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Abstract The electricity consumption of buildings is tremendous; moreover, a huge amount of electricity is lost
during distribution. Taking away this consumption can significantly reduce energy demand and greenhouse effect gas
emission. One of the low-cost and renewable solutions to this issue is to install photovoltaic panels on the buildings
themselves, namely, building-integrated photovoltaics(BIPVs). Using this technology, power generation roofs,

windows, and facades can harvest solar radiation and convert to electricity for building power consumption.
Semi-transparent perovskite solar cells(ST-PSCs) have attracted tremendous attention for the power generation win-
dows, due to the excellent photoelectric properties, versatile fabrication methods, bandgap tunability, and flexibility.
Here, an overview is provided on the recent progress of ST-PSCs for BIPV, which mainly focuses on the control of

perovskite morphology, optical engineering for an efficient and semi-transparent ST-PSC. We also summarize recent
development on various transparent electrodes and present prospects and challenges for the commercialization of

ST-PSCs.
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1 Introduction

Fast global urbanization and environmental pollution have
provoked a search for an eco-friendly source of renewable
energy. Solar energy is the most abundant sustainable energy in
the world. Whereas, due to the relatively high cost, the wide-
spread photovoltaic installation was hindered. In 2018 photo-
voltaic technologies only stood for 3% of the worldwide total
energy demand!!. According to the commercial buildings
energy consumption survey in 2016, the total annual electricity
consumption of buildings in the United States is 25 TWh,
which accounts for nearly 40% of the total energy demand!.
Taking away this consumption can significantly reduce energy
demand and environmental pollution.

Green buildings should design along with a sustainable
principle so that it can produce all the energies it needs by itself.
Currently, the dominant product for building-integrated photo-
voltaics(BIPVs) in the market is opaque silicon solar cells. The
opaque photovoltaics modules, which can only be mounted at
the limited rooftop, is not a desirable solution in densely
packed cities™. Still, it has the potential to cover 38.6% of the
total electricity generation in the United States. In contrast, the
power generation windows in buildings are assumed to be a
practical solution to reach the ultimate target of self-sustaining
buildings in cities. Because the electricity generated by the
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newly emerged semi-transparent photovoltaic device(ST-PV)
integrated on facades, windows, skylights of commercial and
residential buildings is enormous compared with rooftop pho-
tovoltaic modules™*,

The newly emerged organic-inorganic perovskite(PVSK)
is a promising candidate as the photon absorber of ST-PV. Over
the past few years, the progress of power conversion efficien-
cy(PVSK) has been boosted at an unprecedented rate in terms
of power conversion efficiency(PCE), device longevity and less
871 The efficiency has reached a record high of
25.2%(certified) in 2019%®). However, considering its applica-
tion in the power generation windows, the toxicity, and stability

toxicity'

issues associated with PVSK are the main concerns before its
real-life application. Luckily, the long-term stability of PVSK
has been significantly improved through strategies, such as the
defects passivation, PVSK composition modification, etc.!”’. A
lifetime of 10000 h was achieved for perovskite solar
cells(PSCs) under continuous one sun AM 1.5 G illumination at
an elevated temperature of 55 °CI'%. Another attractive feature
is the ability to tune its bandgap from 1.48 eV to 2.3 eVII—13,
which indicates the possibility of colorful ST-PSCs. Besides,
the low-temperature processability of PVSK offers the potential
of large-scale manufacture of cost-effective solar cells with a
short energy payback time.

Here, we provide an overview of the recent development
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in ST-PSC for BIPV, which mainly focuses on the control of
PVSK morphology and optical engineering for an efficient
semi-transparent PVSK. This includes the ultra-thin light active
layer, micro island-type structures, and nanostructure PVSK.
We also summarise the recent progress of transparent and con-
ductive top and bottom electrodes. In the end, we present pros-
pects and challenges for the commercialization of ST-PSCs.

2 Semitransparent PVSKs

Unlike conventional photovoltaic products, which are
mainly evaluated by PCE, ST-PV should harvest enough solar
radiation and convert it to electricity for building consumption.
On the other hand, they need to transmit a certain port of day-
light to illuminate indoor space. Therefore, the trade-off be-
tween the electricity generation and light transmittance re-
quirements should be balanced for ST-PV. The transparency of
solar cells can be improved by reducing the thickness or sur-
face coverage of the light-active layer. However, these strate-
gies will lead to a sacrifice of device PCE ultimately.

The recognition of the human eyes is different from the
spectrometer. The light scattering from a rough surface will
cause less visual transparency to the human eyes, even though
the transparency measured in the spectrometer is high. More-
over, from the luminosity of human perception shown in
Fig.1(A), human eyes are sensitive to green light(A=550 nm)
but less sensitive in the blue and red ranges!'¥. Harvesting
photons in those less sensitive regions is a feasible way to
achieve high visual transparent ST-PSCs without compromising
efficiency. Therefore, in order to achieve high visual transpa-
rency, the light scattering from a rough surface, and the human
luminosity factor should be taken into consideration.

