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Broader context

Translucent perovskite photovoltaics for building
integrationf
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Transparent photovoltaics provide diverse levels of average visible transmittance (AVT) along with
concurrent light harvesting, making glass facades and windows accessible for photovoltaics. However,
improvements in power conversion efficiency (PCE) and aesthetics are required to enhance commercial
viability and public acceptance. This work presents the scalable fabrication of efficient micro-patterned
translucent perovskite photovoltaics at optical qualities suited for building integration. Optimized laser-
scribed transparent areas (25 pm) mitigate detrimental effects on electrical performance, featuring
perovskite solar cells with 44% AVT and demonstrating industrial glass quality through neutral color
rendering (CRI 97) and only 3% haze. Highlighting scalability, submodules yield PCEs of 9.0% at 32%
AVT (4 cm? aperture area). The transfer to two-terminal perovskite—perovskite tandem solar cells
exhibiting PCEs of 17.7% at 12% AVT and 11.1% at 31% AVT demonstrates the first translucent perovskite
tandem photovoltaics. Lastly, the novel concept of transmittance gradients with 7% cm™! absolute
change in AVT and 12.0% PCE for submodules is presented, providing a foundation for architectural
individualizations.

Driven by the transition to renewable energy technologies along with the growing competition for land, the application of building-integrated photovoltaics
(PV) is crucial for an efficient use of urban space. In order to make surfaces such as facades and windows accessible as well, transparent PV technologies are

required, which so far have been associated with strong coloration, heterogeneous appearance and often severely reduced efficiency. In this work, we combine

thin-film perovskite-based photovoltaics, a promising PV technology due to unique optoelectronic properties, with optimized laser-induced micro-patterning of
transparent areas to produce efficient solar cells with diverse levels of transparency. The resulting optical appearance is uniform and neutral color rendering
achieved at industrial glass quality standards. In addition, efficient upscaling to modules, the transfer to more complex yet more efficient tandem devices and

novel design concepts with variations in transparency are presented.

1. Introduction

cost-effective renewable energy technologies. Furthermore, the
local, decentralized generation of electricity via BIPV implies

Considering the modern competition for land, building
integrated photovoltaics (BIPV) is crucial to accelerate the
wide spread of photovoltaics and thereby contribute to the
transition from a carbon-based energy system to innovative and
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system advantages by reducing power grid infrastructure, trans-
mission losses as well as installation costs."”> Moreover, as
conventional opaque photovoltaic (PV) is hardly applicable to
more than rooftops, making surfaces around buildings acces-
sible with BIPV bears the promise to significantly increase the
light harvesting per building and help to achieve net zero
energy consumption.®* However, facades, windows or skylights
require special consideration as good daylighting autonomy is
pivotal while uncomfortably high illuminance levels (e.g. glare)
or passive solar heating shall be omitted to reduce energy
consumption.>® Offering both, variable average visible
transmittance (AVT) and typically inversely proportional power
conversion efficiency (PCE), transparent PV promise ideal

This journal is © The Royal Society of Chemistry 2023
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daylighting adjusted by and in synergy with efficient energy
harvesting.>” Extensive research on the compositional adap-
tion of photoactive materials,®° tuning of their optoelectronic
properties,'®!" modification of layer stacks and thicknesses'**?
and their combination with photochromic layers'*'> led to
various transparent PV technologies with a wide spread of
features and benefits."® However, considering the large gap
between so-far-achieved PCEs and the respective theoretical
limit at given application-oriented AVTs, transparent PV con-
sistently requires an improvement in fabrication processes to
maximize PCEs and create economic incentives.””*® Addition-
ally, enhancement of neutral color rendering, sharpness of view
and design flexibility is pivotal in order to avoid any adverse
effects that come with the substitution of conventional facade
elements.”

Transparent PVs can be categorized into wavelength-
selective and non-wavelength-selective absorption depending
on whether or not light is preferentially harvested in the
ultraviolet (UV) and/or near-infrared (NIR) and transmitted in
the visible spectrum. Wavelength-selective transparent PVs
employ organic small molecules'®*® or polymers®' to absorb
photons via distinct energy transitions across the bandgap
of a semiconductor or from the highest occupied molecular
orbital to the lowest unoccupied molecular orbital in an organic

facade-integrated PV
window-integrated PV
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molecule. Thereby, ultra-violet (UV) and/or near infrared (NIR)
radiation is harvested while the discontinuity of states is
exploited to ensure transmission of the visible spectrum. In
accordance, very high AVT values of 50-90% can be achieved for
this technology at mm?* device dimensions as shown in Fig. 1,
while the theoretical Shockley-Queisser limit of 20.6% PCE at
100% AVT shows its thermodynamic limit (optimal bandgap
of 1.12 eV).>*?* (Following the widely accepted definition, the
AVT in this work is reported as the integration of transmission
spectrum weighted against the photopic response of the
human eye in the range of 380 nm to 780 nm and the
illumination intensity of the solar spectrum for an air mass
of 1.5 times the atmosphere’s thickness (AM1.5G)."”>") An NIR-
selective transparent PV was demonstrated in 2011 by Lunt
et al. with 1.7% PCE at 55% AVT by combining a heterojunction
organic PV, organic donor and acceptor layers with peak
absorption in the UV and NIR and a NIR-wavelength-selective
mirror coating. Utilizing a visibly transparent polymer layer
with silver nanowire as top-electrode, Chen et al. reported 4.0%
PCE at 61% AVT in 2012.>° An attempt to increase the PCE
beyond 5% via a two-junction approach of Zuo et al. has so far
led to a considerable improvement, corresponding to 10.7%
PCE at 53% AVT.”” The large gap between so-far-achieved PCEs
and the theoretical limit of wavelength-selective transparent
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Fig. 1 Power conversion efficiencies as a function of average visible transmittance for transparent photovoltaics being based on different technological
approaches. Data points marked with an asterisk (*) represent transparent photovoltaic panels available in industry and at m? dimensions. Detailed
information about the data points is summarized in Fig. S1 and Table S1 in the ESI.{ Estimated application requirements for technological and economic

