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HIGHLIGHTS

e Recent advancement in solution-processed thin film transparent photovoltaics (TPVs) is summarized, including perovskites, organics,

and colloidal quantum dots.

e Pros and cons of the emerging TPVs are analyzed according to the materials characteristics and the application requirements on the

aesthetics and energy generation.

e Promising TPV applications are discussed with emphasis on agrivoltaics, smart windows and facades.

ABSTRACT Electrical energy is essential for modern society to sustain economic
growths. The soaring demand for the electrical energy, together with an awareness
of the environmental impact of fossil fuels, has been driving a shift towards the
utilization of solar energy. However, traditional solar energy solutions often require
extensive spaces for a panel installation, limiting their practicality in a dense urban
environment. To overcome the spatial constraint, researchers have developed trans-

parent photovoltaics (TPV), enabling windows and facades in vehicles and buildings

. . . Integration with
to generate electric energy. Current TPV advancements are focused on improving | '?ctronlcs

both transparency and power output to rival commercially available silicon solar
panels. In this review, we first briefly introduce wavelength- and non-wavelength-
selective strategies to achieve transparency. Figures of merit and theoretical limits
of TPVs are discussed to comprehensively understand the status of current TPV

technology. Then we highlight recent progress in different types of TPVs, with

a particular focus on solution-processed thin-film photovoltaics (PVs), including
colloidal quantum dot PVs, metal halide perovskite PVs and organic PVs. The applications of TPVs are also reviewed, with emphasis on

agrivoltaics, smart windows and facades. Finally, current challenges and future opportunities in TPV research are pointed out.
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1 Introduction

The ongoing economic expansion together with the growing
awareness of how human activities are contributing to the
climate change has triggered a surge of interest in renew-
able energy [1]. Among various renewable energy sources,
solar energy is recognized as one of the most promising
options for meeting future societal needs due to its ubiq-
uity and abundance [2, 3]. Notably, the cost of conventional
photovoltaic (PV) devices has markedly declined since the
late-twentieth century, enabling both large solar farms and
small house-scale power generation in remote areas. How-
ever, the space in dense urban environments is limited,
which puts great difficulty in the solar panel installation. To
overcome the spatial constraint, an idea of integrating PVs
into building envelopes has been proposed [4—7]. However,
this imposes extra requirements on aesthetics, leading to the
concept of (semi-)transparent photovoltaics (TPVs).

The need for both renewable energy sources and build-
ings with aesthetic appearance in urban areas raises building
integrated photovoltaics (BIPVs), which is one of the main
applications and driving forces of TPV research. According
to Salameh and coworkers’ simulation, a building with BIPV
facades and solar windows in Sharjah in the United Arab
Emirates had annually 27.69% less electricity consumption
than that of the counterpart without BIPVs [8]. Anctil et al.
applied a life cycle approach to evaluate the energy return on
investment (EROI) of organic TPVs [9]. The organic TPVs
used as skylight in Honolulu, Hawaii, showed an EROI of
208, indicating great energy and cost benefits. Indeed, some
companies, such as Skanska and Saule, have already started
field tests on emerging BIPV technologies [5].

While TPVs are promising energy harvesting devices in
cities, the extra requirements on aesthetics make it more
complex to evaluate their performance. As transparency
and color put constraints on the amount of light absorbed,
there is a trade-off between energy generation and aesthetics.
Therefore, the figures of merit of conventional opaque PVs
must be extended to include average visible transmission
(AVT) and color rendering index (CRI) to correctly assess
TPVs. However, it is still difficult to compare the efficiency
of TPVs with different AVTs. In this context, Traverse et al.
first proposed a compound figure of merit, light unitization
efficiency (LUE), defined as the product of power conversion
efficiency (PCE) and AVT [10]. LUE reflects not only device
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performance in terms of power generation and transparency,
but also the trade-off relationship between them.

Currently, conventional silicon solar panels still domi-
nate the global BIPV market, as they have already been
well commercialized [5, 7]. Because crystalline silicon is
opaque, the common way to enhance transparency is to
increase the gap between micro-sized cells or create larger
micro-holes within cells for light transmission, called spa-
tial segmentation method. A typical silicon TPV can reach
a PCE of 12.2% and AVT of 20% [11]. Meanwhile, since
light is directly transmitted through gaps or micro-holes,
spatial segmented silicon TPVs generally show a neutral
color. However, there are several challenges in silicon-based
BIPVs: (i) the fabrication processes become even more com-
plex than the opaque silicon solar panels; (ii) transparency
and aesthetics can be improved only at the great expense
of device efficiency; (iii) it is hard to tune the color to meet
the demand of the building facades. In addition to silicon
TPVs, other conventional PV technologies, such as CdTe
and Cu(In,_,,Ga,)Se,, can also be applied in transparent
forms by reducing the thickness of light absorber [12, 13].
But they share similar drawbacks as silicon PVs, such as a
low efficiency and charmless appearance. More importantly,
the deposition of the conventional PV materials generally
requires vacuum and high temperatures, which is much
more expensive and complex than solution processing such
as blade-coating and spin-coating.

These days, emerging PV materials such as perovskite
[14-22], organic molecules [3, 23-27], and colloidal quan-
tum dots (CQDs) [28-38] have attracted a great attention in
both academic and industrial communities. These materials
possess solution-processability and bandgap tunability, ena-
bling a large-scale fabrication at a reduced cost and a feasible
customization of both transparency and color. Furthermore,
the last decade has witnessed a rapid development in perovs-
kite solar cells (PSCs) that the PCE has boosted from 3.8%
[39] to 26.7% [40] with the aid of solvent [41-43], addi-
tive [14, 44-47], composition [48-52], and interface [21,
53-59] engineering strategies. The performance of organic
photovoltaics (OPVs) has also increased significantly in the
last 10 years due to the intensive research in near infrared
(NIR) absorbed polymer donors [3, 60, 61] and non-fuller-
ene acceptors [27, 62—66]. In addition to molecular engi-
neering of donors and acceptors, other strategies, including
cathode interfacial materials [67], ternary blends [68, 69],
layer-by-layer deposition [69, 70], and solid additives [71],
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were also developed to further push the efficiency of OPVs
to over 20%.

These advancements in conventional opaque PVs shed
light on how to further improve efficiency and transpar-
ency of the TPVs. For instance, the solvent and addi-
tive engineering developed in the opaque PSCs can be
transferred to eliminate pinholes in the ultrathin perovs-
kite films for the TPV application [72]. The methods to
redshift an organic molecule absorption window in the
OPVs can be used to reduce the visible light absorption
in the organic TPVs to improve AVT and CRI [73]. As a
result, the past few years have seen a rapid development in
those solution-processed thin-film TPVs. In this context,
Yu et al. and Kini et al. reviewed recent strategies used
to improve the absorber layer in organic TPVs [74, 75].
Burgues-Ceballos et al. and Li et al. summarized the latest
progress in organic TPVs in terms of BIPV applications
[7, 76]. Bing and coworkers illustrated the potential of
perovskite TPVs in glazing application [5]. Xiao and cow-
orkers comprehensively reviewed the strategies for light
management and transparent electrodes to enhance AVT
and CRI [72]. Pulli et al. summarized the recent strate-
gies of wavelength-selective absorption and analyzed a
simulation case to demonstrate the economic and envi-
ronmental benefits of TPVs [77]. However, most of the
previous reviews focus on either one application or one
type of TPVs. There are limited numbers of review papers
summarizing the requirements of various applications
and comparing the merits and drawbacks across different
types of photoactive materials. Our review emphasizes the
emerging TPVs with solution processability and provides a
systematic comparison between perovskites, organics, and
CQDs. In addition, we discuss the prospective applications
of the emerging TPVs based on the materials characteris-
tics and the application requirements on the aesthetics and
energy generation.

In this regard, this review aims to update the rapid devel-
opment in the emerging thin-film TPVs, demonstrate versa-
tile TPV applications in daily life, and assess the pros and
cons of the emerging materials according to the application
requirements on the aesthetics and energy generation. First,
we briefly introduce current strategies to achieve transpar-
ency in the TPVs and categorization. Second, we discuss
the figures of merit of the TPVs and demonstrate the theo-
retical limits to provide comprehensive understanding of
the current status of the technology. Third, recent progress
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in various TPVs is summarized with a particular focus on
solution-processed thin-film TPVs, including perovskites,
organics and CQDs. Fourth, we provide the prospective
applications of TPVs with emphasis on agrivoltaics, smart
windows and facades. Finally, current challenges and future
opportunities in TPV research are highlighted.

2 Transparent Photovoltaics
2.1 Current TPV Technology

The fundamental idea of the TPV is to harvest light in
only ultraviolet (UV) or NIR range or absorb light of all
wavelengths but with a reduced amount. Largely there are
two representative strategies as illustrated in Fig. la—f:
(1) wavelength-selective and (2) non-wavelength-selec-
tive methods [77]. The non-wavelength-selective TPVs
employ opaque photoactive materials in the form of spa-
tial segmentations (Fig. 1b), thin films (Fig. 1c), or solar
concentrators (Fig. 1d) to permit partial transmittance in
the visible region. This method typically results in a lower
AVT (0-50%) but a higher PCE (10%—15%) than those of
the wavelength-selective TPVs [78, 79]. These features
make the non-wavelength-selective technology promis-
ing in applications involving an outdoor decoration and
colored glazing. In contrast, the wavelength-selective
technology uses multi-junctions, organic molecules with
discontinuous band structures (Fig. 1e), or solar concen-
trators (Fig. 1f) to selectively harvest UV and NIR light.
As a result, the wavelength-selective technology allows a
larger AVT (50%-90%) and a higher color rendering index
(CRI), making it suitable for solar windows and agrivolta-
ics [80, 81].