There are a few figure-of-merits for transparency of
ST-PSCs; for instance, average visible transmittance(AVT),
luminosity, and optical scattering!'™). AVT is the most com-
monly used index. Demonstrated in Eq.(1), AVT can be deter-
mined by the average transparency in the visible wavelength
range(400—760 nm) based on the photopic response of the
human eyes. Though the requirement of AVT is determined by
its application, in general, an ST-PSC with AVT of 20%—30%
is already acceptable for the power generation windows!'®.
The luminosity is human visual sensitivity to light; the
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wherein, 4 is the wavelength, S(1) is the solar energy flux
(AML1.5 100 MW/cm?) at A, T(2) is the transmittance at A, P(1)
is the photopic response of human eyes at /.

Generally, the ST-PV with a neutral color is favorable for
the majority power generation windows, which allows for oc-
cupants to link to the outsides. However, sometimes it is pre-
ferred to have ST-PV with different colors with decorative
purposes.The Commission International de L'Eclairage(CIE)
1931 chromaticity diagram is a widely adopted method to eva-
luate human visual color perception. Fig.1(B) and (C) show the
CIE XYZ standard observer color matching functions and the
CIE 1931 color space chromaticity diagram, respectively. The
tristimulus values(X, ¥, Z) and the color coordinates(x, v, z)
were calculated from the device transmittance spectra, using

the following formulal";
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wherein X(A), ¥(A), Z(A) are the standard observer color
matching functions.
Colorful PSCs have been achieved through several strate-

U8 inte-

gies, such as the modification of PVSK morphology
gration of a porous photonic crystals scaffold!”’, incorporations
of plasmonic color filters”, and deposition of luminescent
down-shifting layers®!). Most widely reported colorful

ST-PSCs are realized by tuning the bandgap(£,) of PVSK. With
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Fig.1 Protanopic(green) and deuteranopic(red) luminosity functions(A)(for comparison, the standard

photopic curve is shown in yellow), the CIE XYZ standard observer color matching functions(B)

and the CIE 1931 color space chromaticity diagram(C)

(A) Reprinted with permission from ref. [14].
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the formulation of ABX;, the bandgap of PVSK can be easily
tuned by managing positions of A
[methylammonium(MA) or formamidinium(FA) and caesium
(Cs) cation] with B being lead(Pb), tin(Sn), and X being a
halide(I, Br, or Cl). The substitution of I with Br increases the
E, of mixed halide PVSK, which leads to a color tunability
from dark brown to yellow. Take CsPb[I(,_,)Br,];, MAPb
[I(,_0Br,]s, FAPb[I(,_,)Br,]; for example, the E, increased from
1.73 eV to 2.38 eV *, 1.58 eV to 2.28 eV!'?), and 1.48 eV to
2.3 eV respectively, with improving the Br concentration.
Besides, slightly replacing FA or MA with inorganic Cs cation

results in a PVSK with a bandgap shift and a better mois-
[24]

elements at

ture-tolerance’

In this section, we have summarized recent strategies
toward efficient ST-PSCs, for instance, ultra-thin active layers,
and decreasing surface coverage of PVSK by the formation of
micro island-type structures and nanostructure PVSK. More-
over, the performances of ST-PSC via different approaches
were discussed.

2.1 Ultrathin Active Layers

Obtaining a continuous ultrathin PVSK layer is a common
and practical approach for achieving an efficient ST-PSC*> "1,
The tunable transparency of PVSK thin-film can be obtained by
controlling its thickness, which was realized by the
spin-coating method with low concentration precursor solu-
tion®” and vacuum thermal evaporation technique. The surface
roughness plays a vital role in the visual transparency of PVSK
thin-film, as the light scattering can be suppressed by the for-
mation of the ultra-smooth top surface of PVSK thin-film{*>**!,
Besides, to achieve a high V. and high shunt resistance, a
compact thin-film without any pin-hole is required. Therefore,
it is feasible to achieve an efficient ST-PSC with high visual
transparency through the optimization for a smooth and
pin-hole free PVSK thin-film.

However, the ST-PSCs based on ultrathin PVSK suffer
from the optical appearance of reddish-brown and cannot rea-
lize the desired neutral color ST-PSCs. This can be ascribed to
the traps states near the conduction band minimum and valence
band maximum in the polycrystalline PVSK. As a result, its
absorption coefficient increased monotonically from the
bandgap.

Ono et al.®? achieved ST-PSCs with a PCE of 9.9%
(V5=1.09 V) based on PVSK thin-film with a thickness of 135
nm. You et al.®" fabricated continuous PVSK thin-films with
thickness ranging from 150 nm to 350 nm through a one-step
spin-coating method. To achieve ST-PSCs with high visual
transparency, Kim et al.P¥ fabricated an ultra-smooth PVSK
thin film through a spin-coating method in combination with
vacuum drying. The low roughness PVSK thin film(<6 nm)
suppresses the light scattering to the point less than 2%. The-
reafter, to improve the performance of ST-PSCs, Jung et al.?”
tried to optimize the energy band diagram by replacing the
commonly-used hole transport layer(HTL) poly(3,4-ethylene-
dioxythiophene):poly(styrene  sulfonate)(PEDOT:PSS) with
copper thiocyanate(CuSCN). As a result, the potential energy

loss at the interface between PVSK and HTL was reduced. The
corresponding energy band diagram was demonstrated in
Fig.2(A). The performance was significantly improved via
interface engineering. The efficiency of the opaque device im-
proved from 12.1%(the control PEDOT: PSS-based one) to
16.0%(CuSCN-based device). Furthermore, demonstrated in
the Table 1, by increasing the thickness of PVSK thin-film, the
PCEs of their ST-PSCs were boosted from 7.33% to 10.06%
with a tunable AVT of the device varying between 37.5% and
13.0%. Notably, a record high V. of 1.07 V for an ST-PSC was
achieved. Shown in Fig.2(B), however, the transmittance of
PVSK thin-film increased monotonically from the bandgap.
The inset photograph of a semi-transparent device shows a
brownish color appearance. To quantify the color properties of
ST-PSCs, the corresponding color coordinates on CIE 1931 are
illustrated in Fig.2(C). The color coordinates based on PVSK
with different thicknesses(140, 180, and 240 nm) are (0.451,
0.398), (0.457, 0.403), and (0.468, 0.416), respectively, which
needs further optimization to achieve a neutral color cell.

