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Solar photovoltaics (PV) offer viable and sustainable solutions to satisfy

the growing energy demand and to meet the pressing climate targets. The
deployment of conventional PV technologies is one of the major contribu-
tors of the ongoing energy transition in electricity power sector. However,
the diversity of PV paradigms can open different opportunities for supplying
modern systems in a wide range of terrestrial, marine, and aerospace applica-
tions. Such ubiquitous and versatile applications necessitate the develop-
ment of PV technologies with customized design capabilities. This involves
multifunctional characteristics such as aesthetic appearance, visual comfort,
and heat insulation. To enable on-demand adaptation to the requirements of
distributed applications, tunable solar cells (SC) feature exceptional degrees
of freedom in the manipulation of their intrinsic properties via adjusted
materials engineering. The pertinent tuning abilities include but are not
limited to bandgap energy, transparency, color, and thermal management. In
this review, the main principles of different tuning approaches are specified

and an overview of relevant concepts of tunable SC technologies is presented.

Then, the recent integrations of cutting-edge tunable PV adapted to versatile
applications are systematically summarized. In addition, current challenges
and insightful perspectives into potential future opportunities for omni-

solar, wind, hydro, geothermal, and bio-
mass, to enable a steady mitigation of
greenhouse gas emissions, which are
causing the planetary climate change and
global warming."”) Additionally, due to
the economic development and the world-
wide urbanization, a continuous rise of
the global energy consumption across
all key sectors, that is, power, heating,
industry, and transport is occurring. This
is expressed by an increase in the annual
global electricity demand by 4.5% in 2021
corresponding to additional 1000 TWh.
Hence, strict criteria for the selection of
competitive and abundant energy alter-
natives are imposed, requiring high yield
at affordable prices.®] The share of total
renewables power generation excluding
hydropower exceeded 3000 TWh in 2020,
corresponding to almost 12% of the global
electricity generation.?! Considering an
effective synergy between various sustain-
able energy candidates, solar photovoltaics

present tunable PV are discussed.

1. Introduction

Urged by the environmental risks due to the burning of fossil
fuels, the reliance on non-renewable energy resources must
dwindle toward a transition to long-term sustainability in the
global energy systems.'™ This accelerates the progressive
deployment of clean and renewable energy resources such as

H. Meddeb, M. Gotz-Kohler, N. Neugebohrn, U. Banik, N. Osterthun,
O. Sergeey, D. Berends, C. Lattyak, K. Gehrke, M. Vehse

German Aerospace Center (DLR)- Institute of Networked Energy
Systems

Urban and Residential Technologies

Oldenburg 26129, Germany

E-mail: Hosni.Meddeb@dIr.de

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/aenm.202200713.

© 2022 DLR Institut fiir Vernetzte Energiesysteme. Advanced Energy
Materials published by Wiley-VCH GmbH. This is an open access article
under the terms of the Creative Commons Attribution License, which
permits use, distribution and reproduction in any medium, provided the
original work is properly cited.

DOI: 10.1002/aenm.202200713

Adv. Energy Mater. 2022, 2200713 2200713 (1 of 60)

(PV) have demonstrated great capabili-

ties that can satisfy the requirements in

the pathway towards 100% renewable

electricity.”l Owing to the research and
development activities over the last decades, the power conver-
sion efficiencies of solar cells (SC) have skyrocketed with a pro-
longed operation lifetime (>15 years) and a drastic plummeting
in manufacturing costs (global average module selling price
below $0.25 per W).[513-] The rapid universal deployment of
PV resulted in a contribution of about 3.4% in the worldwide
electricity generation in 2020.1 Presently, the global installed
PV capacity is approaching 1 TW and it is envisioned to reach
=10 TW by 2030 and 30 to 70 TW by 2050.0%! Interestingly, along
with massive electricity production using conventional solar
power plants and rooftop solar panels, ancillary concepts of PV
offer new strategies for supplying modern systems in versatile
applications.[""] Moreover, diverse functionalities beyond solar
energy harvesting can be afforded by adaptive PV, including
aesthetic appearance, visual comfort and thermal manage-
ment.[71820.21 The distributed nature and the ubiquitous acces-
sibility of multifunctional PV products are substantial features
of solar PV in contrast to other renewable energies. However,
traditional SCs dominating the market impose intrinsic opto-
electronic and thermomechanical limitations, that prohibit
their multifunctional utilization. To overcome these drawbacks,
novel functional materials and innovative device architecture
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designs are developed to provide customized solar PV with tun-
able properties in a controlled manner.

These tuning capabilities in adjustable SCs cover a multi-
tude of aspects such as bandgap,???! transparency,”?% color,2!
thermal  management,?>?  mechanical  flexibility,[26-28]
weight,1?l and size.333 Tunable PV can be defined as SC tech-
nologies that present a manipulation of inherent properties
through material design of the functional components and ret-
rofits or via device architecture engineering. The primary aim
is to enable suitable customization and adaptation to the spe-
cific requirements of a given application. Hence, conventional
PV can be transformed into multifunctional power-harvesting
devices adapted for the integration into different systems like
building facades,?"34 smart windows,[7182034  automobile
skins,3>3¢ greenhouses for agrivoltaics,®¥ wireless sensors
for the Internet of Things (10T),3%* wearable electronics, 41l
floating, and underwater equipment*>#3! as well as aerial vehi-
cles and aerospace units.'”! In this way, depending on the
technology readiness level (TRL), several PV technologies can
possess their own niche market owing to their potential for
customization and adaptation to integrated PV.2%*l In par-
ticular, the tunability features can turn customized solar panels
into one of the best contenders to power the nascent electrical
vehicles and self-powered buildings.*21:3%]

In this review, we provide a comprehensive overview of the
recent progress for a broad range of tunable SC technologies
in terms of materials engineering, design approaches, state-
of-the-art SC devices and relevant technological applications.
This paper is divided into three main sections. First, the main
principles and general criteria of the tuning approaches in SCs
are outlined. The focus is rather attributed to spectral-related
tuning over a broad range of light wavelengths, controlled by
different functional materials in SCs. This includes the bandgap
tunability of photoactive materials, the optical modulation in
terms of color and visibility as well as the photonic thermal
management of either the intrinsic SC device or the extrinsic
surrounding. In addition, the main approaches that turn a SC
from colored to color-neutral or from opaque to transparent
are presented. A major scope of this review is to discuss the
static concepts with predefined material design and photonic
management alongside the dynamic approaches with reversible
modulation of the light transmission in response to external
factors. Second, relevant tunable SC devices are presented.
Special attention is given to the impact of bandgap tuning on
the efficiency limits of ideal PV devices in opaque, colored
and transparent SCs. Furthermore, the fundamentals and the
technological importance of the bandgap tuning in single junc-
tion and multijunction SCs are highlighted. Then, representa-
tive examples of realized SC technologies with adjustable color
and transparency are underlined. Switchable SC technologies
featuring smart and dynamic control of light transmission or
color perception are of particular interest. As a main thermal
tuning ability, the implementation of optics-based approaches
like passive radiative cooling and sub-bandgap reflection to
reduce the operating temperature of PV is also briefly reviewed.
Third, we focus on the applications that are enabled by tun-
able PV technologies. This covers the integration of multifunc-
tional PV in building facades, windows, greenhouses, vehicles,
indoor, floating, underwater, and aerospace applications. For
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each PV integration scenario, we point out how the relevant
tuning aspects can adapt the SC device and ensure its compat-
ibility with the corresponding application. A critical evaluation
in the framework of a TRL approach is addressed to discuss the
technical maturity across different PV technologies customized
for specific integration schemes. Ultimately, we present some
insightful opinions about the added value of PV customization
considering technological challenges, future directions, poten-
tial industrialization, and market perspectives.

2. Main Principles and General Criteria of Tuning
Approaches in Solar Cells

A typical photovoltaic cell directly converts photon energy of
the incident solar radiation into electrical power. The conver-
sion mechanism consists of a sequence including the optical
absorption of photons in the photoactive region creating an
electron-hole pair, followed by a thermal relaxation towards the
corresponding valence band (V},) for hole and conduction band
(Cp) for electron. Then, photogenerated free charge carriers are
electronically separated and collected in the selective transport
regions toward both side terminals to dissipate energy in the
external circuit.] (Figure 1a,b) The power conversion efficiency
(PCE) is defined as the ratio of electrical energy output to input
energy from the light source. This parameter depends on
external conditions such as the spectrum and intensity of inci-
dent radiation and the temperature of the SC. On device level,
the efficiency is linked to characteristic parameters, such as the
short-circuit current (J,), the open-circuit voltage (V,), and the
fill factor (FF) as follows

_ outputenery [, XV, XFF

PCE (1)

input energy P,

Interestingly, the PV device is sensitive to the energy dis-
tribution of the solar spectrum AM 1.5G with a total spectral
power density of about 1000 W m™. Within different ultra-
violet (UV, 280-400 nm), visible (vis, 400-800 nm), and near-
infrared (NIR; 800-1400 nm) regions, the distribution in
terms of power densities is UV = 93.9, 496, and 353 W m™,
respectively.¥! While the distribution of photon flux is about
5%, 43%, and 52% for each of UV, visible, and NIR, respec-
tively.*] It is noteworthy that the light source specifications
in terms of intensity and/or spectral range can be different in
some specific applications like indoor PV concentrated PV and
space PV. Therefore, apart from the aim of superior PCE, the
precise management of solar spectrum from near-ultraviolet to
visible to mid-infrared offers diverse opportunities in terms of
visual transparency, color appearance, and heat management
(Figure 1a). Furthermore, holistic material design and device
structure engineering enable extra degrees of manipulation in
the optoelectronic properties, the thermo-mechanical charac-
teristics, and the spatial dimensions. In the following, diverse
tuning capabilities are described in respect with different SC
device regions. The discussed components are based on a
multitude of organic and inorganic materials that can be syn-
thesized by a large variety of vacuum and/or solution-process-
able methods.
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Figure 1. a) General schematic of a typical thin-film solar cell structure under sunlight spectrum and possible tuning aspects related to different func-
tional components. b) Simplified energy band diagram and difference in the optoelectronic properties between non-selective and selective photoactive
absorbers. c) Static approaches for optical tuning in opaque, semitransparent, transparent and colored PV. d) Dynamic approaches for optical tuning
from transparent to opaque or tinted via photochromic, thermochromic, gasochromic, and electrochromic switching.

2.1. Tuning Capabilities Within the Solar Cell Device
Components

In the following, we will outline the tuning capabilities in each
functional component of a typical thin-film SC following the
schematic in Figure la. A systematic analysis is addressed in
photoactive materials, electrode layers, optical structures, sub-
strates and encapsulants. It is noteworthy that the survey of
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tuning features will cover all the three generations of PV from
conventional crystalline silicon (c-Si) wafer-based SCs to a wide
variety of emerging organic and inorganic thin-film PV technol-
ogies.’®*! Also, most of the adjustment abilities remain valid
regardless the differences in architectures (substrate, super-
strate, planar, mesoporous, etc.) or in structures (wafer-based,
thin films, microstructured, and nanostructured quantum
wells, nanowires, or dots).
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2.1.1. Photoactive Materials

The photoactive material is the core of each SC and deter-
mines most of its electrical and optical characteristics. As
illustrated in Figure 1b, we can distinguish two main types
of photoactive materials according to the spectral absorption
in visible range: non-wavelength-selective absorbers allowing
photogeneration via continuous broadband absorption over
the solar spectrum including visible wavelengths, and wave-
length-selective absorbers allowing restricted photogeneration
at specific wavelengths particularly in the UV (<435 nm) and/
or NIR (>670 nm) range, but, transmit a fraction of visible
light wavelengths.

Non-Wavelength  Selective Broadband Absorbers: Within a
photoactive semiconductor, the transition of electron from
the valence band (E,) to the conduction band (E.) occurs by
absorbing a photon of light with energy equal or higher than
the forbidden bandgap (h, > E,). Hence, the optical bandgap
of the non-wavelength selective photoactive material controls
the absorption threshold of the SC device.’?l The wavelength-
dependent absorption in a semiconductor material is deter-
mined by the intrinsic optical properties (refractive index n
and extinction coefficient x or absorption coefficient ¢), the
dispersion relations and the thickness.3 Tuning the bandgap,
the optical properties, the thickness as well as the structural
morphology of the photoabsorber can drastically alter the
spectral response to the incident light. This can result in sev-
eral optical characteristics ranging from high transparency, to
selective reflection to near-unity absorption depending on the
optical properties of the surrounding functional layers and
electrodes.l”2%531 On a practical level, the bandgap of the active
materials in common single junction SC is ranged between =1
and =2.5 eV."Y Interestingly, most of semiconductor absorbers
are characterized by a significant bandgap tuning feature. The
bandgap of the photoactive material is crucial in the determi-
nation of the output characteristics and the performance limit
of the PV device.’*>*>% Furthermore, the specifications of the
absorber material is pivotal for the control of light transmis-
sion through corresponding SC device. To achieve an adequate
degree of light transmission through a photoactive material dif-
ferent approaches can be adopted such as substantial thinning,
designing the optical bandgap for adjustable absorption range
or space segregation between the opaque parts of SC.[17:20.21:56]
The latter method is possible even for the case of c-Si wafer
absorber with opaque nature and very limited transparency
potential at ultrathin level,’”8l by punching micro-hole array
to allow a systematic tuning of the light transmission with the
adjustment of the filling fraction design.l*’!

Moreover, the choice of the absorber material type and thick-
ness will define a multitude of characteristics beyond the opto-
electronic properties such as mechanical flexibility, thermal
management, and weight magnitude.

Wavelength-Selective Absorbers: For UV-selective PV, con-
tinuous-band absorbing semiconductors with wide-bandgap
above 2.85 eV (435 nm), such as metal oxides (ZnO, NiO,TiO,),
ABXj; perovskites, quantum dots, and organic materials are
used, allowing an absorption cutoff of the entire fraction of
light spectrum above 435 nm.’%-%3 In contrast, the require-
ments for NIR light harvesting can be satisfied in organic
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solar cell (OSC) featuring ultra-narrow bandgap of donor and
acceptor materials in a bulk heterojunction.l**%l To achieve
selective absorption of both UV and NIR, excitonic materials
with distinct absorption maxima and minima are employed
such as low-bandgap polymer donors and non-fullerene small
molecular acceptors.7¢4051 Within these organic photoactive
materials, the optical absorption mechanism is manifested in
discrete molecular orbitals (S;, S5, ... S,) from the ground state
(So)./! (Figure 1b) By engineering the molecular structure, the
bandgap energy and the discontinuity of states can be tuned.
This can enable a shift of the light harvesting beyond the visible
band into the NIR range.l”] Hence, this impediment in absorp-
tion discontinuity turns out to be an advantage in controlling
the spectral absorption outside the visible wavelengths range.

2.1.2. Carrier Transport Layers, Electrode Materials, and Optical
Structures

Charge Carrier-Selective Contacts: In general, the electron
(ETL) and hole (HTL) transport layers should be optically
characterized by high transparency and low parasitic absorp-
tion to maximize the photogeneration in the inner absorber
regions or to promote visible light transmission in the case of
see-through PV. However, a color tunability can be obtained
through the modification of ETL and/or HTL by thickness
variation, or by integrating photonic crystal and post-tinting
nanostructures.>3:6¢]

Electrode Materials: For opaque SCs, the common back elec-
trodes are metal materials (Au, Ag, Al) thicker than 100 nm
to ensure superior electrical conductivity and quasi-ideal
internal reflection to the PV device for extended optical path
and enhanced absorption.[”l However, for semitransparent and
transparent PV, effective transparent front and bottom elec-
trodes are desired, providing the best compromise between
the electrical conductivity and optical transparency.l%° High
transparency enables light penetration into the front side of
PV device and light escape from the back side of PV device.
Whereas, excellent conductivity allows the transfer of the
photogenerated current to the outer electrical circuit. Also, good
internal mechanical flexibility is desired for the integration in
flexible PV technologies. A wide variety of front and back elec-
trodes in transparent PV is presented in literature.l**®71 Most
common materials are ultrathin metals,°87273] transparent con-
ductive oxides (TCO),7¥ oxide/metal/oxide multilayers,”! metal
nanowires,”>7%! carbon nanotubes,””8 and transparent con-
ducting polymer such as (PEDOT:PSS)."

Optical Structures: Spectral control and optical design are
substantial approaches for light manipulation in PV applica-
tions.”! In this regard, various optical structures are employed
in PV technologies such as photonic crystals, distributed
Bragg reflectors (DBRs), dielectric mirrors, optical cavity struc-
tures, and antireflection films. Most of these structures con-
sist of thin multilayers with different refractive indices. One
dimensional photonic crystal is based on reflection of light
wavelengths lower than the photonic bandgap. Whereas, dis-
tributed Bragg reflector, dielectric mirror and optical cavity rely
on the interference behavior that control the light reflection
and transmission within the multilayer stack. Such concepts
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rely on the manipulation of the thicknesses and the refrac-
tive indices (n) in the multilayers system. Interference effects
arise from the coherent superposition of the reflected and
transmitted electromagnetic fields. This is controlled by the
refractive index change at several interfaces, altering the phase
relationship between reflected light beams from the different
interfaces. Further details on the working principles, materials
and architectures of these optical structures integrated in PV
devices can be found in many reports.’”# The above-men-
tioned optical structures can be used not only to enhance the
light harvesting or to control the light propagation directions,
but also to achieve selective reflection as well as multifunc-
tional spectrum-sensitive features. This provides substantial
tuning capabilities to meet the requirements of versatile appli-
cations in terms of aesthetic, coloration, heat-insulation and
cooling 2382

2.1.3. Substrates

Regarding the tunability features in thin film SCs, a large
variety of substrates can be used depending on the desired
device configuration and the target application.[?”:2883 Sub-
strates are classified by material type into three main catego-
ries: metals, ceramics, and plastic polymers.[*-?884 Hence, the
availability of various substrates contributes to the tunability of
thin-film PV devices in respect of optical properties, mechan-
ical flexibility, stretchability, and weight.[26:28.83.85]

2.1.4. Encapsulants and Cover Glasses

It is possible to utilize the cover glass and the encapsulant for
customized color perception and aesthetic appearance.?!! More-
over, encapsulants and cover glasses can play a significant role
in the adjustment of thermal radiation management and heat
transfer.82887I This is acquired when these components absorb
and then emit infrared thermal radiation which exclude heat
and enable SC cooling.82%7] Also, the choice of the encapsula-
tion scheme promote the mechanical tunability of flexible and
lightweight PV.[%8]

2.2. Optical Tuning Aspects

The tuning of transparency and colors are among the optical
modulation capabilities of PV technologies. Hence, SCs can
be adjusted from opaque to visibly transparent and also from
colored to color-neutral. In the following sub-sections, both
static, and dynamic optical tuning approaches to realize colored
and transparent PV technologies are presented and relevant
components that enable such customization are outlined.

2.2.1. Static Approaches for Optical Tuning
Typically, the optical appearance of a SC device in terms of

transparency or color is pre-designed and fixed at the manufac-
turing stage and remains unchanged along its entire lifetime.
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Figure 1c illustrates different static approaches for optical
modulation.

Static Color Tuning: The color of a SC is perceived based on
a synergy between the light source specifications, the sensitivity
of the human eyes and particularly the spectral reflectance of
the PV device.l>’]

In traditional opaque SCs, the main characteristics are thick
and optically dense photoabsorbers. For absorber thicknesses
below the absorption length, thick metal back reflectors block
the transmission of incident light and enhance the absorp-
tion. Light management strategies such as front antireflection,
scattering enhancement, resonant absorption and perfect back
reflection are commonly used. These approaches enable further
internal reflections and extension of the optical light path and
passes inside the device.l*”] Hence, the absorption in the photo-
active region is maximized.”#% Therefore, opaque SCs are
often adjusted for near-complete absorption of visible light and
appear as monotone dark or even black."]

By manipulating the material design and the device archi-
tecture, colorful opaque and semitransparent SCs with a wide
range of colors can be realized through internal or external
spectral engineering approaches. The external strategies rely on
the implementation of additional external coloring structures
either on the front or on the back side of the basic PV device.
Whereas, the internal strategies are applied within the func-
tional components of the inner PV device from the photoactive
layer to the electrodes.

Since the color appearance is mainly controlled by the spec-
tral reflectance of the PV device, color tuning can be enabled
through external design strategies by changing the reflection
characteristics with additional structures to the primary device.
On the front side of SCs, several optical structures can serve
as coloring agents facing the incident light. These include
antireflection coatings, reflective filters composed of multilayer
films with alternating low- and high-index materials, lumino-
phores,®l printable colorful coating formed by a mixture of
polymers and dyes,®? pigments,®®! subwavelength plasmonic
resonators,’*! and optical microcavities.!*®%"]

The advantage of the external design strategies with reflec-
tive filter is the versatility and large degree of freedom in color
manipulation for any type of underlying PV.U

On the encapsulant and cover glass level, several practices of
dielectric mirrors or colorful coatings can be applied separately
from the PV module fabrication and then easily transferred.l?!
Nearly-perfect colors can be produced by coating the inner glass
surface with photonic structural reflectors,®®! painting technol-
ogies of cover glass,® or etching treatment of the outer glass
surface.l% Bragg reflectors with a resonance peak at a specific
wavelength within visible range, applied on internal cover glass
surfaces is one of the common coloring approaches.

In the internal color design strategy, the photoactive mate-
rials themselves can yield a color tuning via the change of thick-
ness,'' chemical composition,1%21%] optical bandgap,0+1%%
or structure morphology.l°®1%l Regarding the carrier transport
layers, the creation of color can be obtained by tinting coat-
ings,'” thickness change or integration of patterned nano-
structures and precisely designed photonic crystals.®®1%8] Ag
for the coloration through the transparent electrode region,
the widely used method is the spectral engineering of the
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optical interference in microcavities composed of metal-die-
lectric-metal.l'%] The variation of the dielectric thickness corre-
sponding to the cavity length leads to different resonance con-
ditions enabling color tuning.M%11

Similar to the opaque coloring technologies, semi-trans-
parent SCs can also be tuned to show vivid coloration in both
reflection and transmission modes. Hereby, the coloration
effect can be a result of optical resonances in the complete
layers stack of the PV device, or in single layers, as well as a
result of pigment molecules. Also, semitransparent dielectric
mirrors can be applied as optical color filter structures owing to
their selective reflection.

More details on the different coloration approaches in
opaque and transparent PV can be found elsewhere.?!*!

All the above-mentioned internal and external approaches
differ in terms of the ability to generate vivid and distinctive
color, the color tunability and the angle sensitivity.>?!

The quantitative parameters for assessing the color quality
of SCs, like the color coordinates in the chromaticity dia-
gram, the color rendering index (CRI) and the correlated color
temperature (CCT), are explained in Section S1, Supporting
Information.

Static Transparency Tuning: With regard to transparency modu-
lation in SC technologies, the primary aim is to enable a transmis-
sion of a fraction of the incident light over the spectral sensitivity
of the human eye in the visible region.?”! The transmission of
the visible light is influenced by the spectral absorption of the
photoactive materials in the SC."] Accordingly, along this manu-
script, we refer to transparent PV (TPV) as SC technologies with
UV-NIR wavelength selective absorbers and semitransparent PV
(ST-PV) using non-wavelength-selective photoactive materials.
The main adopted approaches for TPV and ST-PV are

1) The partial absorption and transmission of light in the visible
spectrum can be enabled through thinned or wide-bandgap
broadband absorbing materials, according to Beer-Lambert
law. Typically, ST-PV with thinned absorber tend to exhibit a
tinted color appearance.

2) The spatial segmentation approach consists of local removal
of a fraction from the photoactive area in SC device. This
enables a color neutrality aspect with higher degree of optical
transmission as the spacing area increases, but, accompanied
with a drop in the photocurrent and efficiency level due to the
reduction of the photoactive area.

3) Luminescent solar concentrators (LSC) use luminophores
to guide light in glass or polymeric media via total internal
reflections towards PV devices placed at the edge.”2021]
Interestingly, omitting light blocking components such as
interconnection schemes over the solar harvesting area, al-
lows outstanding levels of transparency and color fidelity in
Lsc.h2

The main figures of merit to characterize transparent SCs
are elucidated in the supplementary section S2. This includes
optical parameters such as the average visible transmission
(AVT) and parameters combining power conversion and trans-
parency like light utilization efficiency (LUE).

Due to the major differences in the specifications of ST-PV
and TPV technologies as well as the large possible adjustment
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capabilities, wide range of PCE, AVT, LUE, and CRI outputs
can be obtained.’! It is worthy to mention that the bifaciality
attribute enabling the illumination from both sides is inherent
in transparent PV, desired for the aesthetic of semi-transparent
colored PVl and beneficial for opaque SCs. 1]

All the previously presented approaches for static color and
transparency tuning are predefined in the fabrication process
and then the optical characteristics remain unchangeable over
time once the PV device is in operation.

2.2.2. Dynamic Approaches for Color and Transparency Tuning

Unlike, static optical tuning approaches with predefined mate-
rial design and photonic management beforehand, dynamic
optical tuning approaches rely on a smart and reversible mod-
ulation of light transmission in response to external factors.
Figure 1d, showcases the main dynamic reversible strategies
for optical modulation. According to stimuli type, the optical
switching mechanisms are categorized as electrochromic,
gasochromic, photochromic, and thermochromic, related to
voltage, gas, light, and temperature factors, respectively.

Electrochromic Switching: Electrochromic switching is mostly
based on the movement of ions between electrochromic mate-
rials (such as inorganic metal oxides WO3, NiO, MoO;...) and
an ion reservoir (e.g., H* or Li*)."®" The combination of PV
and electrochromic layers results in photoelectrochromic win-
dows, which combine the benefits of energy generation and
optical response by external stimuli.''®12 The electrochromic
layers are attached to an electrode of the ST-PV. Most studies
use the supplied energy by the SC to self-power an electro-
chromic redox reaction and change the transparency or the
color of the full SC device.