viability of transparent PV are depicted as colored background divisions.*”
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PVs is partly owed to the problematic exciton diffusion length
that necessitates to constrain the layer thickness and thereby
its absorbance. Based on the indispensable use of transparent
electrode layers with generally inferior conductivity than opa-
que materials, upscaling transparent PVs leads to a trade-off
between the reduction in AVT, the increase in series resistance
losses and the requirement for a higher periodicity of inter-
connections, thereby reducing its active area. Transferring the
approach of wavelength-selective absorption to luminescent
solar concentrators (LSC), Yang et al. demonstrated a NIR-
selective LSC based on luminophores with 1.2% PCE at 74%
AVT.”® As the reabsorption of photons is the dominant
loss mechanism for LSCs when scaling towards device dimen-
sions of square meters,>® LSCs that exhibit UV absorption and
reemission in NIR spectrum have become more attractive. The
lower ratio of UV photons in the solar spectrum (AM1.5G)
however limits the theoretical PCE of these devices to 5.6%
(with exploitation of multiexciton generation mechanisms and
a cut-off wavelength of 435 nm due to the negligible sensitivity
of the human eye).?* As a result of the very high AVTs of
wavelength-selective transparent PVs, this technology is envi-
saged to be applied in self-powered smart windows, as shown in
Fig. 1. Depending on the improvement in PCE and upscaling of
device dimensions, applications as window-integrated PV or to
self-power small electronic devices from multimedia mobile
displays can become technically and economically viable."”
However, its fundamental limitations in regard to PCE renders
wavelength-selective transparent PVs unattractive for applica-
tion in facades.

Non-wavelength-selective transparent PVs are categorized
into translucent and semitransparent PV. The latter, non-
wavelength-selective semitransparent PV, is based on photo-
active materials that absorb in a broad wavelength range
including the visible spectrum and are either thin enough or
have a large enough bandgap to allow for the transmission of a
fraction of the incident light. Since this technology, unlike
wavelength-selective transparent PVs, absorbs extensively in
the visible region for efficient energy harvesting, a direct
trade-off between PCE and AVT is evident. Available for more
than one decade,*"** commercial products are based on hydro-
genated amorphous silicon (a-Si:H), copper indium gallium
selenide (CIGS) or cadmium telluride (CdTe) thin-film PV, the
latter two offering higher PCEs while being at a slight compe-
titive disadvantage due to higher costs and less abundant
elements.®® Obtainable at common dimensions of ~1 m?
modern semitransparent PV panels provide up to 10% PCE at
10% AVT and 6% at 50% AVT.***°> Beyond these established
technologies, research recently pursues the development of
semitransparent devices based on emerging PV technologies
like organic photovoltaics (OPV) and perovskite photovoltaics.
These laboratory-scale semitransparent devices with active area
dimensions of typically several mm?® to few cm” yielded PCEs
between 9.1% and 19.8% at AVT values of 8% to 58%.°%°7 In
this regard, Yang et al. fabricated a semitransparent perovskite
solar with 19.8% PCE at 8% AVT, exploiting a thin gold layer
grown on a chromium seed layer as transparent front contact
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for increased transmittance.*®®

Furthermore, Chaturvedi et al.
recently demonstrated slot-die coated organic solar cells with
PCEs of up to 9.1% at 58% AVT based on the additional
deposition of Ag nanowires on Al-doped ZnO as transparent
back electrode.” While the concept of multi-junction semitran-
sparent PVs can further improve the theoretical PCE limit, the
achievable AVT reduces significantly due to the incremental
visible absorption of additional layers. Employing this
approach, Meiss et al. presented an efficient 2-terminal tandem
organic solar cell with 5.1% PCE at 24% AVT, being based on
two optimized small molecule organic bulk heterojunctions.*®
Independent of the materials used, non-wavelength-selective
semitransparent PVs exhibit a strong color and accordingly low
color rendering indices (CRI) due to the wavelength-dependent
variations in absorbance, reflectance and transmittance in the
visible spectrum.*®*° While this can be advantageous for
aesthetic facade features and improvements in PCE are indica-
tive for economic viability (see Fig. 1), the lack of color
neutrality limits its extensive utilization as building-
integrated transparent PV solution.>*! Furthermore, the func-
tional dependence on a transparent conductive oxide in com-
parison to a metal as back electrode introduces an additional
trade-off between conductivity and transmittance, resulting
also in larger PCE losses when upscaling from solar cells to
modules."”*?