Despite that the success fabrication of ST-PSCs is based
on ultrathin active layers through the solution process, the
manufacture of large-area PVSK continuous thin-films remains
challenging, which hinders its further practical implementation.
In fact, the evaporation method is a cost-effective method for
mass productionm*m. For instance, a centimeter- scale PSC(5
cmx5 cm) with a PCE of 9.9% was already obtained through
thermal evaporation®®®!. Moreover, the flexibility of transpa-
rency and efficiency management can be realized by control-
ling the thickness of PVSK during vacuum thermal evapora-
tion®!. Reported by Rold4n-Carmona et al.®), with the thick-
ness of PVSK varied from 40 nm to 280 nm, the average
visible transmission of the active layer(AL-AVT) reduced from
45% to 19%, whereas the device PCE based on this thin-film
boosted from 3.39% to 7.73%. After that, Chen et all”
reported the use of a dual-source vacuum evaporation method
to fabricate high-quality CsPbBrj; thin films. A record-high PCE
of 7.78% for a CsPbBr;-based planar PSC was reported. The
cross-section SEM image of the CsPbBr;-based PSCs is shown
in the Fig.2(D). The CsPbBr; thin film demonstrates
semi-transparent property and completely UV light blocking.
Shown in Fig.2(E), the average visible transmittance of
CsPbBrj thin-film reaches up to 90.9% for visible light in the
range from 530 nm to 800 nm. Apart from the excellent optical
properties, the CsPbBr; based device demonstrated impressive
photostability against the UV-light irradiation, which means it
is a promising candidate for the top cell of the tandem
device®®?). Therefore, Chen er al.*” fabricated four-terminal
tandem solar cell with a top cell of the CsPbBr;-based PSCs
and a bottom cell of an organic solar cell, with the correspon-
ding external quantum efficiency(EQE) spectra illustrated in
Fig.2(F).

2.2 Micro Island-type Structures

Compared with the reddish-brown PVSK thin film, the
microstructure PVSK exhibits a color-neutrality, which is
preferred for the power generation windows. There are two
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Fig.2 Corresponding energy band diagram relative to vacuum level(A), UV-Vis transmittance of the semitrans-
parent PVSC devices with different thicknesses of perovskite layer(inset is a photograph of a semitrans-
parent PVSC device with a perovskite layer of 180 nm in thickness)(B), the representation of color coordi-
nate of the semitransparent PHJ PVSCs with different thicknesses of perovskite layer on CIE 1931 chro-
maticity diagram(C), cross-section SEM image of a PSCs with the structure of glass/ITO/ZnO/CsPbBr;/
spiro-OMeTAD/Au(D), transmittance of the vacuum-evaporated 450 nm thick CsPbBr; film(inset: crystal
structure of the CsPbBr; film and photograph of the library at Soochow University, taken through a
vacuum-evaporated CsPbBr; film)(E) and EQE spectra of a CsPbBr;-based top semitransparent solar cell

and a bottom the organic solar cells(F)

(A)—(C) Reprinted with permission from ref.[27]. Copyright 2015 Wiley-VCH; (D)—(F) reprinted with permission from ref.[39].

Copyright 2018, Wiley-VCH.

suggested approaches, including the partial dewetting of the
substrate and the use of a honey comb-shaped oxide template.

The strategy towards ST-PSCs with the neutral transmis-
sion of light was proposed by Eperon et al.l*”. As shown in
Fig.3(A) and (B), the light active layer based on microstructure
PVSK “islands” was successfully fabricated by partial dewet-
ting the substrate. The photo of the PVSK is shown in Fig.3(C);
the grain size of PVSK “islands” is small enough to appear
continuous to the human eyes, but large enough to enable the
light transmission between two neighboring PVSK islands. The
transparency of PVSK film can be controlled from close to 0 to
80% by changing the surface coverage. Notably, due to the
adequate thickness of microstructure PVSK, most visible light
was absorbed by the PVSK layer. This results in a neu-
tral-colored PVSK. To evaluate the color-neutrality of ST-PSCs,
the corresponding color coordinates on CIE 1931 are displayed
in Fig.3(D).

