2-b]furan-3,6-diyl bis(4-(4-((4-
(acryloyloxy)butoxy)carbonyloxy)benzoyloxy)benzoate) (LC756, Syn-
thon Chemicals, purity: 90%), 4-(3-acryloyloxy-n-prop-1-yloxy)-
benzoic acid (BA-3, Synthon Chemicals, purity: 96%), 4-(5-actyloxy-
pentyl-1-oxy)benzoic acid (BA-5, Synthon Chemicals, purity: 96%),
4-(6-acryloyloxy-n-hex-1-yloxy)benzoic acid (BA-6, Synthon Che-
micals, purity: 96%), 4-methoxybenzoic acid 4-(6-acryloyloxy-
hexyloxy)phenyl ester (RM105, Synthon Chemicals, purity:
98.5%),and 2,2 dimethoxy-2-phenylacetophenone (photoinitiator
Irg651, Sigma Aldrich, purity: 99%), the mass ratios shown in
Table S2 (ESIt). The temperature-responsive CLC film was a
mixture of (chemical structures shown in Fig. S18, ESIt) com-
mercial nematic LC E7 (HCCH, china, purity: 99.5%) and S811
(chiral dopant, HCCH, china, purity: 99.5%) at mass ratios
shown in Table S3 (ESIY).

The mixtures were magnetically stirred at 80 °C for around
5 h to ensure that all the components were homogeneously
mixed. To achieve the three permanent spectral colours, each
respective mixture was first cooled to 40 °C and kept at this
temperature for 1 h before use. Three protective top glass plates
were placed on two adjacent solar cells, using glue along two
parallel sides of the glass. By including spacer balls in the glue
we fixed the solar cell-to-protective glass spacing to 15 um. We
then place a drop of each reactive CLC mixture at an edge
without glue, such that it can fill the entire area by capillary
force, and then the sample was placed in a UV-curing chamber
(Opsytec Dr Grobel Irradiation Chamber BSL-01) for about
1 min for UV polymerisation, with the wavelengths 330-
450 nm and irradiation intensity of 200 mW cm™> at the sample
plane. The experimental procedures are shown in Fig. S2 (ESIT).
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The procedure for generating non-spectral colours with CLCs on
solar cells is shown in Fig. 3(a). The mixture was dripped onto
the solar cells at 66 °C, then covered with glass and left to anneal
for 5 min. A pre-designed photomask was placed on the glass
surface and a handheld UV-LED system (30W IP66 Onforuled,
China) was used for photopolymerisation. The photomasks were
obtained by printing two pre-designed black patterns on a PET
substrate with a laser printer. The appearance of the square
photomask (18 by ~18 mm?) was like a grid-like checkerboard
and comprised of ~4 mm® small squares, with 27 transparent
and 54 black squares. Every two black squares were separated by
a transparent one. The difference between the two photomasks
was that the transparent square was sequentially shifted to
ensure that the sample was not repeatedly exposed in the same
place. After 10 s UV exposure with an intensity of 30 W cm ™2, the
sample was cooled down to 50 °C at 5 °C min . After stabilisa-
tion for 5 min, the first photomask was replaced by the second
photomask, followed by 10 s of photopolymerisation. Finally, the
photomask was removed and the sample was cooled down to
10 °C for another 10 s UV exposure.

The morphological appearance and reflection features of each
sample were observed using an Olympus BX51 reflection polaris-
ing optical microscope equipped with a digital camera (Olympus
DP73). The reflection spectra of each sample were measured by
using unpolarised white illumination and an Avantes AvaSpec-
2048 spectrophotometer, connected directly to the microscope.
The phase sequences of the temperature-responsive LC mixture
were investigated by a differential scanning calorimeter (DSC823
Mettler Toledo, USA) with a scanning rate of 5 °C min~" between 0
and 50 °C in a nitrogen atmosphere. Macroscopic images and
videos were acquired with a Canon EOS 100D camera. The
environmental stability of a permanent constant colour layer
and the temperature-sensitive CLC film were tested according to
85 °C and 85% humidity in line with a test from the IEC 61215
standard. See Section SI 1.7 (ESIt) for details.
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