Non-wavelength-selective translucent PV is based on spatial
segmentation of a conventional opaque solar cell stack across a
transparent substrate. By introducing gaps in between photo-
voltaic active areas or entire solar cells, this approach provides
almost color-neutral transmission of light while facilitating
simple transparency variations. As the introduction of trans-
parent areas increases the AVT and consequently reduces active
photovoltaic area, the same trade-off between AVT and PCE as
for semitransparent PV is evident. Initial research focused on
the simple and versatile approach of macroscopically spacing
silicon solar cells on glass substrates, becoming the dominant
BIPV technology on the open market with PCEs reaching 18.9%
at 10% AVT and 13.2% at 35% AVT for m> dimensions (see
Fig. 1).**** More recently, microstructural patterning of c¢-Si
and thin-film PVs like a-Si or CIGS have become of interest as
this promises to provide an improved, more homogeneous
optical impression, particularly at viewing distances of a few
meters or less. Available industry solutions based on a-Si
provide up to 5.7% PCE at 10% AVT and 2.8% PCE at 30%
AVT.*>* Regarding improvements in research at mm? to dm?
device dimensions, Park et al have recently demonstrated
25 cm? translucent c-Si solar cells with up to 14.5% PCE at
20% AVT via fabrication of micro holes utilizing deep reactive
ion etching.*® Focusing on thin-film PV, Tsai et al. employed
laser-induced ablation to create transparent slits in commercial
a-Si/p-Si solar modules, achieving ~6% PCE at ~20% AVT.*”
Furthermore, Kuk et al. utilized laser scribing to create discrete
microscopic circular transparent areas in CIGS cells of 0.46 cm?®
area, demonstrating 12% PCE at ~12% AVT (estimated based
on 15% transparent area ratio).*® Depending on solution-based
processing, Eperon et al. exploited spontaneous dewetting of

This journal is © The Royal Society of Chemistry 2023
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spin-coated perovskite films to create microscopic arrays of
pores. While the AVT of resulting devices ranged from 7% to
30%, the PCEs corresponded to 7.6% and 3.5%, respectively.*’
Furthermore, investigating the effect of mechanically scribed
and laser scribed transparent areas on the performance of
fabricated translucent perovskite solar modules, Rakocevic
et al. demonstrated devices with up to 13.1% PCE at 8% AVT
and 5.4% PCE at 37% AVT and observed an over proportional
decline in PCE beginning at AVTs above 30% and devices with
more densely packed transparent areas.’® While these results
demonstrate the potential, the PCE of micro-patterned translu-
cent PV devices has to be further improved and device areas
upscaled before this technology becomes of interest for indus-
try and is applied as BIPV for facades."'” Additionally, the
observed over proportional decline of PCE for increasing AVT
values for translucent perovskite PV indicates the requirement
for further process improvements to also provide efficient
transparent PV solutions at 30-50% AVT.**”° Furthermore,
few data has been so far presented regarding optical properties
like CRI and haze, fundamentally defining this technology’s
optical appeal. In particular, neutral color rendering is expected
to be crucial for wide public acceptance and overcoming
architects’ critical view of transparent PV as modern cityscapes
are dominated by neutral colors of black, white and grey.>""
While translucent perovskite multi-junction devices have been
envisaged and recognized as a promising path towards high
efficiency neutral-color transparent PV, the tolerance of
complex perovskite tandem stacks against extensive laser scrib-
ing has yet to be explored.

In response to these challenges, this work demonstrates
micro-patterned translucent perovskite solar cells and submo-
dules, enabling versatile shapes of transparent areas as well as
transparency variations. Subsequent to the fabrication of
devices, an in-depth analysis of electrical and optical perfor-
mance allows for determination of optimal scribing parameters
and shapes of transparent areas to mitigate over proportional
losses even at AVTs above 30%. As future integration of
transparent PVs in facades requires public acceptance, an
investigation of optical properties of transmission and its
perceptual quality is presented. Varying shapes of transparent
areas and their spatial distribution, ideal designs are validated
via analyses of view through images regarding neutral color
rendering and level of haze utilizing ultraviolet/visible (UV/Vis)
spectrophotometry. Finally, the optimized micro-patterning
process is upscaled to monolithically interconnected sub-
modules and transferred for the first time to 2-terminal
perovskite-perovskite tandem cells, demonstrating the feasi-
bility as well as future potential of high-efficiency translucent
tandem PV. Additionally, the concept of arbitrary transmittance
gradients via gradual change of density of introduced transpar-
ent areas is presented for the first time, providing new possi-
bilities for architectural individualization. The laser patterning
processes of translucent areas presented in this study are
compatible with (and not limited to) perovskite absorber layer
thicknesses of a wide range (400 nm to 1200 nm), which
correspond also to the thickness of perovskite thin films

This journal is © The Royal Society of Chemistry 2023
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realized with scalable fabrication methods like blade coating,”®
inkjet-printing,> slot-die coating® and evaporation.™

2. Results and discussion
Transparent and efficient translucent perovskite solar cells

Translucent perovskite-based PV requires a significant
improvement in attainable PCEs, particularly avoiding the
previously reported over proportional decline in efficiency at
AVT values above 30%.>° Furthermore, the development and
optimization of a suitable manufacturing strategy must be
based on simple, industrially applicable and reproducible
processes. To address this challenge, a fast and accurate in-
house laser scribing setup is employed to micro-pattern effi-
cient opaque perovskite solar cells, demonstrating multiple
shapes of transparent areas at optimized parameters.

