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1. Introduction

To address climate change and promote sustainable development, the energy transition is
nowadays a key issue of the global economy and society, driving rapid development of
renewable energy, energy conservation, emission reduction, electrification and smart
management technologies. However, global energy consumption is still growing, with the
building sector always accounting for more than a third (Figure 1a).1' In order to achieve global
climate objectives by 2050, the energy consumption in buildings thus has to be reduced, while
meanwhile renewable energy, especially renewable electricity must become a major part of
building energy source (Figure 1b).2) With such an immense challenge, governments around
the world are prompting critical requirements on energy-efficiency buildings, along with
growing incentives to building energy-saving technologies.*! Photovoltaics (PV), which
directly capture sunlight and convert it into electricity, are considered as the most important
building-adapted renewable energy technology, since they can be widely deployed on building

facades and roofs worldwide to quietly provide clean electricity.

The last decade has seen tremendous growth in the PV market, mainly in the relatively large-
scale power plants whose capacities are over megawatts. With a rapid decline in PV cost and
the realization of grid parity,'*l more and more PV modules are being installed on buildings to
help for energy saving and even as a means of investment. Most of these PV modules are
additively adhered to existing buildings as separate parts (aka building-applied/attached
photovoltaic, BAPV), which is easy to be implemented, but provides poor architectural
aesthetics and poses great limitations on the installation conditions. To cover all the available
installation areas of building facades and roofs in a better way, the building-integrated
photovoltaics (BIPV), which has dual functions of not only power-generating components, but

also construction materials for building envelope and decoration, are considered a more
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desirable solution. The benefits of BIPVs are clear, attractive for a broad range of stakeholders
to pay attention, while the progress in practical applications is limited, except for some
showcases at exhibitions or demonstration projects.’] Factors that may hinder BIPV
development in the past are complex, but the present-day conditions that will drive the growth
of BIPV markets are maturing: on the supply side, PV companies are looking for exploiting
niche markets to avoid brutal competition in traditional markets, while on the demand side,
huge pressure on the building energy saving is calling for BIPVs especially in urban areas.
Consequently, it is estimated that the BIPV market could grow by nearly 40% per year in the

following decade (Figure 1c).!

No matter how strong these drivers of market growth, the distance from a single power-
generation component to a truly qualified building material is still long and tough, requiring the
PV sector itself to address those technical obstacles on the road. The primary challenge is to
make BIPV products comparable to traditional building materials in aesthetics, while
maintaining a certain level of performance. Current PV products applied on buildings are
generally based on crystalline silicon (c-Si) solar cells, as well as some inorganic thin-film
technologies, which are dedicatedly designed for maximizing the ability to generate power, thus
will absorb as much solar spectrum as they could. Consequently, these solar PV panels are
generally opaque, usually black or dark-blue (Figure 2a), with the most aesthetic one among
them just in a uniform black appearance, far from the requirements of diversified architectural
design and styles. In this context, BIPVs are supposed to undergoing some modifications to
selectively reflect specific visible light (VIS), thus producing colored outlooks (Figure 2b).
Although the reflection will inevitably cause a reduction in power conversion efficiency (PCE)
when compared to black ones, such opaque PV products with customizable colors are essential
to cover the huge installation potentials on worldwide building roofs and facades. Besides color,

transparency is another critical factor for BIPVs, to tap the remaining substantial building areas
3
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which allow for natural lighting, such as windows, skylights and glass curtain walls. Semi-
transparent or transparent PV (STPV or TPV, uniformly referred to as TPV in this paper), which
considers both light transmission and absorption, are getting more and more concerned to
address this issue. Provided there exists uniform spectral transmittance in VIS, solar cells will
be semi-transparent and neutral-colored, similar to common building glass (Figure 2c).
Otherwise, when the spectral transmittance varies in VIS, TPV products could also be colored,

favorable for applications in some architectural decorations (Figure 2d).

Thanks to the advances in emerging PV materials, as well as innovative designs in PV devices
and modules, the customized modification in color and transparency of solar PV attracts more
and more attentions, enabling a wide development prospect of aesthetic BIPV products in the
future. Herein, a comprehensive review is presented on the recent advances in the PV research
filed intending for BIPV applications, mainly the transparent PV technology and colored PV
technology, with respect to theoretical analysis and a thorough investigation of different
technical routes. An overview of the mainstream solar PV technologies is first presented,
involving the material characteristics and development status, to briefly analyze their potential
advantages and disadvantages in the development of BIPVs. Subsequently, the TPV technology
based upon spatial segmentation, wavelength-selective absorption, and the structure of
luminescent solar concentrators is respectively discussed, to illustrate their potential in theory
and representative demonstrations. We then provide a theoretical guide for modification in PV
colors, and go on to discuss diverse strategies that have been employed for c-Si and emerging
thin-film solar cells, in which their colors are independent on solar cell materials. Finally, some
crucial challenges/opportunities are put forwarded to promote the development of aesthetic
BIPVs toward new horizons, followed by some perspectives on large-scale implementation of

BIPVs in the future.
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2. Overview of Solar Photovoltaic Technologies

Along with the improvement in efficiency and decrease in cost, c-Si PV technology is still
dominating the market of ground power stations and the distributed applications. Thin-film PVs
based on CdTe, CIGS and amorphous Si (a-Si), once believed to be competitive against c-Si in
niche markets like BIPVs, has not achieved expected success in the past decade. In this context,
identifying the strength and weakness of different PV technologies in the application of building
environment is of vital importance, since substantial semiconductor materials have been

discovered to develop a variety of solar cells in the last half-century.

The different properties of semiconductor materials and their bandgaps are usually employed
to distinguish PV technologies. Figure 3a shows the efficiency limit of single-junction solar
cells as a function of bandgap under standard AM1.5 solar spectrum, derived from the detailed-
balance theory which was developed by Shockley and Queisser (S-Q limit).[®! The record
efficiency of present-day ‘champion’ solar cells is also plotted in the figure, which could be
recognized as an indicator of the progress of these PV technologies. However, as many other
properties also play critical roles, the method only based on bandgap is deficient to evaluate the
potential in the PCE and the BIPV applications. In this context, here we classify widely studied
PV technologies into four groups with respect to large-scale BIPV applications, according to

the characteristics and development stage of those PV materials.

Not recommended

Solar cells made by III-V compound semiconductor materials are not recommended for BIPV
despite their remarkable PCE values. Due to the high production cost, GaAs is restricted in
some special market which demands high efficiency while the cost is rarely a consideration,
such as space technologies.” Emerging technologies enabling low-cost and large-scale

production of GaAs might make a change, but the toxicity of As and the scarcity of Ga may

5
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still hinder it from wide applications in civil uses. A similar situation exists for InP and GalnP,
as well as multijunction solar cells stacked by those I1I-V group materials. Consequently, in the
foreseeable future, it is hard to witness large scale implementations of these technologies in the

field of BIPVs.

Sustainable and commercialized

Crystalline-Si PV technology including single-crystalline Si and multicrystalline Si (mc-Si)
holds the most share of PV market due to the high performance and long-term reliability.
Comparing with GaAs, lower production cost and readily accessible Si elements are
tremendous advantages. Especially, the mature industrialization and commercialization process
is continually moving the c-Si PV forward, keeping its first-mover advantage in various markets
involving the building market. However, a relatively thick wafer of 100-200um because of the
relatively lower absorption coefficient, makes c-Si the only non-thin-film solar cell, and have
poor performance under the conditions of low light and large incident angle. Therefore, thin-
film Si solar cells that claim their advantages in flexible PV products is developed, such as a-
Si and microcrystalline Si (pc-Si). Due to their intrinsic material limitations, those solar cells
show relatively low efficiency and little progress has been witnessed in recent years.!*! Both c-

Si and thin-film Si PV technology have been applied on buildings.