As one of the most straight-forward non-wavelength-
selective strategies, the spatial segmentation has been uti-
lized in silicon PVs. The opaque cells are cut into small
pieces with gaps between them to allow light pass through
(Fig. 1b) [77]. Ideally, as the transparency increases with
larger gaps, V,. and FF remain constant while J,. decreases
due to the reduced effective area. However, either mechani-
cal or laser cutting may cause damage on materials and thus
lowering the PCE. In addition, the cutting technique is not
economically favorable for silicon PVs.

Reducing the thickness of photoactive layer is another
intuitive non-wavelength-selective strategy to achieve
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Fig. 1 Schematics and real examples of a opaque and b-f transparent photovoltaics. Reproduced from Ref. [77]. Transparent photovoltaics may
adopt b-d non-wavelength selective strategies or e-f wavelength-selective strategies

transparency (Fig. 1¢). Thin films increase throughput and
decrease the overall cost due to reduced material use and
deposition time. However, careful optical design is gen-
erally required to boost device performance [82]. Optical
designs applied in opaque thin-film PVs may inspire light
management in thin-film TPVs. For instance, in opaque
thin-film silicon PVs, an anti-reflection coating is typically
combined with a front texture to induce Lambertian scat-
tering and effectively trap light in the absorber. Judicious
design of front texture can be applied in thin-film TPVs
to enhance absorption in NIR region. Distributed Bragg
reflector (DBR), composed of multiple layers of alternating
materials with discrepant refractive indexes, is another com-
mon optical design in opaque thin-film PVs to enhance light
absorption at certain wavelengths. Li et al. have adopted this
design in organic TPVs to selectively recycle NIR photons
by reflecting them back into the light absorber [83].

Another conventional TPV technology is luminescent
solar concentrator (LSC) where light is first absorbed and re-
emitted by fluorophores, and then harvested by the opaque
PVs at the edges of the LSCs as shown in Fig. 1d, f. In spite
of an additional energy conversion process in the LSCs, they
have attracted intensive research interests attributed to their
advantages such as structural simplicity, angle independ-
ence, and high defect tolerance [84-86].

© The authors

In the past few years, many research groups have reported
state-of-the-art thin film TPVs with advancements in various
aspects, including bandgap optimization [87], film deposi-
tion [88], and light management [89, 90]. For example, Mat-
teocci and coworkers adopted electro-optical simulations to
determine the optimal bandgap and thickness of each layer
in wavelength-selective TPVs [87]. As a result, the cham-
pion device achieved the PCE of 6.3% at the high AVT of
69.4%. As an example of progress in film deposition, Yue
et al. demonstrated large-area uniform coating of FAPbBr;,
perovskite through solvent engineering in wavelength-selec-
tive TPVs, resulting in a 10X 10 cm? module with the PCE
of 5.55% and the AVT of 53% [88]. As for the progress in
light management, Liu et al. proposed an aperiodic band-
pass electrode to enhance transmittance in visible and reflec-
tion in the NIR range so that the AVT was improved from
29.7% to 46.8% with the similar PCE [89]. As a result, the
LUE of the wavelength-selective TPV exceeded 5% for the
first time in this report. A similar strategy was also applied
in non-wavelength-selective CQD TPVs by Kim et al. The
asymmetric MoO,/Au/MoO, electrode showed a higher
transparency than the symmetric structure, boosting the
AVT to over 20% [90].

In spite of continuous progress in the thin film TPV tech-
nology, there are still various challenges to be solved. First,
it is still difficult to optimize PCE under the constraints of

https://doi.org/10.1007/s40820-024-01547-6
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both AVT and CRI. A more sophisticated simulation model
is needed to facilitate a judicious material and device design
according to a desired transmission spectrum. Secondly,
there is inconsistency in extracting figures of merit from the
TPVs. For instance, some AVT values were extracted in the
range of 380—780 nm which is the visible region defined by
ISO 9050:2003 [5], while other AVT values were extracted
in the range of 400-800 nm [72] or by reading the maximum
transmission in the spectrum [91, 92]. Thirdly, the current
TPV technology is still faced with challenges in aesthetics.
Although some have demonstrated the TPVs with high CRI
indexes over 90 [93, 94], the high CRI indexes have been
achieved at the expense of energy generation (PCE below
1%), which makes TPVs inapplicable in daily life. Last but
not least, the emerging TPVs show poor long-term stability
under light, moisture, and oxygen, which is a huge obstacle
to commercialization. In addition, the long-term stability
of other figures of merit such as AVT and CRI needs to be
studied along with PCE to better evaluate the current TPV
technologies.

2.2 Factors Need to be Considered When Developing
TPVs

Manufacturing of TPVs requires additional consideration on
the PCE, AVT, aesthetics, and long-term stability, meaning
that new figures of merit in TPVs need to be optimised.
Here, we discuss these figures of merit and their relation-
ships with each other to understand the current TPV technol-
ogy and future development.

(1) PCE and AVT: Except for the wavelength-selective
TPVs, the higher transmittance in the visible region
indicates less light absorption and a lower J, . The
decrease in J,. usually results in a V. drop as well
which further lowers the PCE. As a result, the non-
wavelength-selective TPVs generally show a rapid drop
in the PCE as the transmittance increases. Figure 2a
intuitively demonstrates the trade-off between PCE and
AVT, as the thickness of photoactive layers changes
in non-wavelength selective TPVs [95]. Therefore, it
is essential to evaluate and report the transmittance
together with the PCE in the TPVs. The AVT is widely
used to quantify transmittance and the definition is
shown in Eq. (1) where the integral takes over the vis-
ible region, 4 is the wavelength, T is the transmission, P
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is the photopic response, and S is the solar photon flux
(AM1.5G) for window applications (Fig. 2b), or 1 for
other applications.

Jyis T(OP(A)S(A)d A

A = B S(hda (1)

In the case of the wavelength-selective TPVs, there is a
less significant trade-off relationship between the PCE and
AVT as the TPVs mainly harvest the UV and NIR light.
The PCE of typical wavelength-selective TPVs could drop
from 10.06% to 5.11%, while the PCE of non-wavelength-
selective TPVs could decrease from 15.5% to 4.1% as the
AVT increases from 20% to 50.8% [73, 96, 97].

To evaluate performance of the TPVs more comprehen-
sively, LUE has been proposed, which is the product of
the PCE and AVT [10]. In this way, the LUE can reflect
the improvement in energy generation and transmittance
as well as the trade-off between them, providing a method
to compare the TPVs with various AVT values. To further
improve the LUE, technical progress has to be made in pho-
toactive materials, transparent electrodes, and optical coat-
ings to reduce parasitic absorption while enhancing charge
transport. In practice, the effect of environmental factors
on the PCE and AVT may need to be considered as well.
For instance, as the position of the sun changes on a daily
and yearly basis, the PCE and AVT values of the TPVs are
subject to change with time as well, which requires care-
ful design and detailed analysis to balance efficiency and
appearance [98, 99].

(2) Aesthetics: TPVs can be closely engaged in our daily
life, leading to two important requirements on aes-
thetics: a proper AVT and CRI. In general, a sheet
of glass with the AVT value above 60% looks clear
while the AVT below 50% begins to look dark, colored,
and reflective, which sets a boundary for the high and
low AVT [10]. As TPVs with different transmittance
spectra may share similar AVT values but in differ-
ent colors as shown in Fig. 2c, a tint becomes another
essential aesthetic requirement. Generally, the TPVs
with a neutral color and high CRI are preferred as they
do not distort the view behind them. This puts special
requirements on the shape of the transmittance spectra.
According to theoretical calculation performed by R.
Lunt, complete transparency in the range 435-670 nm
is enough to achieve an AVT over 99% and a CRI over
95 as shown in Fig. 2d [100]. This indicates the high
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3)

absorption at the edge of the visible region has a small
effect on the appearance of the TPVs, providing a
guideline for the design of photoactive materials.

Long-term stability: Since the merit of the TPVs lies
in their integration with various real-life applica-
tions, the long-term stability becomes a critical factor
for the evaluation of the TPVs. Ideally, the TPVs are
required to operate for over the life expectancy of the
product they are integrated with [5]. However, the cur-
rent research on the TPVs has primarily focused on
improving their PCE, while the long-term stability has
received less attention. The thin film TPVs suffer from
stability issues, such as moisture-induced degradation
and photo-instability [6, 72, 74, 101, 102], which calls
for further research. It is also worth noting that the sta-
bility challenge of the TPVs lies in not only PCE, but
also AVT and CRI, which is different from the conven-
tional opaque PVs. Although it is widely acknowledged
that the transparency and tint are of the same impor-

© The authors

tance as the PCE for the TPVs, the long-term stability
in terms of the AVT and CRI has rarely been reported
so far. Future efforts are needed to fill in this blank and
establish a series of industrial standards for the com-
mercialization.