In this context, perovskite-based PV combine excellent
optoelectronic properties with the potential of solution-based
fabrication. In addition, this approach facilitates the subse-
quent process transfer to perovskite-perovskite tandem solar
cells to further increase the attainable maximum PCE. Here,
perovskite solar cells using a planar solution-processed n-i-p
architecture are processed in the sequence: indium tin oxide
(ITO), (2-(9H-carbazol-9-yl)ethyl)phosphonic acid (2PACz),
methylammonium lead iodide (CH3;NH;PbI;), fullerene (Cgp)/
bathocuproine (BCP) and gold (Au) with an active area of 0.105
ecm”.>® The employed custom-built laser scribing setup com-
prises an enclosed optical system attached to and a sample
compartment inside a glovebox, thereby mitigating health risks
posed by the laser and the sample’s chemical constituents
while allowing for good accessibility for maintenance. The
optical system integrates a conventional nanosecond laser with
frequency doubling (1064 nm, 532 nm) and a galvanometer
scanner system enabling fast, precise and flexible laser scrib-
ing. Functional layers of the sample are protected from detri-
mental effects of oxygen, water and dust particles by the
nitrogen atmosphere inside the glovebox. To mitigate adsorp-
tion of gases and debris resulting from laser scribing, the
samples are under constant laminar nitrogen flow during the
process. Exploiting the versatility of laser scribing, translucent
solar cells based on transparent areas of different shapes are
fabricated and their respective transmittance as well as their
influence on solar cell performance are investigated. Scribing
layouts for fabrication of individual transparent area shapes are
depicted in Fig. S2 in the ESI.{ Laser scribing parameters are
individually optimized and different levels of AVT enabled by
adapting the density (number per area) of transparent areas.

In the following, the fabricated translucent solar cells are
characterized and the transmittance of transparent areas, the
effect of the scribing process on characteristic resistances and
the AVT-related PCE analyzed. Light microscopy images of
the translucent perovskite solar cells are shown in Fig. 2a,
inactive transparent areas now evenly distributed in the opaque
cell stack. Regarding the choice of shapes for the transparent
areas, the small circular transparent areas of 25 pm diameter

Energy Environ. Sci., 2023, 16, 2212-2225 | 2215
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Fig. 2 Characterization of optical and electrical properties and performance of laser-based micro-patterned translucent perovskite solar cells,
employing different transparent area shapes. (a) Light microscopy images of opaque perovskite solar cells and laser scribed transparent areas of
different shapes. The scale bar in the lower right image applies to all images. (b) Transparent area transmittance of PSCs employing different transparent
area shapes for a range of resulting AVT levels. (c) Shunt and series resistance of fabricated devices before (opaque) and after laser scribing of transparent
areas. (d) Normalized PCEs of respective devices. Dashed lines are depicting the theoretical efficacy levels of devices as a function of retained PCE at

respective AVT.

resemble the design introduced by Kuk et al. for translucent
CIGS cells and are resulting from a single laser pulse.*® The
transparent areas in shape of lines, perpendicularly oriented to
module interconnection lines and fabricated by overlapping
pulse craters, were previously investigated by Rakocevic et al.
and are of similar diameter.”® As residual opaque materials
significantly decrease the transmittance of scribed transparent
areas and are particularly present at the ablation crater edges,
due to the Gaussian laser intensity profile, two larger transpar-
ent area designs in circular and square shape are fabricated.
Considering the angular resolution limit of a human eye of ~1
arcminute and targeting a homogeneous optical impression for
all BIPV applications with >50 cm viewing distance, the
diameter of large transparent areas was set to 120 um.”” When

2216 | Energy Environ. Sci., 2023, 16, 2212-2225

scribing circles/squares from the outer edge towards the center,
the ratio of highly transparent area is increased, as shown in
Fig. 2a. Additionally, to exploit the superior AVT of glass
(~91%) in comparison to glass/ITO (~88%) as shown in Fig.
S3 in the ESILT a second laser scribing step (2-step) at elevated
laser fluence is performed to remove the ITO. Restricting the
removal to the inner part of the transparent area mitigates a
detrimental effect of the stronger lasing pulses on the sur-
rounding layer stack, while also inhibiting this approach’s
implementation for the first two introduced transparent area
designs (small circles, lines). While the resulting transparent
areas demonstrate the central removal of ITO as well as further
improvement in ablation of residuals, the higher intensity led
to occasional formation of back contact flakes.

This journal is © The Royal Society of Chemistry 2023
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Next, translucent perovskite solar cells are optically and
electrically characterized (see Fig. S4 in the ESIT for a detailed
comparison of absolute photovoltaic parameters). Depicting
the transmittance efficiency of scribed transparent areas,
Fig. 2b utilizes the ratio of short-circuit-current-density (Js¢)
after and before scribing, respectively, to normalize the mea-
sured AVT values (transparent area transmittance). This corre-
sponds to a normalization with the photovoltaic active area.
The transparent areas in shape of small circles as well as stripes
show transmittance efficiencies of 0.4 to 0.5, proving the
profoundly detrimental effect of residues. The four larger
shapes, introduced to decrease the ratio of outer partial abla-
tion to inner complete ablation of layers, demonstrate superior
transmittance efficiencies of 0.6 to above 0.7. Transparent areas
with additional central ITO ablation show only slight transmit-
tance efficiency improvements, as positive effects of higher
transmittance are assumed to cancel out with the additional
reduction in Jsc due to the unintended back contact flake
formation. Further optimization of scribing parameters is
expected to avoid respective flakes.