Commercialized but restricted

The CdTe and Cu(In, Ga)(Se, S), (CIGS) solar cells are two commercialized thin-film
technologies with PCE records above 22%, and the module efficiency approaches 19%.1! In
this context, they used to be ones with expectations for substituting c-Si at least in some niche
markets. In 2019, CdTe solar modules took over 90% of the thin-film PV market, while the
majority was installed in ground power stations. Public concern about CdTe focuses on the

toxicity of element Cd and scarcity of element Te, leading to requirements for rigorous



OCoO~NOUAWNE

encapsulation and effective recycling systems. CIGS also face similar problems. To address
fierce competition with c-Si PV technology, further efficiency improvement, cost reduction,
along with exploiting new markets like BIPV, are critical for CdTe and CIGS solar PV

technologies.

The Dye-sensitized solar cell (DSSC) is not a traditional PV technology based on solid
semiconductor materials, whereas molecular dyes, usually organometallic complex or purely
organic, serve for absorbing light and exciting electrons. Because of a voltage loss during
electron transfer and large current losses due to a narrow absorption band, the performance of
DSSC is intrinsically uncompetitive. However, the unique mechanism enables DSSC the first
class of PV technologies with the availability of intrinsic various colors and a simple fabrication
process. In other words, DSSC looks dedicated to non-station applications such as buildings
and mobile devices. Commercial DSSC products are already available, while the market share

seems negligible.

Emerging
Cu(Zn, Sn)(S, Se), (CZTS) is regarded as the sustainable succedaneum of CIGS by replacing

In and Ga with less expensive and more earth-abundant elements. Nevertheless, the large
intrinsic voltage loss due to material defects is the major obstacle, making the actual efficiency
far below the value predicted by the S-Q theory.['” In quantum dot (QD) solar cells, the
absorbing layer is made by nanoscale semiconductors, which could be synthesized by solution
processing and possess tunable bandgap, thus offering probability in making more flexible PV
products for distributed applications. Metal halide materials dominate QDs in recent years,

bringing great efficiency improvement.!!!: 12]
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Solar cells based on ABX3 metal halide perovskites have achieved remarkable progress in the
past decade, mainly due to their excellent material properties such as high absorption coefficient,
great defect tolerance, and long diffusion length.l*! It is recognized that perovskite solar cells
have combined the advantages of thin-film PV technologies with the good performance and
sustainability of c-Si, enabling them the most promising PV technology to be implemented in
any scenarios on a large scale. Challenges primarily relate to the scalability, toxicity of Pb and

long-term stability, whereas recent research has shown its great progress.['% 1!

Benefit from the development of material design, inspiring progress has also been witnessed in
PCE of organic solar cells in the recent two years.['®) Although using organic materials leads to
inevitable energy losses in charge separation and relatively high rate of non-radiative
recombination,!'”) it offers a wide choice of materials and low-cost fabrication process, thus
bringing the widest availability in flexibility, color and transparency. In this context, the organic
solar cell is supposed to substitute the role played by DSSC, on condition that issues of

scalability and long-term stability could be well addressed.

Overall, solar PV technologies based on c¢-Si, a-Si, CdTe, CIGS are nowadays available in the
BIPV market, having their own merits and demerits respectively, while the emerging perovskite
and organic solar cells show great potentials in providing a better solution for the BIPV
application. As demonstrated in Figure 3b, the high-efficiency solar cells based on these PV
technologies similarly show high EQE in the wavelength range coving VIS light, meaning their
strong VIS absorption and thus black appearance. To enable transparent or colored appearance,
efforts should be devoted to modifying the optical characteristic of these solar cells,
simultaneously maintaining as high EQE as possible. Many practices on either commercialized

or emerging solar PV technologies have been demonstrated in the literature, using different
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technical routes regarding different materials characteristics. Those issues will be covered in

great details in the following sections.

3. Transparent Photovoltaic Technologies
To evaluate the performance of TPV, an index, i.e. average visible transmission (AVT), was
introduced, which is calculated as average spectral transmittance in the VIS wavelength range

weighted by the photopic response of human eyes:[!®]

[FTw I
AVT ==

7 (1)
L V(A)I(A)dA

where T is the transmittance of the device evaluated, V' is the photopic response function of
human eyes, / is the spectrum of illuminant, usually the AM1.5 solar spectrum, and 4 is the
wavelength. As for the wavelength range of VIS: (4, 42), although the photopic response
function is nonzero in the range of 380-780nm, the range (400nm, 700nm) is usually adopted
since the value outside this range is negligible. Furthermore, as claimed by Lunt et al."*! in their
theoretical analysis, the range of (435nm, 670nm) is sufficient to cover over 99% of VIS, which

will also be employed in the current study.

In this analysis, the TPV only indicates those neutral-colored ones as shown in Figure 2c, which
should provide a clear and non-discoloring view through the BIPV products and could be
evaluated by the figures of merit as color rendering index (CRI) and CIELAB color coordinates
(a*, b*).'8 In this context, to improve AVT while minimizing impacts on PCE is the focus in
this research field. With the development of various solar cell materials described above,
different strategies are employed to modify the AVT with respect to different material
characteristics, involving spatial segmentation, wavelength-selective absorption, and

luminescent solar concentrators.
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3.1 Spatial segmentation

As illustrated in Figure 4a, spatial segmentation is a common strategy through removing part
of absorption materials in solar cells, which are encapsulated by both transparent covers and
backsheets. Thus, the solar radiation illuminating on the transmission region can be fully
permeated for day lighting. In ideal cases, the void fraction (the ratio of transmission region
and total PV area) should be equal to the spectral transmittance of solar cells when the
wavelength is smaller than the cut-off value, and also the AVT, since VIS is usually within this
wavelength range for most PV materials (Figure 4b). Consequently, higher AVT can be simply
realized by enlarging the space between absorption regions, at the cost of a linear decrease in
short-circuit current (Jic) due to reduced photoactive materials (Figure 4¢). The open-circuit
voltage (V,c) and fill factor (FF) are ideally invariable, while in practice they might be

20

inevitably reduced due to some damage from material segmentation,”” especially on the

condition of a high AVT value.

In this context, spatially segmented TPVs may be only suitable for conditions requiring for
relatively low AVT, whereas their superiority is the applicability to all types of PV materials.!*!]

(22, 23] byt since the prefabricated silicon wafer is

Early practices appear in c-Si solar cells,
relatively thick, segmental removement of Si materials is generally not economical through
either mechanical cutting or laser cutting. The alternative strategy is directly manufacturing thin
and narrow c-Si wafers, which are then arranged together at a certain distance as shown in
Figure 5a.* 5] There exists no such trouble for thin-film PV technologies such as CIGS, CdTe
and a-Si PVs due to their very thin semiconductor films (~1-2pum), made by using sputtering or
evaporation in a large area. Therefore, the laser scribing has already been employed in the

fabrication process to split cells and make electrical connections,?®! as demonstrated in P1-3 in

Figure Sc. Only if another laser scribing process P4 is introduced, an opaque PV module can
10
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be transformed into a semi-transparent one (Figure 5b).*% 271 This great compatibility of
manufacture process enables TPVs based on CIGS, CdTe and a-Si be already commercialized,

and account for the majority of available TPV products.