2.3 Theoretical Limits of TPVs

As 100% transmittance in the range of 435-670 nm is suf-
ficient to achieve the AVT over 99% and the CRI over 95
[100], we narrow the visible region from 435 to 670 nm
in the following discussion. It is worth noting that in AM
1.5 standard solar spectrum the UV (300-435 nm), visible
(435-670 nm), and NIR (670-3000 nm) regions take up
8.6%, 35.0%, and 56.4% of energy flux, and 3.9%, 22.6%,
and 73.5% of photon flux, respectively, indicating sufficient

https://doi.org/10.1007/s40820-024-01547-6
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energy to harvest in UV and NIR regions. By assuming
step-like EQE curves and applying the detailed balance
model, known as Shockley—Queisser limit (S-Q limit), R.
Lunt showed that the theoretical efficiency limit of a sin-
gle junction solar cell dropped from 33.1% for the opaque
PVs to 20.6% for the PVs with 100% AVT, and the optimal
bandgap was redshifted from 1.36 to 1.12 eV as shown in
Fig. 3a [100]. In contrast, in the ideal case for the non-wave-
length-selective TPVs, the theoretical efficiency decreases
to zero linearly with the AVT, showing the advantage of
the wavelength-selective TPVs in applications requiring the
high AVT, as shown in green shadowed areas in Fig. 3b, c.

A multi-junction structure is also valid for the TPVs to
further enhance the PCE while maintaining the AVT. As
the number of junctions reaches three, electron thermaliza-
tion is considerably suppressed and the theoretical limit of
the TPVs with an AVT of 100% increases to about 30%,
as shown in Fig. 3d [100]. However, the multi-junction
TPVs have a complex structure, and thus their price-to-
performance ratio may not be as high as the single junction
TPVs. In practice, when more limitations are considered,
such as resistive loss, charge recombination, and parasitic
10% loss in FF,
and 20% loss in V,, compared to the S-Q limit, leading to
13% and 20% of PCE for the single-junction and the three-
junction wavelength-selective TPVs, respectively.

absorption, we may assume 10% loss in J

sc?

However, the discussion above is based on normal inci-
dence of AM1.5 sunlight. As the TPVs are integrated with
other applications, it is difficult to always guarantee a nor-
mal light incident angle and no shade. Figure 4a illustrates
oblique light incidence on a PV module with an angle
0. Consequently, the light intensity on the PV module is
E=E,

e €0s 6. The reduced light intensity generally causes

a slight reduction in V,,. and FF and a main degradation in
photocurrent such that J,.(8) < J,.(0°) cos 6. Theoretical cal-
culation via a transfer matrix method shows that the PCE
degradation due to the angular response between 0 to 70°
can be suppressed below 20% of the PCE under the normal
incidence by optimizing the device configuration [103]. It
is found that a high Brewster’s angle (Fig. 4b) can reduce
the PCE degradation at large incident angles by allowing
more transmittance of light with perpendicular polariza-
tion. According to Ding and coworkers’ simulation, with
an improved angular response, the annual power generation
of the BIPVs with the fixed angles could be enhanced over
30% [98]. The theoretical calculation indicates the need of
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designing TPVs with the limited PCE degradation up to
70° to maximize power output in a range of deployment
conditions.

3 Thin Film Transparent Photovoltaics

TPVs are one of the most promising technologies which
meet the demand of energy and pleasing appearance in
crowded urban areas. However, the TPV technology
directly evolved from conventional PVs can not easily sat-
isfy the requirements for customizing transparency and
colors in real applications. In the past decade, research-
ers over the world showed great interest in the emerging
thin film TPVs with tens- or hundreds-nanometer thick
absorbers, including perovskite TPVs, organic TPVs, and
CQD TPVs [7, 72, 104]. Attributed to the solution pro-
cessibility and bandgap tunability of the light absorbers,
these emerging thin film TPVs showed great advantages
in the large scale manufacturing and color customization.
However, each type of TPV has different challenges as
the light absorbers get thinner, such as the non-uniform
crystallization of perovskite [105], the low absorption of
organic absorbers [106], and quantum dot degradation
under ambient air [107]. The following sections will dis-
cuss these challenges and current strategies to overcome
them in detail. The critical device performance of per-
ovskite, organic, and CQD TPVs will be summarized in
Tables 1, 2 and 3 respectively. Furthermore, the advan-
tages and disadvantages of perovskite, organic, and CQD
TPVs will be outlined in Table 4 for comparison.

3.1 Perovskite TPVs

Lead halide perovskites, simply perovskites (PVKs) hereaf-
ter, are ionic materials with chemical formula APbX; where
A is a mono-covalent cation and X represents a halide anion.
The bandgap of PVKs can be readily tuned by mixing hal-
ide anions or A-site cations, leading to different absorption
spectra and colors as shown in Fig. 5a [108]. In addition,
PVKSs possess high charge mobility, large light absorption
coefficient, and solution processibility, which are ideal for
large scale PV applications [109, 110]. As a result, the last
decade has already seen a significant breakthrough in the
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single junction opaque PSCs that the best PCE has exceeded
26% [111].

The rapidly increasing PCE of the opaque PSCs has
also triggered research in PVK TPVs, especially for BIPV
applications. Compared with other types of BIPVs, the PVK
TPVs have the following advantages: (1) The large light
absorption coefficient leads to high J,. even in ultra-thin
films [112-114]; (2) The bandgap tunability via composition
engineering enables various AVT values and colors which
are essential in applications with aesthetic requirements [6,
87]; (3) The solution processibility facilitates the large scale
fabrication at a lower cost; (4) PSCs have a weak angle-
dependence and intensity-dependence (Fig. 5b, c) [88],
hence more suitable for the applications where solar angle
and light intensity largely vary with time.

So far two main strategies have been developed to turn
opaque PVK films into transparent ones. One strategy
is to reduce the thickness of the PVK films [78, 93, 102,
112-114], while the other strategy is to enlarge the bandgap
of the PVK films and selectively absorb the UV or blue light
[87, 95, 115]. However, each strategy has its own challenges.
For the thinner-film strategy, the main problem lies in rough

SHANGHAI JIAO TONG UNIVERSITY PRESS

morphology and low crystallinity of the films. While the
thickness of the PVK film can be readily reduced by dilut-
ing the precursor, a low precursor concentration also leads
to small grains and non-uniform crystallization (Fig. 5d, e)
[116]. As a result, thinner films (<200 nm) are prone to
have more defects which act as non-radiative recombina-
tion centers and shunt paths. For the wider-bandgap strategy,
one main challenge is the poor stability of PVK films due
to phase separation. The challenge is rooted in the conflict
between the need of a high Br/Cl doping ratio for the wide
bandgap and the tendency of halide migration and segrega-
tion under light illumination due to the fragile ionic structure
of PVKs. The other main challenge in the wider-bandgap
strategy is the large V. loss in devices. Since most TPVs
still use the charge transport layers designed for narrow-
bandgap PVKs in opaque PSCs, there exists growing band
mismatch as the bandgaps of PVKs increase, leading to a
significant V,_ loss.

To overcome the difficulties in the thinner-film strategy,
researchers have developed composition engineering [79,
97, 117], additive engineering [95], and antisolvent method
[116] to improve the morphology and crystallinity of PVK
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TPVs. For example, Yang et al. found that adding a small
amount of MAPbBr; (4 wt%) into MAPbI, precursor could
enlarge a size of colloids and reduce nucleation sites, lead-
ing to a uniform and larger grain size in ultra-thin films
(Table 1) [79]. However, further increasing MAPbBr; con-
tent resulted in lower device performance due to a phase
segregation, requiring a precise control of the MAPbBr;
amount. Similarly, Yu et al. studied the effect of A-site and
X-site composition on the PVK TPV performance and sta-
bility [97]. As shown in Fig. 6a, the authors reported that
phase segregation was inclined to present in films with the
MA-containing composition but not with the MA-free com-
position. In addition, aging of the MA-containing precursor
solution resulted in a significant drop in the PCE due to the
impurities formed during the MA degradation. Therefore,
the authors concluded that a CsFA mixed cation composition
is required for the high performance and stable PVK TPVs.

In addition to the composition engineering, incorporating
additives is another common strategy used to improve the
quality of PVK films. For example, Wang and coworkers
introduced (chloromethylene)-dimethylammonium chlo-
ride (CDC]) into the diluted inorganic precursor solution
to form intermediate adducts and assist crystallization [95].
As a result, they demonstrated all-inorganic CsPbl,Br TPV
with the PCE of 14.01% and AVT of 31.7%, which out-
performed PVK TPVs reported previously. Recently, Garai
et al. applied tryptamine hydro bromide as the additive in
Csy.1FA( oPblL,Br to enlarge grains and enhance crystallinity.

© The authors

With the aid of the additive, the TPV achieved a PCE of
14.21% at an AVT of 22.2% [118].

The employment of an antisolvent is another effective
method to regulate the nucleation and crystallization. As
the processes of the PVK nucleation and crystal growth are
highly concentration-dependent, it is necessary to adjust tim-
ing for the antisolvent treatment when the precursor con-
centration is modified. In this context, Shivarudraiah et al.
applied an in-situ photoluminescence (PL) measurement to
determine the optimal timing for the antisolvent treatment
for FAPbBTr; films [116]. It was found that the optimal anti-
solvent timing was at the beginning of the PVK nucleation
while the antisolvent treatment earlier or later than the opti-
mal timing could result in pinholes in the films.