Having a decisive impact on the fill factor (FF) of devices
and, thereby, their performance, the influence of the scribing
process and transparent area shapes on shunt and series
resistance of cells is investigated. In particular, the decrease
in shunt resistance is a common problem for laser-induced
material removal due to detrimental shunt paths that originate
from melting or flaking of the ablated back contact. As opti-
mized process parameters lead to almost complete mitigation
of these phenomena, Fig. 2¢ (top) shows the absence of detri-
mental effects on the shunt resistance. Variations of the latter
manifest as statistical distribution around the reference value.
As depicted in Fig. 2¢ (bottom) the normalized series resistance
is steadily increasing for all shapes, reaching a factor of two at
AVTs of 30 to 35%, whereas a further increase in AVT leads to a
significantly accelerated rise. This is in good agreement with
expectations as back and front contact are spatially ablated,
reducing the cross section and thereby conductivity of respec-
tive layers, ultimately tending to 0. Considering the simulta-
neous reduction in current density, a linear increase of the
series resistance of similar amplitude result in constant ohmic
losses (see Fig. S5, ESIT). However, at AVTs greater than 35%, an
over proportional increase in series resistance is evident,
expected ohmic losses rising by a factor of up to ~4, rendering
this a limiting factor. An increase in back contact layer thick-
ness or a decrease in cell width of future modules can decrease
this detrimental effect.

Comparing the overall process quality, the PCE relative to
the AVT of devices is normalized with the initial PCE before
scribing and presented in Fig. 2d (see Fig. S4a in the ESIT for
absolute values). It should be noted that the device’s resulting
AVT divided by its relative loss in PCE is found to be a good
indicator for process efficiency. Taking the maximum AVT of
glass of 91% and of a glass/ITO layer stack of 88% into
consideration, the effective optimum for the developed scribing
process lies in between. To provide a visualization aid, process
efficiency levels for given reference solar cells are depicted via

This journal is © The Royal Society of Chemistry 2023
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three dashed lines. As a consequence, from the inferior trans-
parent area transmittances, devices with transparent areas
in shape of small circles and stripes show strong over-
proportional decrease in PCE for AVTs of 16-21%. In contrast,
the devices with large circular transparent areas demonstrate
almost optimal results up to 24% AVT. Further increase in AVT
results for all four large transparent area shapes in a stronger
decline, reaching a process efficiency of 70% for an AVT of 44%
(see Fig. 2d) due to the observed significant increase in series
resistance (see Fig. 2¢). Champion devices demonstrate PCEs of
16.2%, 13.9% and 8.1% at AVTs of 8%, 15% and 38%, respec-
tively, as depicted in Fig. 1. The constant PCE decline to down
to 30% in AVT emphasizes the benefits of larger multi-pulse-
based transparent areas as well as the achieved good process
quality. However, further reduction of back contact and the
corresponding increase in series resistance become a limiting
factor for translucent devices above 30% AVT independent of
chosen transparent area shapes. The assessment of short-term
device stability, as depicted in Fig. S6 of the ESI,{ indicates no
scribing induced instabilities or accelerated degradation.

Appearance of translucent perovskite photovoltaics for BIPV

Having developed laser scribing layouts and corresponding
scribing process parameters that provide highly transparent
areas as well as a reduced decline in PCE for higher AVTs, the
optical impression and appearance are investigated next. Here,
we demonstrate that the new transparent area shapes with
optimized scribing process exhibit a significant improvement
in color rendering and image clarity.

In order to allow for the qualitative and quantitative assess-
ment of optical properties from a perceptual point of view, the
translucent device areas are scaled up by a factor of 40 to solar cell
layer stacks of 4 cm® aperture area. All translucent devices are
fabricated with a targeted AVT of 30%. While slight variations of
this value may influence the qualitative optical impression, all
quantitative evaluations are designed as to be independent of the
absolute transmittance and are only affected by the ablation
behavior of individual transparent areas.

For a qualitative analysis, pictures of the front and back side
of the resulting devices, as well as view-through images, are
depicted in Fig. 3a. For all designs, homogenous and defect-
free translucent areas over the complete aperture area are
evident, demonstrating the consistent quality of the developed
scribing processes. An in-detail view of fabricated transparent
areas as well as an exemplary presentation of the optimization
process is provided in Fig. S7-S9 in the ESIt via microscopy and
vertical scanning interferometry images and confirms the flake-
and residual-free ablated transparent areas. Regarding the
overall optical impression, patterns are observed for pictures
of front and back side on most samples (see Fig. 3a). These
patterns are not visible by naked eye but result from the moiré
effect. They appear due to the superposition of two periodic
patterns, in this case the fabricated transparent areas and the
pixel-based displays for examining taken pictures.>® The moiré
effect can be avoided by spatial randomization of the fabricated
transparent areas, as depicted in Fig. S10 in the ESL{ As the
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Fig. 3 Characterization of optical properties of translucent perovskite based solar submodules with 4 cm? aperture area, comprising 5 monolithically
interconnected cells. (a) View-through, front side and back side images of translucent submodules with the previously introduced transparent area
formats. (b) CIELAB chromaticity coordinates a* and b* of measured transmittance spectra of fabricated translucent areas. Perceptual lightness L* of
sample areas are depicted via inserted numbers. (c) Color rendering index (top) and haze (bottom) of translucent areas.

dimensions of fabricated transparent areas (>25 um) and
respective periodicity (>40 pm) greatly exceed the wavelengths
of visible light, no diffraction colors can be observed. Consider-
ing the most important evaluation criteria of view-through
images, the big square design as well as both shapes with
additional ITO ablation demonstrate superior clarity and crisp-
ness of objects.