Nevertheless, the inhomogeneous appearance of spatially segmented TPVs due to visible
absorbing materials may hinder their acceptability to markets. A recent study claimed that
neutral-colored semitransparent c-Si solar cells could be achieved through making microscale
holes within microscale distance on the c-Si wafer.!?®! Due to the ultrashort distance between
the hole-shaped transmission regions along with any directions, intervenient absorption
materials become visually invisible, resulting in a favorable appearance and competitive
performance against those thin-film TPV products (Figure 5e). Photolithography process and
deep reactive ion etching (DRIE) process (Figure 5d) were employed to fabricate the microhole
arrays on c-Si wafers, while the issues such as cost and compatibility with existing industrial

production line could be the main obstacles.

Different from above inorganic solar cells, the easy fabrication process of DSSC, organic and
perovskite thin films enable controlling of material growth morphology to directly build
spatially segmented TPVs, being more material-saving and economical against those post-
processing methods. The practice mainly focuses on perovskite solar cells,*®! including self-
assembly of a perovskite grid structure (Figure 5f),2% controlling evaporation rate to form

)31 32
b

microstructured perovskite islands (Figure S5g I"and using SiO> honeycomb scaffold

33 341 Since these microscale

template to deposit patterned perovskite films (Figure 5h).!
structures of perovskite films are undetectable for human eyes, neutral-colored and glass-look
perovskite TPVs can thus be easily obtained as long as the devices have uniform transmittance

in the wavelength range of VIS light. The best result of PCE at 10.3% has been obtained, along

with an AVT of 38%,** showing a brilliant prospect of this technology.
11
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3.2 Wavelength-selective absorption

From the theoretical-limit point of view, a TPV should only transmit VIS light to ensure high
PCE, while the UV light (<435 nm) and NIR light (>670 nm), which cannot be detected by
human eyes, should still be absorbed by solar cells to generate electricity. In this context, solar
cells with the characteristic of wavelength-selective absorption and strong VIS light
transmission, which are called as wavelength-selective TPVs (Figure 6a), are emerging in
recent years. As displayed in Figure 6b, varying the AVT of an ideal wavelength-selective TPV
affects EQE only in the wavelength range of VIS light. Even though for an AVT of 100%, the

remaining 65% of solar energy can still be a significant source for power generation.

By applying these ideal EQE curves displayed in Figure 6b to the S-Q limit model, the
efficiency limit of the wavelength-selective TPV (single junction) can be calculated based on
the work of Lunt et al.!'”). As presented in Figure 6c, an increase in AVT will inevitably reduce
PCE of solar cells for all bandgaps, whereas higher bandgap suffers more loss in PCE, due to
that VIS light contributes more in high-bandgap solar cells. Consequently, the optimal bandgap
is also reduced with AVT increasing, showing a redshift from 1.34 eV (opaque) to 1.12 eV
(AVT=100%), with the corresponding maximum efficiency decreasing from 33.7% to 20.6%.
Taking a bandgap of 1.12 eV (Si) for example, a wavelength-selective TPV shows evident
advantages in the PCE limit against a spatially segmented one, particularly when a high AVT

is essential (Figure 6d), proving a roadmap for developing a real sense of TPV products.

The wavelength-selective absorption means critical requirements on materials, whereas those
common solid semiconductors cannot meet, since that the continuous energy bands of
semiconductors lead to continuous photon absorption once the photon energy exceeds the

bandgap (E). Thus, NIR-selective harvesting is intrinsically prohibited in semiconductors.

12
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Only when the bandgap is above 2.85 eV (435 nm), a semiconductor could absorb only UV
light and thus transmit all light above 435 nm including VIS light. But for a solar cell based on
such high-bandgap materials, its S-Q efficiency limit is only 6.4%, imposing great restrictions

on performance.

Practices in literature start from using some metal oxide semiconductors, such as NiO and ZnO,
while only fractional photocurrents can be detected, resulting in the PCE no more than 0.1%.5]
Emerging of ABX3 perovskite materials in recent years provides new solutions due to their
good bandgap tunability and great success in developing high-PCE solar cells. By substituting
the halide from a bigger one to a smaller one (I>Br>CI"), the absorption onset of perovskites
will gradually blue-shift, making solar cells finally be UV-selective and thus visibly transparent.
The first demonstration of perovskite-based TPV devices was reported by Liu et al.l*®! reported
in 2018, with either MAPbCI3 (Eg=3.04 ¢V) or MAPbCl24Bros (Eg=2.83 eV) as photoactive
materials. MAPbCl» 4Bros-based devices performed better, with the best one at a PCE of 0.52%,
along with an AVT of 73% and a CRI of 93.8 (Figure 7a and Figure 7b). Since this prototype
only has a EQE of 20-30% and a FF of 45%, a future PCE value approaching 4% is in prospect

when the EQE above 90% can be realized.[*®]

As for the NIR-selective absorption, solutions are given by solar cells based on polymer or
small-molecule organic materials,*”! which have different mechanisms in optical absorption
with those solid semiconductors. Due to the nature of relatively discrete molecular orbitals,
absorption of organic materials is not continuous, but has a peak as well as a start point and end
point. This mechanism is originally a defect as it limits the light absorption, however now turns
to be irreplaceable for developing high-performance TPVs.¥! The report on a NIR-selective
organic TPV firstly came out in 2011,when Lunt et al.** pioneered the field by using a planar

heterojunction structure, consisting of Ceo as the acceptor and chloroaluminum phthalocyanine
13
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(CIAIPc) as the donor, whose absorption peak is positioned at 740 nm. Although only a PCE of
1.7% was achieved with an AVT of 56%, a new door to high-performance TPVs was opened
since then. Afterward, many low-bandgap organic materials including donors and acceptors are

38],[40]

developed for NIR-selective TPVs, which can refer to refl! , while here several

representative devices are focused to show the progress.

Figure 7c and Figure 7d present an impressive work reported by Chen et al.[*!l. They utilized
the PBDTT-DPP (donor) and PCBM (PCBM) to form a bulk heterojunction blend as the
photoactive layer, which was sandwiched between two transparent electrodes (top: AgNW-
based composite, bottom: ITO). Since the PBDTT-DPP: PCBM layer achieved an average
transmission of 68% over the range of 400-650 nm, a device with a high AVT of 64.4% and an
improved PCE of 4.01% was realized. This work represented a typical design in that stage, i.e.
a BHIJ film consisting of a low-bandgap polymer donor and a fullerene acceptor, sandwiched
by transparent electrodes.[***®] Despite many efforts have been made to the novel material
design and bandgap engineering, the bandgap of those polymers was still not low enough to
harvest more NIR photons, especially for the fullerene acceptor materials, whose energy levels

can scarcely be tuned.