Except for the three common methods discussed above,
recently Zou et al. redissolved pre-crystallized 2D and 3D
PVK crystals into precursors to improve the crystallinity
and morphology of ultra-thin PVK films (Fig. 6b) [78]. The
2D PVK crystals not only acted as a nucleation center for
a templated 3D PVK crystal growth, but also facilitated
charge transport by forming an ideal energy landscape at
grain boundaries. As a result, the PVK TPV achieved a PCE
of 14.1% and an AVT of 22.1% with an active area of 1 cm?.

In an attempt to realize the large-scale fabrication of
the PVK TPVs, Barichello and coworkers systematically
examined the differences between a blade-coating and a
spin-coating method in fabricating the structure of SnO,/
FAPbBr;/Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine

https://doi.org/10.1007/s40820-024-01547-6
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(PTAA) [105]. While there was no noticeable difference in
SnO, and PTAA layers coated by the two different meth-
ods, a blade-coated PVK film exhibited thinner thickness,
more pinholes, and larger surface roughness than those of a
spin-coated PVK film. The poor quality of the blade-coated
PVK film was due to the lack of control over the nucleation
and crystal growth in the large area fabrication. As a result,
PVK TPVs fabricated by the blade-coating method showed
a lower PCE than that of the spin-coated ones.

To gain a better control over the PVK crystallization in
the large area by the blade-coating method, Wang et al.
developed an intermediate-phase-transition (IPT) method
by using a mixed solvent of DMF, DMSO, and tetramethyl-
ene sulfoxide (TMSO) [88]. As shown in Fig. 7a, an in-situ
XRD measurement revealed that the addition of TMSO led
to FAPbB1;-TMSO and PbBr,-TMSO intermediates, and
retarded the nucleation by 3 s. This resulted in a 50% reduc-
tion in the crystal growth rate, and thus the formation of
uniform and smooth films without pinholes. Using the IPT
method, the authors demonstrated a PVK TPV module with

SHANGHAI JIAO TONG UNIVERSITY PRESS

a size of 10x 10 cm?, and the module achieved a PCE of
5.55% and an AVT of 53%.

In addition, thermal evaporation is another facile method
to deposit uniform ultra-thin films with arbitrary thicknesses
[112], especially for wide bandgap PVKs in large scale fabri-
cation [93, 102]. For instance, Roldan-Carmona and cowork-
ers fabricated MAPbI; films with thicknesses in the range
of 40-280 nm by thermal evaporation [112]. The champion
TPV with a PVK layer of 100 nm thickness showed the PCE
of 6.41% with the AVT of 29%. Chen et al. introduced co-
evaporation of CsBr and PbBr, to fabricate an ultra-thin
CsPbBr; film as a wide-bandgap absorber for the tandem
TPVs [102]. The authors found that keeping a stoichiomet-
ric ratio and a low evaporation rate (5 A s™!) was critical to
obtain films with high crystallinity and large grains. The
stoichiometric ratio prevented the formation of defects and
undesired phases, while the low evaporation rate facilitated
adsorption of PbBr,:CsBr molecules on the substrate. As a
result, the top TPV cell showed a PCE of 5.98% and an AVT
of 59.8% with the high stability under the UV irradiation.
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However, the bandgap of CsPbBr; (2.3 eV) was still not
large enough to achieve a good color neutrality (Table 1).

The pursuit of higher CRI and transparency has spurred
on research on the wide-bandgap PVK. For example, Liu
et al. demonstrated a large-area (25 cm?) TPV module based
on CsPbCl, sBr, 5 which has the absorbance edge at 435 nm
(Fig. 7b, c) [93]. Through the thermal evaporation of the
PVK, the film showed a smooth and uniform morphology
with the large area and achieved a high AVT of 84.6% and
a CRI of 96.5 without haze. At the cost of aesthetics, how-
ever, the PCE reported was 1.1% due to the limited light
absorption, indicating an important trade-off between the
PCE and CRI in the ultra-wide-bandgap TPVs [117, 119].
To balance the PCE and CRI, researchers have utilized blue
and green light partially by tuning PVK composition [87,
93]. Mateocci and coworkers theoretically calculated band-
gap tuning with respect to composition tuning and designed
the PVK TPV module based on MAPb(Br 3,Cl, ;3)5. The
module achieved a PCE of 6.3%, an AVT of 69.7%, and a
CRI of 71.2 [87].

Except for tuning the bandgap of PVK, Zhu et al. pro-
posed a light management strategy to enhance color neu-
trality [120]. Instead of reducing the absorption of green
light, which human eyes are more sensitive to, the authors
constructed a moth-eye structured TiO, layer as shown in
Fig. 7d. The structure could reflect more red light and thus
the optical path of the red light was doubled. This strat-
egy was able to enhance photocurrent and improve the CRI
as the absorption over different wavelengths was balanced
(Fig. 7e).

It is also worth noting that the V, . loss tends to become
larger in the TPVs adopting the wider-bandgap strategy
(Table 1) [97, 102, 105]. While the PVK such as CsPbBr;
and FAPbBr; possess bandgaps about 2.4 eV, their devices
generally show a V. only about 1.4 V, indicating around
1 V of the V. loss, much larger than that in the opaque
PSCs [102, 105]. One reason is that most wide bandgap
PVK TPVs still use HTLs and ETLs that are designed for
the opaque PSCs, leading to large misalignments in band
structures. To be more specific, although the conduction
band of PVK with a wider bandgap is higher in the band
diagram, when electrons transport through ETLs, they lose
more energy and drop to the energy level of the conduction
band of ETLs [121]. It is the similar story for holes. Conse-
quently, the V. of wide bandgap PVK TPVs is limited by
the band positions of ETLs and HTLs. Another source of

© The authors

the V,,. loss lies in the quality of wide bandgap PVK films,
as bromine- and chlorine-rich PVK are less frequently stud-
ied in the PSCs [122]. In addition, interfacial recombination
plays an important role in the V,, loss as well. Yuan and
coworkers reported that the insertion of MXene (Ti;C,T,)
between a SnO, and PVK layer could passivate the interface
and retard the crystallization process to form larger grains
[123]. Consequently, the PCE was boosted from 12.37% to
14.78% while the AVT was maintained at 22.68%. Sharma
et al. passivated the Cs, ;FA ¢Pbl,Br /PCBM interface with
alkylamine hydrochlorides to suppress the V, . loss below
0.5 V [124]. The authors investigated the effect of carbon
chain length on interface passivation and discovered that
4-chloropropylamine hydrochloride delivered the best per-
formance. Recently, Girolamo and coworkers also applied
alkylamine hydrochlorides to passivate the top interface in
FAPbBr; TPVs [125]. The device showed an ultrahigh V,,
of 1.73 V, indicating great importance of interface passiva-
tion for wide bandgap PVK TPVs. With further aid of anti-
reflecting coatings, the TPV reached a record LUE of 5.72%.

Another challenge in the wide bandgap PVK TPVs is poor
stability due to a photo-induced phase segregation, as the
wide bandgap is usually achieved by incorporating Br™ or
Cl™. To avoid the phase segregation, the doping ratio is gen-
erally limited [79]. Quasi-2D perovskites, Q2D PVKs here-
after, may provide another technical route to achieve a wide
bandgap without the phase separation because the bandgap
is tuned through quantum confinement [126]. In addition, the
Q2D PVKs are more water-resistant and stable due to their
hydrophobic organic spacers. However, most of the Q2D
PVK films reported in literature have mixed phases with a
large amount of a 3D-like phase, leading to a decrease in the
bandgap and undesired absorption in the visible region. To
date, there have been only a few reports on phase pure Q2D
PVK films [127, 128] and no reports on Q2D PVK TPVs.
Table 1 provides a summary of the literatures mentioned
above.

The discussion above is focused on the PVK layer only.
However, different from the conventional opaque PSCs, a
transparent top electrode also plays an important role in
TPVs [72, 129]. An ideal transparent top electrode has three
requirements: (1) high transmittance; (2) low sheet resist-
ance; and (3) mild deposition process which does not dam-
age the underlying PVK and charge transport layer. Here we
give a brief discussion about recent studies and more details
can be found in a recent review on the transparent electrode

https://doi.org/10.1007/s40820-024-01547-6
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[72]. Currently, there are four main categories of the trans-
parent top electrode—transparent conductive oxides (TCOs),
ultra-thin metal electrodes (UTMs), dielectric/metal/dielec-
tric (DMD) electrodes, and nanomaterials-based electrodes
such as Ag nanowires (AgNW). TCOs are known for their
high conductivity and transmittance. However, they are usu-
ally deposited via magneton sputtering, which could damage
the fragile PVK underlayer. One solution is to lower the
sputtering power and deposit a buffer layer such as ZnO
[130] and MoO, [120] before sputtering to protect the layer
beneath and reduce interfacial defects. UTMs are usually
deposited via a thermal evaporation method, which has a
negligible effect on the underlayer. However, the thickness
should be below 20 nm to guarantee transparency, leading to
the poor conductivity and discontinuous morphology [72].
A similar trade-off also presents in the nanomaterial-based
transparent electrodes. DMD electrodes are very similar to
the UTMs in terms of conductivity and mechanical flexibil-
ity. However, the DMDs offer precise light management via
tuning the thickness of dielectric layers, which is an advan-
tage over the UTMs [131]. In addition, the bottom dielectric
layer may also enable continuous growth of the ultrathin
metal layer and prevent metal diffusion and reaction with
the PVK layer beneath.