Allowing for a quantification of the observed variations of
aesthetic quality, first, UV/Vis/NIR spectrophotometry measure-
ments are performed for all samples (see Fig. S11 in the ESIt)
and the CIELAB chromaticity coordinates for the transmission
spectra are calculated. The calculations are described in the ref.
59-61. All results are summarized in Table S2 in the ESIL.{ The
resulting chromaticity coordinates are depicted in Fig. 3b and

2218 | Energy Environ. Sci., 2023, 16, 2212-2225

show significant differences in positive b* values, being synon-
ymous in magnitude of yellowish tinting and ranging from 11.7
down to 4.7. The square design shows already good color
rendering with a* = —2.4 and b* = 6.5. The additional ITO
ablation further enhances this to excellent, almost neutral color
rendering of a* = —1.1 and b* = 4.7, their chromaticity coordi-
nates being in the established color fidelity of the international
architectural glass market (5 < a* < 1and 5 < b* < 5).°%%
The respective CRI values, which pose a key figure-of-merit in
the glass industry and are interdependent with the chromaticity
coordinates, are depicted in Fig. 3c. The CRI of up to 97.2 for
the square shapes with ablated ITO confirms the suitability for
architectural applications, as CRIs > 95 being in the accepted
range of yellowish tinted glass. Last, the previous observed

This journal is © The Royal Society of Chemistry 2023
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differences in view-through image crispness or levels of distor-
tions are quantitatively evaluated utilizing the ratio of diffuse
(>3.8° deviation from angle of incidence) to total transmittance
of translucent areas (haze). Having the highest ratio of crater edge
area to transparent area, the small circles show a high level of
scattering with ~16% haze. In contrast, significant improvements
are demonstrated by the other shapes, squares demonstrating
again superior optical properties of down to 3% haze.

In consequence of regulatory requirements, strategies to
reduce lead leakage of perovskite-based PV devices become
highly relevant for systems in close proximity to humans like
BIPV in particular, but can affect device performance and
appearance.®® Developed solutions can be categorized in phy-
sical barriers that prevent invasion or leakage of water and
oxygen, and chemisorption layers that chemically absorb and
bind free-state lead. For both categories, solutions as external
coating (e.g. self-healing epoxy resin,®* cation exchange resin®®)
and internal within the functional solar cell stack (e.g. lead
sulfate shell,*® lead chelation®’) are available. As these strate-
gies were developed to also be applicable for the transparent
front side of perovskite photovoltaics, optimized approaches
demonstrate minimal transmittance losses.’® Accordingly,
their application is expected to only negligibly affect the trans-
mittance and color impression of translucent devices while in
particular internal encapsulation or chemisorption layers are
compatible with the developed laser scribing process.

Technological outlook - proof of concepts

The optimization of lasing parameters and adaption of trans-
parent area shapes led so far to a significant improvement of
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retained PCEs of solar cells, as well as neutral color rendering
and minimal haze that make this concept suitable for BIPV.
However, additional requirements for a successful transfer to
industrial manufacturing are scalability and further enhance-
ment of achievable PCEs. Consequently, we investigate in the
following whether a similar quality of devices can be obtained
when fabricating submodules, and whether the developed
process can be applied to more efficient and complex tandem
perovskite solar cells. As BIPV also comprises the aspect of
aesthetics in regard to public acceptance, a concept for varying
transmittance within one substrate is explored lastly, poten-
tially providing an opportunity for architectural individualiza-
tions and unique facades.

Translucent perovskite submodules. The translucent device
areas are scaled up by a factor of 40 from solar cells of 0.105
cm?” to submodules of 4 cm? aperture area, comprising 5 cells (&
20 mm x 4 mm). The monolithic series interconnections are
fabricated via laser scribing of the established P1-P2-P3
lines.®® Subsequently, the translucent areas are fabricated by
employing optimized lasing parameters and targeting an AVT
of 30%.

The champion submodule demonstrates a PCE of 9.0% at
32% AVT, with a fill factor (FF) of 74%, an open-circuit voltage
(Voc) of 5.5 V, and a short-circuit current density (Jsc, subcen) Of
11.1 mA cm 2 in backward scan direction. Considering the
forward scan direction with a PCE of 8.3%, a FF of 70%, a V¢ of
5.4 V, and a Jsc, subcen Of 11.0 mA ecm™>, only minimal j-V
hysteresis is evident (see Fig. 4a). Furthermore, the submodule
active area exhibits highly neutral color rendering with a CRI of
95.1 and a perceptually homogenous impression, as shown in

C
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Fig. 4 Electrical and optical characterization of the best-performing translucent perovskite submodule with 4 cm? aperture area and 5 monolithically
interconnected subcells. (a) J-V characteristics of the champion submodule before (opaque) and after (translucent) fabrication of transparent areas via
laser scribing. The inset states basic optical properties of the translucent area. (b) Front side and back side images of the translucent perovskite
submodule. (c) Short-term stability under continuous illumination during maximum power point (MPP) tracking at nominal operating cell temperature
conditions (NOCT) without active cooling. For comparison, the absolute PCE and opaque area PCE (PCE-[1-AVT]-1) are depicted on the left and right axis,
respectively.
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Fig. 4b. A photon balance consistency check is depicted in
Fig. S12 in the ESL{ The slight increase in stabilized PCE for
maximum power point (MPP) tracking under nominal operating
cell temperature (NOCT) conditions, as depicted in Fig. 4c, is
attributed to light soaking. Compared to the PCE of this sub-
module before introducing transparent areas of 15.2% (14.4%),
the submodule retains 59.2% (57.6%) of PCE after introduction of
transparent areas (see Table S3 in the ESIt). The process efficiency
of this module of 79% (76%) is emphasized, highlighting the high
quality of the developed scribing process and the feasibility of
upscaling this process to fabricate efficient translucent modules.