Recently the emerging of non-fullerene small molecules as acceptors has paved the way to

[49. 301 stimulating organic TPVs

further improving the performance of organic solar cells,
enabled by both NIR-response donors and acceptors.>!>*l Generally, TPV devices developed
through this strategy since 2017 possess the PCE of 7%-10%, along with the AVT of 30-50%,
showing significant improvement in performance. For instance, Liu et al.>®! recently
demonstrated a remarkable device with a blend mixing a narrow bandgap acceptor as FOIC and

a donor as PTB7-Th, achieving an absorption band peaking at 820 nm (Figure 7¢).l>3! Although

a standard solar cell only showed a PCE of 5.75%, by adding a 1D nanophotonic structure
14
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consisting of low and high refractive index dielectric layers, the EQE in NIR was greatly
enhanced to increase the PCE to 8.32%, on the condition of keeping an AVT over 50% (Figure
71). This example reveals that for TPV design the light management is as critical as absorbing
materials. Actually, most organic materials still uniformly absorb in the wavelength of VIS,
leading to a recognizable color. This issue can also be dealt with adding dielectric layers to

modify the spectral transmittance, thus to enable a real sense of neutral-colored TPV .[°¢]

Based on above-mentioned either UV-selective TPV or NIR-selective TPV, it is natural to
develop a tandem structure for both the UV and NIR light harvesting and further performance
improvement, which was demonstrated by Zuo et al.®”! (Figure 7g and Figure 7h). They
applied FAPbBr2.43Clos7 (Eg=2.26 eV) to make the top subcell that mainly harvests UV light,
and PTB7-Th: 6TIV-4F the bottom subcell that mainly harvests NIR light. This strategy
successfully provided a much improved PCE of 10.7%, along with an AVT of 52.91%,

considered as the most outstanding performance in recent years.

3.3 Luminescent solar concentrators

Luminescent solar concentrator (LSC) offers another way for realizing transparent PV glass by
separating the light harvest component from solar cells. A typical LSC consists of a glass or
polymer waveguide and solar cells attached at its edges. Incident light is firstly harvested by
chromophores embodied in the waveguide, and then re-emitted at longer wavelength to be
guided through total internal reflection until reaching edge-mounted solar cells (Figure 8a).[°%
In this context, areas of solar cells are reduced in LSC systems, and a clear view is easily
realized since there is no electrode exposed. Moreover, the color and transparency of LSCs can
be adjusted to a great extent by regulating the type and density of chromophores. Despite these

advantages, wide application of LSC is hindered by its inefficient solar collection and

15
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concentration due to the low-performance of chromophores and waveguides, indicating that

breakthrough in novel materials and devices urgently required.>’!

To enable neutral color for LSC, chromophores embodied in waveguides must satisfy specific
optical properties in light absorption and re-mission. As illustrated in Figure 8b, there basically
are three cases. In the first case, the absorption spectra of chromophores locate in the
wavelength range of UV light, while photoluminescence (PL) spectra in the wavelength range
of NIR light, indicating a massive Stokes-shift.[”! This idea was demonstrated by Luo et al.[!]
using Yb**-doped perovskite (CsPbClz) nanocrystals as the chromophore, which has a
absorption cutoff in 400 nm and can re-emit from 900 nm, providing a wide VIS window
(Figure 8c). Owning to such a massive shift, reabsorption losses are avoided, but the small

coverage of absorption spectra greatly limits its performance.

Another strategy is to absorb NIR light and emit deeper-NIR photons. To avoid the light emitted
by one chromophore being reabsorbed by another chromophore, the overlap area between
absorption spectra and PL spectra must be restrained. Organic salt derivatives could help
implement this mechanism, which was demonstrated by Zhao et al.'?! in 2014, providing a very
high AVT of 86% and indistinguishable appearance against glass (Figure 8d). By adopting
another organic molecule CO;8DFIC recently, a PCE over 1.2% is achieved.[®*) Nevertheless,
those materials still show obvious overlaps between absorption spectra and PL spectra (Figure
8d), may hindering the performance of large-scale devices to a great extent. Analogously,
developing NIR-emitting chromophores which absorb both UV and NIR light is more attractive,
but has few signs of progress except for a report on a device using Si naphthalocyanine (SiNc)

as chromophores.[64!

16
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Actually, wavelength-selective absorption, which means only a small fraction of the solar
spectrum can be harvested, is not an essential condition for developing neutral-colored LSCs.
If the chromophore can absorb in a large wavelength range coving VIS, a colorless LSC under
sunlight is also achievable provided that absorption spectra in VIS are relatively uniform and
the quantity of chromophores is modest. In this case, some colloidal nanocrystals of narrow-
gap semiconductors such as CulnSeS, rather than lanthanide complexes and organic dyes, are
preferable candidates."®! As shown in Figure 8e, a colorless LSC based on ZnS-coated
CulnSexS> x quantum dots with large absorption coverage was demonstrated by Meinardi et
al.[®*]. With a CRI of 91, this LSC performed no significant distortion in color perception, and

can reduce the sunlight penetrating rooms.

4. Colored Photovoltaic Technologies

Besides those surfaces like windows, skylights, glass curtain walls which require transparency,
most surfaces on buildings such as roofs and facades are, otherwise, opaque and highly required
in the frontal appearance. To enable a sound integration with buildings, PV modules are thus
required to be visually comparable with ordinary materials like ceramics, stones, metals,
concretes, or woods, varying greatly in colors and textures. Since high-performance PV
modules are intrinsically black and dark (see Figure 2a), a significant challenge is posed to
modify appearances of PV modules without obvious negative impact on electrical performance,

with color being the main concern.

4.1 Design principles and methods

As illustrated in Figure 9a, the color of an object is determined by three factors, i.e. light source,
reflection spectrum and the response of human eyes.[®"! In standard condition, the AM1.5 solar

spectrum and the D65 defined by International Commission on illumination (CIE) is generally

used to represent daylight illumination. Besides, as represented in Equation 2a-d, the X* ¥4
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214 color matching functions are defined by the CIE to represent an average human’s chromatic
response. Thus, the standard color of an object is only determined by its reflection spectrum

R(7), and can be represented by CIE 1931 XYZ tri-stimulus values:[¢”]
X =L [ ROIA)T )2
=~ [, ROIAF(2)

y=L [ RI(DF (A2
N "
7= %jf ROVI(AZ(ANA

N-= Lj? SF(AdA

Since y(A1) equals the photopic luminosity function V(4), Y actually represents the relative

luminosity, which is in the range of (0,1), with Y=0 corresponding to complete absorption
(black) and Y=1 complete reflection (white). The XYZ values can further be transformed into
CIE 1931 xyY color space by:

X Y
X = ’y:
X+Y+Z7 X+Y+Z7

3)

Once x and y decided, the chromaticity is uniquely located in the CIE 1931 xyY chromaticity
diagram as shown in Figure 9a. With both luminosity (Y) and chromaticity (x, ), a color is
therefore precisely defined. In this context, if the spectral reflectance of an opaque object is
measured, we can immediately decide its standard color. Conversely, if an opaque PV module
is expected to be modified to a specific color, its spectral reflectance curve should be first
determined. But due to multiple reflectance curves may lead to one color, it is essential to
involve another consideration here, that is, the influence of reflectance curves on the PCE. In
theory, there exists a reflectance curve that can generate the desired color and meanwhile causes
a minimum loss in photocurrent, which is the basic design criterion for the color modification

of solar cells.
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Accordingly, Halme and Mékinen recently educed theoretical efficiency limits of ideal colored
opaque (7=0) PVs, revealing that introducing color to an ideal black solar cell only produces a
relative power loss of less than 14% (¥Y=0.25), meaning the S-Q efficiency limit is still over
29%.[%%] Increasing the relative luminosity Y to make brighter colors will decrease the
performance absolutely, while at a constant Y, the yellow-green color offers the best
performance. Although the ideal reflectance spectra in literature can be only approached but
never achieved, it is confirmed that the loss introduced after adding color to solar cells could
be acceptable, as long as some measures taken to optimize the reflectance spectra whenever
possible.[076%) These theories also work for designing an ideal semitransparent solar cell with a
specific color, in which the reflectance should be 0 and the spectral transmittance 7(4)

determines its color.