Gasochromic Switching: Gasochromic switching involves the
interaction of oxidizing or reducing gases, like oxygen and
hydrogen, with transition metal oxides such as tungsten oxide
(WO;), or metals like magnesium and titanium.[?2123] Due to
the absorption of gaseous molecules, the responsive materials
undergo a phase change such as a transition from metallic
to a metal hydride dielectric state upon hydrogenation.!?4
This leads to a dramatic change in the optical response.l?’!
Depending on the thickness and the material type of the gas-
ochromic structure, the phase change can induce a transition
from a reflective/absorptive to a transparent state.[22123126]
Since the gasochromic mechanism requires a direct interaction
with a gas, the responsive material is commonly exposed to the
surrounding environment and therefore placed in the external
electrode of the switchable SC.[122123126] A careful considera-
tion for the thickness of the gasochromic layer is required to
allow sufficient transmittance of visible light. For instance, the
thickness can be above 100 nm for the case of WO; but, it is
restricted to way below 100 nm for Mg due to the high opacity
level.l123]

Photochromic Switching: As for the photochromic mecha-
nism, it typically consists of a reversible transition between a
colorless state in the dark and colored state during illumina-
tion.'? In PV, this switching dynamic mechanism has been
exploited mainly in dye-sensitized solar cells (DSSCs) that
allow a change in color and self-adjustment of the visible light
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transmission when irradiated upon.['?8l Moreover, the combina-
tion of a photo-responsive liquid-crystal layer with a transparent
SC can allow an optical tuning from a transparent, energy-har-
vesting mode under incident light to an opaque, idle mode in
the dark.[12%]

Thermochromic Switching: Another category of switching
technologies in PV are thermochromic devices where the
light regulation occurs passively in response to the environ-
mental temperature in continuous change. Typically, vanadium
oxide (VO,;) and perovskite can be applied as thermal-
responsive materials.34130-135] that enable the tuning of the
absorbance intensity or shifting the absorbance band through
a phase transition process.'”/l In particular, the structural phase
transitions in perovskite can undergo thermally-induced revers-
ible transitions with tunable color and transparency in the
visible range.33136.1%] The required heating to trigger the ther-
mochromic switching can be realized reversibly by means of a
photothermal process upon illumination, leading to a transition
from absorbing and colored PV to a transparent state.[!3¢]

All the above-mentioned dynamic switching technologies
have been established for smart windows,!'?137138] and have
recently attracted particular interest in the PV field.'3*139] For
solar devices, by integrating one of the dynamic switching
mechanisms, an on-demand customization or self-adjustment
of the entire optical properties including transmission, absorp-
tion, and reflection can be provided.'?®! The stimulus-respon-
sive element is then a part of the functional materials com-
posing the SC and can be inserted in different regions from
the inner absorber to the external electrode.123126133139] Hence,
similar to smart window technologies, switchable PV can allow
a reversible and dynamic optical modulation with a drastic
change from transparent to opaque or colored states due to
either chemical composition or structural changes.

The implementation of the aforementioned switching tech-
nologies into SCs can take place at different component levels
of the PV device. In the gasochromic and electrochromic con-
cepts, a direct interaction between the responsive material and
the stimuli agent is required. Therefore, the corresponding
functional switchable layers that change their reflectivity and
transparency should be implemented as external electrodes
in SCs.126140 Whereas the photochromic or thermochromic
mechanisms can be inherently implemented within the
photoabsorber regions in switchable dye-sensitized and perov-
skite switchable SCs.[!3’]

2.3. Optoelectronic Tailoring of Bandgap Energy in Photoactive
Materials

Most of the photoactive materials employed in PV have a tun-
able bandgap, which is a key parameter that determines the
optoelectronic properties. The bandgap energy can be modu-
lated via various strategies such as chemical composition,*-44
doping, alloying,! strain engineering, lattice constant manip-
ulation, quantum confinement,"”*] and many other
methods.M>*-B1 In the following, we present some of the
well-known examples of photoactive materials in PV featuring
bandgap tuning via composition change or via quantum con-
finement (QC) effects.
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2.3.1. Composition-Tunable Bandgaps

One of the most common examples of composition-tunable
bandgaps are thin films based on group IV semiconductors (Si,
Ge, C) and their compounds. Their bandgap values can vary
from below 1 eV to beyond 2.5 eV by alloying with each other
or with oxygen and nitrogen or also by varying the deposition
process parameters. These variations can affect the crystallinity
as well as the microstructure including the interatomic spacing,
bond angles and degree of atomic coordination.®?l As shown
in Figure 2a (pink data points), I-III chalcopyrite Cu(In,Ga,Al)
(Se,S), systems can be formed by various multinary alloys,
enabling the bandgap tailoring from narrow-bandgap regime
(CulnSe,-1.04 eV) to wide-bandgap regime 3.5 eV (CuAlS,) and
hence, covering a wide range of solar spectrum.!>¥ For I1-VI
binary bivalent metal chalcogenides M?*Ch? (Ch = S, Se, Te),
containing metal cations from group II (Zn, Mg, Mn, Cd....)
typically in wurtzite or zincblende structure (Figure 2a black
graph), the band gaps of these isostructural A;B;_ alloys can be
estimated using Vegard’s law.'*3 For I1I-V compound semicon-
ductors, the bandgap tuning is accessible via lattice matching
and high-quality epitaxial growth forming III-V alloys with
multiple lattice constants. In general, larger tolerance to
mismatch on the same substrate can enable wider range
of bandgaps."! The bandgap tailoring in III-V-based PV
can be effective in quantum well and multijunction SC
technologies. 16134

The bandgaps of organic semiconductors can also be
manipulated. Typically, in a bulk-heterojunction OSC, the
molecule-based absorber layer comprises electron donor (D) in
conjunction with acceptor (A).>! To underline the bandgap
tunability in organic photoactive materials, a representative list
of non-fullerene acceptors and polymer donors and their cor-
responding energy levels is depicted in Figure 2b. In particular,
selective IR absorption requires a reduction of the bandgap E,
to below 1.5 eV.[*41°0] This implies that to harvest photons in the
near-IR region, the bandgap of both donor and acceptor mate-
rials in the bulk heterojunction must be smaller than the energy
range of visible wavelengths (380-780 nm).[%! In this context, a
schematic diagram of the energy levels showing the band gap
narrowing mechanism of a D-A type polymer is illustrated in
Figure 2c. This can be generally enabled by minimizing the
bond length alternation (BLA) as the average of length differ-
ence between carbon-carbon bonds in the chain.®*'l In this
respect, different adopted chemical engineering strategies are
explained in relevant literature.l**156158 To realize low-bandgap
polymer donors, the main utilized strategies are the molecular
design of donor-acceptor (D-A) and stabilization of structure
by quinoidal resonance along the conjugated backbone.!!®!
Further technical specifications and scientific background
of these strategies can be found elsewhere.186+6518] [n the
case of small-molecular acceptors, in spite of the high perfor-
mance of fullerene-based materials, they are characterized by
restricted bandgap tunability due to the closed-cage struc-
ture. Hence, extra chemical design is required to further shift
the absorption in the NIR range. This favors the synthesis of
non-fullerene small molecules with fused ring-based acceptor
or electron-withdrawing moieties.*) Interestingly, all these
narrow-bandgap organic NIR-photoabsorbers are relevant for
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Figure 2. a) Room-temperature band gaps of different chalcogenide materials such as zincblende I1-VI alloys, rocksalt 11-VI alloys, ternary I-I11-VI,

chalcopyrite chalcogenides and some standard binary zincblende 111-V compounds. Reproduced with permission.'>3 Copyright 2020, American Chem-
ical Society. b) Electron affinity (EA) and ionization energy (IE) levels of some representative non-fullerene acceptors and polymer donors. Adapted with
permission.83 Copyright 2021, Springer Nature. c) Band gap narrowing mechanism of a D-A copolymer in molecular orbital theory between the lowest
energy unoccupied molecular orbital (LUMO) and the highest-energy occupied molecular orbital (HOMO). Reproduced with permission.'®®! Copy-
right 2015, American Chemical Society. d) Illustration of ABX; perovskite lattice structure. Reproduced with permission.[¥2l Copyright 2017, Springer
Nature. e) Schematic energy level diagram of different metal halide perovskites with the corresponding ionization energy, electron affinity and optical
gaps values (all in eV). Reproduced under the terms of the CC BY license."!l Copyright 2019, the Authors. Published by Springer Nature. f) Schematic
illustration of 1D, 2D, and 3D quantum-confined nano structures compared to bulk material. Reproduced under the terms of the CC BY license.['63]
Copyright 2018, the Authors. Published by the Royal Society. g) Quantum-size shifted absorption, discrete excitonic transitions and bandgap depend-
ence on PbSe QD size. Reproduced with permission.['®7] Copyright 2012, Elsevier. h) The emission range of representative QDs with different elemental
composition and tunable particle sizes. Reproduced with permission.[) Copyright 2017, Elsevier.
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color-neutral transparent PV device with maximized light trans-
mission in the visible spectrum.

One of the most striking paradigms of bandgap tunability by
compositional engineering are perovskite materials.[#215%160] [n
PV, halide perovskite photoabsorbers are 3D ABXj; structures
with corner-sharing metal halide octahedra, where, A is a small
organic of inorganic cation (charged +1), B is a metal cation
(charged +2), and X is a halide anion (charged —1) (Figure 2d).
Typically, A components can consist of Cs, formamidinium
(CH(NH,),* (FA) or methylammonium (CH;-NH;)" (MA),
B elements can be Sn, Pb, or Ge, while, X atoms can repre-
sent Cl, Br or I. Importantly, the substitution of A, B, and X
ions enables the broad tuning of the bandgap energy from =1
to 3.55 eV.*142 (Figure 2e) Typically, a gradual increase of the
energy bandgap is induced by going from I to Br to Cl or by
substituting Sn with Pb or also by replacing the MA* cation by
FA" or Cs* ions.*21 This is due to the changes in the density
of states, chemical compositions and bond angles and lengths
by including different cations and anions.! Owing to the
change of chemical composition, the absolute energy levels are
altered by the effective atomic energy levels of the metal cat-
ions and halide anions, their hybridization strength, as well as
structural variations including size and distortion of the crystal
lattice.™!I Further details about the physical mechanisms gov-
erning the variation of the bandgap and the absolute energy
levels in perovskites can be found elsewhere.**2l One of the
important applications of these attributes are UV-harvesting
transparent PV based on perovskite photoactive materials.

Overall, the bandgap tuning via compositional engineering
is a key design strategy not only for the improvement of PV
performance but also for the realization of spectrum-sensi-
tive functionalities such as visible transparency and selective
absorption.

2.3.2. Quantum Confinement-Tunable Bandgaps

Unlike composition-tunable bandgaps, quantum confine-
ment-tunable bandgaps are manifested via size tailoring in
semiconductor materials. Generally, by reducing the size of
semiconductor nanostructures down to a comparable level
with its exciton Bohr radius (Rg), a restriction of the degrees
of freedom and phase space for the charge carriers occurs and
quantum confinement effects arise.*1011621 Thus, semicon-
ductor materials with larger exciton size and Bohr radius are
more susceptible to QC effects. Higher degrees of quantum
confinement are manifested by going from quantum well
(QW) with confinement in only one dimension (two degrees
of freedom) to quantum nanowire (QNw) with confinement
in 2D (one degrees of freedom) to quantum dot (QD) with
confinement from all the three dimensions (zero degrees of
freedom). (Figure 2f) It follows that a persistent localization of
exciton via quantum-size effect is compensated by an increase
of momentum and kinetic energy. This is accompanied by a
discretization of the energy level and an increase of the energy
bandgap in low-dimensional nanostructures compared to the
bulk material with constant bandgap and continuous energy
spectrum.193] Hence, quantum confinement effects imply
size-dependent tuning in the optoelectronic properties of
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semiconductor nanostructures, including the bandgap energy,
band edge positions, the density of states and the absorption
transition probability.'®3] Such phenomena can be observed in
Figure 2g, showing QC effects on shifted absorption, discrete
excitonic transitions and bandgap as a function of PbSe QD
sizes. The fundamental implications of QC on the DOS and
the energy are briefly introduced in the Section S3, Supporting
Information. It is noteworthy that for a given semiconductor,
QC effects are more pronounced as the degree and the dimen-
sions of confinement are higher, namely, higher in QD than in
QNw and QW./ In colloidal quantum dots with different ele-
mental composition, including II-VI (e.g., CdX, X =S, Se, Te),
III-V (e.g., InP, InAs, GaAs), IV-VI (e.g., PbX, X = S, Se, Te),
and group IV (C, Si, and Ge), wide bandgap tunability from
UV to NIR range can be achieved due to the synergy between
quantum-size effects and chemical composition.'* (Figure 2h)

2D semiconductor materials in the form of few-layers and
monolayers can also be potential photoabsorbers, known for
their thickness-dependent optoelectronic properties and signifi-
cant QC effects. These materials exhibit highly tunable and pre-
cisely controllable bandgaps.**!

Overall, QC-tunable bandgaps in low-dimensional semicon-
ductors could enable distinct features and practical applications
in SC technologies based on QW, QNw, and QD nanostructures.

2.4. Thermal Tuning Aspects
2.4.1. For the Intrinsic Solar Cell Devices

Unlike under standard test conditions (AM1.5), that is, one sun
illumination at a temperature of 25 °C, solar modules in the
field operate at temperatures of about 20—40 °C higher than
ambient. This happens since about 80% of the incoming sun-
light is converted to heat, leading to a drop rate of efficiency
typically between —0.1% K™' and —0.5% K! depending on the
environment.'®70 To reduce the operating temperature of
PV, a reduction of the generated heat in the device and/or an
increase of released heat to the surrounding environment is
desired.®”] This can be tailored through photonic management
and spectral engineering approaches.8216]

On one hand, among causes for excess heat excess genera-
tion in PV modules (e.g., thermalization, recombination, ohmic
losses, entropy generation),[”2l sub-bandgap parasitic absorp-
tion can be prevented by introducing spectrally selective optical
filters. This reflects away sub-bandgap photons with insuffi-
cient energy for photocurrent generation from the SC.I73-173
Moreover, selective filtering by reflecting the high energy UV
photons which contribute to thermalization can be useful in
some PV configurations.®219V1] A more effective way to mini-
mize the heat generation through thermalization would be
to increase the cell efficiency or to implement multijunction
design.171176]

Simultaneously, the PV module cooling by the rejection of
waste heat to the surrounding environment occurs through
three heat transfer mechanisms, namely. conduction, convec-
tion and radiation.”7778] In particular, passive radiative cooling
ability in SCs can be realized by spectral tuning the PV devices
for high emissivity (&) in the atmospheric transparency window
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-also called sky window- (wavelength band A = 8-13 um) to
benefit from the coldness of the universe (T = 3 K).[V0.179.180]
The analytical expressions of different power components gov-
erning the energy balance are presented in Section S4, Sup-
porting Information. Detailed fundamental principles of pas-
sive radiative cooling for SCs can be found in several relevant
papers.[16181-183]

The above mentioned optical tuning strategies like sub-
bandgap reflection methods and passive radiative cooling con-
cepts are beneficial for the appropriate thermal management of
PV devices.[184187]

2.4.2. For the Extrinsic Surrounding in Interior Building Spaces

Apart from power generation, SCs with tunable transmittance
integrated in windows can also reduce the amount of light
entering the room. This ensures heat insulation function and
thereby minimize the energy requirements for cooling building
spaces. The heat dissipation in smart windows can be achieved
by strongly reflecting the near-infrared radiation which are not
utilized in the power generation.l’>?] The main thermal met-
rics for PV window are introduced in Section S5, Supporting
Information. This includes the infrared-rejection rate (IRR)
and solar heat gain coefficient (SHGC). Thus, the integration of
tunable ST-PV and TPV with static or dynamic approaches into
solar windows can play a key role in the thermal management
and heat insulation of building interiors or vehicle spaces.

2.5. Further Tuning Capabilities Beyond Spectrum-Sensitive
Aspects

Although the focus in this review is rather devoted to spectrum-
sensitive tunability aspect, nevertheless we briefly mention
here further capabilities that are implicitly considered and are
definitely essential for various applications.

Considering mechanical properties of SCs, it can be tuned
from rigid to flexible to stretchable.®>'88] A wide variety of flex-
ible and stretchable SC technologies can be found in many
relevant reviews.26-288385188189] Flexible SC devices offer the
ability to apply a mechanical deformation such as bending or
stretching without failure and preferably in a reversible and
recoverable way.l?62883 To realize a flexible thin-film SC, proper
choice of the entire device components and compatible fabri-
cation processes are essential.l”?872] Since ceramics and thick
glass are considered as non-ductile and brittle,?®! only ultrathin
flexible glass, metal foils, polymers and papers can be possible
candidates as substrate for flexible thin film PV;1#7:83190]

Unlike thin-film PV, in ¢-Si wafer-based PV, the conventional
substrates are rigid and brittle. However, by thinning down c-Si
below 50 um, a mechanical bending occurs and the bendability
and the flexibility increases as the thickness of the ¢-Si is fur-
ther reduced.>3191192]

Typically, the flexibility and the bendability of the functional
materials and the SC devices are characterized and quantified
by relevant mechanical parameters such as bending curva-
ture radius, Young’s modulus and elongation yield strength
and elastic or total elongation.[?6-2883193] For stretchable SC,
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fibershaped or intrinsically stretchable structures are employed
due to their multidirectional stretching ability, their resist-
ance against tensile fracture and their accommodation to
strains.[?# This allows to achieve the required properties in
regard of the crack-onset strain, the elastic modulus and the
durability after multiple cycles.[3>188]

The power-per-weight is controlled by the design of func-
tional components and retrofits of SC.2?8319419] The adjust-
ment of the PV weight can be from massive to lightweight and
ultra-lightweight. Massive and non-ductile PV technologies
are mainly deployed in solar power plants and rooftop panels.
Lightweight and flexible PVs are mostly vital for integration
scheme with weight restrictions and curved surfaces such as
in vehicles, greenhouses, wearable electronics and aerospace
applications.[1%:29196-202] \hile, stretchable SCs are relevant for
wearable textile and portable devices.[*293-205] Furthermore, the
size of PV devices can be adapted from upscaled integrated sys-
tems to miniature micro-cells.3%322% In this way, on one hand,
large-area solar PV can meet the size requirements of applica-
tions like buildings, vehicles, agrivoltaics. On the other hand,
small size SCs are suitable for integration in skin-mountable
electronic devices.3%2%] Another tuning aspect is the possibility
to change from static fixed to movable solar panels equipped
with sun tracker systems for adjustable tilt angles. This dyna-
micity is beneficial for power production and shading control
in windows and agrivoltaics.[208-210]

3. State of the Art of Tunable Solar Cell
Technologies

3.1. Synergetic Impact of Bandgap and Optical Tuning on
Efficiency Levels: From Opaque to Colored to Transparent PVs

3.1.1. Opaque PV with Near-Complete Absorption

The fundamental thermodynamic limit defining the maximum
theoretical efficiency of a single-junction SC as a function of
the absorber bandgap is determined by the Shockley—Queisser
(S-Q) detailed-balance model.?"!l Within the SQ formalism, a
balance between photogeneration process and radiative recom-
bination as unique loss mechanism is considered, where all
photons with energies above the photoactive material bandgap
(E,) create free electrons and holes. This results in one electron
per absorbed photon to contribute to the electrical current.
Accordingly, single-junction SCs with an optimum E, = 1.34 eV
are be capable of reaching a PCE around 33% under standard
solar spectrum and intensity conditions (Figure 3a). However,
in practical reality, the throughput of a SC is affected by an
interplay between the light photons absorption, the transport
and collection of free charge carrier towards the contacts and
the recombination of electrons and holes being the major loss
mechanism.?2283] These physical mechanisms are linked
to the key properties of the photoactive material, such as the
absorption coefficient ¢, the charge-carrier mobility u, and the
charge-carrier lifetime 712122831 Thus, the combination of the
optical and electrical losses affects the output characteristics
that is, V., Js, and FF. This leads to further disparity between
the theoretical limit and the experimental efficiency that varies
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Figure 3. a) Best experimental efficiencies for opaque single junction solar cells from different PV technologies as a function of the effective absorber
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significantly between different for SC technologies, as shown
in Figure 3a.’" Hence, the selection of materials, design and
the device structure engineering in PV technologies would
determine the potential performance and the generated
power yield.P%32131 PV devices can be categorized according
to their performances as low-cost low-efficiency and high-
cost high-efficiency systems.3*"21] Importantly, such tun-
ability aspect is decisive in the selection of target applications.
High-efficiency SC technologies (PCE > 20%) including III-V,
c-Si, perovskite, CIGS and CdTe are potential real-world can-
didates for specific applications with limited installation area
like residential sector, vehicle-powering as well as aerospace
applications. Other thin film SCs and emerging PVs like dye-
sensitized, amorphous silicon, kesterite, inorganic, organic,
and others, yield low efficiency levels.[?'%?77] Hence, such SC
technologies are more suitable for ancillary types of energy
conversion like building-integrated PV (BIPV) and indoor
PV. However, in colored, semitransparent or visibly trans-
parent SCs, the alteration of the light transmission and reflec-
tion inevitably diminishes the energy harvesting capability in

the PV device and results in a drop of the power throughput
level [17:55.218-220]

3.1.2. Opaque Colored PV

Halme and Mikinen established a reference point for the theo-
retical efficiency limits of ideal colored opaque photovoltaics.*"!
The implications of the optical losses on the power conversion
efficiency due to the production of color by reflecting of a frac-
tion from the visible light were quantitatively determined com-
pared to ideal black SC. As can be noticed from Figure 3b, most
of the colored opaque SCs can yield a theoretical efficiency
limit above 29% corresponding to a performance loss below
14% relative to an ideal black SC with 33% efficiency.?’”) When
different colors were compared, yellow-green SCs outperforms
the blue, red, and purple counterparts. It was also found that
for the majority of colored SCs, the optimal bandgap is around
1.1 eV, in correlation with ¢-Si. Furthermore, the ideal efficiency
decreased monotonically with increasing relative luminosity.*")
Typically, color-induced losses can be minimized by utilizing
narrow and sharp peaks in the reflection spectrum to produce
the desired color.[222

3.1.3. Non-Wavelength-Selective Semitransparent PV

In the context of semitransparent PV with non-wavelength-
selective absorbers, Wheeler et al. adapted a modified S-Q
detailed balance model for the integration of PV windows in
different seasons considering the average visible transmission
(AVT) Dbesides the efficiency (PCE).’® They established the
dependence of PCE on the trade-off between the absorber thick-
ness and bandgap (Figure 3c). Moreover, the decrease of the
PCE with increasing AVT was quantitatively determined. The
ideal efficiency dropped gradually from 33% for optically dense
(S—Q limit) absorbers at a bandgap of 1.35 eV to 5% for wide-
bandgap (=3 eV) UV-harvesting transparent PV (Figure 3d).
They also deduced that the ideal bandgap range for maximum

Adv. Energy Mater. 2022, 2200713 2200713 (12 of 60)

www.advenergymat.de

efficiency level can be altered compared to the common S-Q
as it is strongly dependent on the transmission level. Mainly,
for a low AVT level < 0.3, the optimum bandgap =1.35 eV
remained in agreement with the standard S—-Q model. This
regime is valid for thin-film technology with photoactive thin-
ning approach and partial absorption.>® However, when the
AVT exceeded 0.3, the ideal bandgap shifts progressively from 2
to 3 eV, as the AVT increased.!

Brabec and co-workers determined the efficiency limits of
colored semitransparent organic OSCs. By examining the inter-
play between efficiency, transmitted color, and band gap, they
concluded that high efficiencies can be achieved for a wide
range of colors, whereas, optimized bandgap, and absorption
spectrum were required, especially for high AVT exceeding
40%.223]

3.1.4. Wavelength-Selective Transparent PV

For UV-NIR wavelength-selective transparent photovol-
taics, a theoretical model for the performance potential limits
was established by Lunt and co-workers.l”?8] As shown in
Figure 3e, the thermodynamic efficiency limit of a single junc-
tion TPV could reach around 20% even with an average vis-
ible transmission of 100%, considering a photogeneration in
UV (<435 nm) and NIR (>670 nm) wavelengths range. This is
due to the large fraction of the solar photon flux in the infrared
region, whereas, the PCE limit for an opaque PV with an AVT
of 0% is 33%.[218] Considering only UV-selective PV with wide
bandgap photoactive materials (E, > 2.85 eV), the estimated
detailed balance limit is restricted below 7% . Regarding the
bandgap aspect, the ideal value corresponding to the highest
efficiency changed from 1.36 eV (910 nm) in opaque cell to
1.12 eV (1100 nm) for visibly transparent cell.’J While broad-
band absorbing ST-PV technologies suffered from a drastic
decay in efficiency at high transmission degree (down to PCE
=~ 0% when AVT exceed 90%) which was expressed by a steep
slope in the thermodynamic limit evolution, the UV-NIR selec-
tive absorber could preserve high PCE performance even at the
highest transmission (Figure 3e). This is an exceptional feature
for UV-NIR wavelength selective TPV in high transmission
regime compared to broadband absorber counterparts!”-28l It
was estimated that a realistic limit of 13% PCE can be expected
for UV-NIR selective TPV considering all the inevitable opto-
electronic losses, while still ensuring a high level of visible
transparency.["”

As can be seen in Figure 3f, the fundamental limits of LUE
as a function of AVT differ drastically according to the spectral
absorption in the visible range between non-wavelength selec-
tive ST-PV and UV-NIR wavelength selective TPV solar tech-
nologies.”?18] The disparity is more pronounced at high AVT
levels. For non-wavelength selective PV, the distribution of ideal
LUE is parabolic-like with and an optimum LUT = 8% around
AVT = 50% and 0 at the extreme values of AVT, that is, 0% and
100%. For UV-NIR wavelength selective PV, the increase of
AVT leads to a continuous rise of LUE up to 20.6% for corre-
sponding AVT of 100%.7! The determination of LUE enables
the evaluation of the experimental performance in terms of
both visible transparency and power conversion simultaneously

© 2022 DLR Institut fiir Vernetzte Energiesysteme. Advanced Energy Materials
published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

compared to the theoretical limit.”??4 It can also act as an
metric for assessment of the progress of a designated semi-
transparent and transparent technology among reported others
in the field.[:>1]

3.1.5. Implications of the PCE-AVT Trade-Off on the Target
Applications

According to the combination of power throughput, transpar-
ency level, and aesthetic quality, integrated PV technologies can
satisfy the requirement of multifunctional distributed appli-
cations. Opaque-colored SCs with minimal losses compared
to completely opaque counterpart is desired for power gen-
eration and appearance in building facade. Highly transparent
color-neutral PV (AVT > 50%) with efficiency in the range of
5-10% can be suitable for power generating window and heat
insulation. Whereas, colored semitransparent PV with similar
PCE can be employed in semi-transparent greenhouse and
tinted glass fagades. Lower efficiency level (PCE =2-5%) may
be sufficient for self-powered low-power electronics or smart
windows. "]

3.2. Bandgap Tuning in Single Junction and Multijunction Solar
Cells

3.2.1. Bandgap Tuning in Single Junction SC Technologies

Here, we survey several single junction SCs in which the capa-
bility of bandgap tuning has marked their development and
their progress. The focus is devoted to PV technologies fea-
turing tunable bandgaps either by chemical composition or
under quantum confinement effects, as already introduced in
Section 2.3. The impact of bandgap tuning on transparency and
coloration will be addressed in separate sections.

Representative SC Technologies with Chemical Composition-Tun-
able Bandgap: Since their discovery, perovskite-based solar cells
(PSC) have revolutionized the PV field and have offered tre-
mendous advantages in terms of bandgap and absorption onset
tuning.?22%! In the first published paper on PSC, Miyasaka’s
group pointed out the chemical management capabilities to
realize different energy gaps with a series of organic-inorganic
perovskite materials enabling high photovoltage levels.[?2¢]
Subsequently, Seok and co-workers presented a breakthrough
that contributed to the success story of perovskite PV and
attracted the attention towards their bandgap tunability features
(Figure 4a).'4 Through halide substitution of iodine by bro-
mine in MAPD(I,_, Br,);, the chemical management enabled
an exquisite bandgap tuning over almost the entire visible spec-
trum. The band gaps of MAPbI; and MAPbBr; were reported
as 1.5 and 2.3 eV, respectively. When the biggest halide I~ was
substituted by a smaller Br~, the absorption thresholds of PSCs
were gradually blue-shifted.