Perovskite-perovskite 2-terminal tandem photovoltaics.
Besides demonstrating the feasibility of upscaling translucent
perovskite photovoltaics, envisaging a path towards higher
efficiencies is similarly important. In this regard, devices with
higher PCEs typically comprise more layers with sophisticated
purposes, increasing the devices complexity and thereby risks
of light or heat induced degradation when suspended to the
developed scribing process. In particular 2-terminal perovskite-
perovskite (2TPP) tandem photovoltaics are of interest, poten-
tially reaching higher PCEs by harvesting light in a broader
range of wavelengths more efficiently and implicitly comprising
more functional layers.”>?* Therefore, the developed process is
transferred to 2TPP tandem solar cells and the device and
process performance evaluated.

The utilized 2TPP tandem solar cells are based on the layer
stack sequence of IOH, 2PACz, wide bandgap perovskite with a
1.78 eV bandgap (FA,sCso.2(lo.6Bro.4)s), LiF, Ceo, SNO,, ITO,
PEDOT:PSS, narrow bandgap perovskite with a 1.26 eV bandgap
(Csx(FAo.83MAg 17)(1—x)SNo.5Pbo 515), PCBM, Ceo, BCP and Au as
depicted in Fig. 5a.”° The active area was defined by utilizing a
shadow mask of 8.1 mm? area. After reference measurements
were performed, transparent areas were fabricated by utilizing
established scribing designs with adapted lasing parameters,
targeting AVTs of 10% and 30%.

The champion tandem solar cells demonstrate PCEs as high
as 17.7% at 12% AVT and 11.1% at 31% AVT, respectively, with
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FFs of 77% and 71%, Voc of 1.95 V and 1.94 V, and Js¢ of 11.9
mA cm > and 8.1 mA em ™ in backward scan direction. Con-
sidering the forward scan direction with PCEs of 15.0% and
9.3%, FFs of 68% and 61%, Voc of 1.94 V and 1.94 V, and Js¢ of
11.4 mA cm ™2 and 7.9 mA cm ™2, slight J-V hysteresis is evident,
as shown in Fig. 5b and c. However, this stems from the device
stack itself, as hysteresis is already present during reference
measurements before introducing the transparent areas (see
also Table S4 in the ESIT). Regarding optical properties, both
tandem solar cells demonstrate excellent color rendering with a
CRIs of 95.1 and 95.5, respectively, while the translucent areas
are perceptually uniform. The photon balance consistency
checks are documented in Fig. S13 and S14 in the ESLf7
Evaluating the process efficiency by comparing device perfor-
mance before and after introducing transparent areas, the
tandem solar cells retain 86% (87%) and 60% (61%) PCE in
backward (forward) scan direction. This results in process
efficiencies of ~79% and x77%, successfully demonstrating
the transfer to more complex layer stacks at consistently high
optical and electrical device quality. Following subsequent
upscaling, a translucent tandem mini-module with 12.25 cm?
aperture area, similar device architecture and fabricated via
fully scalable deposition methods provides promising 10.3%
PCE at 15% AVT while further optimizations are envisaged to
close the gap towards tandem solar cells (see Table S5 and
Fig. S15, S16 in the ESIY).

With regard to the readiness of transferring the presented
process to industrial production, we note that our demonstra-
tion of high-quality translucent areas on spin-coated PSCs,
scalable blade-coated perovskite solar modules as well as for
complex 2T tandem PSCs proves the robustness of the devel-
oped laser scribing process, which can be effectively applied to
a variety of perovskites, including those deposited with scalable
methods. However, besides adaptation to other device archi-
tectures, the laser patterning process is required to demon-
strate throughputs that are compatible with inline
manufacturing, typically requiring production cycle times for
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Fig. 5

(a) Employed layer stack sequence for the fabrication of the first translucent 2-terminal perovskite—perovskite tandem solar cells. (b and ¢) J-V

characteristics of best-performing tandem solar cells with 8.1 mm? aperture area before (opaque) and after (translucent) fabrication of transparent areas
at 12% AVT (b) and 31% AVT (c). The insets depict the respective front side and basic optical properties of the translucent areas.
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one m> solar module in the range of minutes. Given the wide-
spread nature of laser patterning in today’s industrial thin film
solar module fabrication, several strategies like (1) a high rate
pulsed laser source (10 MHz) instead of the 10 kHz patterning
frequency used in our laboratory scale tool, or (2) applying
multiple galvanometer scanners in parallel’" are readily avail-
able to significantly increase the throughput of the laser
patterning process (3-4 orders of magnitude). Utilizing these
strategies to improve the instrumentation combined with pro-
cess optimization (e.g. pulse overlap, line overlap), the process
throughput of the presented laser patterning of translucent
perovskite solar modules can be lowered to the range of
minutes. Eqn (S1) in the ESIT shows that the fabrication time
for translucent areas with ~30% AVT can be reduced from
current times of ~25scm™? (~4000 min m~ %) to ~2 min m "2,

Design opportunities via transmittance gradients. In addi-
tion to meeting performance and AVT targets, BIPV always
includes aspects of perception and aesthetics, as these are
key to public acceptance. In this regard, the process’ flexibility
offers next to fabrication of variable transparent areas on
different thin-film stacks the possibility of changing the spatial
distribution of the transparent areas. By continuously changing
the distribution density over the substrate area, transmittance
gradients are generated and their optical impression in the
following demonstrated.