Later on, Eperon e al™! tried to replace the MAI with
FAI and achieved a more efficient ST-PSC based on similar
microstructure PVSK. The device architecture diagram is
shown in Fig.3(E). And the tilted and cross-sectional SEM
images of the device are shown in Fig.3(F) and (G), respec-
tively. Both the FA-based device and MA-based device demon-

strate a neutral-colored semitransparent. Notably, shown in
Table 1, such an FA-based device shows a PCE of over 5% at
AL-AVT of almost 30%. As demonstrated in the J-J characte-
ristics of MA- and FA-based devices[Fig.3(H)], the FA-based
device(PCE=7.4%, AL-AVT=33.6%) demonstrates a higher
efficiency and suppressed hysteresis behavior compared with
an equivalent MA-based device(PCE=4.9%, AL-AVT=40.5%).
Moreover, as shown in Fig.3(I), the angular dependence of
photocurrent suggests that microstructure PVSK based devices
possesses excellent performance at non-normal angles, which is
superior to the commercial silicon solar cell. The excellent
performance at high incident angles can be attributed to the
light absorption by the edges of the PVSK islands. Despite the
success fabrication of ST-PSC with color-neutrality, the photo-
voltaic performance of this microstructure PVSKM**! is much
lower than that of the typical ST-PSCs based on a continuous
thin film(Table 1)?**"#?! This can be ascribed to the incom-
plete coverage of PVSK on a substrate in microscale. The
presence of regions that electron transport layer(ETL) and HTL
directly contact causes the formation of a “shunt resistance”
which leads to a loss of V,[**).

To suppress the undesired effect come along with the
electronic contact of the HTL and ETL  , Horantner er al.*!
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Fig.3 Semi-transparent neutral-colored perovskite solar cells

(A) Diagram showing the architecture of the dewetting planar perovskite heterojunction solar cell; (B) tilted cross-sectional SEM image of a full
semitransparent solar cell showing the perovskite islands coated with spiro-OMeTAD; (C) photograph through a typical semitransparent
perovskite film formed on glass, demonstrating neutral color and semitransparency; (D) color coordinates of the films on the CIE xy 1931 chro-
macity diagram, and the enlarged central region. Color coordinates of a thin continuous perovskite film, a D102 dye-tinted cell(perovskite+
D102/spiro-OMeTAD, 5 mg/mL indolene dye termed D102 in spiro-OMeTAD), the D65 standard daylight illuminant, and AM1.5 illumination are
also shown; (E) diagram of the device architecture employed,; tilted(F) and cross-sectional(G) SEM images of a full semitransparent FAPbI; solar
cell showing the islands of perovskite coated with spiro-OMeTAD; (H) J-V characteristics of MAPbI; and FAPbI; solar cells, measured under
simulated 100 mW-cm 2 AM1.5 illumination, for both the measured data(solid lines) and that calculated for just one light pass(dashed lines)(inset
is a photograph of a fully semitransparent FAPbI3 device including the laminated transparent cathode); (I) angle-dependent photocurrent extracted

from FAPbI; and MAPbI; semitransparent solar cells, compared to that extracted from crystalline silicon(c-Si) and polycrystalline silicon(poly-Si)
devices. 0° represents light incident at the normal; light incident at 90° is coming completely from the side of the device. Dashed lines take into
account the reduced footprint of the solar cell with an increased illumination angle to represent the power output from a module in operation.
(A)—(D) Reprinted with permission from ref.[40]. Copyright 2013 American Chemical Society; (E)—(I) reprinted with permission from ref.[41].

Copyright 2014 American Chemical Society.

reported the use of colloidal monolayer lithography to intro-
duce a highly ordered honeycomb structure into the PVSK.
Due to the honeycomb scaffold, the regions that directly con-
tact HTL and ETL were suppressed. This results in the red-
dish-brown ST-PSCs with an AL-AVT of around 37%. Notably,
shown in Table 1, compared with the control device, the pattern
PVSK device demonstrated a higher V. and FF. The ordered
microstructure PVSK based ST-PSCs achieved a record high
PCE of 9% with relatively high AL-AVT of 37%. However, the
optical scatte- ring from the rough surface of a light-absorber
will lead to poor visual transparency to the human eyes, even
though the transmittance measured is high™!. Hérantner e
al. ™ believed the future work can be the optimization of tem-
plate pore size and the distribution to suppress the light scatte-
ring from the rough surface of PVSK.

After that, Zhang et al.*¥ proposed the use of SiO, ho-
neycomb structure to pattern a highly-ordered microstructure
PVSK thin-film. First, large-scale monolayer colloidal crystals
were fabricated by colloidal self-assembly™®!. Then, the poly-
styrene shell was precisely removed layer-by-layer via O,

plasma etching!®. Thus the diameter of microspheres can be

controlled by varying O, plasma etching time. After the infil-
tration of the PVSK precursor solution, SiO, honeycomb struc-
ture patterned PVSK was obtained. As a result, a near-neutral-
colored semitransparent PVSK film with 38% AL-AVT was
achieved. ST-PSCs based on these demonstrated a record high
PCE of 10.3%(V,.=0.98 V).

2.3 Nanostructure PVSK

Along with the development of ST-PSCs, the transmit-
tance of PVSK has been successfully enhanced via the methods
mentioned above. However, these methods inevitably result in
a loss of PCE. To improve visual transparency without sacrifice
the overall performance of solar cells, the light scattering and
human luminosity factor™*” should be taken into account.