These findings have triggered tremendous research and
development activities and material engineering efforts to fur-
ther extend the bandgap tuning capabilities and improve the
PV devices performance (Figure 4b).22225227l Nowadays, myr-
iads of PSC are reported with widely different ABX; perovskite
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compositions and corresponding bandgaps.?*”! Considering the
recent breaking record efficiencies exceeding 25% with =80%
of the bandgap-related thermodynamic limit,??%2?°] halide
perovskite-based SCs are well-positioned as game-changer in
the PV performance race. In addition to the established high
throughput, cost-effective, and industrial-compatible fabrication
processes of PSCs have enabled the advancement of the tech-
nology from research and development at lab-scale level to
large-scale industrial level.23-232 This progress has sparked the
foundation of several specialized manufacturers in perovskite-
based PV such as Oxford PV, Saule Technologies, and Swift
Solar.

Another example of bandgap tuning by chemical composi-
tion are OSC technologies. The introduction of donor:acceptor
bulk heterojunction in the active layer have been a successful
way to upgrade the efficiency (Figure 4c).*¥2%] The boost in
efficiency levels around 1% to over 9% was attributed to the
development of novel organic materials with lower optical gaps,
such as polymer:fullerene combinations having higher charge
separated state energies.?*l The evolution of organic PV field
was traced in several related papers.[5>1662402411 Recently, a
growing interest has been attributed to next-generation organic
PV based on non-fullerene acceptors at the expense of tradi-
tional fullerene counterparts.233242281 A step ahead is the ter-
nary strategy which consists of introducing a third component
into the binary host system to further improve the energy level
alignment in the photoactive layer, and hence, the PV perfor-
mance.?*?%] In general, the bandgap tuning of donor and
acceptor leads to an adjustable effective bandgap which is a
crucial parameter to determine the OSC efficiency. Also, the
reduction of the energy-level offset between donor and acceptor
molecular states is beneficial for improving the photovoltaic
performance.l95246:24] To point out this fact, Scharber, Brabec,
and co-workers established the design rules as a function of the
bandgap and the energy levels in bulk donor:acceptor hetero-
junction, assuming the state-of-art materials and device archi-
tectures at that time (Figure 4c).>>?*8 It was concluded that
for a specific acceptor, an optimum organic donor-acceptor
bandgap of 1.45 eV and a minimum LUMO offset of 0.3 eV to
enable efficient charge transfer were recommended to maxi-
mizing the efficiency. These findings underline the importance
of bandgap tuning of donors and acceptors in bulk heterojunc-
tion OSC. Recently, along with the materials development, the
optimization of the level alignment in the photoactive layers of
bulk heterojunction OSC featuring efficient charge carrier split-
ting and transport enabled a record-breaking PCEs > 18%.2#
These demonstrated performances have enabled the expansion
of organic PV technologies as one of most potential contenders
for deployment in distributed niche applications. In addition,
the compatibility of the fabrication process with affordable
roll-to-roll manufacturing have facilitated the lab-to-fab trans-
lation,?% and therefore, have stimulated the establishment
of many producers of organic solar panels like Heliatek and
ASCA.

In CIGS-based absorbers, the bandgap can be tailored by
changing the lattice parameter due to different bond strengths.
This can be achieved by controlling the chemical composition
during the synthesis process. It follows that E, can typically
be tuned from 1.04 to 1.7 eV by varying the Ga/In ratio with
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Figure 4. Perovskite-based PV. a) Device structure of TiO,/MAPbX; hybrid heterojunction (left) External quantum efficiency (EQE) spectra of
MAPb (I,_, Br,)5 heterojunction SCs (right). Reproduced with permission.['2l Copyright 2013, American Chemical Society. b) PCE versus Eg for perovskite
SCs in the global open-access database. The Shockley—Queisser limit is given as a solid line. Reproduced under the terms of the CC BY license.??”l Copy-
right 2021, the Authors. Published by Springer Nature. c) Organic bulk heterojunction SC structure (left) Reproduced with permission.[?*l Copyright
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continuous substitution of indium by gallium.?> This tun-
ability feature is exploited in the graded bandgap CIGS concept
by controlling the position of the conduction band minimum
to enable better electrons collection.¥ Following the first
seminal report by Conteras et al.?? and the introduction of
three-stage co-evaporation method,!?>! the active control of Ga
grading within the absorber has contributed in the efficiency
enhancement of CIGS-based PV.*32 Commonly, a double-
graded conduction band profile with V-shape is used, which
is characterized by a narrow bandgap notch point closer to the
absorber front surface and wide bandgap at both edges. This
improves the optical absorption of long wavelengths and the
electrical properties of the junctions.[32>1]

Apart from the common V-shape, Gong et al. explored dif-
ferent shapes of Ga grading with different graded bandgap
profiles using time-dependent Ga and In deposition rates.?34
The best profile, depicted in Figure 4d, reached a PCE of
20.3% without post-treatment. Considering a record efficiency
exceeding 23%,12°] the scientific and technological progress in
CIGS-based PV has been accompanied by an evolution at the
industrialization level with several manufacturers of mass pro-
duction CIGS solar panels on the market such as Ascent Solar,
Flisom, and Avancis.

Representative SC Technologies with Quantum Confinement-
Tunable Bandgap: As for quantum-confined nanostructures,
quantum well solar cells (QWSC) are the most widely devel-
oped and commercially successful PV device relying on
quantum effects. Since its discovery by Barnham et al.,l?® this
technology has attracted considerable attention in the PV com-
munity. The relevant architecture is based on a low-bandgap
semiconductor QW region inserted between two high-bandgap
barrier semiconductors. Taking advantage of QC effects, QWSC
can present distinguished features such as the size-tunable
optoelectronic properties, the ability of bandgap engineering,
the minimization of radiative recombination, the utilization
of excitonic absorption and the enhancement of photocurrent
with minimized voltage losses.>*?] In particular, QWSC tech-
nologies based on epitaxial crystalline III-V semiconductors
made great progress owing to bandgap engineering and the
development of advanced materials and device architectures!>
enabling PCE > 26%.2%8] Recently, a growing interest has been
attributed to perovskite QWSCs as experimental proof-of-con-
cepts at research level.l>>>2%] Liang et al. demonstrated that the
control of QC effect with the fine regulation of QWs in graded
structures was beneficial for the improvement of the efficiency
(PCE > 20%) and the stability of SC device.?*! Sargent and co-
workers showed that QC-tunable heterostructures in reduced-
dimensional perovskite QW enabled a 23.91%-efficient SC
device.l2601

An exciting example for the significant impact of QC-tun-
able bandgap was proposed by Meddeb et al., who realized a

www.advenergymat.de

proof-of-concept for one of thinnest QWSC device using a
hydrogenated amorphous silicon/germanium materials system
(Figure 4e).2*! When the thickness of the a-Ge:H nanoab-
sorber was reduced from 20 nm down below 2 nm, an upward
shift of the conduction band occurred, resulting in a bandgap
tuning from below 1 eV up to 1.56 eV. This leads to a trade-off
between different PV characteristics, while maintaining a com-
parable power conversion level (PCE = 4%). The photocurrent
drop due to the thickness reduction was mainly compensated
by an increase in both V,. and FF. This was manifested due
to the influence of the band gap widening and the band offset
reduction at the QW/barrier heterojunction. The substitution of
single QW by multiple QW configuration was proved to further
boost the PCE level beyond 5%.1261

As can be seen in Figure 4e, showing a photograph of a-Ge
QWSC with a 2 nm-thick QW, quasi-total absorption was
achieved in the opaque mode, owing to the enhanced absorp-
tion under photonic confinement.?%2l Whereas, the thickness
reduction promoted the light transmission through the areas
without back contact. This would be beneficial for semitrans-
parent devices.l?®3l The proof-of-concept for ultrathin SC tech-
nology based on a-Ge QW is still at lab-scale and upscaling
activities for the development of large-area modules are
on-going.[264

In a more general context, the features of QWSCs are typi-
cally not only restricted to technological advancement, but can
also open a path for interesting physical mechanisms which can
be governed by bandgap tuning like hot carriers concept.[26>-266]

For colloidal QD PV technologies, it is often stated that the
most attractive characteristic is the tunable band gap, which is
easily achievable by adjusting the QD sizes.?”?%8] One of the
seminal works in this regard was presented by Sargent and co-
workers, demonstrating quantum-size based optimization of
heterojunction colloidal QD SCs (Figure 4f).2%”) The change
of the QD size from 5.5 to 3.7 nm leads to an increase of the
bandgap from 0.9 to 1.3 eV. This enabled a boost in the power
conversion efficiency. Owing to the unexpansive fabrication
processes, the upscaling techniques and the gained maturity
over the last decade, it is believed that colloidal QD PV tech-
nology is moving forward toward commercialization.269270]

Broader Context of the Bandgap Tuning in Single Junction SC:
From a universal perspective, Peters and Buonassisi established
a correlation between lab-measured efficiencies and energy
yield based on satellite data for various single junction PV
technologies with different bandgaps.*’! It was found that the
bandgap noticeably influenced the energy yield. The variation
in harvesting efficiency with location was more pronounced
for smaller bandgaps. For a similar efficiency, different band-
gaps resulted in distinct behaviors under the influence of water
vapor and temperature. It was concluded that an optimum
band-gap for maximizing energy yield was 1.35 eV.?’!

2018, Springer Nature. Contour plot showing the power conversion efficiency of a bulk heterojunction solar cell with PCBM as acceptor material (LUMO
level 4.3 eV). Reproduced under the terms of the CC BY license.™*l Copyright 2013, the Authors. Published by Elsevier. d) Band diagram for graded
bandgap CIGS PV (left) and corresponding deposition rate profile for graded absorber (right). Reproduced with permission.[?3l Copyright 2019, Else-
vier. e) Ultrathin a-Ge:H QW PV structure and energy level for thin and thick QW (left) J-V curves for different QW thicknesses (middle). Reproduced
with permission.[?33l Copyright 2020, Elsevier. Photograph of ultrathin QW SC devices (right). Reproduced with permission.[?3¢! Copyright 2020, IEEE.
f) Colloidal QDs PV. Energy bands of QDs with different sizes (left) Colloidal QDs SC structure (middle) -V curve of with different QD size and cor-
responding bandgap (right). Reproduced with permission.?*”] Copyright 2010, American Chemical Society.
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To this end, the band tuning capabilities have not only
marked the history of many PV technologies, but also contrib-
uted to the progress and evolution of their performance from
lab-scale to industry level to global energy yield. This is not only
restricted to single junction SCs, but can be extended to multi-
junction devices.

3.2.2. Bandgap Tuning in Multijunction SC Technologies
with Tandem Configuration

Principles of Bandgap Tuning in Multijunction SC: To date,
among the so-called third-generation PV concepts, multi-
junction devices are the unique technologies that have prac-
tically surpassed the corresponding detailed-balance limit of
single-junction SC. Figure 5a illustrates a stack of sub-cells
in a tandem configuration where high-energetic photons are
absorbed in a wide-bandgap region, while the absorption
of low-energetic photons take place in the narrow bandgap
semiconductor. This results in a broader spectral absorbance
range and can potentially enable energy harvesting across the
full solar spectrum (Figure 5b).?’2l As depicted in Figure 5c,
the sequence of the bandgaps across the energy diagram fol-
lows a descending order from higher values at the side of
the device facing the light source, toward lower values at the
adjacent region to the back reflective contact. Each photoac-
tive material selectively absorbs a specific portion of light
wavelengths with energy higher than its bandgap and trans-
mits photons with lower energy to the subsequent subcell.
Thus, both thermalization losses for high-energy photons
and below-bandgap losses for low-energy photons, are
reduced.7?l Obviously, the power throughput increase incre-
mentally with the number of junctions.?”3! Importantly, the
multijunction SCs approach is sensitive to bandgap combina-
tions and requires spectral engineering and precise tuning of
the absorbers bandgaps in the subcell system.[?>-”/l Bremner
et al. performed a study on the optimum band gap combi-
nations for multijunction PV and determined the theoretical
maximum efficiency for a band gap value as part of a multi-
junction stack from two up to six sub cells, as shown in
Figure 5d.

Importance of Bandgap Tuning in the State of the Art of
Tandem SCs: Experimentally, one of the most striking achieve-
ments showcasing the effectiveness of bandgap tuning in
multijunction configuration, was the realization of six mul-
tijunction SC with a PCE of 39.2% under one-sun and 471%
under 143 Suns concentration.'*! Unlike traditional multi-
junction devices (typically encompassing GalnP, GaAs,
and Ge) with sub-optimal bandgap combinations, inverted
metamorphic multijunction benefit from the leverage of
ideal bandgap tuning to the solar spectrum (Figure 5e). The
optimal bandgap sequence is achieved by combining both
lattice-matched (high bandgaps) and lattice-mismatched (low
bandgaps) sub-cells using III-V alloys with multiple lattices.
Hence, the first three high-bandgap junctions are formed by
Aly15Gagsz Ingsg P, Alyy3Gagy; As, and GaAs layers, then,
bottom lower-bandgap junctions use Gagg4Ing5As, Gag 611934
As, and Gag 4, Ingsg, as alloys with low threading dislocation
density (Figure 5f).[146]
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Practically, the restriction of the number of junctions to two-
junction SC devices could enable benefits in terms of mini-
mized technological complexity, high-efficiency, and low-cost
potentials.[#78l

As illustrated in Figure 5g, a wide range of material combi-
nations have been developed in two junctions tandem PV tech-
nologies such as T11-Vs,0 TT1-V/Sil?79-281 (PCE,,.; = 35,9%),128%
perovskite/Si?82-284 (PCEy. = 29.8%),¥ chalcogenide/Si,?®l
perovskite/perovskitel?#>281 (PCE,,., = 26,4%),?%8] perovskite/
CIGSIZ8-21 (PCEy = 25%),2% perovskite/organicl?922%3
(PCEpes = 24%),12%4 organic/organicl?9>2%] (PCE,.q; = 20.2%),12%]
a-Sijorganic (PCEpeg = 15.1%),12%l and many others.PU Several
research works addressed a generalized guide for the theo-
retical maximum PCE of two-junction tandem configuration
as a function of top and bottom sub-cell bandgaps with both
2-terminal and 4-terminal architectures.#2274276.29] As depicted
in Figure 5h, the best combinations to achieve the highest effi-
ciency of two-junction tandem cell encompass a top cell with
a bandgap of 1.7-1.9 eV and a bottom cell with a bandgap of
0.9-1.2 eV. Most of these successful practical achievements
were made possible owing to the bandgap tuning capabilities.

One of the most outstanding paradigms of the effectiveness
of bandgap tunability in tandem technologies is the integration
of perovskite materials.[5%299:300]

In all-perovskite tandem SC, a general strategy is to com-
bine mixed bromide/iodide wide-bandgap (=1.8 eV) front
subcell and a mixed lead—tin narrow-bandgap (=1.2 eV) back
subcell.?] Eperon et al. made a breakthrough in an all-per-
ovskite tandem PV (PCE > 20%) with ideally matched band-
gaps, by combining a rear infrared absorbing (1.2 eV bandgap)
FA(75Cs0.2551n05Pbg 513 perovskite with a top wider bandgap
FApgs Csoy Pb(Iys Brgs)s.?®) The bandgap control was
achieved by means of Br:I ratio tuning and using a mixture of
FA and Cs cations. Palmstrom et al. demonstrated a band-gap
tuning strategy based on mixing large and small A-site cations
to enable a wide bandgap of 1.7 eV leading to PCE = 21.3% for
all-perovskite flexible tandem SC as one of the most efficient
flexible thin-film PVs.B3% Recently, the efficiency all-perovskite
tandem SC (PCE = 26.4%) exceeded that of the best-performing
single-junction PSC (PCE = 25.5%).1288]

Considering the common low-cost fabrication processes,
the combination of perovskite and organic semiconductors
in tandem SC is an attractive strategy. A new milestone for
perovskite—organic tandems was set by reaching an efficiency
of 24%. The corresponding system combined a wide-gap
(1.85 eV) perovskite FA, 3Cs,Pb(I5Brg 5)3 subcell with narrow-
gap (1.33 eV) PM6:Y6 organic subcell featuring non-fullerene
acceptors.?!l Impressively, tandem organic technology enabled
a breakthrough in the field of OSC by entering the era of 20%
efficiency.

Among tandem technologies, silicon-based tandem SCs
are considered as one the most attractive option owing to the
well-established industrial manufacturing and the dominance
of the mainstream c-Si single junction technologies in PV
market.[?’8302303] Tn terms of performance, this is also stimu-
lated by the achievement of high efficiencies on large area c-Si
PV reported by several companies such as JinkoSolar, Longi,
Trina Solar, Panasonic, SunPower, and Kaneka.’* Owing
to the low bandgap (E; = 1.1 eV) and the superior material
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Figure 5. a) Simplified schematic of two-junction tandem solar cell with wide-bandgap subcell for short-wavelengths absorption (in blue) and narrower-
bandgap subcell for long-wavelengths absorption (in red). b) Corresponding range of spectral absorption for top and bottom cells in the solar irradiance
spectrum. Adapted with permission.l2 Copyright 2017, Springer Nature. c) Basic energy diagram for a double-junction tandem solar cell. Reproduced
with permission.® Copyright 2017, Elsevier. d) Maximum efficiency for a band gap value as part of a multi-junction stack from two up to six sub cells.
Reproduced with permission.l?”?l Copyright 2016, Elsevier. ) Simplified schematic of inverted metamorphic multijunction (IMM) structure with Ill-
V-based 6 junctions and f) corresponding bandgap as a function of lattice constant for the 6-Junction IMM semiconductor design. Reproduced with
permission.l Copyright 2020, Springer Nature. g) Highest efficiencies for best performing two-junctions tandem research solar cells as a function of
bottom junction absorber bandgap energy from different PV technologies Adapted with permission.l'l Copyright Copyright 2021, Wiley-VCH. Dashed
black line indicates the highest efficiency for c-Si heterojunction SC with PCE = 26.7%. h) Theoretical maximum power conversion efficiency PCE as
a function of front (top) and rear sub-cell bandgap in 2 terminals architectures. Reproduced with permission.#2 Copyright 2017, Springer Nature.
i) Estimation of the maximum possible efficiency for a tandem device with 25%- efficient c-Si as bottom cell as a function of the top-cell bandgap
and efficiency. Black contour lines mark the tandem efficiency, and the dashed white contour lines point out the efficiency of the top cell separately.
Reproduced with permission.[#*] Copyright 2016, Springer Nature.

properties of ¢-Si, it presents a good candidate as a bottom cell
in a tandem configuration with two multi-junctions.”””! Since
the bandgap tuning of I1I-V semiconductor alloys is controlled
via the change of lattice constant by employing epitaxial growth
processes, the combination of ¢-Si, having a fixed lattice con-
stant with II1I-V, will induce technological and cost constraints,
albeit their expected high level efficiencies.'**?’8] Thus, it is
desired to designate further adequate candidates as top cell
partners in c-Si-based tandem SCs. It is demonstrated that such
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selection process should be performed based on the concept of
spectral efficiency 1 (1), wavelength-resolved efficiency.?%? In
order to realize a tandem combination with significant boost
in performance compared to single junction c-Si, both, appro-
priate bandgap of the top cell and high efficiency conditions are
desired. The maximum efficiency of a tandem configuration is
determined as a sum of the integrated subcell spectral efficien-
cies weighted by the corresponding spectrum range and nor-
malized to the incident photon power!?”’]
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where ¢ is the photon flux, I(A) the spectral irradiance
(in W m~2 nm™), A the wavelength. The efficiency limit, given
in Equation (2), is assumed without considering the possible
optical and electrical losses. Depending on the bandgap tun-
ability of the top sub cell absorber materials, a prediction of
the tandem efficiency with a 25% efficient baseline c-Si bottom
cell as a function of the bandgap and the efficiency of the top
cell can be compiled, as shown in Figure 5i. The fraction of the
detailed-balance limit related to the corresponding bandgap
is considered as an analogy to the efficiency value. Modeling
under real-world conditions predicts PCE above 32% with opti-
mized perovskite bandgaps between 1.65 and 1.74 eV.3%]

So far, only Perovskite/Si, III-V/Si and II1I-V-based tandems
could exceed the highest efficiency of single junction ¢-Si SC
with PCE = 26.7%. Practically, many groups published perov-
skite/Si tandem cells with top cell bandgaps ranging from
1.64 to 175 eV and efficiencies above 25%.[282:284290.306,307]
An outstanding representative example is the demonstra-
tion of 29.15%-efficient monolithic perovskite/Si tandem
with Csg5(FAg77 MAg23)0.95 Pb(lo7; Broa3); absorber having a
bandgap of 1.68 eV.282 The bandgap adjustment was enabled
by controlling the Br/I ratio with 23% Br. Considering the
most recent record in perovskite single junction SC with PCE
=~ 25.2% (corresponding to =80% of the bandgap-related ther-
modynamic limit),??$22% 3 tremendous boost of perovskite/Si
tandem performance can be expected in the near future aiming
to surpass the single junction S—Q limit.

Moreover, the bandgap tuning is even relevant for industry-
compatible perovskite/Si integration. For instance, a bandgap
enlargement by 0.02 eV is needed when using industrially-
relevant 100 um-thick Czochralski (CZ) textured c-Si instead of
typical 280 um-thick planarized float-zone (FZ) c-Si.3%]

Challenges and Prospects of Tandem SC Technologies: The
above-mentioned progress status and demonstrated potential
of bandgap tuning capabilities in multijunction PV can fur-
ther promote the technology readiness toward the industrial
manufacturing.

In the PV community, the choice of the most advantageous
multijunction SC technology is still under debate.”’®l Neverthe-
less, it is speculated that the demonstrated performances of
I11-V/Si perovskite/Si and perovskite/perovskite multi-junction
SC technologies would valorize their expediency as potential
candidates for industrialization.[?78286:302 A" general require-
ment for all tandem PV technologies is the upscaling from cell
fabrication to module integration. Hence, depending on the
number of terminals and the tandem design, special attention
should be devoted to the selection of the upscaling approach
that ensures the appropriate interconnection between tandem
cells in strings and modules with minimal optical and resistive
losses.?92 Since multijunction technologies can cause more
complications in the fabrication process and rising costs, it is
important that their delivered power throughputs exceed those
of their single junction counterparts. From an industrial and
commercial point of view, tandem PV can be uniquely more
advantageous than conventional single junction technologies,
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if the disproportion in levelized cost of electricity (LCOE) is
further reduced.?9-31 This can only be achieved by reaching
even higher efficiencies and power densities in W m= than
state-of-the-art single junctions PV while sustaining cheaper
costs of materials and processes in § W~L[283%] Currently, this
is one of the major obstacles for the integration of tandem PV
technologies in urban and residential applications.l3%2 How-
ever, novel developed materials and concept innovations are
expected to further reduce the fabrication cost and promote the
economic competitiveness of tandem technologies, with regard
to conventional single junction counterparts.?1%312 To reach an
acceptable commercial deployment standards, tandem tech-
nology should retain around 80% of the initial efficiency after
25 years.20238] Therefore, further outdoor and long-term reli-
ability testing, as well as lifetime energy yield assessments are
required to justify the economic viability.3"3!

To tackle this challenge, research work has been devoted
to investigate the stability of tandem PV technologies. Espe-
cially perovskite/Si are known to suffer from degradation
issues.BB33M Ag an example for the stability assessment, it
was demonstrated that 26.7%-efficient perovskite/Si tandem
SC with a top bandgap of =1.7 eV preserves more than 80%
of its initial PCE after 1000 h of continuous illumination.3?”]
According to the estimation of Blakers and co-workers on
perovskite/Si tandem SC, a top cell degradation between
0.9% and 1.3% can be allowed in a realistic degradation sce-
nario to retain 80% of the initial power in a tandem module
after 25 years.’3) De Wolf and co-workers investigated the out-
door performance of a stable perovskite/silicon tandem SCs for
a week in a hot and sunny climate, where the PV device tem-
perature exceeded 60 °C under direct sunlight.’" This induced
an opposite trend in the evolution of bandgap as a function
of temperature for both subcell with a narrowing of c-Si and
broadening of the perovskite. Then, the optimal bandgap of the
perovskite top cell is altered in a range below 1.68 eV for field
performance at operational temperatures.*'”!

One can deduct from all the research progress and techno-
logical development in the field of multijunction PV that the
bandgap tunability is a key factor in defining the solar-to-elec-
tricity conversion efficiencies as well as the outdoor perfor-
mance at high temperatures.

Given the above-described status and progress in the field
of tandem PV, it is projected that these features are not only
attractive for the common space and concentrator applications,
but also suitable for the integration into utility scale installa-
tions, residential applications and PV-powered vehicles. This
would further raise the solar electricity capacity as one of the
world’s major energy sources.

3.3. Static Color Tuning in Opaque and Semitransparent
Solar Cells

In this section, the focus is devoted to static color tuning capa-
bilities for different opaque and semitransparent SCs technolo-
gies in reflection and transmission modes. A broad overview on
different colorful opaque and semitransparent PV technologies
is beyond the scope of this work, however, in this regard the
reader can refer to further relevant reviews.[213391
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3.3.1. Opaque Colored Solar Cell Technologies

As presented in Section 2.2.1, different external and internal
modification strategies are relevant for coloring opaque SCs.