In practice, the color change is mainly achieved through modifying the optical properties of
different layers in a solar cell or just adding a new layer, to change the reflection characteristics.
Generally, materials above the absorbing layer are required to be as transparent as possible,
while the underlying layers should be reflective if the solar cell is opaque, or semitransparent if
the solar cell is also semitransparent. In this context, if the photoactive material presents an
inherent color, the whole device will thus present the same color. This is common in DSSC and
organic solar cells, thanks to their diverse photoactive materials with different optical
characteristics, but at the price that the PCE is relatively small due to limited light absorption
ability (see Figure 9b and ref.[’%-7*)). Besides, perovskite offers a great advantage compared to
other semiconductor materials, as the possibility to tune their bandgaps in a wide range. By
adjusting A, B, and X sites of the ABX3 perovskite materials, optical absorption edges are easily

tunable within the 350-1200 nm, presenting different colors (Figure 9b).['*]
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Although the bandgap tuning is practicable for some types of solar cells, it poses great
limitations on absorbing materials and also the EQE of solar cells (Figure 9b). With above
theoretical guidance, a common practice for all types of solar cells is thus to change only the
reflectance in the selective wavelength range belonging to VIS light. This can be practically
realized by modifying the optical properties of the glass cover, encapsulant, or absorbing layer
surface, collectively referred to optical engineering in this paper (Figure 9c). As presented in
Figure 2b and Figure 9c, the optical engineering has already been practiced on c-Si PV

modules to achieve various colors, setting a good example for other types of PV technologies.

4.2 Practices on ¢-Si PV modules

As illustrated in Figure 10a, a c-Si PV module is generally with a structure of glass cover-
encapsulant-solar cells-encapsulant-backsheet. One of the most popular techniques is to add a
coating on the glass cover. Painting technologies developed in the glass industry have been
firstly introduced, including silk-screen printing and digital ceramic printing.[* 7! Since these
paints will absorb and reflect lights, the performance of PV modules is inevitably affected, and
the decreasing rate mainly depends on the printing degree and the color (type of paints). The
significant advantage of such technology is easy to adopt as there is no need for altering the
current PV fabrication process, while in-depth study is required to examine its performance and

long-term durability in outdoor environment.

The deposition of a dielectric filter on the internal surface of glass can also allow customized
regulating spectral reflectance in a real sense.[’® This filter, also named spectrally selective
photonic crystal reflector or distributed Bragg reflector, is generally composed of multilayer
films made of alternating high-index and low-index dielectric materials. By carefully designing
the layers (material, thickness and number), a specific range of wavelength can be reflected to

achieve the desired color (Figure 10b).’"] Besides, an etching treatment can be further applied
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on the external surface to produce diffuse reflection and avoid glare effects.’®! In this context,
a nearly perfect colored glass cover can be produced, which can faultlessly hide the below solar
cells and withstand degradation over time. Since most of the light can still be transmitted and
harvested by the underlying solar cells, the performance in practice could achieve 80% of a
general one, while a white one nearly 60%."> 7 This technique was successfully
commercialized by a company SwissINSO in Switzerland, showing good demonstration effects

in some BIPV projects.!’> 8!

One defect of the painting or coating on cover glass is that only a single color can be easily
realized. and a high-resolution pattern is challenging to be painted on. Adding an interlayer is
suggested, standing as an independent part between the glass cover and solar cells. By printing
a pattern or graph on a transparent film, a customizable appearance, such as pattern of bricks
and timber, can be easily realized for PV modules (Figure 10c).B®!! Since the printing inks are
critical for PV performance, which should be transparent at least for the NIR light and also
semitransparent for most VIS light, efforts are required to further investigate the long-term
durability of such inks. No matter the specific methods used, this idea, which combines vivid
prints and PV modules, could perfectly exhibit in some occasions as a integration of art and

renewable energy.[®?!

Another color modification technology of c-Si solar cells addresses on the anti-reflection
coating (ARC), which is made by dielectric films that sputtered on the surface of c-Si solar cells
to reduce light reflection (Figure 10d),!®¥ usually a SiNx layer. To maximize the photocurrent,
an ARC is generally optimized to make the spectral reflectance in 600-700nm close to O,
resulting in a relatively high reflectance in the wavelength corresponding to blue light, thus an
inherent color of either black or dark-blue of standard c-Si solar cells. By varying the thickness

of ARC layers, the spectral reflectance curve can be easily regulated with different peaks in the
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VIS (see Figure 10d). In literature, Tobias et al.® and Zeng et al.**l have respectively
demonstrated c-Si solar cells with vivid colors involving blue, red, yellow and green, using
different ARC materials. Moreover, the double-layer or even triple-layer ARC system can be
further explored if more colors need be accurately achieved.!®® 7] The greatest advantage of the
ARC modification is an acceptable loss as less than 5%, as reported in literature.®* 8% Thanks
to simple integration with existing production process, this technique seems to be an ideal

solution to produce colored c-Si PV products, but is only applicable to c-Si.

Some other practices are also proposed for colored c-Si solar cells, such as applying metal (Ag)
nanoparticles on the surface of c-Si solar cells to produce color by plasmonic scattering,®®! and
using dielectric (Si) nano scatters to produce bright scattering colors due to the excitation of
Mie resonances./® The details of these plasmonic resonators are not covered here as they have

no significant advantages over the technologies discussed above.

4.3 Practices on thin-film solar cells

When talking about colored thin-film solar cells, a semitransparent one normally comes into
mind firstly, since it is relatively easy to be achieved by just decreasing the thickness of the
absorbing layer and the metal contact, or substituting the metal contact with other transparent
materials. However, thin-film solar cells made by this method generally present only brownish
red, especially for those inorganic materials like a-Si, CIGS, CdTe and also the perovskite.!*”!
Such an appearance is not favorable in most cases. As mentioned above, DSSC and organic
solar cells could provide rich colors by varying absorbing materials, while the PCE is limited.
Herein, some representative color modification methods are addressed that have been
respectively practiced on opaque and semitransparent thin-film solar cells, with their color

independent on the absorbing materials.
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4.3.1 Opaque devices

The aforementioned coloring technologies being applied to packaging materials of c-Si PV
modules are also practicable for thin-film PV technologies, such as the dielectric-film coating
on the glass cover. For instance, a Bragg reflector consisting of dielectric films can be deposited
between the front glass and the transparent conducting oxide (TCO) layer, which is an
additional but compatible production process for commercialized thin-film solar cells (Figure
11b).127- %% Besides, this wavelength-selective reflector can also be integrated into the electron
transport layer (ETL) in some types of solar cells, since the TiO2 widely used in the ETL is also
a dielectric material with high reflective index. Through alternated depositing porous SiO>
nanoparticles (low refractive index) and dense TiO; layers on a TCO-coated glass substrate,
Zhang et al.®!! first demonstrated color-tunable and opaque perovskite solar cells in 2015
(Figure 11c). A similar strategy has been successfully employed for a DSSC with TiO; also
serving as the ETL material,l®? while the advantages and disadvantages of this method against

the coating on glass have not yet been fully clarified in literature.

Besides using multilayered dielectric films, another nano-scaled optical structure, named
optical cavity, has been proposed to be capable of well integrating with thin-film solar cells.
According to a study from Lee et al.”! in 2015, a colored a-Si solar cell was sandwiched by
two metal layers (Ag), serving as both the electrode and the reflector (Figure 11d). Such a
metal-semiconductor-metal structure, forming a Fabry-Pérot resonator, could selectively
absorb partial light while reflecting the remaining to present different colors, by varying the
thickness of the semiconductor layer. Nevertheless, its application in opaque solar cells will
inevitably lead to ultrathin photoactive layers and limited light absorption. To deal with this
problem, Park et al.”*! proposed to exploit localized surface plasmon resonances by a single
layer of subwavelength metallic nanowire arrays on a glass substrate, which can achieve strong

reflection in a specific wavelength range, with the spectral reflectance varying along with the
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thickness. Since the function of this method is similar to the Bragg reflector coating, a

comparison between the two techniques in costs and compatibility may be the main concern.