3.2 Organic TPVs

Organic TPVs have a number of advantages, such as flex-
ibility, light weight, solution processability, and tunable
absorption spectra, which provides great potential in BIPV,
solar windows, and agrivoltaics applications [76]. Due to
difficulties in tuning absorption spectra of fullerene accep-
tors (FAs) and the wide bandgap nature of donors, how-
ever, the organic TPVs could utilize only UV-vis light in
their early development stage, resulting in challenges for
balancing the PCE and AVT [75]. As discussed in Sect. 2.3.
Theoretical limits of TPVs, the optimal bandgap redshifts
in the case of the TPVs so that more photons in the NIR
region can be harvested while maintaining the transmittance
in the visible region. To this end, researchers developed low
bandgap (LBG) donors and non-fullerene acceptors (NFAs)
whose absorption window can be shifted into the NIR region
[3]. As a result, the performance of the organic TPVs has
been improved from a PCE less than 1% with an AVT of
26% to the PCE over 11% with the AVT of 46.8% (Table 2)
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[89, 132]. Meanwhile, discontinuous band structures of the
organic molecules provide a unique opportunity to flatten
absorption spectra in visible region while selectively har-
vesting UV and NIR photons. In contrast, semiconductors
with continuous direct band structures, for example, PVKs,
generally show rapidly increasing absorption spectra above
the bandgaps. As more light is absorbed at shorter wave-
lengths in PVK TPVs, the only way to achieve high CRI is
to give up most of the visible light, leading to a low device
efficiency. However, the selective absorption offers organ-
ics a great advantage over PVKs in TPVs, as it provides a
method to simultaneously obtain a high PCE over 8% and
an excellent CRI near 100 [94]. Application-wise, organic
TPVs with high CRIs can be directly attached to building
envelopes as BIPVs without worrying about the appearance.
Also, thanks to the flexibility of organics, organic TPVs can
be readily installed on complex curved surface of mod-
ern architecture and exhibit a smaller degradation in PCE
than conventional silicon PVs when subjected to the same
mechanical strain [133]. In addition, unlike PVK TPVs, the
thickness of the organic TPVs can be easily controlled by
changing precursor concentrations and speeds of spin-coat-
ing without affecting the quality of the films.

However, organic TPVs are faced with other challenges.
First, the PCE of the organic TPVs is still lower than PVK
TPVs at the same AVT in many cases [78, 116, 120, 134,
135]. Although theoretically the organic TPVs are able to
achieve both high AVT and PCE by selectively harvesting
UV and NIR light, the current PCE of the organic TPVs
still lags behind the non-wavelength-selective PVK TPVs
even in the case of high AVT >50% (Fig. 3b, c) [80, 87,
93, 96]. Second, it is still difficult to achieve high AVT and
CRI values in organic TPVs. Although various strategies
have been developed to red-shift absorption peaks into the
NIR region, the photoactive layers inevitably possess non-
negligible uneven absorption in the visible region, which
limits both transparency and color neutrality. In addition,
the conventional bulk heterojunction device structure has
a complex interface which significantly scatters light and
further reduces AVT.

Regarding the challenge of low PCE, one possible solution
is to further redshift the absorption window of the acceptors
and donors into the NIR region. This can be achieved via
various molecular engineering strategies [3, 75, 96, 136],
such as inducing stronger intramolecular charge transfer and
extending conjugation length as illustrated in Fig. 8a [74].
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Recently, Huang and coworkers introduced a new strategy
by replacing S with Se in heterocycles, and the absorption
peak of the new acceptor redshifted by 54 nm [73]. As a
result, the PCE of the opaque device increased from 12.4%
to 13.2% while the transparent device reached the PCE of
10.1% with the AVT over 20%. In another work, Wei et al.
tuned the regioregularity of polymer donors and found that
the polymer (66-PTB) with a more planar backbone showed
extended conjugation, enhanced internal charge transfer
(ICT), and therefore a narrower bandgap [96]. Consequently,
the 66-PTB-based TPV reached the PCE of 5.11% with the
AVT over 50%. Duan and coworkers recently demonstrated
that solid additives could also regulate the absorption spectra
[137]. The authors employed 1,3-diphenoxybenzene as the
additive to broaden the absorption of PP2:BTP-eC9 blend
and achieved a PCE of 11.1% at an AVT of 43.0%.
Another popular method for enhancing the PCE is to
apply a ternary photoactive layer. The third component is

© The authors

added to tune absorption spectra [94, 138-140], increase
phase purity [141], and manipulate morphology [139]. For
instance, Hu et al. reported that the addition of IEICO-4F
into PTB7-Th: BDTThIT-4F could enhance light absorption
in the NIR region (Fig. 8b) while the addition of BDTThIT-
4F into a PTB7-Th:IEICO-4F blend could form nano-fibril
phases with high purity rather than large aggregated phases
(Fig. 8c) [139]. Therefore, the ternary organic TPV showed
both high FF and J,. compared with the two binary cases.
Similarly, Wang and coworkers added BTTPC into a PBDB-
TF:Y6 blend and found that a hole mobility and exciton
dissociation were improved due to the fibrous phase aggre-
gation [138]. As the three components all showed absorp-
tion peaks in the NIR region, the PCE was improved while
the transmittance peak was tuned to fit with the photopic
response of human eyes. In another work, Albab combined
a PM6:Y6:PCBM ternary blend with self-assembled mon-
olayers at both ITO/ZnO and ZnO/ternary blend interface to

https://doi.org/10.1007/s40820-024-01547-6
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facilitate charge transport [142]. The resulting organic TPV
showed a PCE of 10.37% and an AVT of 36.3% with the help
of a MoO;/Ag/MoO; electrode.

The organic TPVs are also faced with challenges in opti-
cal properties which are rooted in both materials and device
structure. On one hand, although that various organic materi-
als with absorption peaks in the NIR region have been devel-
oped, uneven absorption in the visible region is still inevi-
table, lowering the CRI of the organic TPVs. On the other
hand, the conventional bulk heterojunction (BHJ) structure
used in the organic TPVs causes significant light scattering
at the interface and puts a constraint on the donor—acceptor
(D-A) ratio, resulting in the limited AVT.

In order to improve the CRI in the organic TPVs, one of
the conventional strategies is to widen the bandgap of the
organic materials. However, the high AVT and CRI were
achieved at the cost of the low PCE [81, 143]. Recently,
Zhang et al. combined the broad absorption spectra of the
ternary strategy and a dielectric mirror to flatten the trans-
mittance spectra in the visible region as shown in Fig. 9a
[94]. As aresult, a CRI near 100 was achieved in the organic
TPV with the PCE of 9.37%. As more visible light was
absorbed to flatten the transmittance spectra, however, the
AVT was limited to 21%. In another work, Xu and coworkers
adopted a different approach where the absorption windows
of photoactive materials were further redshifted in the NIR
region rather than designed to compensate with each other
in the visible region [144]. In this work, a new small mol-
ecule acceptor, BZO-4Cl, was synthesized based on Y11,
and the device exhibited the high CRI of 90.67 and the PCE
of 9.33% at the higher AVT of 43.08%.

In addition to materials engineering, light management is
another strategy to achieve high color neutrality in organic
TPVs [145]. As organics typically show relatively weak light
absorption, distinct methods to modulate light such as an
optical coupling layer [146], micro-cavity [91], Fabry—Perot
electrode [92], and outcoupling architecture [§3] have been
developed to enhance the visible transmission and reflect the
NIR light back into the cell [145].

To further improve the AVT, one of the strategies is to
reduce the amount of donors which typically possess an
absorption window partially within the visible region. Li et al.
diluted a donor with visible absorption and applied alloy-like
NIR acceptors to further push the AVT from 32.3% to 39.3%
[147]. Meng and coworkers investigated the influence of a
donor—acceptor (D—A) ratio on the organic TPV performance.
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They found that though a low donor content could improve
the AVT, the device efficiency dropped significantly due to
poor charge separation and transport as illustrated in Fig. 9b, ¢
[80]. To overcome the challenges resulting from the low donor
content, Jing and coworkers introduced [2-(9-H-Carbazol-
9-yl) ethyl] phosphonic acid (2PACz) as an additive into the
photoactive layer [148]. 2PACz formed a self-organized layer
and acted as a hole selective layer which effectively enhanced
exciton dissociation and charge transport. A new device struc-
ture, called pseudo planar heterojunction (PPHJ), has also been
proposed to solve the issue from the D—A ratio in the BHJ
[24, 106, 134, 149]. The new structure could reduce the D-A
interface so that the light scattering and parasitic absorption
were reduced as shown in Fig. 9d, e. It was found that the
strategy was effective to a number of binary systems and even
ternary systems [106]. In addition, the thickness of the donor
and acceptor could be tuned independently with only a small
impact on the exciton dissociation at the D—A interface [134,
149]. Consequently, the transmittance spectra can be finely
tuned without the limitation set by the D—A ratio. The perfor-
mance of transparent OPVs mentioned above is summarized
in Table 2.