External Design Strategies: Blisi et al. introduced an indus-
trial-compatible photonic color concept inspired from the
Morpho-butterfly on a cover glass of 1 m? modules. They
achieved saturated blue, green and red colors with homoge-
neous appearance for all angles of incidence (Figure 6a). The
power performance of test PV module was >94% power com-
pared to a black reference one.?®! Guo and co-workers presented
a five-layered trans-reflective color filter on the top of ¢-Si solar
panel (Figure 6b)."] This approach resulted in vivid colors due
to distinctive narrowband reflection (=60% peak reflection) with
an angle-invariant appearance up to £60°. The transmitted light
was utilized in the SCs and could yield a high PCE of =13.9% cor-
responding to a decrease of only =3.9% compared to the initial
c-Si panel.?”1 Although it seems counterintuitive from a PV per-
spective, even white-colored modules can be realized. Interferen-
tial selective filters on a textured glass allow diffused reflection of
the complete visible spectrum. The remaining infrared light is
transmitted to silicon heterojunction SCs for power conversion.
This concept yielded efficiencies above 10% corresponding to
about 40% power loss compared to the standard counterpart.1#l
Jolissaint et al. reported on so-called Kromatix solar modules fol-
lowing a similar approach with =7% power loss.[1%%

Colored and white solar glass technologies with photonic
multilayer coatings deposited by vacuum techniques are widely
used and commercially available by different BIPV companies
such as ISSOL,B! Solaxess,??% SwissINSO.1321]

Multilayer dielectric mirrors are also exploited in the col-
oring of thin film PV. As an example, exploiting a nonperiodic
SiO,/TiO, multi-nanolayer filter, Yoo et al. showed colorful
PSCs with PCE up to 18.9%.3%2 Colored thin-film CIGS PV
modules with high aesthetic standards were also developed by
AVANCIS using homogeneous structural color filter on glass
surfaces.’?%l In spite of the complex process and elevated cost,
dielectric filters can achieve pure colors with angular insen-
sitivity, glare suppression and high long-term durability. To
enable more than a single color, it is possible to customize the
appearance of SCs by implementing an interlayer with printed
predefined pattern between the glass cover and SCs.324326]
Similar customized design schemes with multi-colored pat-
terns are already available and provided by PV compagnies like
Kameleon Solar.}?/]

On the use of pigments or dyes for painting the glass cover
or interlayer encapsulation sheet, Slooff et al. showed a wide
range of colors. Furthermore, they demonstrated the possibility
of customized patterns by print technology with minimized
power efficiency drop.3%%l The printing technology is simple and
relatively inexpensive. However, long-term degradation in real
environment is still questionable.?"3%’] Recently, Bae et al.
demonstrated colored PSCs using liquid cholesteric helicoidal
superstructures.??8] This approach allows easy color tuning
through the modulation of the chiral dopant content, birefrin-
gence of the host liquid and the optical design respectively.
An example of the compatibility of painting technology at
industrialization level is colored PV using ceramic screen
printing provided by Onyx Solar.[32%
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Kutter et al. reported a comparative study between colored
encapsulants, ceramic printed glass covers and spectral-selec-
tive photonic structures in terms of power loss, color appear-
ance, and cost.1333 They pointed out that structural filters provide
stronger color saturation and better electrical performance
(3% to —7%) than colored encapsulants (—6% to —31%). Fur-
thermore, they showed, that the manufacturing prices of deco-
rated BIPV modules (74-163 € m™) are in a similar range with
standard cladding materials, such as bricks (60-100 € m™2).133]

Another external coloration approach that can be easily inte-
grated and is particularly compatible with traditional c¢-Si is via
antireflection coating (ARC). These dielectric thin films (oxide,
nitride, sulfide, and others) are directly applied on the surface
of ¢-Si SC. They are generally designed to eliminate the reflec-
tance in the range between 600 and 700 nm leading to intrinsic
black or dark blue color.?) However, by tuning the thickness
and the refractive index of the thin films in the ARC, various
colors can be achieved due to the manipulation of the spectral
reflectance. Many successful demonstrations of stable and low-
loss colored c-Si PV modules by means of ARC have been rep
orted.?1330334335] On research level, Ding et al. showed tun-
able high-saturated colors throughout the visual spectrum with
coordinate positions near the edges of the chromaticity diagram
(Figure 6¢). They employed MgF,/ZnS ARC with different
thicknesses on graphene/c-Si heterojunction SC.*3% Different
colored SC devices yielded PCE values in the range 10.7-13.2%.
Also, such stylish coloring approach is adopted by some PV
companies like LOF Solar Corp.33¢!

Internal Design Strategies: Regarding the internal design
strategies, different functional components within SC device
can also enable coloring. Primarily, the photoactive mate-
rials themselves can allow color tuning via structural mor-
phology control or bandgap change. One of the representa-
tive works in this regard was reported by Ding et al. utilizing
a nanostructured perovskite photoactive layer as a reflection
grating (Figure 6d).1% Such transformation was made pos-
sible by utilizing a combination of a hundred-micrometer
sized large domain structure and a concentric ring photonic
nanostructures. The cells with PCE of about 12% displayed a
heterogeneous mixture of iridescent colors with a wide distri-
bution of reflective hues instead of single pure color. A repre-
sentative example of color adjustment via bandgap tuning in
perovskite was shown by Cui et al. through the control of chem-
ical composition from MAPDI; (dark brown), MAPbBrI, (dark
red), MAPbBr,!I (red), to MAPbBr; (orange). The corresponding
efficiencies are 12.76%, 6.84%, 4.12%, and 3.53% respectively.?¥]

Within the carrier transport layers, the creation of color can
be obtained by the integration of post-tinting nanostructures
and precisely designed photonic crystals.[6¢19%338] [n this con-
text, Snaith and co-workers unveiled the first exploration of
colorful PSCs employing a porous photonic crystal scaffold
TiO,/SiO, with alternating layers (Figure 6e).%! This yielded
PCE values ranging from 4.5% to 8.8% and tunable structural
colors across the visible spectrum. However, it imposed
additional fabrication steps.

For the coloration through the transparent electrode,
the widely used method is the spectral engineering of the
optical interference in microcavities composed of metal-
dielectric-metal.'%1 The variation of the dielectric thickness
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Figure 6. a) Series of photographs of colored demonstrator modules, taken from 12 different azimuth angles (73° left to 63° right). Reproduced
under terms of the CC-BY license.’' Copyright 2021, The Authors. Published by IEEE. b) Schematic diagram of colored SCs via angular-robust trans-
reflective filter atop consisting of five layers with high index a-Si sandwiched between two stacks of dielectrics (top) Photos of fabricated RGB colored
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corresponding to the cavity length leads to different reso-
nance conditions enabling color tuning.M%! As a representa-
tive example, Neugebohrn et al. suggested a substitution of
standard transparent front TCO in CIGS modules with an
oxide/metal/oxide (OMO) multilayer. The OMO acted as both
an electrode and as a coloring layer. (Figure 6f).33U The color
tuning is achieved by simply varying the thickness of the oxide
layers which alter the reflected spectrum and hence the color
of PV modules. An improved electrode with the implementa-
tion of a wetting layer enabled a PCE of about 13%.533% Stimu-
lated by the pioneering work of Kats, Capasso and co-workers
on strong interference effects in highly lossy media,[83%
many relevant demonstrations of decorative PV based on
optical absorbing resonant nanocavity have been realized. Lee
et al. showed a colored ultrathin PV with subwavelength a-Si
absorber below 30 nm embedded between two reflective metal
electrodes (Figure 6g).333 Tunable colors with high angular
stability were generated by varying a-Si thickness due different
resonance conditions. Although the advantage of ultrathin
layers and lower material consumption, such a concept still
suffer from low efficiency level about only 3%.

Challenges and Prospects: A general point to consider for all
color tuning strategies is that the human eye is more sensi-
tive to some specific colors than others. For instance, this
means that in practice for a green SC a less intense reflection
is needed compared to a red cell with equal luminosity.?22 All
the above-mentioned internal and external approaches differ in
terms of the ability to generate vivid and distinctive color, the
color tunability, the angle sensitivity, the induced PCE losses,
the scalability, and the process fabrication complexity.’!

To this end, despite the multitude of coloring solutions pro-
vided by scientific research, only cost-effective and industry-
compatible engineered optical structures are sufficiently
competitive to reach a commercialization level. This is the
case for the established market of external colored solar glass
technology with high versatility for traditional PV as well as
ARC coloring for Si PV. We believe that structural color filter
technologies compatible with the fabrication process of SCs
can have a potential niche market, especially for decorative
emerging thin film PV like perovskite. Moreover, each com-
pany usually offers a unique color palette and different set of
techniques. Therefore, the establishment of standard solutions
would further contribute to a more widespread application of
colorful PV modules. This will promote their aesthetic integra-
tion in the underutilized exterior elements of buildings and
vehicles.

www.advenergymat.de

3.3.2. Semitransparent Colored Solar Cell Technologies

Similar to the opaque coloring technologies, semi-transparent
SCs can also be tuned to show vivid coloration. Again, both
external and internal design strategies can be applied to achieve
coloration.

External Design Strategies: The two main concepts to achieve
external coloration are multilayer dielectric mirrors and LSC
technologies. By incorporating dielectric mirrors, Quiroz
et al. developed colorful semitransparent PSCs.?*! As the
coloring structure and the cell device are mechanically stacked
and electrically decoupled, a multitude of combinations can
be easily realized. For different colored ST-PSC, a variation of
PCE between 4% and 4.3%, and AVT between 12% and 28%
was achieved, relative to a pristine cell with a PCE = 3.6% and
AVT = 46%. Lee et al. presented a semitransparent PSC with
dielectric multilayer mirror on the back side consisting of alter-
nating TiO, and SiO, layers (Figure 7a).”’! The coloring was
controlled with the number of dielectric layers. However, the
color appearance was also dependent on the angle of incidence
and the observer’s angle. Overall, an efficiency of 10% was
achieved.

Another well-established technique to reach coloration while
maintaining high transparency are LSCs, due to the ability of
absorption and reemission at longer wavelengths in lumino-
phores. (Figure 7b). This allows for a high variability in colora-
tion and design methods, which are described in detail in other
reviews.3*38] Meinardi et al. discussed the control of color
with different type and amount of chromophores embedded in
the waveguide.>*! Several research works presented semitrans-
parent colored LSC based on QDs and conjugated polymers, for
coupling with PV.[134-34]

Internal Design Strategies: The thickness of the transparent
electrodes can be adjusted to achieve colorful semitransparent
SCs. Jiang et al. showed that changing the thickness of a
PEDOT:PSS electrode between 48 and 160 nm allowed a wide
range of color in semitransparent PSC (Figure 7c).’*% The
thickness of the electrode layer influenced also the electric per-
formance, where thinner layers resulted in lower FF. Overall,
efficiencies between 11.6% for a 48 nm PEDOT:PSS layer and
15.4% for a 160 nm-thick layer were achieved. Wang et al. pre-
sented a bifacial semitransparent PSC with color tunability
due to thickness variations of the ITO electrode (40-320 nm)
and the copper thicyanate hole-transport layer (20-220 nm).
They showed that the change of color resulted in a variation
of efficiency between 10.6% and 13.3%. Li and co-workers

317

samples under ambient light illumination taken with a black background at four different viewing angles (bottom) Reproduced with permission.
Copyright 2019, The Royal Society of Chemistry. c) Schematic illustration of colored Gr/Si heterojunction SCs with MgF,/ZnS double ARC layer. Inset
shows the SEM image of the Ag grid mesh (left). Photographs of Gr/Si heterojunction solar cells (device area: 1 cm?) with different colors. (bottom)
Coordinates of seven colors in CIE chromaticity.(right) Reproduced with permission.33% Copyright 2018, Elsevier. d) Illustration of colorful perovskite
SC device structure (top). Photographs of colorful device with a front aluminum electrode under 1-sun illumination (left). Plane view SEM image
of colorful perovskite film showing the polygon domains and concentric ring structure in each domain (right). Reproduced with permission.%]
Copyright 2015, The Royal Society of Chemistry. €) Schematic of photonic-crystal-based perovskite solar cell. (left) Colors from blue to red displayed by
devices integrating different photonic-crystals. (right) Adapted with permission.®l Copyright 2015, American Chemical Society. f) Schematic CIGS with
oxide/metal/oxide multilayers electrode (left). Photographs of blue, green and red colored CIGS solar cells. (right) Adapted with permission.i331]
Copyright 2019, Elsevier. g) Device structure of ultrathin a-Si/organic hybrid solar cells with decorative colors (top left). Reflection spectra of colored
devices with varied a-Si thicknesses (cyan-27 nm), (Magenta-18 nm) yellow-10 nm) at normal incidence. (top-right) Photograph of solar cell devices
reflecting colors (bottom). Reproduced with permission.332 Copyright 2014, Springer Nature.
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Figure 7. a) Schematic of semitransparent colored perovskite SC with multilayer dielectric mirror. (left) Transmission spectra of devices with different
numbers of multilayer pairs at incidence angle (middle). Color coordinates in the chromaticity diagram for different colored SCs. Reproduced with
permission.l””l Copyright 2017, The Royal Society of Chemistry. b) Illustration of light incidence (green arrow) and reemission at longer wavelength
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also tuned the ITO thickness in semitransparent PSC and
showed different colors with efficiencies between 15% and 17%
(Figure 7d).% To further refine the coloration, more complex
structures such a multilayers and microcavities can be imple-
mented as electrodes. This allows for a broader range of colors
with high purity. Wang et al demonstrated a complex multilayer
structure consisting as back spectrally selective electrode. This
resulted in tunable narrow transmission peaks at selected wave-
lengths from violet to red, with high color purity close to 100%
(Figure 7e).>5! The semitransparent OSCs achieved efficiencies
between 14% and 15%, and peak transmittance between 23%
and 30%. A microcavity concept consisting of ITO sandwiched
between metallic silver layers was developed by Lu et al. as elec-
trode material for semitransparent OSCs (Figure 7f).5%2 The
obtained PCE were ranged between 8.2% for yellow-green and
7.2% for red colored semitransparent SCs, compared to 9%-effi-
cient opaque SC. While, the peak transmittance levels at spe-
cific color were between 14% and 18%.

Besides the electrode layers, the absorber layer can also be
varied in order to achieve a color appearance of transmitted
light. Cui et al. demonstrated that the organic photoactive
material of a semitransparent OSC can be blended with dif-
ferent polymer donors which result in a strong coloration of
the system (Figure 7g).?>®! The different donors changed the
resulting absorption spectra and thereby altered the spectrum
of transmitted light. PCEs between 3% and 7% were obtained
with high AVT of above 30%. Lee et al. demonstrated semitrans-
parent colored ultrathin a-Si/organic hybrid SC incorporated as
an optical absorbing nanocavity (Figure 7h).2>¥ The variation of
the a-Si nanoabsorber thickness between 6 and 31 nm resulted
in controlled transmitted colors with low angular sensitivity
up to angles of 70°. Such concept yielded peak transmittance
around 30%, but, suffered from low PCE of about 3%. Simi-
larly, color tuning can be realized by optimizing the multilayer
interferences in colloidal QD semitransparent SC.>*¢!

Recently, Kang et al. demonstrated perforated semitrans-
parent ¢-Si SC with periodic hole structure, yielding high AVT
between 45% and 60% (Figure 7i).2>! The color of the SCs was
tuned between blue, green, and yellow, by adding different
organic dyes into the PDMS matrix on top of the device. The
resulting efficiencies for different colors were around 7%.

Challenges and Prospects: Colored semitransparent SCs can
be realized by a multitude of external and internal design

www.advenergymat.de

strategies. The main technical evaluation criteria include color
tunability, purity, visible transparency, and PV performance.
Most of the adopted coloring method are well-established at
research level, with high aesthetic quality. However, simple,
cost-effective, and fabrication-compatible approaches are
desired for large-scale integrations. In this context, among the
different coloration approaches, color tuning by changing the
transparent electrode thickness is estimated to be the most
suitable and straightforward method without requiring addi-
tional fabrication steps. In particular, organic and perovskite-
based thin-film SCs technologies are prominent candidates
for colored transparent PV, featuring outstanding efficiencies,
excellent visible transparency and vivid colors. Overall, the
upscaling of colored semitransparent PV technologies would
promote their application in urban fagades with architectural
design.

3.4. Static Transparency Tuning in Semitransparent
and Transparent Solar Cells

In this section, state-of-the ST-PV and TPV technologies are
presented and the main technical specifications of transparency
tuning are discussed.

3.4.1. Non-Wavelength-Semitransparent PV

Color Neutrality Bottleneck in ST-PV: In practice, non-wave-
length selective PV with thinned absorbers often characterized
by unfavorable brownish or yellowish tint depending on the
spectral absorption. Wheeler et al. analyzed the color appear-
ance of ST-PV with continuous spectral absorption.”® It was
concluded that for all AVT values with varying the thickness
and the bandgap (E; = 0.3 — 4 eV) of a thin-film absorbers,
the occupation in the CIE chromaticity diagram was located
between yellow, orange, and red.’>! Hence, the coordinates for
neutral grey (x, y) = (0.33, 0.34) known as a popular choice for
architectural aesthetic are never reached for thinned absorber
PV technologies (Figure 8a).>l Moreover, the bandgap variation
changes the x and y components and hence affects the colora-
tion for different AVT levels. For AVT < 30%, ideal-bandgap
absorbers, corresponding to maximum PCE for each visible

(red arrow) in luminescent solar concentrator. (top) Photograph of different colored semitransparent luminescent solar concentrators illuminated by
ultraviolet light.(bottom) Reproduced with permission.2l Copyright 2012, Wiley-VCH. c) Device architecture of colored cells with PEDOT:PSST as the
top spectrally selective electrode. Photograph of a colored schematic “H” assembled by colorful perovskite SC. J-V curves of the blue-colored cell illu-
minated from both side glass (PCE =15.1%) and electrode sides (PCE =13.8%). Reproduced with permission.?>% Copyright 2016, American Chemical
Society. d) Schematic of semitransparent colored perovskite SC architecture. (left) PCE of different semitransparent colored SCs as a function of the
ITO electrode thickness, determining the color appearance. (right) In the inset, photographs of the ST-PSCs in the corresponding position of ITO
thickness. Reproduced with permission."% Copyright 2020, Elsevier. e) Device architecture schemeatic of semitransparent colored organic SC with
spectrally selective electrode. (left) corresponding digital photographs and transmission spectra of various colored devices (right) Reproduced with per-
mission.?>1 Copyright 2020, American Chemical Society. f) Schematic representation of the microcavity-based organic SC. (left) Transmittance spectra
of different SC devices. (right) Digital images of colorful semitransparent SC devices from blue to red. (bottom) Reproduced with permission.[3>2
Copyright 2018, Wiley-VCH. g) Transmission spectra and photograph of semitransparent colored organic SCs with three different polymer donors.
Reproduced with permission.?*3l Copyright 2017, Wiley. h) Schematic device structure, transmission spectra and photographs of colored ultrathin
hybrid a-Si/organic featuring absorbing nanocavity. The colors correspond to different a-Si thicknesses (blue-6 nm), (green-11 nm), and (red-31 nm).
Reproduced with permission.2 Copyright 2014, Springer Nature. i) SEM picture of Si solar cell with hole structures for 60% and 45% transparency
(top left) Corresponding transmittance spectra (top right) Photos of yellow, green and blue PDMS-encapsulated semitransparent colored Si SCs and
corresponding color coordinates (bottom). Reproduced with permission.?* Copyright 2021, Wiley-VCH.
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orber. Reproduced with permission.5>l Copyright 2019, American

Chemical Society. b) Experimental results of best performing ST-PV in terms of AVT vs LUE (left) and LUE vs E, (right). Continuous lines corre-
spond to the theoretical limit of LUE. Reproduced with permission.’"l Copyright 2021 Wiley-VCH. c) Structure ST-PV device based on organic absorber.
(left) Photograph of devices with different Ag electrode thicknesses. Reproduced with permission.® Copyright 2012, The Royal Society of Chemistry.
d) Dependence of transmission spectra on the absorber thickness in ST-OSC with Ag nanowire-based electrode. Reproduced with permission.2¢% Copy-
right 2021 Wiley-VCH. e) Photograph of ST-PV with colloidal quantum dot absorber and oxide/metal/oxide electrode. (left) Dependence of AVT on the thick-
ness of CQD solid for different types of back electrodes. (right) Reproduced with permission.3¢3 Copyright 2016, Wiley-VCH. f) 3D histogram plot of PCE

and AVT variation as a function of perovskite composition and thickness. Reproduced wi

ith permission.% Copyright 2018, The Royal Society of Chemistry.
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light transmittance (VLT) are less sensitive to coloration. How-
ever, as the bandgap exceeds the ideal value, hues of orange and
red are expected to appear. When the AVT is higher than 30%,
the x and y components of ideal-bandgap absorbers are away
from the neutral-color coordinates and hence prone to high col-
oration aspect from orange to yellow as AVT increases.

State-of-the-Art  ST-PV  with  Tunable Transparency: In
Figure 8b, the state-of-art efficiencies for different organic
and inorganic PV technologies are shown. The reported AVT
values for ST-PV are ranged from =5% for different thin-film
PV technologies to above 85% for a near-infrared luminescent
concentrator architecture.’3>] However, in the case of ST-PV,
the light transmission is inherently promoted at the expense
of the photogenerated current, hence, the drop in the PCE is
inevitable.(20%°]

In practice, the interplay between AVT and PCE give rises
to LUE values that the lowest are around 0% for different thin-
film PV technologies and the highest exceed >5% for perovskite
and organic PV technologies.3%83%] Regarding the bandgap
dependency, it is noticed that low-bandgap photoactive mate-
rials result in higher LUE levels, especially for organic and
perovskite PV technologies with superior performance com-
pared to other counterparts. While higher bandgaps yield lower
LUE values due to poor PCE.

In the following, several outstanding examples for ST-PV
using different approaches to tune the transparency are pre-
sented. Chen et al. demonstrated an organic ST-PV with high
color rendering index and efficiencies between 4.2% and
7.5%.1%8] The high CRI value between 95 and 98 were achieved
by the optical shaping of the transmitted spectra with ultra-thin
Ag layers (Figure 8c). The thickness change of the Ag layer
allowed to adjust the AVT of the ST-PV between 48% and 2%.
Jeong et al. combined organic ST-PV with Ag nanowire elec-
trodes to reach high transparency and electrical conductivity
(Figure 8d).%% By varying the porosity of Ag Nw from 10% to
60%, PCE was changed from 4.2% to 9.7% with AVT values
around 43%. Whereas, the variation of the thickness of organic
absorber layers yielded more significant tuning capabilities,
with adjusted PC from 8% to 12% and AVT between 20% and
48%. The best achieved CRI was about 77 (Figure 8d). Baran
and co-workers demonstrated a record ST-PV cell based on
organic absorbers with a PCE of 8.8% and an AVT value of 58%
resulting in an outstanding LUE of 5.26%.13% ST-PV based
on ultrathin a-Si absorber enabled PCE about 6% with low
AVT around 20% and red-brown tint.*®!l Shin et al. tuned the
transparency of CIGS-based semitransparent SC, by adjusting
the absorber thickness between 300 and 900 nm.3%2 Using
the thinnest absorber, low AVT of 9% and a PCE of 9.78% was
achieved. The transmission spectrum was dominated by the
absorption edge of the CIGS layer, leading to characteristic col-
oration. Zhang et al. investigated the interplay of the colloidal
QD solid thickness and the electrode type on the PCE and AVT
outputs (Figure 8e).3%3 The increase of the QD thickness from
100 nm to 200 nm resulted in a reduction of AVT by almost
10% for different electrodes i.e metal, metal/oxide and oxide/
metal/oxide. This was accompanied by an increase of the PCE
from 3% to >5%. In a similar concept, the introduction of TeO,
antireflection capping layer in semitransparent colloidal QD SC
enabled an efficiency of 7.3% with AVT of 20.4%.53% Lee et al.
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employed different thin metal top electrodes using Ag and
Cu for ST-PSC. The brown-tinted devices were characterized
by PCE high than 11% and AVT of =20%[%! Yuan et al. estab-
lished a general trade-off between AVT and PCE as a function
of the thickness and composition of MAPbI;,Br, perovskite
absorber (Figure 8f)."% For a fixed thickness, an increase of Br
content with wider bandgaps leads to higher AVT, but slightly
lower PCE. The combination of moderate absorber thickness
(=200 nm) with wide bandgap conditions perovskite absorber
are more advantageous for ST-PSC, reaching an AVT =20%
and PCE of about 8%.

Roy et al. analyzed the color comfort and degradation of
semitransparent DSSC after 2 years of ambient exposure by
evaluating CRI and CCT parameters. It was found that while
AVT slightly dropped, the visual comfort was enhanced by
=~30% which promotes the possible utilization of such tech-
nology for low-power building integration in hot weathers.3¢!

Challenges and Prospects: The most common practices for
light transmission tuning mainly involve the change of the
absorber and the electrode thicknesses. Among different thin-
film ST-PV, perovskite, and organic-based SC technologies yield
better trade-off between AVT and PCE, and hence, higher LUE.
A balance between high efficiency, long-term stability, and cost-
effective manufacturing is demanded to ensure the feasibility
for real-world applications.*’!

Besides the suitability of organic materials for semitrans-
parent PV,3%8l further progress in the development of inexpen-
sive upscaling methods,%%3 the improvement of device life-
timel*371 is still required for reliable lab-to-fab transfer. Simi-
larly, for perovskite-based ST-PV, the transition from lab-scale
SC devices to module scale impose the employment of depo-
sition techniques such as blade coating, slot-die coating, roll-
to-toll methods and printing.?*!l In addition, large-scale modu-
larization without sacrificing performancel¥’? and appropriate
stability assessmentl*”®l should be ensured. Currently, several
semitransparent PV technologies are under development by
industrial manufacturers, such as semitransparent organic PV
with transparent mesh electrodes from ASCAP’4 and semi-
transparent perovskite PV from Saule technologies.?”!

The presented examples of ST-PV show that color neutrality
can be assumed as a bottleneck for ST-PV that prone to unfa-
vorable tint. To overcome this issue, spatial segmentation and
wavelength-selective photosensitivity are rather the alternative
solutions. For practical purposes, most of the light-transmit-
ting structure like skylight or windows in buildings and vehi-
cles require the highest AVT alongside color-neutrality aspect.
Hence, ST-PV are more likely to find application in most of
the building skin and facade areas for aesthetic appearance
purpose.