4.3.2 Semitransparent devices

These selective reflectors are generally placed on the top of absorbing materials, otherwise
nearly all VIS light will be absorbed by the photoactive layer. But for semitransparent thin-film
solar cells, whose photoactive layer only absorbs partial light, adding a selective reflector at the
back will be more meaningful, which can be designed to selectively reflect NIR and UV photons
back but only transmit specific VIS light. In this context, the poor performance of
semitransparent thin-film solar cells due to the low photon-harvesting capacity can be improved,
on the condition that a certain transmittance in VIS can still be kept, along with tunable color.
This idea was realized by Bronnbauer et al.l®! through integrating a printed dielectric mirror
into the organic solar cell. Such a dielectric mirror, selectively reflecting NIR and transmitting
VIS, could enhance the Jsc up to 24%. These semitransparent devices can also present different
colors using different layer configurations. To simultaneously reflect photos with wavelength

(9] designed a photonic multilayer, which is,

below 400 nm and above 650 nm, Betancur et al.
otherwise, a non-periodic structure consisting of LiF and MoOs3. This method enhanced the PCE
of a semitransparent organic solar cell by about 26%, along with the transparency in the VIS
maintained at 30%. Based on the photonic multilayer, the authors further demonstrated that the

color of the device can be broadly tuned with a very limited PCE variation (Figure 11e),

opening a door for high-performance and colored semitransparent organic solar cells.

The optical cavity was also applied in colored and semitransparent a-Si solar cells,””) with the
back electrode in opaque devices”! replaced by a transparent one. However, using the
photoactive layer directly as the medium of the optical cavity is not an optimal design, since

most light is either reflected or transmitted. Instead, this optical cavity should be better entirely
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placed at the back of photoactive materials, with a dielectric film as the medium. In this context,
an optical cavity could serve as both an electrode and a color filter, to allow the light only in
desired wavelength range transmit and reflect the other solar spectrum to photoactive materials
to be reabsorbed. In other words, the non-wavelength-selective transparent electrode made by
the ultrathin metal film is here replaced with a wavelength-selective electrode by inserting a
dielectric film into the metal layer (Figure 11f). Some practices can be found in both
semitransparent organic®® %! and perovskite!! 1! solar cells, and commonly Ag was adopted
as the electrode, with the metal oxide materials like indium tin oxide (ITO), WO3, TiO: as the
dielectric film. Due to the good wavelength-selective transmission and easy tunable color, this
technique could be a cost-effective and common strategy for colored semitransparent solar cells

in the future.

5. Challenges and Future Perspectives

Although the development of dedicated PVs for building integrations is not a major focus in
the field of PV research and industry, great achievements have been made in the transparent
and colored BIPV products for both commercialized and emerging PV technologies. After a
systematically review on these achievements, here from a holistic perspective, some future
directions in the following five areas are addressed for special concerns, which are supposed to

be covered by extensive collaborations to accelerate the development of BIPV technologies.

5.1 Novel Design and Processing of Spatially Segmented TPVs

Although the spatially segmented TPV is not a new topic, recently the micro-structured design
achieving visually stealth absorbing materials provides new chances in this filed, but also poses
significant challenges in the manufacture process. For solar PV panels based on well-
established inorganic materials, it is required to develop a timesaving, low-cost and micron-

accuracy processing method for the segmentation of absorbing materials, and its damage to the
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edge of absorbing materials should be minimized. Optimized pattern design is also of vital
importance for achieving a trade-off between easy fabrication and attractive appearance. Rather
than post-segmentation, the method of controlling material growth morphology to form a
discontinues film can be more material-saving and economical, and whether these processing
methods are amenable for mass production is still questionable. Besides, the possible short
circuit due to the contact between cathodes and anodes in areas without absorbing materials

will reduce the Ji, such issue has not yet been well clarified and addressed in literature.

5.2 Improving the Performance of Organic TPVs

The wavelength-selective organic/polymer solar cell holds the most promising candidate for
TPVs with both high PCE and high AVT for now, which has been demonstrated by many proof-
of-concept studies before, while further improvement is still required. Based on the theoretical
analysis, the absorption onset of organic absorbers had better be further red-shifted, which
desires for ultralow-bandgap organic semiconductors. Besides, there exists a huge current
mismatch in the two-junction tandem solar cell based on a UV-harvesting perovskite and a NIR-
harvesting NIR blend,! since the photocurrent generated by photons of UV light is much less
than that by photons of NIR light. A multi-junction structure, such as a triple-junction tandem
solar cell consisting of a high-bandgap perovskite, a middle-bandgap organic blend and a low-
bandgap organic blend, may solve this issue. Moreover, optical optimization of the whole
device should be paid more attention to further improve the EQE of TPV devices, as well as

developing transparent electrodes with high transparency and low resistance.

5.3 Stability and Scalability of Emerging PV Technologies

There are many advantages of emerging PV technologies in developing aesthetic BIPV
products against traditional PV materials, especially for perovskite solar cells and organic solar

cells. Despite enormous potential, the long-term stability and good scalability, encountered as
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the most challenging, must be first addressed before competing with c-Si and those
commercialized inorganic thin-film PV products. Addressing this issue requires combined
efforts from both industry and research labs. Since the BIPV could be a good application
candidate for these emerging PV technologies as means of entering the market, relevant studies
of BIPV field should keep the latest achievements closely, ensuring that the stable and high-
performance BIPV products based on perovskite solar cells or organic solar cells can be realized

as quickly as possible.

5.4 Photonic Management

Photonic management by a functional layer consisting of thin-film or nanoparticle materials
plays a critical role in BIPVs, no matter for the transparency modification or color modification.
Micro-nano optical materials and structures can be introduced to: (1) selectively reflect partial
VIS light and transmit the remaining solar spectrum for opaque PVs with different colors; (2)
selectively transmit partial VIS light and reflect the other solar spectrum for semitransparent
PVs with different colors; (3) modify the spectral transmittance in the wavelength of VIS light
to be uniform for wavelength-selective TPVs requiring a neutral color and a high CRI. To
promote both aesthetic and high-performance BIPV products, more comprehensive studies on
the applications of optical modification materials and structures in solar cells are urgently
required, such as photonic crystals, optical cavities, plasmonic nanoparticles, metamaterials and
surface textures, in order to achieve the desired absorption, reflection or transmission in the

specific wavelength range.

5.5 Determining Cost-effective Color Modification Strategies

Although many strategies have been developed for color modification of solar cells or modules,
works on this topic are dispersed and unsystematic in the past. Efforts should be paid on

quantitatively clarifying the negative impact on the PCE of different methods, as well as their
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costs and abilities for large-scale manufacturing. A general color modification strategy, which
will only introduce weak PCE reduction to solar cells but is low-cost to be achieved in
production lines, would benefit the field. Additionally, cooperation between industry and
scientific research will play a critical role in this stage, especially for those well-established PV

technologies.