In contrast to unfavorable optical scattering from micro-
structure PVSK, the nanoscale structure can smooth the surface,
which results in good visual transparency. Moreover, nano-
engineering templates were proved to be an effective way to
stabilize the cubic black phase of PVSKI** . The anodized
aluminum oxide(AAO) was employed as a scaffold layer to
achieve a 1D nanostructured semitransparent PVSKPZ,
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Impressively, as shown in Fig.4(A) and (B), the transparency of
PVSK can be precisely controlled by varying the AAO pore
size and height. Moreover, with the introduction of a transpa-
rent cathodic electrode, which combined with indium tin oxide
with a buffer layer(MoO,), a high-performance ST-PSC is
obtained with a PCE of 9.6% and a whole device AVT of
33.4%. Notably, verified in impedance spectroscopy analyses
[Fig.4(D)], internal ion diffusion was significantly suppressed.
As a result, as demonstrated in Fig.4(E), the AAO scaffold
layer-based, nanopillar structured PVSK solar cell has no hys-
teresis behavior. Moreover, due to the self-packing of AAO, the
long-term stability of the device under continuous illumination
was improved.

As shown in Fig.4(F), human luminosity is different for a

photon with different wavelengths!”

. Therefore, harvesting
photons in those less sensitive regions is a feasible way to

achieve high visual transparent ST-PSCs without compromising
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efficiency. Concept of the visual transparency enhancement for
ST-PSCs by considering the human luminosity factor was pro-
posed by Kim et al.'”). The ST-PSCs harvesting photons in the
less sensitive blue and red ranges were fabricated. Shown in
Fig.4(F) and (G), plasmonic silver nanotubes were utilized to
improve the absorption of the photon in the red and deep-red
ranges. The enhancement of red-light absorption was attributed
to the plasmon coupling between transparent electrode and
silver nanotubes™ >*!. On the other hand, as demonstrated in
Fig.4(F) the light absorption of MAPDI; is higher at a short
wavelength. Therefore, ST-PSCs harvesting lights in blue and
red ranges were achieved. With a result, their strategy remarka-
bly improved the performance of ST-PSCs, in terms of PCE,
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Fig.4 Performance of nanopillar-structured perovskite devices with different AAO template/

perovskite layer thicknesses

(A) Schematic showing spin-infiltrated perovskite layers in AAO templates with thicknesses of 150, 220, 300, 350, 440, and 610 nm;
(B) pictures of the nanopillar-structured perovskite devices with different AAO template/perovskite layer thicknesses(prepared without Au
cathode). The dotted line in the first picture indicates the area where the AAO template exists(active area); (C) cross-sectional SEM image
of a nanopillar-structured perovskite solar cell with an ITO cathode and a thickness of fpysk=280/tar0=350; (D) Nyquist plots for
spin-coated planar and spin-infiltrated nanopillar-structured perovskite cells, measured under 1 sun illumination with an applied forward
DC bias of 0.4 V; (E) J-V curves for the two devices as a function of scan direction: positive(Jse— Vo) and negative(Vo— Ji). Both
samples described here are composed of perovskite layers with nearly the same thickness(=150 nm); (F) concept of the visual transparency
improvement of the semi-transparent solar cells by considering the human luminosity curve; the structure(G) and the energy diagram(H) of
PVSCs with electrode-coupled plasmons(ECPs). (A)—(E) Reprinted with permission from ref.[52]. Copyright 2016, Wiley-VCH; (F)—(H)
Reprinted with permission from ref.[47]. Copyright 2017, Nature Publishing Group.
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3 Transparent Electrode for ST-PSCs

Another challenge for an efficient ST-PSC is engineering
the electrode maximum transparency, which has been exten-
sively studied for years to transmit enough light without com-
promising charge collection. Shown in Table 1, the transparent
conductive oxides(TCOs), including indium tin oxide(ITO)P®,
oxide(FTO)P™%,
, and aluminum-doped zinc oxides!®?®¥ have been
widely utilized as a bottom electrode for solar cell, due to their
excellent transparency, low sheet resistance(R=5—20 Q/sq),
effective charge collecting and robust stability.

fluorine-doped  tin
[59—61]

indium-doped  zinc
oxide

However, the requirements for the top electrode of
ST-PSCs are more critical. Apart from the excellent electrical
and optical properties, the work function and deposition me-
thod are vital for achieving a high-performance solar cell. Few
works have utilized TCOs as top electrodes, the main constraint
stems from the damage of soft PVSK layer by the magnetron
sputtering of TCOs!®*l. Even though, people tried to avoid this
damage by incorporating a protecting layer between PVSK and
TCOsP¥%4 the mainstream transparent and conductive mate-
rials for the top electrode are thin metal layers(AuP®, Agl®),

[25,66—68] [30,69]

carbon materials , metallic nanowires and dielec-

tric-metal-dielectric(DMD) multilayer!®”",

3.1 Ultrathin Metal Film

The ultrathin metal film is a cost-effective material for
large-area production. But there is a trade-off between transpa-

rency and conductivity for the ultrathin metal film top electrode.

The morphology of metal thin film gradually changed from a
continuous thin film to an island structure, as the thickness of
the metal thin film decreased. As a result, the resistance of me-
tal thin film will increase. Roldan-Cormona ez al.*¥) fabricated
ST-PSCs by thermal evaporation of PVSK and ultrathin Au top
electrode, which showed an average PCE of ca. 7%. Bryant et
alP"" fabricated ST-PSCs with Ni mesh top electrodes and
FTO bottom electrodes and achieved a PCE of 13.3%.