3.4.2. Wavelength-Selective and Neutral-Colored Transparent PV

Wavelength-Selective Transparent PV: As shown in Section 2,
well-defined optical material properties and spectral engineering
are prerequisite for the realization of wavelength-selective TPV.
In this section, the progress, strategies and potentials of UV and
NIR-selective transparent PV technologies are reported. For UV-
selective PV, the blue-shifting of the absorption edge outside of
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the visible spectrum to maximize AVT and CRI is typically per-
formed exploiting wide-bandgap semiconductors such as metal
oxides (NiO, ZnO...), QDs, organic or perovskite photoactive
materials. In metal oxide-based UV-selective PV, typically with
p-type NiO/n-type ZnO heterojunction configuration depos-
ited by physical vacuum deposition techniques, the bandgap
range can be varied between 2.7 eV (=460 nm) and above 3.2 eV
(=387 nm). Upon illumination with AM1.5G spectrum, PCEs below
0.5% and AVT values between =50% and 70% are obtained.®*¢1
For TPV based on TiO,/NiO heterojunction, an optimum
TiO, thickness of 100 nm was found to give the best trade-off
between optical transparency and electrical performance.l°!
Using such metal oxide materials system, the bandgap control
is crucial to preserve high CRI and AVT for the case of absorp-
tion limit above 440 nm, as well as, preventing the photocurrent
and performance deterioration for absorption onset below
430 nm.B The incorporation of ultrathin a-Si between p-NiO
and n-ZnO could improve the carrier collection and light utiliza-
tion efficiency at specific wavelengths.’”?! But, lower AVT about
40% and PCE below 0.5% were obtained on a PV device with
a size of 25 cm?.8 UV-selective TPV was also realized using
green carbon QDs, reaching only a PCE of about 0.6% and
an AVT of 37%.5% Additionally, near-ultraviolet SCs based on
wide-bandgap polyaromatic hydrocarbons organic pairs yields a
V,. exceeding 1.6 V and PCE between 1.3% and 1.5% with an
AVT above 60%, supplying sufficient power for electrochromic
smart window.®?l Lunt and co-workers initiated the exploration
of halide perovskite in selective UV-harvesting TPV devices in
2018, by precisely adjusting the absorption onset between 410
and 440 nm.P This bandgap widening is enabled via compo-
sitional control of MAPbCl;,, Br, replacing the big halide with
small ones (I > Br > Cl). The demonstrated TPV devices deliver
a PCE up to 0.52% with an AVT of 73% and an outstanding CRI
over 93%.5% A step forward for this lead halide-based TPV tech-
nology was achieved by further optimizing the thickness and
the composition and tuning the bandgap via chlorine and bro-
mine doping. The devices reach efficiencies over 1% with AVT
above 70%.and CRI above 90, while retaining 80% of the initial
performance after 150 h and over 60% after 500.°”7! (Figure 9a)
Selective ultraviolet (UV)-harvesting visibly transparent photo-
voltaics can be also realized using CsPbCl; with an absorption
edge of =420 nm, resulting in an efficiency of 1.19%, and a CRI
of 91, but, suffer from moderate AVT of 53.1%.1381

Another approach to realize colorless TPV is the adoption
of concepts with NIR-harvesting from the long-wavelength
side of the solar spectrum using low-bandgap polymer donors
and small molecular acceptors as organic photoactive mate-
rials.[*#%%] A proof-of-concept of NIR-selective organic TPV was
realized in 2011, featuring peak absorption beyond 650 nm.
Combined with near-infrared mirror ensuring optical-interfer-
ence, the device enables a PCE of 1.3% and AVT above 65%.1382
Then, subsequent research works have been developed, aiming
for IR absorption by narrowing the bandgap between LUMO
and HOMO from above 1.4 to <1.1 eV, then, further take advan-
tage of the large fraction (=52%) of the solar photon flux in
the infrared. The reported results give rise to peak absorptions
between 700 and 900 nm, cutoff absorption range 780-1100 nm,
PCE 2.6% and 5.3%, wide span of AVT range between 25%
and 63% with a clear PCE-AVT trade-off while CRI could reach
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extremely high values up to 97%.4 As a representative example
of this TPV category is the realization of semitransparent
SC based on Thienylbenzodithiophene-Diketopyrrolopyrrole
PBDTT-DPP (donor):PCBM (acceptor) heterojunction absorber
embedded between two transparent electrodes. Such device
yields a PCE of 4% and a high AVT of 64%.53%% The incorpo-
ration of incorporating large size selenium in PBDTT-DPP
polymer donor photoactive material to form PBDTT-SeDPP
which strengthen the interchain interaction and reduce
the bandgap. The TPV devices with AgNW-based composite
electrode result in a peak absorption at 810 nm a cutoff at
900 nm yielding a PCE of 4.6% and an average light transmis-
sion of 63%.13%4

For the case of small molecular acceptors, multiple small
bandgap photoactive materials can meet the requirements for
NIR-absorbing TPV.[*) However, non-fullerene small-molecular
acceptors are preferred compared to fullerene counterparts to
further narrow the bandgap.®® Such enhancement of NIR-
harvesting by combining both narrow-bandgap polymer donors
and non-fullerene small molecular acceptors as organic photo-
active materials boosts the performance level of organic TPV
with efficiencies exceeding 7%. One of the first examples in this
category was the incorporation of chlorine atoms in the electron-
donating benzodithiophene (BT) to form BT-CIC. This reduces
the bandgap below 1.3 eV and sets the absorption cutoff to
950 nm due to improvement of the intramolecular charge
transfer and interactions. Using ultrathin Ag back contact, the
semitransparent SCs achieve a PCE of about 7%, AVT of 43%,
and CRI of 91.3%] Subsequently, many successful demonstra-
tions of highly performing organic TPV based on non-fullerene
small-molecular acceptors have been reported. For example, the
integration of fused octacylic electron acceptor (FOIC) based on
fused tris(thienothiophene) (3TT) in semitransparent SC leads
to an absorption range between 600 and 950 nm with a peak
at 836 nm, a low bandgap of 1.32 eV, a PCEs of up to 10.3%.
Using transparent ITO as electrode for NIR-absorbing narrow
bandgap nonfullerene acceptor enabled device output para-
meters as follow: PCE = 8%, AVT = 43%, LUE = 3.5% and CRI
of 86%. While the same device using ultrathin metal elec-
trode yielded a slightly green-tinted ST-PV with PCE = 10.8%,
AVT = 45%, and LUE = 5%.38] This points out the importance
of the electrode selection in defining the optoelectronic trade-
off. For NIR-DSSC, Sauvage and co-workers reported a relevant
device having a PCE of 3.1% power conversion efficiency, an
AVT up to 76%, and a CRI of 92.1%.5%]

One of the highest color-fidelity CRI in organic TPV
approaching 100% was achieved on a neutral-color semitrans-
parent SC with IHIC non-fullerene acceptor with strong NIR
absorption assigned to an optical band gap of 1.38 eV, reaching
a PCE of 9.3% and an AVT 21% (Figure 9b).18] Outdoor testing
of vertically positioned NIR- non-fullerene acceptor based
organic semitransparent SC featuring 1D nanophotonic struc-
ture reveals a PCE of 9.7% and an AVT of 50% over a wide
range of incidence angle up to 50°.378

Interestingly, it is possible to design a semitransparent PV
featuring tandem structure with a combination of both UV
and NIR selective photoactive materials. Such approach was
realized by Zuo et al. using large-bandgap perovskite film
(FAPbBr, 43Cly 57, Eg = 2.36 €V) as UV-selective absorber in the
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Figure 9. a) Photograph of fully assembled lead halide TPV device and corresponding transmission (T), reflection (R), and external quantum efficiency
(EQE) spectra. Reproduced with permission.’’””l Copyright 2019, American Chemical Society. b) Experimental and simulated EQE spectra of ST-OSC
cells with and without nanophotonic structures at normal and at 50° incidence (left). Experimental and simulated light transmission spectra of ST-OSC
cells with and without nanophotonic structures at normal incidence (right). The photopic curves are also depicted. Reproduced with permission.F78l
Copyright 2020, Wiley-VCH. c) Design structure, EQE and transmission spectra of tandem ST-PV with selective absorption. Reproduced with per-
mission.’>% Copyright 2019, Wiley-VCH. d) Schematic of dual-band selective harvesting transparent LSC. (top) Average EQE(A) spectra of different
transparent LSCs and the corresponding integrated short-circuit current density (Jsc ;) (bottom left) Transmittance spectra (T(A)) of different trans-
parent LSCs. Normalized photopic response of the human eye (V(A)) is visualized for comparison. (bottom right) Reproduced with permission.[22
Copyright 2021, Wiley-VCH. e) Schematic of dewed planar perovskite heterojunction SC (top left) Transmittance spectra from a selection of dewed
perovskite devices. Illustration of the most and least transparent films are shown as inset. (top right) Color coordinates of perovskite films with different
transmittance level under AM1.5 illumination, on the CIE xy 1931 chromaticity diagram (bottom left) Photograph of semitransparent neutral-colored
perovskite. (bottom right) Reproduced with permission.'?”] Copyright 2014, American Chemical Society. f) Illustration of the neutral-colored transparent
c-Si substrate showing light transmission (in all wavelength ranges) through the hole-shaped window and light harvesting in the absorption region
(top) Color coordinates of the transparent c-Si SCs with different transmittances on the CIE 1931 chromaticity diagram. (bottom left) Illuminated J-V
characteristics of the transparent c-Si SCs with different transmittance levels (bottom right) Reproduced with permission.’”] Copyright 2020, Elsevier.
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top cell and low-bandgap (PTB7-Th:6TIV-4F, E, = 1.27 eV) as
NIR-selective absorber in the bottom subcell (Figure 9c).1>%
Such concept provides a PCE of 10.7% and AVT of =53%, as one
of the highest LUE in wavelength-selective TPV, pointing out
the great potentials of tandem UV/NIR selective SC technology.
Based on this brief overview about UV and NIR selective trans-
parent PV, it is obvious that an impressive progress is fulfilled
in terms of photoactive materials and device performance. This
should be pursued along with the development of advanced
transparent electrodes and light management schemes as
well as the minimization of the visible absorption to preserve
ultrahigh color neutrality. To this end, one can conclude that
UV- and NIR-selective TPV are effective technologies not
only for power generation in smart windows into buildings
and vehicles, but also for the protection from UV and NIR
radiations.[3¥)

Luminescent Solar Concentrator: A promising approach for
see-through applications is the utilization of luminescent
solar concentrators. Different LSC technologies based on var-
ious materials such organic or QDs were reported in litera-
ture.[112:221.390.391 Meinardi et al. reported the first example of
LSC based on indirect-bandgap Si QDs with an area of 144 cm?
reaching a PCE of 2.85% and 70% transmittance over the vis-
ible spectrum.M? Klimov and co-workers proposed a large-area
(>230cm?) tandem LSC based on two types of engineered col-
loidal QDs fluorophores. Owing to the exceptional spectral tun-
ability, an optimum spectrum splitting is achieved, allowing a
PCE of 3.1%.5%Y By integrating NIR-emitting CulnS,/ZnS QDs
into 10 cm X 10 cm laminated glass LSC device, Bergren et al
realized a PCE between 2.2% and 2.9% with a transmission of
=~44% for visible light. Recently, an outstanding achievement
was reported by Lunt’s group combining massive-downshifting
phosphorescent nanoclusters as UV-luminophore and fluores-
cent organic molecules as NIR-luminophores into a dual-band
selective-absorbing transparent LSC (Figure 9d).2?!l This con-
cept allowed a well-defined spectral selectivity and efficient har-
vesting of invisible light fractions. The device outputs reached
PCE over 3%, AVT beyond 75%, and CRI of about 90%. It was
reported that these achieved results are the highest for trans-
parent LSC technologies up-to-date that surpass the practical
limit of non-wavelength selective counterparts./??!]

LSC technology can provide good aesthetic and optical char-
acteristics. However, several issues are still facing their wide-
spread integration. The low efficiency and the performance
drop at large-scale are among the main drawbacks.”!l More-
over, the reabsorption losses of reemitted light during wave-
guide mode are detrimental for the light concentration and the
power generation.?*?l Hence, the development of new materials
with high quantum yield and large Stokes shift (the differ-
ence between the absorption and emission peaks of the lumi-
nophore), is required to minimize the reabsorption losses.!’]
It was estimated that an increase of the Stokes shift >100 nm
could enable LSC sizes in the range of 1 m?, which is a target
scale for the integration in versatile applications.?*3] The key
materials and the technological challenges facing the develop-
ment and the industrialization of LSC were summarized else-
where.??%] For a reliable assessment of LSC-PV performance,
standardized characterization protocols should be adopted.l**¥
To this end, the demonstrated potential of visibly transparent
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LSC technologies in terms of power throughput, aesthetic
standards and unique spectral tuning promote their seamless
customization for window industry. The achieved progress
in the field of LSC would enable further adaptation to multi-
functional deployment in diverse applications.’*}l This will be
accelerated with the progress at industrial level, providing com-
mercially available PV products such as QD-based LSC from
UbiQD and ClearVue PV.

Spatial Segmentation: Another strategy to achieve color-
neutral transparency is via spatial segmentation. The state-
of-art of this technology has been thoroughly presented in
several related reviews.2%2! Spatial segmentation method
can be applied to a large variety of PV technologies including
¢-Si based SCs and thin-film PVs. On the latter category, this
strategy is typically applied for conventional second-generation
thin-film PV including a-Si, CIGS, and CdTe.l”2%2! This is due
to the compatibility of relevant perforation process by laser
ablation with the interconnexion scheme at the modularization
level. For different kind of materials like perovskite and organic,
the spatial segmentation can be achieved during the growth
process at microscale. One of the most distinguished examples
in perovskite field was the realization of color-neutral ST-PV
based on microstructured perovskite material via morpholog-
ical control.'””] Due to the spontaneous dewetting perovskite
islands are formed enabling considerable light transmission in
between spaces (Figure 9e). The color neutrality is ensured by
the synergy between the complete absorption and transmission
for different AVT levels as can be noticed in the chromaticity
diagram. Whereas, the transparency can be tuned through the
modification of the surface coverage. This leads to a modula-
tion of AVT between 3.5% and 8% attributed to PCE between
7 and 30%.'"] Adopting similar approach and replacing meth-
ylammonium lead iodide perovskite with formamidinium lead
iodide a 5.2%-efficient neutral-colored PV device with an AVT
of 28% was reported.}%! This kind of spatial segmentation
via morphological control could be a potential alternative with
material consumption and simply feasibility features.

Typically, spatial segmentation of c-Si is performed by means
of mechanical or laser cutting.?*?!] The use of thick standard
¢-Si substrate and the complexity of the removal processes are
technological and economical drawbacks of this method, albeit
their good performance. An array of thinner, miniaturized and
spaced c-Si cells would be more techno-economically viable in
this regard.>%¢!

An impressive spatial segmentation approach to achieve
colorless transparent c-Si PV was reported by Lee et al. through
precisely-designed  microhole-shaped light transmission
window array(Figure 9f).’! By defining the filling fraction
design a systematic tuning of the light transmission is ena-
bled. A controlled modulation of AVT from 20% to 50% yields
a progressive increment in PCE from 6.7% to 11.5%. Despite
the outstanding throughput relative to others thin-film PV tech-
nologies, the use of a combination of photolithography and dry
etching processes impose cost and compatibility issues for the
industrialization of this technology.

Overall, the multitude of demonstrated high-efficient
and neutral-colored PV technologies offer a wide choice of
integration schemes into PV windows for both electricity gen-
eration and visual comfort purposes. We believe that LSC-PV
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and UV-NIR selective TPV technologies with cost-effective and
scalable fabrication methods are closest to the large-scale man-
ufacturing and commercialization level, provided they meet
the requirements of the involved stakeholders and customers’
acceptance.

3.5. Dynamic Tuning of Transparency and Colors in Switchable
Solar Cells

The transmission and color appearance of SCs can also be
modulated dynamically in a reversible way using several tech-
niques. It was described in Section 2.2.3 that the implemen-
tation of switching mechanisms at different positions inside
and outside of the SC can lead to switchable PV with adjust-
able transparency or tinting. In this section, the technological
approaches to stat-of-the art dynamically switchable SCs are
presented.

3.5.1. Electrochromic Switching

The first realized devices share an electrode between a dye-sen-
sitized SC and an electrochromic component to initiate optical
switching on the absorption of light.?*”) These so-called pho-
toelectrochromic windows only convert enough solar energy
to power the switchable device. Hereby, a reversible change
of color was achieved due to electrochromic WO;. More than
ten years later, other publications presented photovoltachromic
devices which were able to generated more electricity than
required for switching.**® Cannavale et al. studied for the first
time photovoltachromic devices with semitransparent perov-
skite layers."% They achieved an average visible transmittance
of 26% in transparent state and of 16% in colored state. The
PCE was switched between 3.7% and 5.5%. The same group
later also presented a switchable DSSC with micropatterned
electrode. The power conversion efficiency of the photoelectro-
chromic device with DSSC was 1.84% for 1 sun illumination
but the transmittance at 650 nm wavelength could be switched
between 21% and 52%. The combination of a UV-harvesting
OSC with an electrochromic switching mechanism was
presented by Davy et all®2l A photograph of the switching
between colored and bleached states of electrochromic window
powered by UV-selective OSC can be seen in Figure 10a.
The transparency was switched between 10% and 55% at
a wavelength of 650 nm. The switching was powered by a
1.3-1.5% PCE solar cell. Dyer et al. presented a vertically inte-
grated electrochromic layer sandwiched between two polymer
SCs.?%1 While bleaching of the device was reached under
forward bias conditions, the switchable window was colored
under reverse bias. The device is also a net positive energy
device, meaning that besides the optical modulation of the
transparency additional electricity can be generated. The
change in transmittance at 550 nm was 20% under illumina-
tion of 1 sun, while the PCE remained below 1%. Switching was
initiated by selectively connecting the electrodes in the device.
Besides the combination of PV with electrochromic devices,
liquid crystal systems were also studied. Hereby the polariza-
tion dependent switching of scattering and transmission of
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chiral nematic liquid crystals under different potentials is used.
Xia et al. presented the combination of a semi-transparent
PSC with a liquid crystal/polymer composite.l*% The roll-to-roll
process compatible device achieved a switchable AVT of 11%
and a PCE up to 16.6%. Previously presented self-powered
switchable SCs with liquid crystal technology used the diffu-
sive scattering of electrically tunable polymer dispersed liquid
crystals coupled at the back electrode to enhance the absorption
in an ultra-thin a-Si SC."¥ This allows a transition from trans-
missive to diffusive tinted states. The device showed a switch-
able transmittance at 650 nm between 40% and 70%, while the
power conversion efficiency varied between 1.9% and 3.2%.
The switching required a power of 0.8 mW cm™ (Figure 10b).
Kwon et al. analyzed the influence of the position of optically
switchable photo-responsive chiral nematic liquid crystals
on the efficiency and transparency of a DSSC.I?% They were
able to achieve a maximum PCE of 79%, when the switchable
liquid crystals were deposited below the bottom electrode of the
device.

All the mentioned technologies partially used the electricity
generated by the photovoltaic layers to change the transmission
of the switchable SC. This means that for all of these devices,
the switching capability depends on sufficient irradiation of the
sun. Several other studies try to decouple the change of trans-
parency from the illumination of the photoactive layers. One
possible route to achieve this purpose is the use of gasochromic
layers.

3.5.2. Gasochromic Switching

Yao et al. show that the combination of a semi-transparent
polymer SC with a 120 nm-thick gasochromic WO; layer as a
back reflector created a smart window with adjustable colora-
tion and transparency.'??l The power conversion efficiency in
blue-colored state is 10.2% with an average visible transmit-
tance of 25.4 %. In bleached/transparent state, the efficiency
decreases to 9.1% and the transmittance increases to 33.8%.
A similar approach was demonstrated with a semi-transparent
a-Ge:H SC featuring a switchable Mg back electrode of below
30 nm (Figure 10c,d).'?®l The SC device reached 2.4 % effi-
ciency in opaque state with 1% transmittance. The average vis-
ible transmittance was increased to 23.6% after the absorption
of hydrogen."l Since the Mg layer in this approach is not only
used as switchable layer but also as back electrode, switching
influences the electrical performance, and turned the SC “oft”
during hydrogen absorption.

3.5.3. Photochromic Switching

A completely different approach of switchable SCs depending
on the exterior illumination was proposed by Huaulmé
et al. using photochromic organic absorber molecules
(Figure 10e).1281 They created transparent DSSC with a photo-
chromic diphenyl-naphthopyran unit inserted between donor
and acceptor which turned into a deeply colored state upon
illumination.”®! They were able to achieve an efficiency of
4.17%. The average visible transparency changed from 59%
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Figure 10. a) Photograph of the colored and bleached states of the electrochromic window powered by a UV-selective organic solar cell. Reproduced
with permissionl®? Copyright 2017, Springer Nature. b) Ultra-thin semi-transparent a-Si solar cell with liquid crystal switchable back contact. Photograph
in opaque and transparent states (left), layer stack with a-Si and liquid crystals (right). Reproduced with permission.% Copyright 2017, American

Chemical Society. ) Dynamic optical switching based on gasochromic Mg back electrode in ultrathin a-Ge:H solar cell. Adapted with permission.

[123]

Copyright 2020, American Chemical Society. d) Photograph of gasochromic solar cell in transparent state (left) and in opaque state (right). Reproduced
with permission.[?l Copyright 2022, Elsevier. e) Photochromic switching: transmission spectrum and photograph of photochromic solar cells under
different illumination conditions. Reproduced with permission.28l Copyright 2020, Springer Nature. f) Schematic structure of thermochromic halide
perovskite solar cell and illustration of complex dissociation in perovskite material. Reproduced under terms of the CC-BY license.l** Copyright 2020,

The Authors. Published by Springer Nature.

before illumination to 27% after illumination. It is important to
mention that this technology integrates the switching mecha-
nism directly into the absorber layer, opposed to the previous
mentioned approaches, where the tuning functionality was
achieved by additional layers or by functional electrodes.
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3.5.4. Thermochromic Switching

Currently, one of the most active researched subgroup of
switchable PV windows is thermochromic devices. These solar
cells use the photothermal dissociation of halide perovskites as
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a way to change the absorptivity of the photoactive layer and
with it, the transparency. Lin et al. showed that the reversible
transition of inorganic halide perovskite layers between a trans-
parent non-perovskite phase and a colored perovskite phase can
be used to create a smart photovoltaic window.[33 The required
temperature to initiate the phase transition is 105 °C. At low
temperatures the device reaches a visible transparency of 81.7%,
while in colored state after reaching the high temperature, the
visible transparency is decreased to 35.4%. The efficiency of the
SC in colored state is 5.57%.

Wheeler et al. used a similar approach, shown in Figure 10f,
where photothermal heating under illumination by the sun
triggers the dissociation of methylamine to switch a SC from
a transparent state with 68 % visible transmittance to a colored
state with <3% transmittance. The power conversion efficiency
in colored state is 11.3%. The change of the perovskite structure
and the resulting change in optical properties was also used to
create opaque SCs with changeable coloration.3®l Hereby, any
transparency is omitted and the color impression results from
the reflection and absorption of light.

3.5.5. Challenges and Outlooks of Dynamically Switchable SCs

All of the presented technologies aim to overcome the disad-
vantages of static SCs by dynamically adjusting the transpar-
ency of the window to the exterior conditions. While in early
devices the SC only generated electricity to promote self-pow-
ered switching of an electrochromic layer, the latest genera-
tion of switchable photovoltaics is able to generate a surplus in
electricity. Furthermore, switching technologies evolved to photo-
chromic, thermochromic and gasochromic layers allowing for
a more flexible application of the photovoltaic windows. An
important issue for all switching technologies is the degrada-
tion of the device after several switching cycles. For switchable
SCs, this degradation can be seen in the reduction of the
maximum possible transmitted light, or in the reduction of
power conversion efficiency or even both. This is a result of
the switching processes not being fully reversible. While for
gasochromic SC only up to 15 cycles of switching were shown
without significant degradation,??l electrochromic devices
reach several thousand switching cycles without degrada-
tion.*92l Thermochromic perovskite layers have shown to with-
stand several hundreds of switching cycles.'*] This shows that
further development and optimization is still necessary for all
switchable SCs to become a replacement for current windows.
Besides the degradation of the SCs, the implementation of the
device in a building is also still difficult to realize. Gasochromic
switching systems might require an external gas source to ini-
tiate the switching, which would also require gas pipes in the
fagade. Thermochromic SCs need high temperatures to change
their transparency, which can be problematic in colder climatic
regions, or when heat load should be avoided in the glazing
elements. The color neutrality of switchable solar windows
is also crucial for widespread acceptance of the technology.
Hereby, especially the PSC with a red tint and the switching
layers incorporating WOj; require further improvement. The
color portfolio is rather limited in dynamic tuning schemes
compared to static tuning approaches. Furthermore, for all
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technologies the switching time is a crucial factor which has
to be considered, since slow switching can have a detrimental
effect on the acceptance of this technology. In conclusion, SCs
with switchable transparency can be a valuable replacement of
conventional windows but still need more research to fulfill
their promise. Based on the presented potential of switching
approaches, it is estimated that the integration of dynamic and
reversible optical tuning in photovoltaic windows can allow an
exceptional control over the power generation, the lightening,
the heat regulation and the energy savings for buildings and
vehicles.