For demonstration, submodules, as previously introduced,
with 4 ¢cm® aperture area were used and transparent area
scribing designs via in-house MATLAB (MathWorks, USA) script
generated. As proof of concept of arbitrary and complex gra-
dient designs, we present three different designs that demon-
strate feasibility and effective current matching. Hereby, the
first design, featuring a gradient that runs parallel to connec-
tion lines and thus horizontally, represents the fundamental
variant. The gradient of the second design runs perpendicular

horizontal gradient
4 cm? aperture area
5 cell stripes

NP vertical gradient
G 4 om? aperture area
5 cell stripes (adapted)
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to interconnection lines (vertical) and requires a transmittance-
dependent adaption of cell widths in order to prevent current
mismatch and resulting PCE losses. The third design intro-
duces a radial gradient, the origin being centered in the
module’s aperture area, and likewise requires cell width adap-
tions. All cell width adaptions are realized by estimation of the
integrated cell currents after the laser scribing. The resulting
transmittances were measured for two individual areas with the
largest expected difference.

The champion submodules with employed transmittance
gradients are depicted in Fig. 6 and demonstrate a homoge-
neous and defect-free scribing result, distinctly featuring the
optical effect of the transmittance gradients. Furthermore,
shown submodules achieved AVT gradients from 31% to 7%
for the horizontal, from 33% to 5% for the vertical, and from
28% to 8% for the radial design, equating to an absolute
change of transmittance of up to ~7% cm™". Further regarding
optical properties, it should be noted that some CRIs stray
below the desired threshold of 95, making further optimization
of lasing parameters desirable. Besides, the submodules show
good electrical performance with PCEs of 12.0% (11.3%) for
horizontal, 10.3% (9.8%) for vertical and 11.2% (10.2%) for
radial gradients in backward (forward) scan direction, while
MPP measurements at NOCT condition over 300 s verify the
stable behavior (see Fig. S17 and S18 in the ESI}). Further-
more, the adaption of cell widths enabled significant current
matching improvements, reducing the maximum current
mismatch of subcells for vertical gradients from 35%, to
only 15%,.; and for radial gradients from 22%rel to 6%, (see
Fig. S19 in the ESIf). The devices successfully demonstrate
the good electrical performance as well as uniform optical
impression of the implemented transmittance gradients,
being enabled by the versatile laser scribed translucent
photovoltaics.

radial gradient
4 cm? aperture area
EE N prEE 5 cell stripes (adapted)

PCE =12.0% | 11.3% PCE =10.3% | PCE =11.2% | 10.2%
‘ AVT=31% AVT=7% ‘ AVT =33% AVT =5% ‘ AVT =28% AVT=8%
CRI=94.9 CRI=90.6 CRI=96.4 CRI=88.0 CRI=957 CRI=935

back

\}

back

back

Fig. 6 Concept, implementation and characterization of transmittance gradients in translucent perovskite submodules with 4 cm? aperture area and 5
monolithically interconnected subcells. Laser scribing layouts (respectively top left) for transparent areas with different spatial distributions and adapted
interconnection lines based on the concept of (a) horizontal, (b) vertical and (c) radial transmittance gradients. Basic electrical and optical properties
(respectively top right) of translucent areas of champion submodules with transmittance gradients. Back side and front side (respectively bottom left and

right) image of fabricated submodules.
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3. Conclusions

This work reports on translucent perovskite photovoltaics,
highlighting the scalable fabrication of efficient translucent
PV devices for single-junction as well as tandem architectures,
while obtaining optical qualities suited for BIPV. Utilizing a
custom-built laser scribing setup, the fabrication of different
transparent area shapes with diameters down to 25 pum is
optimized and minimal detrimental effect on the electrical
performance of perovskite solar cells for AVTs of up to 44%
realized. The resulting translucent areas exhibit a uniform
appearance, demonstrating industrial glass quality through
neutral color rendering with CRIs as high as 97 and minimal
haze of down to 3%. The process transfer to submodules with
4 cm” aperture area yields PCEs of up to 9.0% (8.4% sPCE) at
32% AVT and a process efficiency of 79% (ratio of AVT gain over
relative PCE loss) at similar optical quality, highlighting the
ease of upscaling this fabrication technique. Furthermore, the
subsequent transfer to two-terminal perovskite—perovskite tan-
dem solar cells with PCEs as high as 17.7% at 12% AVT and 11.1%
at 31% AVT and process efficiencies of up to 79% demonstrates to
the best of our knowledge the first translucent perovskite tandem
solar cells. Lastly, the concept of transmittance gradients within
modules and cells is presented, submodules featuring an absolute
change of transmittance as high as 7% cm™ " and up to 12.0%
PCE, successfully providing a foundation for new applications and
architectural individualizations.
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