5.6 Standard Performance Evaluation

In addition to the indexes like PCE, J-V curve and EQE curve that are generally required for
examining the performance of solar cells, aesthetic quality is also of critical importance to be
accurately evaluated in the research of BIPVs. For neutral-colored TPVs, AVT, CRI and
CIELAB color coordinates are essential, which should be tested and calculated based on the
spectral transmittance of a full device.!'®¥! While for colored opaque solar cells, the spectral
reflectance and CIELAB color coordinates need to be provided and compared with that of the
solar cell without color modification. Angle dependence of the color is also an important index.
Moreover, BIPV usually refers to the installation on vertical facades, where the incident angle
of solar radiation is relatively large, and the irradiation intensity will be usually reduced by the
shadow, thus it is also encouraged to test the performance of a BIPV under conditions of large
incident angle and low irradiation intensity. Moreover, a field test under outdoor real condition

is suggested.

6. Outlook for Large-scale Implementations

To be implemented on a large scale rather than only in demonstration projects, BIPV products
should not only be counted as power generation devices but more as building materials, arising
many critical requirements (Figure 12). This review mainly deals with how the PV field can
provide BIPV products meeting various aesthetic requirements of buildings worldwide. This is

the first step that BIPVs can be widely accepted as building materials by the public since the
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aesthetic is the most intuitionistic factor, and also a factor only depending on the self-effort of

the PV research and industry field.!'%?!

Costs and performance hold the body of BIPV technologies. Fast decreasing of PV costs is a
central factor driving the rapid increasing rate of installation capacity, while prices of BIPVs
have not yet fallen to the same extent. With investment increasing in BIPV markets and
emerging of the above-mentioned advances, it is expected that the costs of BIPV products
should essentially be not much higher than traditional PV products.’) Because of the
compromise among transparency, color and efficiency, the PCE of BIPVs is inevitably lower
than those general PV systems dedicated to power generation. Since differences in light
intensity, irradiation angle, orientation and ambient temperature, the performance of different
BIPV technologies may vary greatly which cannot be reflected by only the PCE tested under
standard conditions. Hence, it is recommended that the yearly energy yield (kWh/m?) in typical
building application environment, which can be obtained by simulations or field tests, should

be provided by the BIPV providers. Relevant test standards need be established.

Durability and safety issue are the foundations. Although commercialized PV systems have
been confirmed to be durable through 25 years or even more over 30 years, the BIPV needs to
further follow requirements in construction sectors, making the standardization of BIPV
systems critical for guiding the development. Based on existing standards for both construction
products and electrical components, general standardization and certification for BIPV

materials, modules and systems are urgent to be established.!'*!

In addition to these self-factors, extrinsic drivers and restraints also play critical roles in the
development of BIPV markets to a large scale (Figure 12). Basic research in advanced BIPV

technologies, which are addressed in this review, requires more efforts to promote the
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technology conversion from laboratories to industries. In the last decade, economic incentives
have played significant roles in promoting the development of PV markets, and policies on
advocating building energy saving are also driving the application of solar technologies in
buildings. However, most countries have not yet identified specific incentives for BIPVs, which
may be adverse for the BIPV market in the early stage when prices are relatively high.[1%4
Public awareness and extensive collaboration are more highlighted in BIPV markets against
traditional PV markets since BIPV products are so close to people's daily lives while not widely
recognized by the public. Effective communications among PV industries, construction sectors
and the public should be established, only on which condition that BIPV products addressing

real needs can be quickly developed and spread.!!®!

Sunlight is a fortune belonging to all people worldwide, no matter the race, region and economic
level. Throughout history, solar energy utilization is always and has been a skill that is
incorporated to our daily routine. Solar PVs, which emerge in the last several decades as the
most concerned solar technology now, are expected to be very cheap, widespread, and common
things all over the world. While aimless ‘evolution’ will ultimately lead to the most appropriate
technology, the urgency of accelerating the energy transition necessitates a targeted progress of

PV technologies, which is exactly the major prospect of this paper.
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Figure 1. a) Worldwide primary energy consumption by different end-use sectors. Data
extracted from BP Energy Outlook.!!! b) Energy transformation pathways to 2050 in buildings
promoted by IRENA. Data extracted from IRENA."?I ¢) Worldwide BIPV commercial market
revenue: 2018-2026, predicted by n-tech Research, 2017. Data extracted from Ballif et al.l°l.
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Figure 2. Schematic diagram of color and transparency of solar PVs. a) Diagram of routine PV
modules that are opaque and commonly have black or dark-blue appearance. In these PV
modules, visible light (VIS) is almost completely absorbed. b) Diagram of opaque PV modules
that are modified to display chromatic colors. Partial VIS must be selectively reflected to
present color in these PV modules. ¢) Diagram of transparent PV which is neutral-colored. VIS
should be uniformly transmitted in part or whole to promise the neutral color. d) Diagram of
colored and semitransparent PV. Various colors can be achieved by modifying diverse spectral
transmittance in the wavelength of VIS. Photographs reproduced with permission from: a)

Ustun et al.l'%] Copyright 2019 Elsevier; b) Perret-Aebi et al.['%”], Copyright 2014 CSEM,; c)
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Traverse et al.>!l, Copyright 2017 Springer Nature; d) Cui et al..”?), Copyright 2017 WILEY-
VCH.
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Figure 3. a) Shockley-Queisser detailed-balance efficiency limit (S-Q limit) and the present-
day efficiency records of various solar cells. Solar cells are classified into 4 groups when
considering their applications in BIPV, depending on whether they are commercialized and
whether they have rare or toxic elements in semiconductor materials. The data of efficiency
records extracted from Green et al.”). b) External quantum efficiency (EQE) curve of different
types of solar cells with record efficiency, showing that the high-efficiency solar cells absorb
almost all the visible light. The shadow behind the figure is the distribution of AM1.5 solar
spectrum, and the chromatic region is the CIE 1924 photopic luminosity function which gives
the range of VIS. EQE data extracted from ref.l'% (c-Si), ref.!%! (perovskite), ref.['!% (CIGS),
ref.l"!!) (a-Si), ref.] (CdTe), ref.l) (organic).
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Figure 4. Schematic illustrations and theoretical analysis of spatially segmented TPVs. a)
Schematic diagram presenting that the transparency is achieved by adding the space between
opaque absorption materials, with the bottom figures showing two typical patterns. b)

Transmittance as a function of wavelength, which equals to the void fraction in ideal cases
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when wavelength is smaller than the cut-off value. ¢) Schematic showing that in ideal cases,
increasing AVT reduces short-circuit current Jy. proportionally, while having few impacts on

the value of open-circuit voltage V,. multiplying fill factor FF" when AVT is not so big.
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Figure 5. a-¢) Examples of spatially segmented TPVs made by post-processing of absorption
materials. a) a semitransparent c-Si submodule made by silicon strips. Reproduced with
permission.[**! Copyright 2007 Evan Franklin et al. b) a semitransparent a-Si module made by
laser scribing of a-Si films. Reproduced with permission.*”l Copyright 2020 Elsevier.
Schematic of ¢) making semi-transparent thin-film solar cells by laser scribing and d) making
semi-transparent silicon solar cells by chemical etching. €) A neutral-colored semi-transparent
c-Si solar cell with its absorption materials undetectable: 1) photograph, 2) schematic showing
light transmits through micro-holes, and 3) the PCE as a function of AVT. Reproduced with
permission.!?8! Copyright 2020 Elsevier.

f-h) Examples of spatially segmented PV cells made by controlling the solution-based
fabrication process of perovskite thin films. f) A perovskite grid structure pattern formed by
self-assembly: (top) device structure; (bottom) UHR-SEM image of the perovskite grid.
Reproduced with permission.*® Copyright 2015 WILEY-VCH. g) Perovskite islands
fabricated by controlling the de-wetting process: (top) device structure; (bottom) SEM image