3.6. Thermal Tuning and Temperature Regulation in Solar Cells
3.6.1. Optics-Based Thermal Tuning Approaches of PV

As stated in Section 2.4.1, multispectral thermal management
of PV can be fulfilled by the implementation of UV and sub-
bandgap reflection (SBR) methods to reduce the generation
of waste heat and passive radiative cooling (PRC) concepts to
boost the rejection of waste heat. The implication of each of
these approaches is manifested in different wavelength ranges,
that is, in the solar spectrum band from 0.3 to 2.5 um for the
UV and sub-bandgap reflection, and in the atmospheric trans-
mittance window from 8-13 um for PRC (Figure 11a). The theo-
retical maximum reduction of temperature is attributed to an
ideal filter with cutoff at the absorber bandgap E, for spectrally
selective coolers and unity IR emissivity for radiative cooler.l*’]

Herein, we survey the effectiveness of these two main spec-
tral tuning approaches for the reduction of the operating tem-
perature and the energy yield enhancement of SC. This would
allow a better adaptation for PV integration in multiple appli-
cations and environments. Sun et al. suggested that appro-
priate design of selective-spectral cooling, combining both the
exclusion of parasitic absorption via SBR and efficient radia-
tive cooling via improved thermal emission, can reduce the
temperature of terrestrial solar modules by up to 10 °C. This
corresponds to =2.7% improvement of the short-term electricity
output and 0.5% absolute increase in the efficiency of solar
modules. Since SBR and PRC approaches tackle different self-
heating sources, their simultaneous integration is expected to
yield a superposed temperature reduction for all PV technolo-
gies.!% Detailed quantitative evaluations and comparisons of
both SBR and PRC heat mitigation strategies were addressed
in literature.®”V! In practice, spectral-selective cooling via SBR
can be achieved by adding specifically designed photonic struc-
tures or quarter-wave stacks as infrared optical filters on the top
of SCs. Such selective mirrors serve as short-pass filters that
only permit the penetration of photons with energies above the
absorber bandgap.#>16%)

3.6.2. Sub-Bandgap Reflection in PV

In a comprehensive photonic approach for SC cooling, Fan
and co-workers proposed a photonic cooler made of multilayer
dielectric stack of SiO,, SiN,, AL,O;, and TiO, films.B¥ This
1D photonic structure can simultaneously allow strong heat
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Figure 11. a) Schematic of solar absorption and thermal radiation properties with a photonic cooler coated on top of solar panel (left) Reflection spec-
trum of photonic cooler (middle) Emissivity spectra of the photonic cooler over IR wavelengths (right) Reproduced with permission.82 Copyright 2017,
American Chemical Society. b) Spectrally selective mirrors placed at the outer glass or at the cell surface. (left) Experimental and modeled spectral
reflection for considered PV technologies. (right) Power-weighted average module operating temperature difference from the baseline case including
spectrally selective mirrors at the glass or at the cell surface.(right) Reproduced with permission.[”%l Copyright 2021, Elsevier. c) Radiative cooling
for standard PV. Schematic illustration and working principle of visibly clear metamaterials for radiative cooling. (top left) Photographs showing the
metamaterials with visible clarity and mechanical flexibilities attached on a flexible organic SC (bottom left) Measured transmittance and reflectance
in the AM1.5 Global (1.5G) solar spectrum and emissivity in the atmospheric transmittance window for radiative cooler metamaterial. (top right)
Temperature variations for ambient, metamaterial on a solar cell, and a control bare solar cell in outdoor conditions under solar irradiation (bottom
right). Reproduced with permission.l*®l Copyright 2021, Wiley-VCH. d) Illustration of concentrated PV system with Fresnel lens concentrators and an
enclosure. The radiative cooler can be added to the heat spreader underneath the solar cell. Reproduced with permission.“* Copyright 2020, Elsevier.
e) Experimental and simulated temperature results with and without cooler for the evaluation of daytime passive radiative cooling performance. Repro-
duced with permission.l %l Copyright 2020, Elsevier.
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radiation by mid-IR thermal emission and effectively reflect the
UV and sub-bandgap wavelengths (Figure 1la). In particular,
to achieve large solar reflection over the sub-band-gap wave-
length range, constituent materials with large index contrast
were employed. In order to simplify the complexity of spec-
trally selective mirrors, Ferry’s group performed several design
optimizations of a series of multilayer photonic sub-bandgap
mirrors based on various materials including SiO,, SiN,, TiO,,
Zr0,, and MgF,.73774 A special interest was devoted to the
angular dependence and geographical location. By integrating
sub-bandgap photonic reflector on the outside of the glass
cover, an enhancement in the annual energy output over 3.7%
can be achieved compared to the baseline without a photonic
mirror.'73] To assess effectiveness of parasitic light reflection
method as a function of different PV module technologies, Sil-
verman et al. compared the dependence of temperature reduc-
tion between c-Si and GaAs modules.®”) It was found that c-Si
module achieved an annual irradiance-weighted temperature
reduction of 3.8 K, while GaAs PV operated at 12 K cooler tem-
perature level under the same conditions. This is influenced
by the difference in sub-bandgap reflectivity, temperature coef-
ficient and efficiency.®”! Slauch et al. established a compre-
hensive guide on the optical approach based on the rejection
of incident sub-band-gap light for thermal management.['] By
including various reflectors and stutterers at different interfaces
within PV modules, the practical limits of temperature reduc-
tion in operation under outdoor conditions are determined as
a function of sub-bandgap reflectivity and reflective interface
(Figure 11b). It was found that integrated sub-bandgap reflective
mirrors on the outer glass or rear side are the most effective.
For instance, a reduction of about 3.3 K annual power-weighted
average temperature can be achieved by means of spectrally
selective mirror at the top glass surface of ¢-Si module if the
sub-bandgap reflection reaches 100%."7% It is also important to
consider the difference in the bandgap decrease evolution as a
function of temperature between different absorbers, expressed
by different temperature coefficients. Hence, the cut-off of
spectrally selective filters needs to be designed according to the
temperature dependence of the bandgap, especially for concen-
trated PV.11%%]

3.6.3. Passive Radiative Cooling of PV

The other main approach for heat mitigation of SCs is passive
radiative cooling. The emergence of PRC concepts has stimu-
lated numerous reports to present overview about the integra-
tion of this technology in PV.[7:18L185405400] 1t ig important to
mention that different antireflection coatings on bare silicon
SCs, and, in particular, glass covers with large amount of silica in
standard solar panels already possess a considerable emissivity
level 1861851874071 However, highly efficient IR emitter alterna-
tives are desired, not only to further boost the radiative cooling
performance, but also to be adaptable with flexible, lightweight
PV technologies, and in concentrated PV and extraterres-
trial environments such as space. To fulfill this aim, various
IR emitter structures can be employed such as nanophotonic
structure, metamaterials, and polymer layers. Given that
solar modules operate typically above ambient temperatures,
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broadband emitters are more favorable than selective emitters,
since thermal emission outside the sky window in the entire
wavelength range between 4 and 30 pm can provide additional
radiative cooling power.[8?!

After their pioneering works in this field,® Fan, Raman
and co-workers explored the untapped passive daytime radia-
tive cooling of SCs through sky window.7?! They expected that
an ideal scheme can passively lower the operating temperature
by 18.3 K cooler than bare SC. One of the outstanding repre-
sentative works on photonic cooler is performed by Li et al. who
proposed photonic films with strong heat radiation via thermal
emission.®? For optimal thermal management, tailored trans-
mission and reflection characteristics required strict design
considerations in the alternating layers of Al,O;/SiN/TiO,/
SiN with aperiodic arrangement of thickness. Upon the inte-
gration of such photonic cooler on the top surface, a tempera-
ture reduction of 5.7 °C is achieved on underlying encapsulated
solar panels without affecting the solar absorption and the gen-
erated photocurrent.82]

Zhao et al. proposed a radiative cooling approach via selective
plate composed of photonic structure.l**! The latter was made
of 1D stack composed of 30 periodic SiO,/TiO, multilayers and
2D photonic crystal consisting of 500 um-thick silica with a spe-
cific circular lattice array. The achieved nocturnal cooling power
of 128.5 W m~2 at 303 K outperformed the case of bare cell and
glass surface by 6.9% and 30.5%, respectively.[“%8]

To avoid the burden of designing complex and expensive
photonic structures that rely on vacuum deposition equipment
and sophisticated patterning techniques, IR emissive polymers
present a simple, practical and cost-effective alternative.[*09#2]
The origin of IR emission from polymers responsible for radia-
tive cooling capabilities is the overlap of the fingerprint region
of the intrinsic functional groups such as C—O, C—F, C—N,
and Si—O in infrared spectrum with the atmospheric transmit-
tance window.*3] Hence, this offers a promising pathway to
control of IR emission region through molecular-level design
with appropriate chemical bonding.** Wang et al. found
experimentally that commercial encapsulated c-Si SCs can be
cooled down by 2 °C in real environment using a 600 pm-thick
pyramid-textured polydimethylsiloxane (PDMS) emitter without
convection covering. This is due to a broadband emissivity
close to 1 in mid-infrared range and an average transmittance
of >90% in the absorption spectrum from 0.3 to 1.1 pum.*”]
Visibly clear and flexible radiative cooling metamaterials based
on SiO, aerogel microparticles randomly distributed in PDMS
was developed by Lee et al. to enhance the thermal manage-
ment of commercial SCs (Figure 11c). Such metamaterials are
characterized by an integrated emissivity of >98% in the atmos-
pheric and visible light transmission of >91% at wavelengths of
400-800 nm. According to the outdoor temperature measure-
ment of flexible SC under relative humidity of 30-45%, an
average temperature drop of 77 °C (5-12 °C) was achieved,
with the low-density polyethylene windshield to suppress the
convective heat transfer. On the stability aspect, the coverage of
Si SCs with this metamaterial allowed a slower thermal deg-
radation by 1.5x after 100 min of light soaking.3l Recently,
Heo et al. compared the performance dependence of micro-
grating design-based radiative cooler for various PV technolo-
gies.®l [t was revealed that multi-junction SC technologies
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take the highest benefit of radiative cooling, with a temperature
reduction of =6 °C compared to conventional glass-mounted
baseline in outdoor environment under direct sunlight of
=900 W m~2*8l Intriguingly, bandgap tuning plays an impor-
tance role in determining the radiative cooling performance
and temperature-efficiency sensitivity. It was found that multi-
junction SCs with low bandgaps were the least vulnerable to
sub-bandgap heating and achieved the best enhancement via
radiative cooling.[*!#]

Safi and Munday revealed that the bandgap of the PV
absorber affects the temperature reduction and cooling power
levels under PRC.! The tuning of bandgap to higher values
results in lower steady state temperatures due to the minimiza-
tion of thermalization losses and heat dissipation.

For concentrated PV under elevated heat loads upon expo-
sure to focused sunlight with high solar intensity, heat dissi-
pation through radiation could be a powerful way to passively
decrease the operating temperatures of the SCs. Bermel's
group has experimentally demonstrated for the first time
enhanced radiative cooling for low-bandgap GaSb PV cells
under concentrated sunlight.[??l Using a composite radiative
cooler consisting of soda-lime glass and an Al reflector, a tem-
perature drop of 10 °C is achieved, corresponding to a relative
rise of 5.7% in V,. and an estimated increase of 40% in life-
time at 13 suns. It is expected that this could reduce LCOE
by up to 33% for high-activation energy failure modes.*?! By
upgrading the passive radiative cooler design, GaSb-based CPV
can be cooled down by up to 36 °C, attributed to a 31% increase
of open-circuit voltage and 4-15x increase in predicted lifetime
(Figure 11d,e).** The ultimate capacity of passive radiative
cooling is still rising debates in the scientific community, espe-
cially for conventionally installed PV panels.'318>181 On the
one hand, substantial temperature reductions above 10 °C were
either predicted or achieved in comparison with surfaces having
very low thermal emissivity like bare silicon wafer. On the other
hand, the impact of radiative cooling in temperature reduc-
tion became less apparent when considering comparisons with
coated SCs or glass cover having much higher thermal emis-
sivity. Moreover, very little cooling gain below 2 °C is reached
only even with using IR emitters with high emissivity.8>187]
Thus, careful considerations should be taken in the estimation
of radiative cooling potential including the specifications of the
PV technology and the operation conditions. "]

3.6.4. Challenges and Prospects

The technological integration of optical-based thermal manage-
ment approach in PV faces several challenges, such as practical
feasibility, cost competitiveness, angular sensitivity and strong
dependence on environmental conditions. However, both selec-
tive-spectral and radiative cooling approaches have proved a sat-
isfactory performance to overcome these hurdles. In particular,
optical-based cooling approaches can fulfill multifunctional
purposes, such as tailored sub-bandgap reflection and useful
light antireflection, as well as surface self-cleaning.!'®’]

A noteworthy asset is that the employed structures, such as
optical filters with customized wavelength selectivity as well as
polymer IR emitters, are readily compatible with large-scale
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manufacturing and commercially available. The selection of
the most suitable cooling pathway can be imposed by the target
application. Namely, radiative cooling strategy is very effective
in particular for extraterrestrial applications like and space
PV.I6%18 [nterestingly, the effectiveness of the SBR and PRC
is larger when conductive/convective cooling contributions
are low.'®] Such operating conditions are favorable in several
integrated applications such as BIPV, where the convection at
the rear side of the PV modules placed on roof or facade ele-
ments is minimal, as well as in space, where the convection
is almost null for PV modules positioned in vacuum sur-
rounding.”!] Moreover, the integration of optics-based cooling
in PV industry would be a strategic perspective for energy yield
control in realistic field operation.*?*22 In respect of long-
term reliability, since the degradation mechanism are usually
thermally activated, the reduction of operating temperature
by cooling approaches is expected to postpone the PV module
failure by up to 85% and improve the LCOE.[1®]

Another important technological aspect that can open new
opportunities for thermal tuning approaches is the integra-
tion in mechanically flexible and lightweight PV. Under such
conditions, heavy and rigid standard cover glasses are not suit-
able. Therefore, novel flexible barrier materials and encapsula-
tion strategies are required.®® In this context, we envision that
radiative cooling using polymer-based IR emitters can be con-
currently employed with these encapsulation scheme, provided
they fulfill other requirements in terms of chemical, thermal
and mechanical moisture stability. Overall, tuning strategies
for solar PV cooling are very effective approaches not only to
reduce the operating temperature and improve the energy yield,
but also to promote the versatility of PV applications under dif-
ferent environmental conditions.

4. Versatile Applications of Tunable PV
Technologies, Challenges, and Prospects

4.1. Building-Integrated PV

In contrast to the conventional PV technologies used on resi-
dential rooftop plants and utility-scale PV power stations, dif-
ferent specifications are desired for BIPV. In this section, we
present examples of relevant tunable PV technologies featuring
color, transparency and thermal tuning capabilities that can be
adapted to fagades and windows in buildings.

4.1.1. Fagade-Integrated PV

Fagade-integrated PV are crucial elements to reduce the global
warming, as buildings consume =40% of the final energy in
Europe and US.*3l Kuhn et al. predicted that an average PV
module area of 19 m? per building (assuming 200 W, m™) is
required in the case of Germany to achieve a CO,-neutral energy
system.[*?¥ Also from the perspective of building owners, there
are several advantages to BIPV including the on-site genera-
tion of clean energy resulting in at least partial independence
from energy prices. Furthermore, the attractiveness of the field
is promoted owing to the societal awareness of decarbonizing
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energy issues, widely accepted perceptions on tackling climate
change and the growing interest in improved aesthetics. It fol-
lows that BIPV will undoubtedly play a major role for existing
and future buildings.*?® In recent years the potential and tech-
nical implementation of BIPV has been the subject of several
reviews.[#23424426427] In this section several examples of BIPV
applications are presented with a focus on tunable properties.
Due to the techniques allowing to tune the color and transpar-
ency of PV modules, there are currently many variations of PV
modules that are compatible with full integration on building
fagades. Such modules with different applied technologies are
currently commercially-available from several companies.*?®]

A famous example for the application of opaque BIPV with
structural color is the Copenhagen International School, which
won numerous awards in 2017 (Figure 12a).1”l Approximately

www.advenergymat.de

12 000 blue-green Kromatix PV modules from SwissINSO were
installed at different angles resulting in varied color hues due
to the angle dependency of the structural color. The installa-
tion has a capacity of 720 kW,. A more recent example from
AVANCIS is a seven-story office building completed in 2020 in
Tubingen, Germany. Over 600 bronze colored modules were
combined to form a solar fagade with a yield of 82 kWp and
50 MWh per year, resulting in an estimated reduction of 30 tons
of CO, per year.3% Colored modules of the same type have also
been installed on existing buildings. An office building in Ober-
bipp, Switzerland was renovated in 2018 with a blue facade con-
sisting of 80 blue opaque CIGS modules with a yield of 10 kWp
and 7 MWh per year. 84 modules in bronze, green and blue
were installed to a residential building in Bern, Switzerland in
2019 with a yield of 12 kWp and 3 MWh per year. (Figure 12b)

Figure 12. a) Photograph of Copenhagen International School with colored BIPV. Reproduced with permission.l*2°l Copyright 2021, The Institution of
Engineering and Technology. b) Photograph of office building with bronze-colored PV fagade. Reproduced with permission!*!l Copyright 2022, AVANCIS
GmbH; Photographer Albrecht Voss. c) White PV module vertically installed on test field next to black module (supplier: Solaxess SA). Reproduced with
permission.t?%l Copyright 2018, Springer Nature. d) Transparent solar cell fagade at Terina Mediterranean Foundation.[**3 Copyright 2022, Onyx Solar
Group LLC. e) Solaronix’ multicolored transparent PV fagade using DSSC technology at the SwissTech Convention Center, Switzerland. Reproduced
with permission.t33 Copyright 2022, Solaronix, Source: David Martineau, Solaronix SA. f). Digital photograph of doctor-blade coated ST-OSC applied
to the window compared to glass counterpart. Reproduced with permission.38l Copyright 2019, Wiley. g) View of full-scale dye sensitized PV window
for outdoor testing. Reproduced with permission.3¥ Copyright 2018, Elsevier. g,h) Illustration of infra-red regulating semi-transparent solar cell for
heat control and electricity generation. Reproduced with permission.?3l Copyright 2018, Elsevier.
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In particular, elegant and fresh white color is highly-demanded
for building architectures. Therefore, white solar panels are
considered as exciting and unparalleled product which are cur-
rently provided by several BIPV compagnies such as ISSOL,3l
Solaxess. (Figure 12¢)3?% Such white PV are expected not only
to fulfill power generation and aesthetic functions, but also to
play thermal management and energy saving roles. Interest-
ingly, white modules are estimated to operate at lower tem-
perature than standard counterpart. The integration of white
panel either on the roof of the fagade of buildings can also con-
tribute in the radiative cooling of the interior space. This is in
accordance with the universal recommendations for the white
painting of buildings to confront global warming.

Furthermore, semitransparent solar panels can find practical
applications in the facades of buildings where large exterior
walls are made of glass as in modern buildings and sky-
scrapers. The window surfaces mostly represent an untapped
potential for energy generation and in some cases also leads
to increased energy consumption by air conditioning systems.
Transparent solar panels can replace the inactive window glass
while generating electricity, in addition to providing natural
lighting for the interior. They can reduce the amount of solar
irradiation entering the building and thereby act as additional
shading layer. Onyx Solar implemented semi-transparent a-Si
modules on the exterior wall of the buildings of the Terina
Mediterranean Foundation in Italy (Figure 12d).**! The mod-
ules had an AVT between 10% and 40% and a PCE between
2.8% and 4%.%% Using CdTe PV technology, semitransparent
tinted facade windows were presented by Toledo Solar, with a
potentially tunable transmission from =20% to =50%.4%¢1 Due
to a combination of thin organic polymers, fine layers of ink
and transparent mesh electrodes, ASCA developed semitrans-
parent organic solar modules with multiple colors as blue,
green, grey or red and transparency up to 20% for BIPV appli-
cations.?” A well-known example of DSSC-based semitrans-
parent multicolored fagade was showcased by Solaronix at the
SwissTech Convention Center. This encompassed around 350
panels over a 200 m? active photovoltaic area, arranged in 65
colored columns (Figure 12e). Such semitransparent colored
solar facade fulfilled dual functions of electricity generation and
overheating prevention by reducing the amount of transmitted
light. The transparency of red, green and orange colored-panels
was tuned to achieve the overall light transmission target in the
building.®33l Until now the application of building integrated
photovoltaics has been mostly restricted to emblematic repre-
sentative projects. For example, in Germany 2019, only 0.3% of
the newly installed PV peak power was attributed to the BIPV
sector.*? The increase in complexity for a building with inte-
grated photovoltaics is a challenge which should not be under-
estimated. Architectural design, scalability, electrical system
layout, estimation of energy consumption, yield over the year
and the economics of the project are connected complex topics
that require cooperation of respective professionals. Though
the cost of a BIPV fagade remains higher than standard facade
claddings, technological studies indicate that if the complete
life-cycle is considered, BIPV- fagades could return their invest-
ment in <10 years.[**#*¥] We envision a further evolution of the
BIPV deployment and related market, owing to spurring poli-
cies, coordination of all stakeholders, developed know-how of
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the involved professionals along with development of highly-
efficient modules with exquisite aesthetic quality.21#843] In
particular, the latter aspect benefits from the ongoing research
and progress in tunability-enabling technologies for PV with
respect to color and transparency and thermal management.
This also opens new opportunities of applications in BIPV for
emerging PV technologies to transform building fagades into
electric power generators.[*]

4.1.2. Window-Integrated PV

Power Generation: For the natural illumination of buildings
through PV windows, both higher AVT and CRI as well as color
neutrality and visual comfort are desired features. Windows on
buildings typically require an AVT of above 50%. Sun protec-
tion glazing can also have values of AVT far below this limit to
reduce the heat flux into the building.

It is estimated that a PCE of 5-10% are suitable for power-
generating window to achieve a competitive levelized cost of
electricity with solar PV windows whereas a lower PCE =2-5%
may be sufficient for powering smart windows.!"”] Especially for
applications in office buildings, the CRI, AVT, and window-to-
wall ratio (WWR) have to be adapted in such way that enough
daylight enters the interior without creating disturbing color
effects.! For most studied scenarios, the reduced heat income
through the lower AVT plays a crucial role.

While there are large numbers of publications about recent
developments on transparent SCs,[206434:442] only few of them
are ready for larger-scale functionality. Most commercially avail-
able devices consist of spatially segmented c-Si technology.
However, few exceptions of companies presented innovative
solutions for transparency tuning of solar panels integrated
in PV windows The company of Ubiquitous Energy offers a
UV-NIR selective transparent OSC technology with 38.3%
AVT and 9.8% PCE.[*¥l Zhang et al. studied a semitransparent
OSC with AVT of 21% and high PCE of 9.37% (Figure 12f).3%
The noticeable feature of this SC is the high CRI of almost 100.
The device in a window application is shown in Figure 12e.
Lee and Yoon analyzed the performance of a semi-transparent
DSSC module in window scale installed in an outdoor test
set-up over a period of two years (Figure 12g).** The vertical
arranged solar PV window reached an average PCE of 3.4%.
They reported an average power yield for a vertically installed
PV window was 2.53 kWh kWp~! per day over a two-year period.
Bergren et al. presented a QD laminated-glass LSC for a 10 cm
x 10 cm PV window with 44% visible transmittance and up to
2.9% PCE.[*4 According to performance modeling, over 1 GWh
annual electricity production was predicted for a typical urban
skyscraper in U.S. cities, which is a great asset for the energy
savings budget toward net-zero buildings.

Recently, 3.6%-efficient tinted PV windows based on QD-
glass LSC from UbiQD were installed as a pilot project for
testing phase on Commercial Buildings in the US.[*!

The necessity to tune the AVT and PCE of a solar PV window
depending on the application scenario was shown in a mode-
ling study by Olivieri et al.*¥] They analyzed the energy saving
potential of solar PV windows with AVT between 10% and 40%
and PCE between 3.4% and 2.0%.[*% For small WWRs the best
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performing solar PV window solution concerning the energy
savings was the device with the highest transparency. The
energy savings for this scenario were at such a low level that
an implementation in buildings with low WWR seemed to be
economic implausible. For larger WWRs, the importance of the
AVT relative to the energy savings was reduced. This confirmed
that that in scenarios with high window coverage, PV windows
are a promising application with high energy saving poten-
tial. Vossen et al. analyzed the visual performance depending
on the coverage ratio of LSC with clear red coloration in office
applications.**] They found out, that a coverage of 25% of the
total window area is accepted and even preferred compared to
clear glass, while a 75% coverage was found to be less accepted
(Figure 12g). It is noteworthy that beside the direct integration
of PV into window for power generation, semitransparent SC
devices can be used as an energy source for self-powered elec-
trochromic smart windows ensuring a dynamic control of the
optical transmission. [62:402448,449]

Thermal Management and Heat Insulation of the Interior
Spaces: Another advantage of PV window is the regulation of
the radiative heat flux through the PV window depending on
specific demands of users in interior spaces. This improves the
heating and cooling efficiency of buildings, yielding significant
energy savings. Solar cells integrated instead of standard see-
through windows should allow to tune the IR transmittance,
to regulate the heat gain and emissivity and to manipulate the
heat loss. In hot weather, to prohibit the transfer of heat from
outdoors to indoors, both minimal IR transmission and low
emissivity are required.l3%#% In cold weather, high solar trans-
mittance to allow heat entering the building and low MIR emis-
sivity to prevent the heat escaping from indoors to outdoors
are desired.0#0 Several research groups are working on
multifunctional TPV which are specifically designed to simul-
taneously control the electricity generation, visible light trans-
mission and heat insulation. Sun et al. studied a transparent
SC based on a polymer absorber coupled with Bragg reflector
layers for high IR reflection (Figure 12h).[23l The device reached
a PCE of 6%, AVT of 25%, and an IRR of over 80%. The com-
bination of radiative cooling and a semi-transparent SC was
also shown by Zhao et al.*!l They presented a device with
high emissivity in the IR range and transparency of between
10% and 30% in the visible wavelength range. This shows, that
the tuning of spectral response for SC devices is not restricted
to visible range, but also extended to IR wavelengths, which is
expected to drastically boost the energy savings capabilities of
buildings. The thermal behavior of switchable SCs in double
glazing configuration under irradiation levels between 100 and
1000 W m~2 was studied by Gotz-Kéhler et al.2¥ It was shown
that the solar cell layers of the PV window temperature can rise
to above 60 °C under full irradiation, but the airgap between
the panes works as an effective heat blocking layer.

Needell et al. conducted a market analysis for PV windows
in the US.%2l A key finding was that dynamic windows that
combine photovoltaics with reversible tunable transmittance
in a controllable and intelligent way represent one of the most
promising applications for the building sector. Even though
there are no available market for PV windows with smart
switchable transparency yet, the tuning of the transparency of
windows Dby electrochromic and other switchable technologies
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is expected to result in a further reduction of the energy con-
sumption of buildings.[11845345]

Challenges and Prospects: Several critical challenges remain
to be solved and are pointed out in different review articles
on transparent PV windows.[?070120] This includes techno-eco-
nomic aspects such as the durability and scalability, the visual
comfort inside the building, and payback time. Furthermore,
social acceptance has to be guaranteed. In this regard, the
desired color neutrality aspect in windows is in favor of UV-
NIR wavelength-selective PV and LSC-PV see-through technolo-
gies. To achieve competitively-commercialized technologies, the
target size should be in the range of 1 m?, enabling adoptability
in PV window applications. Considering the amount of scien-
tific work put into the field of solar PV windows, it seems to be
only a matter of time until these problems can be overcome.

In conclusion, PV windows will be a valuable addition to
buildings in the near future. Tuning the AVT, PCE, and color
appearance can adjust their visual comfort and thermal man-
agement on-demand depending on individual situation. The
field is growing and market is about to be establish with a lot of
emerging new technologies and new demonstrations from dif-
ferent industrial companies. Coupling PV windows to switch-
able technologies such as thermo-, electro-, or gasochromic
layers offers great potential for intelligently regulating the AVT,
PCE, color, and SHGC on-demand. This smart optical tuning
would be crucial in the reduction of heating, ventilation, and
air conditioning (HVAC) energy usage. Benefiting from the
accelerated research on smart window technologies, upgraded
PV windows might become an efficient way to realize net-zero
energy buildings. A possible combination of recently demon-
strated radiative cooling and temperature regulation technolo-
gies 1545047 with power-generating PV in smart windows
could further boost the benefits of energy savings from all-
season household thermal regulation.*8!