3.2 Carbon Material

Carbon materials, for instance carbon nanotubes(CNTs)
and graphene, are considered as a promising candidate for the
top-electrode of ST-PSCs, thanks to the mechanical and che-
mical robustness, flexibility and the potential for mass-manu-
facturel”""),

Graphene is widely used conductivity materials for trans-
parent electrodes with flexible characteristics®’>’¥. Tran
et al." first reported the fabrication of ST-PSCs by using the
transfer free and large-area monolayer graphene as the top
electrode. Moreover, owing to the excellent mechanical fle-
xibility of graphene, their devices maintained >90% initial PCE
after 1000 cycles bending. You et al.*" first reported the fabri-
cation of ST-PSCs by using the multiple layer graphene as the
top transparent electrodes. Moreover, the conductivity of gra-
phene can be dramatically improved by deposition a thin layer

of  poly-(3,4-ethylenedioxythiophene):poly(styrenesulfonate)

(PEDOT:PSS) on graphene!”. Li et al.’" reported the use of a
layer of carbon nanotubes networks to replace the organic hole
transport layer and metal contact on ST-PSCs.

3.3 Metallic Nanowires

Despite the robust stability, mechanical flexibility, and
potentially low cost, the sheet resistances for carbon materials
are still too high(60—400 Q/sq for CNT and 30—1000 Q/sq
for graphene)”®”). This leads to a low fill factor and poor per-
formance for a solar cell. Metallic nanowires, which are solu-
tion-processable transparent electrodes, possess a higher elec-
trical conductivity compared with the carbon materials!”",
Taken Ag nanowires(NWs) for example, sheet resistances can
reach as low as 10—100 Q/sq™®'.

However, Ag-based transparent electrodes cause the de-
gradation of PVSK because of the chemical reaction of sliver
and halide®™. In order to prevent this degradation, Guo et al.*
incorporated a tunneling layer of ZnO nanoparticles at the in-
terface between [6,6]-phenyl-C61-butyric acid methyl ester
(PC¢oBM) and AgNWs. Furthermore, the introduction of ZnO
nanoparticles leads to better ohmic contact in the cell. Similarly,
1.3 used the spin-coating method to deposit a layer of
ZnO nanoparticles on the AgNWs electrode to improve the
interconnection of AgNWs, which led to a boost of PCE from
7.31% to 11.13%.

Han et a

3.4 Dielectric-metal-dielectric Stacks

Dielectric-metal-dielectric(DMD) electrode, which de-
monstrated excellent performances in terms of transparency,
sheet resistance, and flexibility, is a promising approach to-
wards flexible transparent electrodes®. Besides, the device
performance can be remarkably improved by the microcavity
effects with the DMD electrodes®™. Xie er al.®! fabricated the
Mo0O;/Ag/MoO; multilayer with a sheet resistance of 7 Q/sq
and an AVT of 73% and utilized it as the top transparent elec-
trode for ST-PSCs. Besides, they found that the sheet resistance
and AVT of DMD electrodes can be adjusted by modification
of the deposition thickness and rate of Ag and WOs;. Similarly,
Della Gaspera et al.®% reported the use of MoOs/Au/MoO;
multilayer as a transparent electrode for MAPbI;-based ST-PSCs,
which achieved a record high PCE 13.6% with an AVT of 7%.