37



OCoO~NOUAWNE

of the perovskite islands and the photograph. Reproduced with permission.l*!! Copyright 2013
American Chemical Society. h) The fabrication process of a patterned perovskite film based on

SiO, honeycomb scaffold template. Reproduced with permission.[**) Copyright 2017 Elsevier.
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Figure 6. Working principles and theoretic analysis of wavelength-selective TPV. a) Schematic
showing a wavelength-selective TPV device selectively absorbs UV and NIR light while
transmits VIS light. b) Ideal EQE curves of a wavelength-selective TPV device, showing that
AVT increases by reducing EQE only in the wavelength of VIS. Ideally, the EQE plus
transmittance (7)) should equal to 1 as there is no reflection. ¢) PCE limit of single-junction
TPVs, as a function of the bandgap, calculated based on the work of Lunt et al.l'?l. d)
Comparison of S-Q limit PCE in a wavelength-selective TPV and in a spatially segmented TPV,
as a function of AVT, calculated using Si (E;=1.12 eV) as an ideal absorber.
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Figure 7. Wavelength-selective TPV Devices with a High AVT. A UV-selective TPV based
on a perovskite material with high bandgap: a) absorption spectra of MAPbCl».4Bros as the
photoactive layer; b) the transmission, EQE and photograph of the TPV device. Adapted with
permission.[*®! Copyright 2018 Elsevier. An organic TPV using NIR-sensitive PBDTT-DPP as
donor and PCBM as the acceptor: c) absorption spectra of PBDTT-DPP and PCBM;d) the
transmission, EQE and photograph. Adapted with permission.[*!! Copyright 2012 American
Chemical Society. An organic TPV using both a low-bandgap donor (PTB7-Th) and acceptor
(FOIC): e) absorption spectra of PTB7-Th and FOIC; f) the transmission, EQE (the dotted line
is the standard cell and the full line is the cell with a 1D nanophotonic structure) and photograph.
Adapted with permission.l*>! Copyright 2019 WILEY-VCH. A tandem TPV with both high
AVT and efficiency, made by ultralarge - bandgap perovskite as the top subcell and ultralow-

bandgap organic materials as the bottom subcell: g) absorption spectra of FAPbBr2.43Clo 57,
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PTB7-Th (donor) and 6TIC-4F (acceptor); h) transmission and EOE of the tandem device.
Inserted photographs show (from left to right) a perovskite single-junction, organic single-
junction, and tandem TPV, respectively. Adapted with permission.l*”! Copyright 2019 WILEY-
VCH.
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Figure 8. Neutral-colored transparent luminescent solar concentrators (LSC). a) Schematic
showing the working principle and structure of LSCs, which are made of polymer waveguides
incorporating chromophores and edge-mounted solar cells. b) Schematic diagram of absorption
(black) and emission (red) spectra of chromophores which could be used for neutral-colored
(semi-) transparent LSCs. From top to bottom: absorption in UV and re-emission in NIR,
absorption in NIR and re-emission in deeper NIR, absorption in a larger spectral coverage and

re-emission in NIR. c-e) Representative LSC devices, including photographs and the absorption
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and PL spectra of the incorporated chromophores. ¢) Adapted with permission.!’!! Copyright
2018 American Chemical Society. d) Adapted with permission.!®?l Copyright 2014 WILEY-
VCH. e) Adapted with permission.[%! Copyright 2015 Springer Nature.
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Figure 9. Design principles and methods for modifying solar cells’ colors. a) A Schematic
showing factors determining the color of an object. From left to right: CIE1931 D65 light
intensity and AM1.5 solar spectrum, reflection spectrum of an object, CIE1931 color-matching
functions representing the chromatic response of a standard observer, and CIE1931 color space
chromaticity diagram. CIE standard data obtained from the database of CVRL.I''?l b)
Schematic showing that by bandgap tuning, the cut-off wavelength of absorbing materials in
solar cells can shift into the wavelength range of VIS, resulting in different spectral reflectance
and also a great influence on the EQE. The right photograph shows FAPb/[I1.x)Br./3 films with
Br composition varying from x=0 to 1. Reproduced with permission. '3 Copyright 2016
Science (AAAS). ¢) Schematic showing that by optical engineering, solar PVs could selectively
reflect part of VIS light to present colors, with EQE reduced only in that wavelength range. The
right photograph shows some colored c-Si solar cells. Reproduced from with permission.!®”!

Copyright 2020 Elsevier.
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Figure 10. Practices of color modification on c-Si PV modules. a) The structure of a typical c-
Si PV module. b) Schematic showing the inner side of the glass cover is coated with the Bragg
Reflector which is made by alternating low and high refractive index dielectric materials, and
a photograph of a c¢-Si solar cell under such a coated glass showing red color. ¢) Schematic
showing modifying the appearance of PV module by adding an interlayer, which is made by
printing specific patterns or images on a transparent film with semitransparent ink, and a
photograph of a PV module with brick-like appearance. d) Schematic showing that c-Si solar
cell can show various colors by modifying the anti-reflection coating (ARC). From left to right:
structure of the front surface of c¢-Si solar cells, with ARC coating on the top; the simulated
spectral reflectance of c-Si under glass, showing the influence of the thickness of single-layer
ARC; and photographs of colored solar cells made by modifying the ARC. Inserted photographs
are reproduced with permission: b) Soman et al.l’’, Copyright 2019 Elsevier; ¢) Slooffet al.l8!],

Copyright 2017 EUPVSEC; d) Zeng et al.®>!, Copyright 2014 Elsevier.
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Figure 11. Practices of color modification on thin-film solar cells. a) Schematic illustration of
light reflection, absorption and transmission in a thin-film solar cell. b) Structure of a regular
a-Si PV module and a colored module made by adding a wavelength-selective reflection layer
on the glass, as well as photographs of colored a-Si BIPV modules. Reproduced with
permission.[*”] Copyright 2020 Elsevier. c¢) Perovskite solar cells with alternating layers of
dense TiO2 and porous SiO; forming a Bragg mirror to selectively reflect light: (left) device
structure, (right) varying device colors by a different configuration of the Bragg mirror.
Reproduced with permission.!! Copyright 2015 American Chemical Society. d) Colored solar
cells based on the a-Si absorber and a Fabry-Pérot (F-P) resonator formed by a metal-
semiconductor-metal structure: (left) device structure, (right) photographs of colored devices.
Reproduced with permission.”®! Copyright 2014 Springer Nature. ¢) Four semitransparent
organic solar cells with different colors formed by using non-periodic photonic crystals, with
colors tuned by varying the thickness of photonic crystal layers. Reprinted with permission.*®
Copyright 2013 Springer Nature. f) Schematic showing the structure of a thin-film solar cell
integrated with the optical microcavity, which is composed of the dielectric layer sandwiched
between the metal cathodes and could selectively transmit light by altering the thickness of the

dielectric layer.
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Figure 12. Schematic illustration of factors critical for the large-scale implementations of BIPV
technologies. BIPV products must balance aesthetic, cost, performance, durability and safety
for large-scale implementations. Besides, external conditions such as basic research,
governmental policy, public awareness and extensive collaboration will play critical role in the

advance of BIPV technologies and their implementations.
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Advances in solar photovoltaic technologies for the building integration are reviewed, with the
focus on the transparent photovoltaic and the colored photovoltaic. Theoretical analysis,
technical routes concerning materials and device structures, are highlighted for analyzing
different methods. Finally, perspectives are presented to provide suggestions for further

improving the performance of aesthetic building-integrated photovoltaics.
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