3.3 CQD TPVs

CQDs are semiconducting nanocrystals with diameters
typically under 20 nm. Their bandgap increases as their size
decreases, allowing size-tunable optoelectronic properties.
CQDs are particularly advantageous for the PVs due to their
ability to harvest a broader range of the solar spectrum com-
pared to PVK and organic materials [150-153]. The high
spectral tunability of CQDs is crucial for the fabrication of
the semi-transparent CQD PVs, providing essential trans-
parency in the visible range along with the high absorption
in the NIR spectrum [154]. In fact, many CQDs, such as
PbS, PbSe, and CdTe show strong absorption in NIR region
[33, 155, 156]. For instance, the bandgap of PbS CQDs can
be tuned from 0.4 to 1.5 eV so that light absorption can
go beyond 2000 nm. As the optimal bandgap redshifted to
1.12 eV for TPVs, the ability to selectively absorb infrared
light is essential to achieve both high efficiency and transpar-
ency. Through compositional engineering, CQDs can also
be tailored to offer versatile color customization, merging an
aesthetic appeal with a functional energy generation in appli-
cations such as BIPVs. Moreover, the inherent compatibility
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of the CQDs simplifies their incorporation into diverse sys-
tems, offering significant potential for innovations in the
solar window technology [157].

Efforts have been directed at optimizing the design of
CQD layers to enhance the PCE under the low-light condi-
tions. A solution-phase ligand exchange has proved to be
an effective method to increase a CQD packing density and
minimize energetic heterogeneity, thereby increasing photo-
current without compromising a V,. [158]. Leveraging this
method, Zhang et al. achieved the PCE of 8.4% in the CQD
TPVs, along with the AVT of 21.4% (Table 3) [107]. This
device also demonstrated improved photostability, retaining
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85% of the initial PCE after 540 h of continuous illumi-
nation at standard 1 Sun condition. CsPbBr; CQDs, which
have larger bandgap compared to PbS QDs, have also been
exploited as a light absorbing layer for the CQD TPV and
demonstrated an excellent transmittance beyond the wave-
length of 500 nm. The replacement of long-chain insulating
ligands with guanidinium thiocyanate salt has improved the
PCE, resulting from the enhanced surface passivation and
charge transport (Fig. 10a) [104].

Enhancing the stability of CQDs is another crucial chal-
lenge for BIPV applications since exposure to ambient air
can lead to the degradation of the CQDs. For instance,

https://doi.org/10.1007/s40820-024-01547-6
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CsPbl; CQDs can undergo an undesired transformation
into the 8-phase in humid conditions, while exposure to
oxygen can increase defect density in PbS CQDs. Recent
studies have addressed this challenge through refinements in
material compositions, modifications of the surface ligands
(Fig. 10b) [159, 160], and the incorporation of CQDs into a
host medium (Fig. 10c) [161-163].

Efforts to transition the traditional architecture of the
CQD devices to the TPVs have also included the develop-
ment of semi-transparent electrodes. For example, an Au
electrode, one of the commonly used electrodes in CQD
PVs, has been engineered for high transparency and con-
ductivity. In 2016, Zhang et al. developed the first semi-
transparent CQD PV with a thin PbS CQD layer and a 10 nm
transparent Au back contact, achieving a PCE between
2.04% and 3.08% and an AVT from 32.11% to 22.74% [164].
However, the ultrathin Au electrode, despite its transparency
and ease of the deposition, caused a substantial photocurrent
loss due to a poor light reflection at the metal-CQD bound-
ary and inadequate CQD absorption. Attempts to decrease
the thickness of the Au electrode further led to the increased
surface defects and electron scattering, which hampered
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the device performance without significantly improving
the AVT [165]. To overcome these issues, a nanolayered
MoO;/Au/MoO; (MAM) electrode was introduced [166].
This sandwich structure enhanced the transparency of the
electrode and minimized an internal optical loss, resulting
in a PCE of 5.4% and an AVT of 24.1%. Further innovations
led to the development of an asymmetric MAM structure
with a thicker top and thinner bottom MoO; layer (Fig. 10d),
which effectively reduced the parasitic absorption within the
MAM stack, thereby boosting the transmittance of the elec-
trode (Fig. 10e) [90]. Applying this strategy to CsPbl; CQDs
yielded a PCE of 11.3% with an AVT of 23.4%.

Beyond the Au electrode, exploration into cost-effective
alternatives for the TPVs is underway. Dastjerdi et al. uti-
lized a cost-effective Cu electrode coupled with poly(3-hex-
ylthiophene-2,5-diyl) as a hole transport layer to precisely
adjust the valence band energy, achieving a PCE of 7.4%
with AVT of 26% [167]. Moreover, Tavakoli et al. fabri-
cated semi-transparent CsPbl; CQD TPVs using a graphene
electrode, which is chosen for its exceptional conductivity
and superior transmittance [168, 169]. This strategy elevated
the AVT to 53%, although the PCE was compromised,
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representing a notable advancement towards enhancing the
transparency of the devices for various practical applica-
tions. The device performance and strategies applied in the
CQD TPVs mentioned above are summarized in Table 3.

4 TPVs Applications

TPVs can be integrated into various applications ranging
from small devices such as artificial skin [170, 171] and
self-powered sensors [172, 173] to buildings and electri-
cal cars. Those applications have different requirements
on transparency and energy demand varying in multi-
ple magnitudes as shown in a TPV performance map for
the various applications in Fig. 11a [76]. In the past few
years, with the development of the photoactive materi-
als and light management, the state-of-the-art TPVs have
reached the requirements of some applications [89, 93,
130, 144]. However, BIPVs remain the primary focus,
drawing the most attention in both academia and industry.
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Therefore, we will focus on various BIPVs for the spe-
cific applications of TPVs in this part, such as greenhouse,
smart windows, and facade as shown in Fig. 11b, ¢ [87, 88,
174-180]. In addition, we will briefly discuss small scale
TPVs for the artificial skin and self-powered sensors for
the prospective applications towards electronics.

4.1 Application to BIPVs

As introduced previously, integrating TPVs into building
envelopes can relieve the energy crisis in cities by effi-
ciently harvesting solar energy within a crowded space.
One facile way to install BIPV is to directly attach to the
building envelopes. Flexible TPVs which fit complex
curved surface of modern architecture demonstrate a great
advantage over rigid panels in this scenario [181]. In addi-
tion, flexible TPVs generally have high mechanical sta-
bility which is beneficial while faced with environmental

https://doi.org/10.1007/s40820-024-01547-6
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loads, such as wind, snow, thermal expansion. However,
as TPV technology is still at infancy stage, there lack
studies on flexible TPVs and their mechanical properties.
Therefore, the following discussion of BIPV focuses on
their aesthetic value and potential in energy generation.
For a clear presentation, we categorize the BIPVs into
greenhouse-integrated photovoltaics, also known as agriv-
oltaics, smart windows, and facades according to their dif-
ferent requirements. Greenhouse-integrated photovoltaics
have special requirements on the spectra of transmittance
light, as cultivars need lights of different wavelengths
for photosynthesis, development, and growth [176]. The
design of agrivoltaics hence favors the wavelength-selec-
tive TPVs, such as the LSCs and organic TPVs. While in
the application of smart windows and facade, other design
criteria such as heat insulation, aesthetics, and privacy
protection have a higher priority.

4.1.1 Greenhouse-Integrated Photovoltaics

Modern agriculture applies greenhouses to produce various
vegetables and crops in all seasons. On one hand, it con-
sumes energy to detect, record, and maintain the temperature
and humidity within the greenhouses. On the other hand,
many cultivars do not require full sunlight for photosynthe-
sis and growth [182, 183]. Therefore, integrating TPVs into
the greenhouses provides a viable method to reduce energy
consumption while growing crops.

Light in the range of 400-700 nm wavelengths is known
as photosynthetically active radiation (PAR) which is fur-
ther divided into blue (400-500 nm), green (500-600 nm),
and red (600-700 nm) wavebands [178]. Figure 12a dem-
onstrates the effect of daylight passing through different
glazing materials on the growth of three common veg-
etables, basil, petunia, and tomatoes. In addition, light in
other spectra regions, such as UV and NIR, can also play
an important role in regulating the growth. For instance,
the ratio of the red to NIR region could initiate the shade
avoidance response. Plant-specific spectral design is
required to optimize power generation and yield of various
plant species. Therefore, the wavelength-selective TPVs
are more suitable than non-wavelength-selective ones for
the agrivoltaics (Fig. 12b) [184].

The organic TPV is a promising candidate for the
agrivoltaics because organic materials possess discrete
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absorption spectra, which has been considered as a draw-
back in solar farm applications [185]. However, the dis-
crete absorption spectra provide a unique opportunity for
achieving both high efficiency and transparency for the
agrivoltaics. In addition, the absorption band can be effec-
tively adjusted through the substitutions of various func-
tional groups, internal charge transfer, and extended con-
jugation length, allowing for crop-specific designs [176,
178, 186]. For instance, Jinnai et al. designed naphthob-
isthiadiazole-based acceptors (SNTz-RD and ONTz-RD),
which mainly absorbed green light while blue and red light
passed through the TPVs to promote photosynthesis in
strawberry leaves [186].