4 Prospect and Challenges

In this review, we provide a concise overview of the recent
development in ST-PSCs for BIPV. Due to the rapid progress
on its performance, stability, and environmental friendliness,
as well as the excellent photoelectric properties and low-
temperature fabrication methods, PVSK is considered as a
promising photoactive material for ST-PV. The neutral colored
ST-PSCs exhibit potential for fulfilling the strict requirements
of dominated power generation windows installed in buildings
or automobiles. In addition, the broad color tunability of PVSK
offers possibilities of aesthetically appealing ST-PSCs. To fur-
ther explore the potential of PVSK, here we offer our perspec-
tives on the future directions for ST-PSCs.
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Table 1 Summary of ST-PSCs performance parameters(AVT is the average visible transmission values
through the whole device, AL-AVT is the average visible transmission values of active layer)
. Performance
Category Feature Device Strucure Ref.
Jo/(mA-em™®)  Vo/V  FF(%) PCE(%) AL-AVT(%) AVT(%)
Large scale Thin film FTO/Ti0,/MAPbI;-,Cl,/Spiro-OMeTAD/ 16.2 1.06 0.49 8.5 —_— —_ [26]
MoOs/Ag
Graphene Thin film FTO/TiO2/MAPbI;-,Cl,/Spiro-OMeTAD/ 17.46 0.910 57.8 9.18 — — [31]
electrodes PEDOT:PS/Graphene(1 Layer)
FTO/TiO/MAPbI;-,Cl,/Spiro-OMeTAD/ 19.17 0960 67.22 12.37 — —
PEDOT:PS/Graphene(2 Layers)
FTO/TiO2/MAPDI;-Cl,/Spiro-OMeTAD/ 18.54 0.940 65.70 11.45 — —_
PEDOT:PS/Graphene(3 Layers)
FTO/TiO/MAPbI;-,Cl,/Spiro-OMeTAD/ 18.05 0950  65.72 11.27 — —
PEDOT:PS/Graphene(4 Layers)
Ultra-thin PVSK  Thin film ITO/PEDOT:PSS/MAPbI;(40 nm)/ 5.66 1.037 57.7 3.39 45 354 [38]
and Au electrode PCBMgo/Au/Lif
from evaporation ITO/PEDOT:PSS/MAPbI3(100 nm)/ 10.30 1.074 57.9 3.39 44 29
PCBMgo/Au/Lif
ITO/PEDOT:PSS/MAPDI;(180 nm)/ 13.43 1.037 52.5 6.41 33 22
PCBMg¢y/Au/Lif
ITO/PEDOT:PSS/MAPbI3(280 nm)/ 15.88 1.052 46.0 7.31 19 10
PCBMgo/Au/Lif
High Vo Thin film ITO/CuSCN/MAPbI;(140 nm)/PCBM/ 9.15 1.070 75 7.33 — 375 [87]
Bis-Ceo/Ag
ITO/CuSCN/MAPbI;(180 nm)/PCBM/ 12.2 1.070 76 9.92 — 25
Bis-Ceo/Ag
ITO/CuSCN/MAPbI3(240 nm)/PCBM/ 13.0 1.060 73 10.06 — 13.0
Bis-Ceo/Ag
Solution processable- Thin film ITO/PEDOT:PSS/MAPbI;-Cl,/PCsoBM/ 16.57 0. 859 60.5 9.19 28.4 —  [28]
transparent electrodes Ag
ITO/PEDOT:PSS/MAPbI; ,CL/PCeBM/ 15.46 0945 719 10.68 28.4 —
ZnO/Ag
ITO/PEDOT:PSS/MAPbDI;_Cl,/PCsBM/ 13.13 0. 964 66.8 8.49 284 —
ZnO/AgNWs
High Vi Thin film ITO/ZnO/CsPbBr3/Spiro-OMeTAD/Au 6.15 1.38 70.51 5.98 — —_ [39]
Low scattering Thin film ITO/PEDOT:PSS/MAPbI;3(240 nm)/ 16.6 1.02 64 10.66 — —  [33]
PCsBM/BCP/Ag
ITO/PEDOT:PSS/MAPbI3(150 nm)/ 11.08 0.98 0.61 6.87 —_ —
PCsBM/BCP/Ag
Low scattering Thin film ITO/PC7;BM/MAPbI;[(336+12) nm]/ 14.97 0904  48.96 6.76 — 103 [88]
Spiro-OMeTAD/Mo0O3/Ag/MoO3
ITO/PC7BM/MAPDI;[(247+18) nm]/ 14.91 0.873 46.35 6.31 — 10.6
Spiro-OMeTAD/Mo0Os/Ag/MoO;
ITO/PC7:BM/MAPDI;[(160+16) nm]/ 14.11 0978 5637 9.00 — 10.7
Spiro-OMeTAD/Mo0O3/Ag/MoO3
ITO/PC7;BM/MAPbL[(1389) nm]/ 13.47 0982 6439  9.13 — 124
Spiro-OMeTAD/Mo0O3/Ag/MoO3
ITO/PC7:BM/MAPDI;[(93+12) nm]/ 12.28 0983  63.09 9.23 — 14.1
Spiro-OMeTAD/Mo0Os/Ag/MoO;
ITO/PC7BM/MAPDLIL;[(50+9) nm]/ 8.81 0.933 50.49 4.13 — 17.5
Spiro-OMeTAD/MoO3/Ag/MoO3
ITO/PC7BM/MAPDI;[(45+7) nm]/ 6.97 0.994 53.48 391 — 19.0
Spiro-OMeTAD/Mo0Os/Ag/MoO;
ITO/PC; BM/MAPbL[(40+12) nm)/ 7.24 0.921  49.04  3.50 — 20.5
Spiro-OMeTAD/Mo0O3/Ag/MoO3
Color-neutrality Micro- FTO/TiO2/MAPbI; DVB(1%, molar 15.68 0.94 69.13 10.19 — —_ [89]
fraction)/PTAA/PEDOT:PSS/ITO
FTO/TiO2/MAPbI; DVB(3%, molar 16.20 0.97 70.59 11.09 — —
fraction)/PTAA/PEDOT:PSS/ITO
FTO/Ti02/MAPbI; DVB(5%, molar 16.52 0.98 73.79 11.95 — —_
fraction)/PTAA/PEDOT:PSS/ITO
FTO/TiO2/MAPbI; DVB(7%, molar 16.33 0.97 71.58 11.46 —_ —_