4.2. Greenhouses in Agrivoltaics
4.2.1. Relevant Tunability Features

In agrivoltaics, besides the traditional spaced opaque PV mod-
ules (either on top of agricultural land or greenhouse rooftops
with possible implementation of tracking systems), the inte-
gration of semitransparent PV into greenhouses is of great
interest.[%%% Proposed concepts allow partial light harvesting
by SCs for electricity generation and simultaneous light trans-
mission with adjusted light spectra for crop production. el
Hence, semitransparent PV integrated into greenhouses
requires full spectral tuning from UV to visible to IR to fulfill
the multifunctionality in terms of electricity generation, plant
growth control and thermal management (Figure 13a). Essen-
tially, as the plants need distinct wavebands for photosynthesis,
their absorption spectrum shows peaks for blue and red light,
where the photoactive pigment chlorophyll is absorbing. There-
fore, the absorption of ST-PV can be optically tuned to comple-
ment the spectral absorption of chlorophyll. A so-called “green
gap” can be defined approximately between 480 and 630 nm.[“62l
Different photoactive PV materials showcase distinct transmis-
sion characteristics over the photosynthetically active radiation
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Figure 13. a) Basics of semitransparent greenhouse. lllustration of semitransparent SC-integrated greenhouse indicating spectral use of sunlight
(left) Complementary spectral absorption between chlorophyll a (Chl a) and photoactive layer of an organic semitransparent SC (top right) Schematic
of sunlight spectrum distribution for plant growth control, power generation, and greenhouse thermal management.(bottom right) Adapted with
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(PAR) spectrum.*3 Compared to conventional opaque and
neutral semi-transparent solar panels with uniform spectral
response, tinted or spectrally-selective PV can offer several
advantages with respect to power generation, biomass yields
and thermal stabilization.[64463]

4.2.2. Relevant Research and Development

Loik et al. presented one of the first demonstrations of a spec-
trally-selective solar-powered greenhouse (Figure 13b).1¢] The
concept uses a combination of a perylene red dye-based lumi-
nescent concentrator with a conventional c-Si PV, allowing par-
tial absorption of blue and green light while transmitting the
remaining wavelengths for photosynthesis. An integration in a
constructed glasshouse demonstrated the benefits for tomato
growth and for powering different electrical operations. Based
on an annual power generation monitoring of an LSC-equipped
greenhouse, a full coverage of about 22 m? was projected to
yield 1342kWh per year.[*’]

A spectrally-selective ultrathin a-Ge:H concept was proposed
by Osterthun et al. where the spectral transmission and absorp-
tion of ST-PV can be easily tuned through a metal/oxide multi-
layers cavity electrode to meet the plant needs (Figure 13c).[*68]
Due to the transmission of both blue and red light, a violet
color appearance is observed in the optical demonstrator. The
assessment of this technology in a lab scale photo-bioreactor
has proven significant algae growth.l*%) Thompson et al. pro-
posed tinted semitransparent panels based on sufficiently thin
a-Si:H absorbers for synergetic crop and electricity produc-
tion (Figure 13d).”%) These SCs with nominal efficiency of
8% and a power output of 66 W m2, absorb blue and green
light and transmit the red part of the spectrum (transmittance
level < 30%), resulting in an orange tint. In small-scale dem-
onstrator greenhouses, selective utilization of different light
wavelengths has proven to be beneficial for the growth of basil
and spinach in terms of financial gross gain, protein content
and biomass. Furthermore, many organic PV technologies have
demonstrated their great potential for greenhouse applications
due to their tuning capabilities of the absorption characteris-
tics.[63465] [n this context, tinted SCs are not the only prom-
ising technologies, but also transparent IR-absorbing organic
devices are effective in combining PV and photosynthesis. Liu
et al. introduced a 10% efficient transparent organic PV with
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an AVT = 34% allowing growth of Mung beans underneath
in a similar way as under normal sunlight*®l Considering
different photoactive polymers with distinct spectral absorp-
tion profiles in the ST-OSC device shown in Figure 13e, Rav-
ishankar et al. predicted energy load, solar power generation,
and light entering the greenhouse.’!l A step forward, the evalu-
ation of red leaf lettuce growth in a box covered with ST-OSC
confirmed the similar yield and nutrient content compared to
the reference. (Figure 13f) Moreover, it was concluded that the
selection of the photoactive layer and electrodes, as well as the
implementation of DBR optical structures provide a large tun-
ability of spectral control for greenhouse integration. Shi et al.
proposed a wavelength-selective ST-PV with a PCE of 775%
based on a combination of a wide bandgap polymer donor with
a near-infrared absorbing non-fullerene acceptor resulting in a
crop growth factor of 24.8%.142] This is enabled by engineering
the spectral absorption of the photoactive materials to allow a
well-matched transmission with the absorption of chlorophylls.
A highly-efficient ST-OSC (PCE = 13.08%) with a good trans-
mittance for plant absorption was developed by Wang et al.,
yielding a plant growth factor of about 24.7%.13! (Figure 13g)
The evaluation of the plant growth including height, branches,
and leaves after 90 h of continuous illumination confirmed a
similar performance under SC with filtered light compared to
clear glass.

One of the best achievements of DSSC adapted for green-
house applications was reported by Chalkias et al. using triphe-
nylamine-based dyes and a highly transparent iodine-free elec-
trolyte.” A 6%-efficient wavelength-selective semitransparent
DSSC was able to deliver almost 85% EQE in the complete blue
and green spectral region and 55% transparency in the red part.
These performance outputs are expected to yield crop growth
factor of almost 35%. The further development of perovskite
PV for greenhouse-oriented applications is also stimulating
considerable research efforts.20042473] The main reason to
choose perovskites is the bandgap tunability aspect which ena-
bles a decent transparency with spectral selectivity.*®?l Knipp
and co-workers suggested spectrally transparent pyramidal tex-
tured PSC to combine PV and photosynthesis, as can be seen
in Figure 13h.12l They assumed an optimal plant growth under
10-20% blue light, 0% green light, and 100% red light. The
spectral absorption is tailored accordingly. A MAPD(I 35 Brgs)3
perovskite with high-band-gap of 1.95 eV and cutoff wavelength
of =630 nm is engineered allowing red light transmission to the

permission.”) Copyright 2021, the Authors. Published by Elsevier. b) Constructed glasshouse with wavelength-selective PV panels based on lumines-
cent dyes. Reproduced with permission.l*6¢l Copyright 2017, the Authors. Published by Wiley. c) Schematics of the spectrally selective solar cell with
metal/oxide multilayer cavity electrode. (top left) Photograph of optical demonstrators showing violet transmission through the sample (bottom)
Reproduced with permission.1*68l Copyright 2021, Optical Society. Transmission and (1-R) spectra of PV device. (top right) Reproduced under the terms
of the CC BY license.l?3 Copyright 2020, the Authors. Published by MDPI. d) Tinted semitransparent a-Si-based solar panel for dual crop and electricity
productions. Solar radiation spectrum in the visible range at the ground level and absorption spectrum of ST-PV and basil plant leaf are depicted. (left)
Schematic lllustration of the solar energy input and the two relevant outputs of agrivoltaics for electricity and biomass. (right) Adapted under the terms
of the CC BY license.[¥% Copyright 2020, the authors. Published by Wiley. e) Representation of the considered ST-OSC and greenhouse. Reproduced
with permission.’l Copyright 2020, Elsevier. f) Transmittance spectra of one of the considered ST-OSC. (top) Growth box with plant tray covered with
OSC filter. (bottom right) Overhead view of lettuce at final harvest for reference and under ST-OSC. Reproduced with permission.’”l Copyright 2021,
Elsevier. g) lllustration of ST-OSCs for greenhouses and corresponding device structure. (left) Transmission of ST-OSC and plant pigment absorption
spectra. Inset: Plant growth evaluation under glass, ST-OSC and in dark. Reproduced with permission.[’3] Copyright 2021, Elsevier. h) lllustration of
spectrally transparent pyramidal textured perovskite SC with blue and red lights transmission. (left) Optimized transmission for the application as
a ST-PV featuring spectral selectivity compatible with photosynthesis. Reproduced with permission.*2 Copyright 2021, American Chemical Society.
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plants. Blue light can be transmitted through openings within
the interconnection scheme. Liu and co-workers proposed a
semitransparent flexible MAPDBr; perovskite-based SC with
metal/oxide multilayers transparent electrode for possible uti-
lization on the roof of PV greenhouse.?°”l The device reached
an average transmittance of 60% in the 540-760 nm wave-
length range, which is assumed to be suitable for greenhouse
vegetation.

4.2.3. Challenges and Prospects

The application of semitransparent PV in greenhouses is a
rather new field of research and encounters several challenges.
For instance, the performance and the energy yield of semi-
transparent-PV technologies should reach competitive levels
with respect to spatially-separated opaque PV#®l and tracking-
integrated micro-concentrators.*”’] Large scale modules have to
be realized in order to equip industrial greenhouses, where the
microclimate can be different compared to small proof-of-concept
greenhouses. This would bring the extrapolation of yield evalua-
tion to commercial level. Also, various plants in different growth
states may need different illumination conditions. Further tech-
nical and socio-economic studies would provide comprehensive
insights and would further extend the farmers acceptance of
these emerging technologies. It is also expected that the optimi-
zation of the solar power generation and crop productivity would
maximize the economic value. According to a global perspective
study across diverse climates, the improvement of the net pre-
sent value for organic solar powered greenhouse with dual crop
productivity and energy generation was already estimated in con-
trast to conventional greenhouse systems.[*8l

We envision that the evolution of the learning curve and the
succession of effective demonstrations from different ST-PV
technologies would bring the blossoming of the greenhouse-
integrated PV. As progress steps, first products with thin film
a-Si:H¥?l and 1LSCH are already available on the market,
pointing out the interest in this concept.

Overall, both spectrally selective transparent and tinted
emerging PV technologies demonstrated great potential for
greenhouse applications with substantial benefit in respect
to solar power, plant growth, and thermal management. This
is attributed to the tuning features in terms of bandgap and
absorption profile of the photoactive materials and spectral
engineering capabilities.

4.3. Relevant Tunable SC Technologies for Further Distributed
Applications

4.3.1. Indoor PV

Relevant Tunability Features: As illustrated in Figure 14a,
Indoor PV (IPV) exploits artificial light sources such as fluo-
rescent bulbs or light-emitting diodes (LEDs) with intensity
300-3000x lower than sunlight (0.002-0.003 sun, 300-500 lux)
and a narrower spectrum concentrated around the visible range
(400-800 nm).*¥1 Obviously, these conditions imply different
optimal design of PV devices compared to conventional solar
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cells under sunlight.?>*24% A wide range of organic and inor-
ganic photoabsorbent materials have been extensively studied for
IPV devices in literature. /04814864951 However, the selected photo-
sensitive materials for IPV technologies must satisfy a matching
absorption with the emission spectrum of the indoor light
source, to avoid the detrimental influence of trap-assisted recom-
bination in the low carrier density regime, as well as minimal
voltage losses with low sensitivity to weak illuminance. 39483485494
Considering the light-intensity-sensitive aspect of IPV, bandgap
tuning plays a crucial role in defining the device performance in
terms of the efficiency limits and the energy losses as well as the
adaptability to different light sources.[#82:483.494]

Relevant Research and Development: Freunek et al. established
the first detailed balance model relevant to IPV, discussing the
optimal optoelectronic material properties and efficiency limits
under different indoor radiation sources (Figure 14b).1*82] The
ideal bandgap varies from E, = 1.95 eV in the case of a fluores-
cent tube reaching an efficiency limit of 46% to E,=2.10 eV for a
sodium discharge lamp with an efficiency limit of 67%. Impres-
sively, matching the material bandgap to the monochromatic
source emission, for example, E, = 2.25 eV for 4 = 555 nm,
can yield an exceptional efficiency of 72.98%.[452]

Figure 14c depicts the disparity between the standard solar
spectrum AML.5G illumination and indoor artificial light
source under 1000 Lux illuminance in terms of theoretical effi-
ciency limits as well as experimentally achieved efficiency levels
for different PV technologies as a function of E,.*) On a prac-
tical level, it has to be noticed that the evolution from standard
AML.5 to indoor conditions is better suited for specific SCs
devices such as organic, perovskite and DSSC compared to c-Si
and III-V SCs. Commercial indoor PV products can be already
provided, such as a-Si SC from Power film and Solem, DSSC
from Sharp corporation, 3GSolar and Solaronix, and OPV from
infinity PV. In this perspective, IPV is considered as a prom-
ising trend for solution-processed SC technologies such OSC,
DSSC, PSC, and colloidal QD. In particular, organic and
perovskite absorber could greatly benefit from their inherent
bandgap tunability in IPV applications.

Another tuning aspect is the absorber thickness adjustment
which plays a crucial role in the integration of c¢-Si technology
for indoor applications. Tiedje and co-workers calculated the
maximum efficiency as a function of ¢-Si wafer thickness and
found an optimum thickness of about 1.8 um under white LED
indoor conditions reaching an efficiency of 29%, remarkably
thinner than the optimum range of outdoor sunlight source
(>100 um).¥ Such thickness level can promote the application
of ultrathin lightweight flexible c-Si SCs in indoor applications,
albeit the non-optimal bandgap.>8191192]

Challenges and Prospects: The main critical difficulties the
field of IPV is facing, are the distance from the light source,
manufacturing costs to enable competitively-commercialized
technologies, the scalability to generate sufficient power from
weak-intensity sources, the mechanical flexibility to comply
with different applied surfaces, and the environmental reli-
ability to extend the lifetime of PV cells and minimize their
harmful ecotoxicity impact.[3840:4874884%] Once such obstacles
are well tackled on the research and development level and
successfully transferred to the industrial level, IPV can be
efficiently utilized and widely commercialized in internet of
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Figure 14. Further distributed applications of tunable PV. a) Illustration of indoor PV applications. Reproduced with permission.l*”] Copyright 2020,
Wiley-VCH. b) Different spectra of artificial light sources in contrast to standard solar spectrum. Reproduced with permission.8 Copyright 2019, Else-
vier. c) Practical state-of-art efficiencies for different types of PV as a function of the bandgap energy E, under AM1.5G illumination at 298.15 K and in
indoor condition under 1000 Lux illuminance of a TL5. Arrows start from the AM1.5G record efficiencies and point toward the 1000 Lux—illuminated
ones. The maximum S-Q efficiency limits are plotted with continuous line for AM1.5G illumination and dashed line for indoor condition under 1000
Lux illuminance. Reproduced with permission.*l Copyright 2021, Wiley-VCH. g) Illustration of design concept for semitransparent polymer solar cells
floating on water: in contrast to conventional opaque system. Reproduced with permission.[*% Copyright 2020. Elsevier. h) Maximum theoretical effi-
ciency as a function of bandgap at different underwater depth levels. Reproduced with permission.[*] Copyright 2020, Elsevier.

things (IoT) applications including wireless sensors and other
standalone electronic devices which operate at low illuminance
and consume very low power.’340 Along with the growth of
the indoor IoT/wireless sensors market it is expected that [PV
would become one of the fastest growing field among uncon-
ventional PV markets with a six-fold increase from $140 mil-
lion in 2017 to $850 million by 2023 and a 70% compound
annual growth reaching 60 million devices per year in 2023.1%8l
Thereby, established IPV products from different companies
will be complemented by potential market entries for different
other IPV technologies.® This provides a great opportunity
for new IPV technologies using new materials with adjusted-
bandgap absorbers. Such product diversity of IPV field would
be beneficial at startup level, and also, for large PV manufac-
turer to establish a credibility bridge with customers before
launching large-scale conventional facilities.®!

4.3.2. Floating and Underwater PV

Semitransparent Floating PV: Floating photovoltaics (FPV) con-
sist of solar panels installed on a floating platform on water
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surfaces and can provide a solution to the issue of land usage
and space shortage, especially in land-scarce, and densely pop-
ulated countries.*3% Besides the prevention of land occu-
pation and the power generation potential, FPV can present
multiple other benefits. This covers the mitigation of water
evaporation by blocking the sunlight heat to conserve fresh
potable water, the control of algae growth via the influence of
PV array shadows on the photosynthetic processes. Also, the
exploitation of the water surrounding in the cooling of the
PV devices can boost their performance by up to =10%.424%I
However, the complete blocking of the sunlight by large-area
opaque floating panels can be detrimental for the sustainability
of the underwater aquatic ecosystem.[*>4%] Hence, the usage of
semitransparent PV with light transmission capabilities can be
advantageous in FPV applications.

Various tunability aspects of SCs are pertinent for FPV
to customize the power generation and the transmission
window, the visual perception and the thermal management
(Figure 14d).[*24%81 In this context, Zhang et al. demonstrated for
the first time the application of semitransparent OSCs floating
on water with conductive heat insulation and water evaporation
assessments by means of high-precision electronic balance and
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IR cameras.* By varying the thickness of an Ag cathode from
80 down to 15 nm, color neutral ST-PV having color coordinates
close to (0.33, 0.33) with a PCE of 6.7% and an AVT of 30%
was achieved. The mounting of such STPV device on top of
fresh water at different tilt angles (0° and 30°) serves as thermal
barriers of the heat flux, leading to a drop of the water surface
temperature with a reduction by 25-38% and a mitigation of
the water evaporation with a reduction by 24-35% compared to
bare glass coverage.[*

Subsequently, the same research group made one step for-
ward in the direction of the evaluation of semitransparent OSC
encapsulated by UV-cured resin/glass placed on top of water
surface as regulators of underwater algal growth.*® Using
an ultra-thin Ag electrode in a semitransparent OSC with a
PCE of 13.0% and AVT over 20%, they demonstrated that a
specific transmittance window with controlled light intensity is
capable of regulating water evaporation and algal growth and
lowering the surface temperature of water by =5 °C as com-
pared to uncovered water.*®0l The analysis of algal growth
rates and photosynthetic efficiencies with respect to the light
transmittance windows revealed that by tuning the transmit-
tance profile in the wavelength regions of 380-530 nm and
620-700 nm, sufficient feed for aquaculture can be sustained
by the algae.*®>% Additionally, according to an investigation
on selected representative microalgea (Cholorella, Carterae,
Tricornum, and Synechococcus) relevant to different aquatic
environments, that is, offshore, nearshore, and inland waters,
it was deduced that the wavelength range of transmitted light
and the intensities should be adjusted to suit the growth of
specific algae.’™

Bearing in mind the rapid growth and spread of FPV sector
by hundred-fold within 5 years as an extension to ground-
mounted and rooftop PV technologies, it is believed that tun-
able PV featuring customized light transmission and thermal
management besides the primary power generation function
would promote the sustainability of aquatic ecosystem and the
preservation of algae as one of the main producers of oxygen
(=50%) in earth’s atmosphere.**®] The technology is still in the
early research, modelling, and prototype phase, but the results
presented above suggest exciting progress in the near future.

Underwater PV: Another marine application of PV is under-
water SCs which can power marine systems such as under-
water vehicles, autonomous systems, and sensors at depths
as great as 9 m below sea level.’%2 Interestingly, the under-
water spectrum is altered due to the scattering and absorption
effects. For the latter, the absorption of large fraction of red
wavelengths (>600 nm) is caused by water medium at shallow
depths, while, deep penetration below water surface of the blue
to yellow wavelengths portion (400-600 nm) can be allowed.[*’]
Hence, these conditions impose a restriction on the optimal
bandgaps in favor of wide-bandgap photosensitive materials
(Eg > 1.8 eV), pointing out the importance of bandgap tuning
aspect for underwater PV.P%25%3 Previous practical attempts
used SC based on a-Si, InGaP, and organic materials.[0%>%3]
Since, the irradiance spectrum gets narrower after light trans-
mission through water, a tremendous change of the efficiency
limit is expected for underwater SCs compared to land-based
counterparts.’] In this regard, Réhr, Taylor, and co-workers,
established a detailed-balance calculations to estimate the
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ultimate potential of underwater SCs.*¥l They demonstrated

that the optimum band gap of photoactive materials in under-
water SC shifts by =0.6 eV as function of depth from =1.8 eV
at 2 m (shallow) to =2.4 eV at 50 m with a band-gap plateau
at =2.1 eV between 4 and 20 m (intermediate), irrespective of
the water type and the of geographical location (Figure 14e).[*3]
A sufficient power can be harvested at 50 m depth below sea
level, with an efficiency limit of 63%. To this end, along with
appropriate encapsulation novel design perspectives relying
on bandgap tuning for underwater PV can be envisaged. This
paves the route to the more profitable utilization of submerged
wide-bandgap-based PV in underwater PV applications. The
technological readiness state of underwater PV does not get
beyond initial models and therefore still requires a great deal of
work to be done to reach first demonstrations.

4.3.3. PV Driven Photoelectrochemical Water Splitting and Solar
Hydrogen Generation

In solar-driven water splitting, solar energy can produce green
hydrogen within an artificial photosynthesis.’* Solar-to-
hydrogen energy conversion can take place in two different
ways. Either indirectly through connecting a PV panel to an
electrolyzer through external wiring or directly through sub-
merging the photoactive material into electrolyte to replace the
metal electrode.®

Relevant Tunability Features: The concept of direct water split-
ting with SCs relies on voltage biasing of the photoactive mate-
rial device upon illumination.%! For this purpose, the bandgap
of semiconductor photoelectrode must reach the required level
of 1.23 eV for water splitting and the conduction and valence
band positions must match the water reduction and oxidation
potentials.?”] Due to the required overpotentials to drive simul-
taneous hydrogen and oxygen reactions as well as possible
loss mechanisms in operational devices, a realistic value of PV
open circuit voltage V,. must exceed 1.6 eV.’%8>%] Therefore,
bandgap tuning is crucial in solar water splitting systems.[>'"!
Several concepts of PV-driven water splitting devices have been
proposed in literature, including integrated SC technologies
such as a-Si multijunction, ¢-Si, CIGS, perovskite, perovskite/Si
tandem, and I11-V multijunction.[>0>-506:11-518]

Relevant Research and Development: One of the representative
examples of direct solar-to-hydrogen conversion is the dem-
onstration of independent bandgap tuning in each junction
of inverted metamorphic III-V multi-junction architectures
(Figure 15a).5%! A fabricated photoelectrochemcial/PV tandem
device with designed bandgap combination of GalnP (1.8 eV)/
GalnAs (1.2 eV) yielded a high maximum solar-to-hydrogen effi-
ciency over 16%, relative to maximum theoretically attainable
efficiency of 24%.5%! According to the theoretical calculations,
an ideal device with 1.70/1.05 eV bandgaps can achieve a max-
imum solar to hydrogen efficiency of 27% (Figure 15b).50>510]
One of the highest solar-to-hydrogen efficiencies over 30%
under concentrated illumination for indirect photovoltaic-elec-
trolysis was reported by Jia et al.>™!l They used triple-junction SC
with two series-connected electrolyser system where the three
sub-cells of the PV device are made of InGaP (Eg = 1.895 eV),
GaAs (E; = 1414 V), and GaInNAs(Sb) (E, = 0.965 eV).
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Figure 15. Further distributed applications of tunable PV. a) Structure of inverted metamorphic multi-junction architectures for water splitting.
b) Contour plot of maximum theoretically attainable solar-to-hydrogen efficiency. Reproduced with permission.’%! Copyright 2017, Springer Nature.
c) Different integration levels for PV in vehicles. Reproduced with permission.*¢l Copyright 2020, EUPVSEC. d) Switchable PV integrated on vehicle sky roof.
Reproduced with permission.[?2l Copyright 2019, Elsevier. €) Toyota Prius PHV demonstration car (left) Reproduced with permission.52!l Copyright 2019,
Toyota Motor Corporation. The integrated InGaP/GaAs/InGaAs triple-junction (3-junction) solar cell module and corresponding characteristics. Repro-
duced with permission.522 Copyright 2020, Wiley-VCH. f) Schematic overview of the sounding rocket flight with different integrated organic and perovskite
PVs. Reproduced with permission.F?l Copyright 2020, Elsevier. g) Illustration of light and heat flow into the PV panel in orbit. h) Calculation of solar cell
temperature at 650 km and 0 beta angle orbit with varying emissivity of the front surface coating. Reproduced with permission.’?!l Copyright 2020, Elsevier.

Interestingly, the optimal bandgap combination for higher
solar-to-hydrogen efficiency could open new opportunities for
emerging multijunction technologies, such as perovskite/c-Si,
in water splitting applications.
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Challenges and Prospects: PV-driven water splitting has to
overcome several challenges to become an economically viable
technology. This includes large-scale deployment, long-term sta-
bility, inexpensive material selection, and device designs, lack
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of standardized metric protocols and solar hydrogen cost.>'%>2%

Overall, the technological readiness of solar water splitting can
be seen in technology validation phase at lab-scale achieving
high solar to hydrogen efficiency efficiencies. Hence, further
progress in upscaling methods is required to reach large-scale
demonstrators and to approach the industrial level. Neverthe-
less, the important achievements and promising technological
progress in the field of PV-driven water splitting highlight the
great opportunities toward practical solar hydrogen production,
especially with the growing interest and future perspectives of
the transportation sector.

4.3.4. Vehicle-Integrated PV

In addition to the importance of solar hydrogen in powering
vehicles, the exploitation of PV for direct electricity generation
in transport sector could enable considerable benefits. This
comprises autonomy enhancement, electric vehicle deploy-
ment, energy saving, economic gain, and CO, emission reduc-
tion.[’2>7528] An extensive overview of the state-of-the-art, recent
trends, expected benefits, and perspectives of vehicle-integrated
PV (VIPV) is provided in the recent report of the International
Energy Agency.’As illustrated in Figure 15c, the integration of
PV modules in vehicles can be realized on different levels such
as 1) roof, 2) engine hood, 3) car sides, and 4) transparent win-
dows. Each of these implementations impose different specifi-
cations and requirements in terms of available area, visibility,
aesthetic, surface curvature, illumination, and safety.¢!

Relevant Tunability Features: Depending on the integration
scenario, different tunability aspects of SCs are relevant to
customize the power generation, the color, the transparency,
weight, and thermo-mechanical attributes. Similar to the case
of building windows, transparent PV technologies can substi-
tute the glass surfaces in vehicles such as windows and sun-
roofs, providing considerable power, adequate visible light
transmission, low haze ratio at different viewing angles, and
decent aesthetic functions.2’

Thermal management is an extra asset that can be provided
by the integration of ST-PV on sunroofs. This can be mani-
fested due to the control of the light transmission through
ST-PV integrated in glass surfaces.

Another tuning aspect is the need of vivid color in VIPV
technologies for premium aesthetical appearance, in a similar
way as the case of building facades. This is crucial to vehicle
sales. Hence, colored modules with minimal power losses are
highly desired as attractive asset for VIPV.[3’]

Relevant Research and Development: Traverse et al. estimated
that PCE values between 10% and 15% combined with AVT
between 65% and 80% (LUE > 6.5%) are desired for the appli-
cation of transparent PV in electric vehicle windows, to extend
its travel distance range by 10-20 miles in a day./! Additionally,
the integration of TPV or ST-PV could afford cooling solutions
to mitigate the internal temperature of the car when parked in
hot environments, by powering an electric fan or by activating
a tinting state.'22] In this context, Yao et al. demonstrated
the benefit of the application of a switchable semi-transparent
OSC as smart window to the sunroof of hydrogen fuel
vehicle. It prevented high temperature in the interior of the
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car, caused by dazzling sunlight during the summer.?l This
is achieved by a gasochromic dynamic color tuning of the tung-
sten trioxide/platinum (WO;/Pt) back reflector layer during
hydrogen exposure between colored and bleached states with
fast response speed (Figure 15d). The hydrogen can be supplied
by high-pressure hydrogen tanks of the vehicle in a sufficient
and safe way, since the fuel cells simultaneously use H, and
atmospheric O, to convert into electricity and water via an elec-
trochemical process.['2]

As an example of industrial level, the spin-off Vitsolc pre-
sented organic-based ST-PV for the sunroofs of electric vehi-
cles.P?l This was claimed to extend the mileage of electric
vehicle due the extra continuous charge process during outdoor
use or while parking, without altering of vehicle aesthetics.
Another example of integrated PV in vehicle sunroofs was
CdTe-based tinted semitransparent technology developed by
Toledo Solar, with a tunable transparency from =6% to 80%
and a matched curvature to automobile sunroofs.* This could
enable both power generation and solar heat load reduction. It
was assumed that such SC device can power a circulating fan
for the cooling the interior or can support the charging of the
electric vehicle battery. For the integration of opaque colored
PV on the vehicle body, several coloring approaches are adopted
such as engineered optical coatings or automotive paints.

A prototype of colored solar car roof was manufactured by
Fraunhofer ISE using Morpho-Color glass coating as nanopho-
tonic multilayer structure.3®) The spectral engineering of the
photonic filter could allow a wide range of colors, while keeping
efficiency loss as low as 7%.