However, the main issue hindering the application of
organic TPVs in the agrivoltaics is their poor operating
stability due to the superoxide radicals generated by a
metal oxide charge transport layer. Zhao et al. tackled the
problem by inserting reduced L-glutathione as an inter-
layer in the organic TPVs [177]. As a result, devices with
the interlayer showed an increase in PCE from 11.6% to
13.5% and maintained over 84% of their initial PCE after
continuous illumination for over 1000 h. Meanwhile, the
authors also found that mung bean, wheat and broccoli
grew in the greenhouses integrated with the organic TPVs
had a higher survival rate due to less exposure to the UV
light, demonstrating great benefits of the agrivoltaics.

4.1.2 Smart Windows and Facades

TPVs are also integrated into windows and facades to gen-
erate electricity and modulate indoor light and heat trans-
mission so that a comfortable living environment can be
achieved. This particularly becomes an important consid-
eration in the future due to the aggravated extreme weather
conditions in recent years. Salameh and coworkers provided
a detailed analysis on the cooling load of the BIPV facades
[8]. The authors used a PVSYST software to simulate and
compare the annual electrical consumption of two commer-
cial buildings with and without BIPVs in Sharjah. After the
optimization of various conditions such as building orienta-
tion, solar radiation, weather, and wind cooling, the authors
achieved 27.69% of energy saving in the building with the
BIPV facades.

However, we should also be aware of the complex-
ity involved in designing the BIPVs. On one hand,
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requirements on PCE and AVT vary with application.
Although both smart windows and facades require a PCE
over 10% for practical use, facades can be colorful with
low transparency while smart windows should have an
AVT over 60% with a neutral color to provide a clear
view. On the other hand, the performance of the TPVs is

© The authors

influenced by a number of factors, such as light intensity,
incident angle, diffusivity, and temperature. Attributed to
the large absorption coefficient and high defect tolerance
of PVKs, the PVK TPVs show a small V,. drop under
the low light intensity and a weak dependence on the
incident angle and diffusivity [5]. These benefits make
PVK TPVs attractive in the solar window application.
Matteocci and coworkers applied a wide bandgap PVK
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MAPbH(Br,_,Cl,); and optimized an optical management
to achieve a PCE greater than 7% and an AVT greater
than 50% in a module with a size of 10.3 cm? [87]. How-
ever, the CRI was only about 71.2 as light wavelength
below 500 nm was absorbed as well. Ritzer et al. used
a laser-scribed micropatterning method to achieve a
high CRI of 97 in the PVK TPVs [175]. The developed
method could provide multiple levels of transparency and
be transferred to more complex tandem structures.
While the transparency and electricity generation are
priorities for the BIPVs, the smart windows and facades
also have other requirements, such as anti-fogging, de-
icing, and privacy protection, which the TPVs could
hardly realize alone. Therefore, several groups have inte-
grated TPVs with other transparent devices to extend
their applications. Patel and coworkers integrated NiO/
ZnO TPVs with Ag nanowire/ZnO transparent heaters to
realize UV blocking, daylighting, and active heating at
the same time as shown in Fig. 13a [187]. The integration
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of the TPVs and the transparent heaters induced cou-
pling between various thermal processes including joule
heating, thermalization, and the Peltier effect, which
enhances the de-icing functionality.

Another important issue in the smart windows is pri-
vacy protection, which requires switchable on-demand
shading. Jeong et al. integrated a large-area organic TPV
(100 mm x 100 mm) with a polymer electrochromic (EC)
device to realize an active switch between a darkened and
bleached state as shown in Fig. 13b, c [188]. Xia and cow-
orkers coupled liquid crystal/polymer composite (LCPC)
films with PVK TPVs for privacy protection [189]. As the
transparency of the LCPC films was determined by both
temperature and electric bias as shown in Fig. 13d, the smart
window was fabricated with multi-response and adjustable
transparency in the temperature range of 37.8—-67 °C. How-
ever, the smart window did not have active control on the
transparency in the temperature range of — 20-37.8 °C.
This drawback may be overcome by employing other liquid
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Table 1 A summary of important PVK-based TPVs in recent years

Material Bandgap (eV) AVT® (%) PCE (%) LUE (%) CRI/CIE coordinates V.. (V) Strategy References
MAPb( 96Br 94)3 1.62 26.23 18.27 4.79 - 1.10 Pre-crystallization [79]
method
CsgosFA( 75Pbl, g Brygg  1.73 20.70° 15.50 3.21 - 1.27 Composition engineer-  [97]
ing
CsPbl,Br 1.90 31.70 14.01 4.44 - 1.21 Intermediate-Adduct- [95]
Assisted Growth
40.90 10.36 4.24 - 1.22
Cs, FA, oPbL,Br 1.73 222 14.21 3.13 - 1.20 Additive engineering [118]
FAPbBr; 2.23 35.60 5.71 2.03 (0.45,0.43) 1.24 Optimization of antisol- [116]
vent timing
Cs.13FA( g,Pbd 1.63 22.10 14.10 3.12 - 1.15 Pre-crystallized hetero-  [78]
087B%0.13)3 junction strategy
FAPbBr;, 2.23 52.30 5.80 3.03 - 1.41 Blade coating all the [105]
layers
FAPbBr; 2.23 45.00 8.60 3.87 97.0 1.42 Intermediate phase [88]
transition and blade
coating
MAPbDI, 1.56 29.00 6.41 1.86 (0.42, 0.45) 1.07 Thermal evaporation [112]
CsPbBr; 2.30 59.80 5.98 3.58 - 1.38 Thermal evaporation [102]
CsPbCl, sBry 5 2.85 84.60 1.10 0.93 96.5 L.77 Thermal evaporation [93]
and composition
engineering
FAMACsPbIBr* 1.63 36.04 13.71 4.94 - 1.17 Composite HTL [101]
(PEA),(Csg 0;sMA, 2.92 61.62 0.69 0.43 - 1.10 Composition engineer-  [117]
505FA0.30)30Pbgo(Cly ing
8752BT0.1248) 121
MAPbHCl, 3.00 72.00 1.06 0.76 (0.33,0.33) 1.73 Solvent-assisted two [119]
step approach
MAPb(Br ;Cl 13)3 2.47 69.70 6.30 4.39 71.2 7.79°  Composition engineer-  [87]

ing with the aid of
theoretical calculation

Csp.05FA) 83 1.59 32.50 10.53 3.42 (0.37,0.34) 0.97 Moth-eye-inspired [120]
MA, 1,PbBr 3315 67 structure for light
management
Csg05(FA( gsMA ) 17) 1.63 22.68¢ 14.78 3.35 - 0.99 interface engineering [123]
0.95Pb(o 83B10.17)3
Cs 1FA, oPbL,Br 1.73 24.5¢ 14.11 3.45 - 1.23 Interface engineering [124]
FAPbBr; 2.23 70.7 8.1 5.72 60.4 1.73 Interface engineering [125]
and anti-reflecting
coating
FAPbBr, 4;Cl 57 2.36 68.00 7.50 5.10 - 1.53 Composition engineer-  [130]
ing
Csp07(FAggsMA ;5) 1.60 10.174 15.40 1.57 - 1.03 DMD transparent [131]
093Pb(o 85Brg 15)3 electrode

#The PVK layer was fabricated via two step spin-coating, detailed composition not reported
YAVT is calculated in the range 380-780 nm by default

‘Calculated in the range 400-800 nm without considering the photopic response
dCalculated in the range 400-800 nm

¢V, of a10 x 10 cm? module. The V,_ of individual cells is not reported
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Table 2 A summary of important transparent OPVs in recent years

Device structure AVT* (%) PCE (%) LUE (%) CRI/CIE coordinates Strategy References

(LiF/TeO,),/glass/ITO/PEDOT:PSS/ 46.8 11.44 5.35 85.4 Aperiodic band-pass electrode [89]
PM6:BTP-eC9:L8-BO/PDINN/Ag
(12 nm)/(LiF/TeO2)%/LiF

Glass/ITO/ZnO/PEN-Br/ 20.0 10.06 2.01 90.4/(0.244,0.275)  Incorporation of Selenium hetero- [73]
PCE10:6TSe —OFIC/MoO,/ cycles
Ag(15 nm)

Glass/ITO/PEDOT:PSS/66- 50.8 5.11 2.60 74.1/(0.294, 0.338)  Enhance intramolecular charge [96]
PTB:IEICO-4F/PDINO/ transfer
Ag(10 nm)/MoO;(50 nm)

Glass/ITO/PEDOT:PSS/PP2:BTP-  43.0 11.10 4.77 (0.343,0.361) Solid additive [137]
eC9/PFN-Br/Au(1 nm):Ag(12 nm)/

MoO;(50 nm)

Glass/ITO/PEDOT:PSS/PBDB- 224 13.10 2.93 (0.272, 0.282) Ternary blend; distributed Bragg [138]
TF:Y6:BTTPC/PFN-Br/ reflector
Ag(12 nm)

Glass/ITO/PEDOT:PSS/ 23.5 12.30 2.89 (0.292, 0.369)

PBDB-TF:Y6:BTTPC/PFN-
Br/ Ag(14 nm)/LiF(140 nm)/
MoO5(110 nm)

Glass/ITO/EDT/ZnO/2-ATP/ 36.3 10.37 3.85 (0.27, 0.29) Ternary blend; self-organized inter-  [142]
PM6:Y6:PCBM/Mo00O5(15 nm)/ layer; oxide-metal-oxide electrode
Ag(10 nm)/MoO;(25 nm)