fraction)/PTAA/PEDOT:PSS/ITO

To be continued on the next page.
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Performance
Category Feature Device Strucure L Ref.
Ji/(mA-cm 7)) Vo/V  FF(%) PCE(%) AL-AVT(%) AVT(%)
Color-neutrality Micro- FTO/TiO2/MAPDI;_,c,/Spiro-OMeTAD/Au 0.71 0.81 61 35 26.8 — [40]
Color-neutrality Micro-  FTO/TiO,/FAPbI;/Spiro-OMeTAD/Au 14.2 0.86 60 7.4 33.6 — [41]
FTO/TiO2/MAPbI3/Spiro-OMeTAD/Au 10.6 0.64 54 49 40.5 —
Low-cost, Ordered FTO/TiO,/SiO,-HC(n=16) MAPbI;_Cl/ 17.1 0.84 66 9.5 37 28
large area micro-  Spiro-OMeTAD/Ag
FTO/TiO,/Dewet(n=11) MAPbl;_Cl,/ 16.1 0.80 56 7.2 42 31
Spiro-OMeTAD/Ag
FTO/TiO4/SiO,-HC(n=15) MA Pbl;_,ClL/ 7.6 0.80 74 45 63 47
Spiro-OMeTAD/Ag
FTO/TiO,/Dewet(n=10) MA Pbl;_Cl/ 10.1 0.76 52 4.0 65 49
Spiro-OMeTAD/Ag
Color-neutrality Ordered C-TiO,/Si0O, HC patterned MAPbI3(10%, 4.0 0.86 0.65 2.2 66 59 [44]
micro- mass fraction)/Spiro-OMeTAD/Ag
C-TiO,/SiO, HC patterned MAPbI3(20%, 11.9 0.89 0.53 6.2 40 36
mass fraction)/Spiro-OMeTAD/Ag
C-TiO,/SiO, HC patterned MAPbI3(30%, 16.5 0.98 0.56 9.1 38 34
mass fraction)/Spiro-OMeTAD/Ag
C-TiO,/Si0, HC patterned MAPbI3(40%, 17.5 0.98 0.56 9.8 17 15
mass fraction)/Spiro-OMeTAD/Ag
Color neutrality, Nano-  FTO/TiO,/AAO+MAPbI;-Cl(400 nm)/ 20.24 1.03 76 15.78 — —  [52]
robust Spiro-OMeTAD/Au
FTO/TiO2/AAO+MAPbI;-,CL(290 nm)/ 15.38 1.02 75.48 11.81 — —
Spiro-OMeTAD/Au
FTO/TiO2/AAO+MAPbI;Cl (170 nm)/ 14.39 1.01 74.49 10.86 — —
Spiro-OMeTAD/Au
FTO/TiO2/AAO+MAPbI;-,CL (100 nm)/ 12.64 0.96 74 8.98 — —
Spiro-OMeTAD/Au
FTO/TiO/ AAO+MAPDI3(70 nm)/ 12.24 0.92 70.52 791 — —
Spiro-OMeTAD/Au
FTO/Ti02/AAO(90 nm)+MAPbI;_,Cl, 12.06 0.96 73.48 8.49 — 454
(150 nm)/Spiro-OMeTAD/Au
FTO/TiO2/AAO(150 nm)+ MAPbI;,Cl, 13.58 1 75.08 10.26 — 41.5
(220 nm)/Spiro-OMeTAD/Au
FTO/TiO2/AAO(220 nm)+ MAPbI;_,Cl, 14.67 1.01 73.1 10.81 — 37.4
(300 nm)/Spiro-OMeTAD/Au
FTO/TiO2/AAO(280 nm)+MAPbI;_Cl, 15.87 0.99 74.53 11.72 — 335
(350 nm)/Spiro-OMeTAD/Au
FTO/Ti02/AAO(340 nm)+MAPbI;_,Cl, 16.54 1.03 74.69 12.77 — 29.8
(440 nm)/Spiro-OMeTAD/Au
FTO/Ti02/AAO(460 nm)+MAPbI;_,Cl, 17.72 1.03 72.38 13.27 — 26.3
(610 nm)/Spiro-OMeTAD/Au
Human Nano- ITO/PEDOT:PSS/MAPbI3(180 nm)/ 15.69 1.02 60 9.73 — 17.8  [47]
luminosity PCBM/Ag NCs/BCP/Ag/Mo0Os
ITO/PEDOT:PSS/MAPDI;(180 13.48 1.02 61 8.62 — 19.8
nm)/PCBM
ITO/PEDOT:PSS/MAPDI;(210 15.34 1.00 60 9.18 — 152
nm)/PCBM

To achieve efficient and high visually transparent ST-PSCs,
it is highly desired to tune the absorption spectrum of ST-PSCs
to the near-infrared and ultraviolet region instead of the visible
range in the solar spectrum. Besides, by absorbing near-infrared
radiation, the power generation windows provide shading of
buildings during the day, which will reduce the electricity cost
for cooling and heating. One possible approach towards the
high near-infrared absorbing ST-PV is the tandem device of
PVSK and low bandgap organic semiconductors. Moreover, the
ultraviolet absorption from the PVSK is beneficial to prevent
the undesired effects come along with ultraviolet light, such as
the aging of furniture or portrayals. Thus the ST-PSCs have the
potential to be a smart product that can combine with power-
generating, heat preservation, and ultraviolet blocking.

On the other hand, a cost-effective method to fabricate
large scale solar cell is the prerequisite for commercialization.
Moreover, architecture aesthetics do matter. The flexibility of a
solar cell is essential if we want to combine with the solar cell
with membrane architecture. Therefore, the light-weight ben-
dable ST-PSCs, which can be fabricated through the continued
roll-to-roll process, will be promising products in the future.

Notably, the long-term stability and toxicity of PVSK need
to be solved before commercialization. Recent works have
shown that the toxicity issue can be mitigated by replacing Pb
with Sn, Bi, Ag, or other metals partially or entirely. However,
a drop in efficiency occurs as the concentration of lead de-
creases, which needs to be tackled in future work. Also, impor-
tantly, even though the lifetime of PSCs has been remarkably
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enhanced from a few minutes to >10000 hours, for viable

commercial products, the lifetime should be substantially im-

proved to 10 years or even longer.
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