Masuda et al. showed colorful CIGS SCs by adding automo-
tive paints based on pigments of glass flakes and mica flakes,
which were originally designed for mass-produced cars.l3!
Many chromatic colors were obtained such as blue, green, red,
and gold, having bright and uniform appearance similar to
standard exterior of car bodies. This technology allowed a pres-
ervation of about 95% of the initial short-circuit current value.
Similarly, blue-colored large-area c-Si module was showed,
using diluted automotive paint with around 10% weight con-
centration of mica pigment. The colored solar module retained
around 80% of the output power, compared to the original
counterpart.>32!

Since the best place for the integration of PV is the roof of
the vehicle, severe space constraints are imposed, hence, higher
power-conversion efficiency is demanded.®”! Several curved,
flexible and lightweight high-efficiency PV technologies are
explored as potential candidates for VIPV such single junction
c-Si, III-V, perovskite CIGS, concentrated SCs, and multijunc-
tion SCs.[35:522,533]

Considering the vehicle-integrated PV (VIPV) on the roof
of passenger cars, Heinrich et al estimated that the currently
available c-Si technology with an area of (1.7-2 m?) and a price
below 120 € piece™! can yield a solar driving distance of up to
1900-3400 km year 3¢

Several manufacturers like SonoMotors and Lightyear are
developing PV-powered passenger vehicles equipped with c-Si
SCs with a close stage to the market.[3>20%

However, multijunction SC technologies are considered
more promising to boost the integration in PV-powered vehi-
cles due to their higher PCE levels (typically over 30%), albeit
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elevated prices for commercial use.>>?® In the same frame-

work of the energy yield estimation applied for c-Si technology,
assuming tandem multijunction SC technology with efficiency
of 30%, a yearly driving range of =15 000 km by means of solar
energy can be achieved, with a potential rise under higher solar
irradiation levels.3¥l Among the representative car models
with PV-equipped solar roofs are the Mercedes Vision EQXX,
Hyundai Motors Sonata and the Toyota Prius PHV. The latter
car model can be seen in Figure 15e, using Sharp’s high-effi-
ciency I1I-V InGaP/GaAs/InGaAs triple-junction solar modules
with an efficiency of 32.84% and output power of 860 W, pro-
viding a driving range that can reach about 44 km day.1>?
Intriguingly, bandgap tuning plays a crucial role in solving
the spectrum mismatching problem for three-junction multi-
junction cells through the adjustment of the bandgap in the
bottom cell.53 Recently, modeling studies of electric vehicles
in different climatic regions found that the average annual solar
range of an electric vehicle with integrated PV with 454 Wp can
amount to nearly 35% of the annual mileage of a car in the
most favorable climatic conditions.>3’]

Challenges and Prospects: In a recent review paper about
vehicle-integrated PV, Commault et al. presented the current
status of different integration projects from early development
to commercialization level in cars, and trucks, but also in drones
and planes.”* The main technological challenges facing VIPV
are related to high-efficiency and low-cost requirements, the
non-planar curved shape of the vehicle-body, area and weight
restrictions, difference of the solar irradiance compared to
standard PV, utilization and the storage of the generated power
and the transformation losses.l3>3¢:202537.538] Given the lack of
works on colored solar car roofs, further development and dem-
onstration of prototypes using vehicle-compatible coloration
approaches on different relevant PV technologies is required to
upgrade the technical maturity closer to the industrialization.
Moreover, the rise of temperatures under sunny conditions may
induce PV performance losses and then reduce the practical
driving ranges of PV-powered vehicles relative to the estimated
values. This could be a hint for a possible application of radiative
cooling of PV in vehicles. Given the requirements of high-effi-
ciency and low cost, other multijunction technologies, especially,
perovskite/c-Si, and all-perovskite tandem can be promising can-
didate for VIPV. This has attracted the interest of several compa-
nies such as Oxford PV and Swift Solar. Hence, bandgap tuning
would play a key role in the control of the optimal bandgap com-
bination for high-efficiency tandem devices.

Despite all the challenges, the integration of PV into vehi-
cles proved to be beneficial for all kind of cars from electric to
hybrid to conventional, by minimizing the charging time and
extending distance range or by reducing the fuel consumption,
with supporting activities, respectively.*® This paves the route
toward ambitious objectives to reach a new large PV markets
with more than 10 and 50 GW in 2030 and 2040, respectively,
owing to the development of PV-powered vehicles.[>??

4.3.5. Aerospace Applications

For the applications in high-altitude satellites, unmanned
aerospace aircrafts, orbital, and planetary space stations, PV
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technologies with high power-to-weight ratio, mechanically
flexible and radiation hardness characteristics are typically
desired.”1%7] Recently, apart from the standard c-Si and IT1-V-
based SCs, a growing interest was attributed to testing different
emerging PV technologies such as perovskite and organic for
potential aerospace applications (Figure 15f).523539-5% This
opens new opportunities for thermal and bandgap tuning in
such thin-film PVs to further promote their integration.

Relevant Tunability Features: Bandgap tuning play a crucial
role in controlling the performance of multijunction SC ori-
ented for space applications. This is mainly related to high-
efficiency III-V tandem technologies which are available in the
market of space PV from different companies such as Azur
space and Spectrolab. Regarding the bandgap dependence on
the surrounding environment, it was reported that the optimum
energy bandgap of SC absorber in either single or multijunc-
tion configuration can be altered in higher latitudes and under
different solar spectrum conditions including extraterrestrial
AMO.55%:5%] This could be extended as an indicative approach of
bandgap tuning to match a particular solar spectrum available
at different atmospheres for maximum power generation.’]
Extraterrestrial application scenarios, where SCs could be
exposed to high energy degrading UV radiation, could benefit
from spectral cooling approaches with UV-reflection features.”]

On the thermal tuning aspect, in the absence of convective
media in space and exposure to extreme temperature fluctua-
tions, thermal radiation is the dominant heat exchange channel
for space SCs to cool down under solar irradiance.l”% There-
fore, passive radiative cooling approaches present a strategic
thermal tuning pathway for excess heat disposal in space.
The largest benefits of radiative cooling is assumed for space
and extraterrestrial applications.”] The expected tempera-
ture reduction and cooling power level are dependent on the
bandgap of the PV absorber. Moreover, for near-sun missions
operating at temperatures that can substantially exceed 400 K,
more salient cooling benefits are anticipated.[*!%

Relevant Research and Development: In the context of radia-
tive cooling for space applications, Banik et al. demonstrated
that an efficient IR thermal emitter using organopolysilazane-
derived silicon oxycarbonitride (SICNO) thin polymer coating
on ultra-lightweight and flexible CIGS SCs can reduce the oper-
ating temperature by up to 30 °C in a lower earth orbit under
full solar irradiance, corresponding to an enhancement in max-
imum power point of 27% (Figure 15g,h).1>> This was achieved
by the increase of emissivity by more than 0.4 compared to the
bare baseline cell without affecting the power conversion per-
formance. Similar approaches made previously using a dual
layer high emissivity coating of Al,0;/SiO, and silazane/alu-
mina were also reported to have increased the emissivity of flex-
ible CIGS for space applications.’#->* Sato et al. demonstrated
a passive temperature control approach using a spectrally selec-
tive multi-layer emitter on GaAs modules that allows emission
between 4 and 9 um and reflects between 9 and 20 um.P*! This
enabled the SCs to passively cool down as they benefit from
having high emissivity at high temperature and simultaneously
prevented them from plummeting to extreme low tempera-
tures. Recently, photonic structure-based radiative coolers for
SCs via orb-shaped membrane energy gathering array concept
(SSPS-OMEGA) was proposed.”> The opto-thermo-electrical
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model predicted a temperature reduction of at least 30 °C, indi-
cating a 1.4% increase in PCE of the SCs and corresponding to
a 93 MW increase in power output of a 2 GW SSPS-OMEGA
system. These cost-effective and scalable PRC approaches can
replace the glass cover, thereby reducing power-to-mass ratio
of solar modules, which would be very advantageous for space
and high-altitude applications.

Challenges and Prospects: Radiative cooling for space applica-
tion exists until now only in laboratory scale research. Tests and
validation in outer space environment have to be conducted
to increase the readiness level of this technology. Hereby, fur-
ther research should be conducted in relevant environments to
verify the effectiveness of passive cooling on space PV and the
protective nature of the coating materials.

5. Conclusions and Outlooks

The development of PV technologies with customized design
capabilities offers widespread integration opportunities in dis-
tributed applications beyond power generation. Tunable PVs
allow manipulation of their intrinsic properties via adjusted func-
tional materials or tailored retrofit incorporation. Depending on
the requirements of the target application, the adaptable features
of tunable PV can enable multifunctional characteristics such as
aesthetic appearance, visual comfort, and heat insulation.

In this work, we present an overview of tunable SC technolo-
gies from fundamental principles of tuning approaches to state-
of-the-art SC technologies to relevant PV-integrated applications.
The focus is set on spectrum-sensitive aspects related to opto-
electronic and thermal tuning capabilities in terms of absorber
bandgap, color perception, visible transmission and thermal
management. For each of the above-mentioned tuning aspects,
the recent progress of representative examples is discussed.
Then, we assess the possible integration scenarios of tunable
PV into real-world systems for terrestrial, marine and aerospace
applications. The evaluation is addressed in the framework of
a TRL approach including experimental proof-of-concepts at
research level, technology development and validation in rele-
vant environments and systems demonstration and deployment
in an operational environment towards commercialization.

Accordingly, in Figure 16, we classify the main SC technolo-
gies presented along in this review as a function of technical
maturity and relevant application. The most advanced TRL
levels of different tunable integrated PVs are pointed out with
yellow boxes. The technical maturity bars are attributed to the
type of relevant tunable PV in orange boxes. Herein, we dis-
cuss the specifications of each tuning capability for the adapta-
tion of customized PV technologies to a specific application. It
is noteworthy that some categories of tunable PV can involve
a combination of different tuning capabilities as illustrated by
color bars. The analysis is based on the presented overview
throughout the previous sections of this review.

5.1. Fagades

Opaque colored PV technologies with color tuning capabilities
are suitable for the integration in building skins. Both external
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(nanophotonic structure and ARC) and internal (intrinsic com-
ponents of PV devices) modification strategies can be applied.
However, complex and expensive approaches must be avoided.
For this purpose, external coloration strategies based on mul-
tilayer structures or antireflection coatings are widely accepted
as the preferred methods. For the majority of colored opaque
SCs, the optimal bandgap is around 1.1 eV. For aesthetic pur-
poses, colored modules with saturated colors, angle-insensitive
homogeneous appearance, and minimal power losses com-
pared to opaque counterparts are desired. In particular, elegant
and fresh white color is highly-demanded for building archi-
tectures. Such white PV are expected not only to fulfill power
generation and aesthetic functions, but also to provide thermal
benefits through radiative cooling of the interior spaces. Given
the universal recommendations for the white painting of build-
ings, white PV module might be a future big trend in BIPV.
Owing to the tremendous research and development activities,
colorful PV technologies have achieved an advanced TRL. In
this regard, standard c-Si with multilayer photonic structures
on cover glass is one of the most established opaque colored
PV technologies. Using this technology, several building pro-
jects with aesthetical facade-integrated PV were demonstrated.
On the market, several companies offer high-efficiency PV
panels with wide range of colors, such as colored c-Si (Solaxess,
ISSOL, and Lof Solar, etc.), CIGS (AVANCIS) and organic solar
cells (Heliatek). We envision that establishing standard tech-
nological solutions would further promote the widespread of
opaque colored PV modules in building facades.
Semitransparent colored PV technologies with predefined
static tuning are suitable for glass-based fagades in buildings.
To fulfill multiple functionalities in terms of power genera-
tion, aesthetic appearance, and visual comfort, the integrated
PVs should exhibit high and narrow peak transmission (>20%),
vivid coloration and a medium PCE between 5% and 15%.
Such semitransparent colored solar facade can passively pre-
vent incoming sunlight from overheating the interior spaces.
Both external (nanophotonic structure and LSC) and internal
(intrinsic component of PV device) modification strategies can
be applied. However, simple, cost-effective and fabrication-
compatible approaches should be adopted. In this context, color
tuning by changing the transparent electrode thickness might
be the most straightforward method. Owing to the achieved
scientific and technological progress, several semitransparent-
colored PV technologies have reached an advanced maturity
level. In this context, colored solar facade systems were inte-
grated in representative buildings using DSSC by Solaronix
and a-Si PV technology by Onyx. Commercial tinted ST-PV
products for the building facade systems are also provided from
other different technologies such as CdTe from Toledo Solar
and OPV from ASCA. Significant research and development
activities have been performed on emerging colored thin-film
ST-PVs based on organic and perovskite absorbers. These tech-
nologies are validated at lab scale and are considered among
the best candidates for colored solar facade, that allow excellent
trade-off between efficiency and peak transmission, as well as,
wide range of colors with high purity. However, further demon-
strations of large-scale prototypes in operational environment
are required to reinforce the transition of the corresponding
TRL from emerging technology status to a mature industry.

© 2022 DLR Institut fiir Vernetzte Energiesysteme. Advanced Energy Materials
published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

www.advenergymat.de

Technology Readiness Level (TRL) of representative tunable integrated PVs
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Figure 16. Overview about TRL status of representative tunable PVs with regard to relevant applications.

Furthermore, detailed evaluations of the contribution of colored
solar facades in the thermal management of buildings would
be insightful for system integration purposes.

5.2. PV Windows
Dynamically switchable ST-PVs with reversible modulation

of light transmission or color perception are promising tech-
nologies for smart window applications. A suitable trade-off
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between PCE and AVT is required. The main successful experi-
mental proof-of concepts of relevant PV technologies are ther-
mochromic PSC,?! gasochromic ultrathin a-Ge SC,24123126]
and photochromic DSSC.I?® In order to promote the com-
petitiveness of these technologies validated at lab scale, further
enhancement of PCE and AVT output is required. Moreover,
dynamically switchable ST-PVs are facing additional technolog-
ical challenges such as cyclability, switching margin, and degra-
dation issue. Considering switchable SCs as a nascent research
field, further optimization efforts and development of novel
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responsive materials and concepts are still needed to promote
its technical maturity. As a perspective, the stimuli-response
must be optimized and selected according to the target func-
tionality. Hence, switchable SC technologies using electro-
chromic switching mechanism could be a suitable strategy for
the integration in PV windows, considering the compatibility
with the already-installed smart windows in urban buildings.

Static ST-PVs can be suitable technologies for the integration
on glass surfaces of buildings. In order to ensure multifunc-
tional benefits with respect to power generation, light transmis-
sion and visual comfort, suitable specifications of PCE (5-10%),
AVT (>50%), and CRI (close to 100) must be satisfied. In addi-
tion to the direct integration as power-generating PV windows,
ST-PV with low efficiency level (PCE = 2-5%) might be a pos-
sible solution for powering smart windows. Typically, ST-PV
with thinned absorber tend to exhibit a tinted appearance, in
contrast to the desired neutral grey, which is considered as the
popular choice for architectural aesthetic. One of the impor-
tant steps toward the integration of ST-PV in windows was the
demonstration of full-scale prototype of semitransparent PV
window based on DSSC technology in operational environ-
ment over a period of two years.* Among different thin-film
ST-PV, perovskite and organic-based SC technologies demon-
strated outstanding trade-off between AVT and PCE at research
lab level.P!U Although, the development of ST-PV technologies
for PV window is attracting a huge interest from the scientific
research community, detailed demonstrations of large-scale
prototypes from different ST-PV technologies in operational
environment have yet to be achieved. This would be a substan-
tial step for reliable lab-to-fab transfer and for bridging research
and industry.

Transparent LSC-PV based on QD or conjugated polymers
are one of the most suitable and mature strategies for PV win-
dows. High transparency and color neutrality are the desired
features for the integration of LSC windows with unaltered
visibility. Despite excellent optical and aesthetic characteris-
tics of LSC-PV, the low efficiency, in particular at large scale,
remain a challenging issue for their integration in windows.
Further optimization of efficiency at large-scale and preven-
tion of performance losses can be tackled by the development
of advanced luminophore materials with high quantum yield
and Stokes shift. Nevertheless, taking the benefits of the long
development history over the last decades, LSC-PV technologies
are well positioned in the TRL level chart and get closer to the
commercialization level in the window industry. In this regard,
QD-based LSC products are commercially available from
UbiQD and ClearVue PV. In this perspective, glass surfaces in
buildings should no longer be considered as only construction
components, but also as renewable energy resource. To further
promote the social acceptance of LSC-PV windows, techno-
economic aspects such long-term stability and the analysis of
power yield and payback time should be further considered in
the future.

UV-NIR selective thin-film TPVs are promising solutions
for PV windows toward the fulfillment of the optoelectronic
specifications such as PCE (5-10%), AVT (>50%), and CRI
(close to 100). The bandgap tuning plays a crucial role for UV-
selective harvesting (E, > 3.2 eV) and NIR-selective harvesting
(Eg< 1.6 eV). Although UV-selective PV based on metal oxide
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or perovskite materials could enable high AVT, they suffer
from low PCE and sensitive control of CRI. A combination of
UV and NIR-selective perovskite into tandem configuration is
considered as a distinguished technological innovation, but,
impose manufacturing constraints.’) Organic-based wave-
length selective TPVs can be considered as the most promising
technologies for window applications. However, most of the
realized concepts at lab-scale level should be further developed
and upscaled to push the TRL towards industrialization. The
significant progress in organic wavelength-selective TPV real-
ized by Ubiquitous Energy can further promote the PV window
industry.

ST-PV integrated into windows can play an important role
in the thermal management and the heat insulation. This can
be ensured by tuning the IR transmission and the emissivity
within ST-PV. The thermal behavior of switchable gasochromic
a-Ge ST-PV was demonstrated in double glazing configuration
at lab scale.? Heat insulation function was also validated in
organic ST-PV.?l However, further demonstrations of large-
scale prototypes in operational environment are still lacking to
assess the heat management in real interior spaces of build-
ings. We expect unprecedented possibilities of technology
design by combining passive radiative cooling and power gen-
eration in smart PV window for all-season household thermal
regulation.

5.3. Semitransparent Greenhouses

ST-PV with high transparency at photosynthetic active region
are suitable for the integration in semitransparent green-
houses. Different thin-film PV are considered as potential tech-
nologies using photoabsorbers such as organic, dye-sensitized
and perovskite materials. While the compatibility of semitrans-
parent PSCHZ and DSSCH#4 with plant’s absorption spectra
was experimentally proved, organic ST-PV technology was
evaluated in a relevant plant growth environment.*”] Moreover,
development activities on organic ST-PV for greenhouse roofs
is on-going at the spin-off company Vitsolc. Hence, the integra-
tion of ST-PV in greenhouses is still in the testing phase. Fur-
ther upscaling approaches and technological validation efforts
are required to advance the TRL. Hence, the evaluation of crop
growth yield in large scale microclimate similar to commercial
greenhouses would be insightful. This should be accompanied
with relevant economic analysis to accurately estimate the eco-
nomic value of semitransparent greenhouse compared to con-
ventional counterpart.

Tinted or spectrally-selective ST-PV having a compatible
transmission peak with plant growth are considered for semi-
transparent greenhouses. Spectrally selective ultrathin a-Ge
ST-PV using multilayer photonic structures was validated in a
lab scale photo-bioreactor.*%846% Tinted semitransparent a-Si
panels was demonstrated on small-scale demonstrator green-
houses.[% A system of spectrally-selective solar-powered green-
house using dye-based luminescent concentrator has proven
itself in operational environment.*®l Greenhouse-integrated
PV systems, using ST-PV technologies such as spectrally-selec-
tive LSC from Soliculture and tinted a-Si from Polysolar, are
already available in the market.
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ST-PV integrated in a greenhouse can play a beneficial role
in the thermal management. This is manifested by spectrally
controlling the emissivity and the IR transmission. A reduction
of the heating load in a plant growth box equipped with organic
ST-PV was already validated at a lab scale.?”]

5.4. Indoor PV

The matching of artificial light sources in indoor PV applica-
tion requires SC with adjusted bandgap (1.9 eV < E, < 2.1 eV).
While conventional IPV technologies such as a-Si and DSSC
already exist in the market, perovskite and organic thin-film
SC technologies are emerging as contenders for commerciali-
zation. These technologies could greatly benefit from their
inherent bandgap tunability. To enable competitively-commer-
cialized IPV technologies different challenges such as manufac-
turing cost, scalability, stability, toxicity concerns, and market
dynamics must be tackled. Interestingly, the evolution of the
indoor IoT/wireless sensors market is expected to revolutionize
IPV field, leading to a fast-growing market.

5.5. Semitransparent Floating PV

Semi-transparent SCs open new opportunity for the applica-
tion in floating PV. The light transmission should be adjusted
to ensure a compatibility with spectral absorption of the algae.
In addition, SC should act as thermal barriers of the heat flux to
mitigate the water evaporation. Owing to the suitable trade-off
between PCE and AVT, organic ST-PV is considered as a fitting
technology for semitransparent floating PV application. How-
ever, this technology is only partly evaluated in a relevant envi-
ronment and hence, this integrated PV scheme is still in the
testing phase.[*2498502 [n this regard, further detailed analysis
and technological optimization are required.

5.6. Underwater PV

SCs with wide-bandgap photoactive materials (E; > 1.8 V) are
required for underwater PV application. This is due to the alter-
ation of the light spectrum by scattering and absorption effects.
The optimum band gap shifts towards higher values with
increasing water depth, reaching =2.4 eV at 50 m.[*}l Therefore,
as experimental proof-of-concepts, PV technologies based on
a-Si, organic and I11-V materials were submerged in water.’!
However, PV integration in underwater application is still in
an early technological stage. Further development of SCs with
wide-bandgap absorber and detailed evaluation in the relevant
underwater environment could be some of the steps to take to
advance the TRL.

5.7. PV-Driven Water Splitting

SCs with wide-bandgap photoactive materials (E; > 1.8 eV)
are also required for PV-driven water splitting due to the
required energy and the overpotentials. In two-junction SCs

Adv. Energy Mater. 2022, 2200713 2200713 (49 of 60)

www.advenergymat.de

with tandem configuration, the ideal bandgap combination
is (1.7 eV/1.05 eV) to achieve a maximum solar to hydrogen
efficiency. Among different SC types, III-V multijunction
technology have demonstrated the best performance and
have reached the most advanced TRL.P%>>! However, large-
scale system with long-term stability and cost-effective fab-
rication has to be realized to enable the progress toward
more practical solar hydrogen production. Emerging mul-
tijunction technologies, such as perovskite/c-Si tandem can
be promising candidate for water splitting applications,>®!
considering their high efficiency and their suitable bandgap
combination.

5.8. Vehicle-Integrated PV

Depending on the integration scenario, different tunability
aspects of SCs are desired for vehicle-integrated PV.

Since the roof is the preferred place for installation, high-
efficiency SC are required due to the limited surface. Multi-
junction PV modules based on III-V materials are considered
as one of the promising candidates. The band tuning in these
devices is not only beneficial for the boost of performance, but
also for preventing the spectrum mismatching problem. The
implementation of III-V multijunction modules on car roofs
has reached an advanced TRL close to full commercialization.
Given the requirements of high-efficiency and low cost, other
multijunction technologies, especially, perovskite/c-Si and all-
perovskite tandem can be promising contenders for VIPV. Such
technologies are currently under intensive development by
several companies such as Oxford PV and Swift Solar, respec-
tively. This would be a promising future direction for the field
of VIPV. In this framework, bandgap tuning would play a key
role in the control of the optimal bandgap combination (1.6 eV
< Eg <19 eV [top]/0.9 eV < E, < 1.2 eV) [bottom]) for high per-
formance two-junction PV devices. In particular, all perovskite
tandem would be a good option for flexible and lightweight PV
application.

Colored opaque modules with vivid colors, angle-invariant
homogeneous appearance and minimal power losses are also
desired for aesthetic purposes. The main colored PV technolo-
gies that have been already integrated on car roof are CIGS3!
and c-Si PVP>* using automotive painting and c-Si modules
with nanophotonic structures.*® As the color of the vehicle is
a crucial attribute for the market penetration, further progress
in the research and development for colorful VIPV is strongly
recommended.

On the glass surfaces such as windows and sunroofs, semi-
transparent PV can satisfy the specifications of power genera-
tion, light transmission, and visual comfort. To date, there is
only one single lab-scale example of switchable ST-PV as a
smart window in the sunroof.l'??l This is also expected to reject
IR radiation and lower the interior temperature. Develop-
ment activities on organic ST-PV for sunroofs is on-going at
the spin-off Vitsolc. Considering the lack of examples for the
technological integration of ST-PV into vehicle windows, fur-
ther research and development activities are recommended to
obtain a detailed assessment and to advance the corresponding
TRL.
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5.9. Space PV

High-efficiency SC technologies are mandatory for aerospace
PV applications due to the limited available area and weight
constraints. Given the absence of convective media in space,
passive radiative cooling of PV module is considered as prom-
ising thermal management strategy. Significant temperature
reduction was demonstrated on III-VP*! and CIGS-based
PVB2 modules with high-emissivity. Bandgap tuning can
be beneficial in multijunction configuration and also under
extraterrestrial spectrum conditions. Further advances in the
technological maturity of tunable PV would necessitate more
testing missions in the outer space environment. In addition,
beyond spectrum-related aspects, further customization attrib-
utes need to be considered such as high power-to-weight ratio,
mechanical flexibility, and radiation hardness. Thus, passive
radiative cooling approaches can be an appropriate alternative
for standard heavy and rigid standard cover glasses in the inte-
gration of flexible and lightweight space PV.

To push forward the technical maturity, there are general
requirements that are valid for all the mentioned integration
scenarios of tunable PV. These include, but are not limited to
the long-term stability, scalability with minimal cell-to-module
efficiency gap, cost-effective fabrication. Different aspects such
as social acceptance, extensive collaboration of all stakeholders
and policy should be also considered. For instance, this implies
a more effective cooperation with architects for BIPV, farmers
for agrivoltaics and engineers for vehicle-integrated PV.

It is also important to consider further tuning capabilities
beyond spectrum-sensitive aspects, mainly, flexible, and light-
weight attributes. Nowadays, flexible PV are considered more
promising than rigid counterparts in terms of cost and pro-
ductivity. Hence, it is expected that flexible lightweight solar
panels will be the foremost option to achieve industrialization
and commercialization by PV manufacturers. This would also
expand the customized integration solutions for extra applica-
tions such as wearable PV for self-powered electronics.*!]

It is noteworthy that the presented TRL chart of tunable PVs
adapted to versatile applications is only a simplified overview
attempt. This might trigger an establishment of a relevant con-
sensus statement for technical maturity assessment of TRL
status related to different integrated PV. Such initiative would
enable timely tracking of the technical progress and would offer
a perfect bridge between research and industry.

To this end, considering the achieved progress and the excep-
tional adaptability to versatile applications, we envision a bright
future for tunable integrated PV technologies.
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