Glass/ITO/PEDOT:PSS/PTB7- 24.6 9.40 2.31 - Ternary blend [139]
Th:BDTThIT-4F:1IEICO-4F/PDIN/

Au(1l nm)/Ag(10 nm)

Glass/ITO/PEDOT:PSS/J52:IEICO- 19.9 7.75 1.54 (0.317, 0.283) Ternary blend [140]
4F:PC71BM/PFN-Br/Ag(15 nm)

Glass/ITO/PEDOT:PSS/PBT1- 20.8 9.20 1.91 (0.298, 0.328) Ternary blend [141]
S:PTB7-Th:PC71BM/ZrAcac/

Ag(15 nm)

Glass/ITO/PEDOT:PSS/PBT1- 33.8 8.10 2.74 -

S:PTB7-Th:PC71BM/ZrAcac/
Ag(10 nm)

Glass/ITO/PEDOT:PSS/PBT1- 44.8 5.00 2.24 -

S:PTB7-Th:PC71BM/ZrAcac/
Ag(5 nm)

Glass/ITO/Li:Bphen/BF- 81.8 0.70 0.57 97.1/(0.337,0.354)  Conjugation extension; optical [81]
DPB:B4PymPm/BF-DPB:F6- outcoupling architecture
TCNNQ/Mo00O5(20 nm)/

ITO(40 nm)/TPBi

Glass/ITO/PEDOT: PSS/ 30.5 10.01 3.05 (0.338,0.313) Design a polymer donor with an [143]
PBOF:eC9:L8-BO/ PNDIT-F3N/ ultrawide bandgap to selectively
Ag absorb UV light

Glass/ITO/PEDOT:PSS/AJ71:PTB7-  21.0 9.37 1.97 97 Ternary blend; optical outcoupling  [94]
Th:IHIC/PDINO/Au(0.8 nm)/ architecture
Ag(15 nm)/(MoO,/LiF)?

Glass/ITO/PEDOT:PSS/PTB7- 43.1 9.33 4.02 90.7/(0.339,0.361)  Functional group substitution; [144]
Th:BZO-4C1l/PDINN/Cu(3 nm)/ antireflection layer
Ag(8 nm)/MoO;(46 nm)

Glass/ITO/ZnO/PM6:BTP-eC9/ 26.4 8.77 2.31 (0.279, 0.300) Optical coupling layer [146]
MoO;/Ag(11 nm)/Sb,0;(40 nm)

Glass/ITO/ZnO NPs/PEIE/ 15.6° 13.30 2.07 (0.144, 0.118) Micro-cavity forming electrode [91]

PM6: Y6/M0O5/Ag(30 nm)/
HATCN(70 nm)/Ag(30 nm)

SHANGHAI JIAO TONG UNIVERSITY PRESS
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Table 2 (continued)

Device structure

AVT* (%) PCE (%) LUE (%) CRI/CIE coordinates Strategy

References

Glass/ITO/ZnO NPs/PEIE/ 10.4°
PM6: Y6/M0O,/Ag(30 nm)/
HATCN(95 nm)/Ag(30 nm)

Glass/ITO/ZnO NPs/PEIE/ 10.5°
PM6: Y6/MoO;/Ag(30 nm)/
HATCN(120 nm)/Ag(30 nm)

Glass/ITO/PEDOT:PSS/
PM6:Y6/Bis-FIMG/Ag(20 nm)/
TeO,(48 nm)/Ag(18 nm)

Glass/ITO/PEDOT:PSS/
PM6:Y6/Bis-FIMG/Ag(24 nm)/
TeO,(196 nm)/Ag(24 nm)

Glass/ITO/PEDOT:PSS/
PM6:Y6/Bis-FIMG/Ag(26 nm)/
TeO,(104 nm)/Ag(22 nm)

ARC/glass/ITO/ZnO(40 nm)/ 44.2 8.00 3.54
NSM(1 nm)/PCE-10:BT-CIC:TT-
FIC/MoOj5 (20 nm)/Cu:Ag
(16 nm)/CBP (40 nm)/MgF,

(100 nm)/CBP (70 nm)/MgF,
(40 nm)

PET/Ag grid/D-PH1000/ 39.3
PEDOT:PSS/PM6:Y6:m-BTP-
PhC6/PDINN/Ag

Glass/ITO/PEDOT/PTB7-Th:IEICO- 80.4 2.38 1.91
4F/ZnO/Ag NWs 70.6 4.06 2.87

55.3 5.39 2.98

Glass/ITO/2PACz/PM6:Y6-BO/ 30.0 11.30 3.39
PNDIT-F3N/Au(0.1 nm)/Ag(8 nm)

Glass/ITO/2PACz/PM6:Y6-BO/ 19.2
PNDIT-F3N/Ag(15 nm)

Glass/ITO/PEDOT:PSS/PM6/ 20.4
ICBA:Y6/PDINO/AIL:Ag(20 nm)

Glass/ITO/PEDOT:PSS/D18/N3/ 22.8
PDIN/Au(1 nm)/Ag(10 nm)

1290  1.34
1290  1.35
31.0° 14.04 435
21.8°

14.60 3.18

25.2° 14.28 3.60

11.48 4.51

15.20 2.92
14.62 2.99

12.58 2.87

Glass/ITO/ZnO/PTB7-Th/IEICO-4F/ 40.9 8.80  3.60
MoO,/Ag(12 nm)/Alq3(40 nm)

(0.172,0.151)

(0.280, 0.335)

(0.269, 0.278)

(0.255, 0.280)

63.1 Layer-by-layer deposition

(0.295, 0.532)

(0.453, 0.266)

Fabry—Perot electrode [92]

(0.209, 0.475)

(0.460, 0.287)

Ternary blend; optical outcoupling  [83]
architecture

Multilayer flexible electrode; alloyed [147]
acceptor; tune the donor—acceptor
ratio

924 Control film thickness and donor— [80]
86.3 acceptor ratio
82.2

Self-organized interlayer [148]

Pseudo-planar heterojunction [106]

Layer-by-layer deposition; wide
bandgap polymer donor and nar-
row bandgap NFA

[134]

[149]

*AVT is calculated in the range 380-780 nm by default

®The value is the maximum transmittance in the visible range rather than AVT

crystals or further integrating the device with a transparent
heater.

4.2 Other Applications

TPVs also have other interesting applications in scenarios
such as bioelectronics and self-powered photodetectors. Bio-
electronics, for example, an artificial skin, can be used for
continuous real-time health monitoring or provides haptic

© The authors

perceptions for being used in human—machine interfaces.
These functions require a sustainable power supply to guar-
antee portability and long-term operation and thus the TPVs
have attracted a significant attention for bioelectronic appli-
cations. Nuifiez and coworkers combined single layer gra-
phene with the TPVs to form an energy-autonomous capaci-
tive pressure sensor [171]. Attributed to the ultralow power
consumption of the sensor, energy autonomy was achieved
with a PCE of about 1.5% in the work. Bhatnagar et al. stud-
ied a NiO/ZnO TPV as an artificial thermoreceptor [170].

https://doi.org/10.1007/s40820-024-01547-6
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Table 3 A summary of important CQD TPVs in recent years

Material Ligand Bandgap (eV) AVT* (%) PCE (%) LUE (%) CIE coordinates Strategy Referencess
PbS 1,2-ethanedithol and 1.29 21.4 8.40 1.80 (0.42, 0.39) Solution phase ligand [107]
PbX, (X=Iand Br) exchange
CsPbBr; guanidinium thiocyanate 2.40 b 5.01 - (0.436,0.434)  Solid-state ligand [104]
exchange
PbS 3-mercaptopropionic acid 1.30 22.74 3.08 0.70 (0.478,0.430)  Ultrathin Au electrode [164]
PbS 3-mercaptopropionic acid 1.30 24.1 5.40 1.30 (0.46,0.43) Symmetric MoO,/Au/ [166]
MoO, structure for
light management
CsPbl;  Acetic anion and pheny-  1.78 234 11.30 2.64 (0.53, 0.43) Asymmetric MoO,/Au/  [90]
lethylammonium cation MoO, structure for
light management
PbS 1,2-ethanedithiol 1.30 26.0 7.40 1.92 - Interface engineering [167]
CsPbl;  Pb(NOs;), and FAI 1.81 53.0 4.95 2.62 - Graphene electrode [168]

*AVT is calculated in the range 380-780 nm by default

The authors provided transmittance spectra but the AVT value was not reported

They found that the artificial thermoreceptor could detect a
wider temperature range than a natural skin due to a pyro-
electric current from the ZnO layer. In addition, the thermo-
receptor exhibited a hysteresis loop at a high temperature,
which can be used as a sensory memory. However, the rela-
tively low PCE due to special requirements for bioelectronic
applications needs to be solved in the future.

For the self-powered photodetector application of the
TPVs, Nguyen and coworkers reported a high-performance
UV detector by employing the pyroelectric effect in ZnO/
Cu,0 TPVs [152]. Cu,O possessed a low thermal conduc-
tivity and therefore confined photo-induced heat in the ZnO
layer. As a result, the self-powered UV detector exhibited a
high responsivity of 0.98 A W1, a detectivity of 1.62x10"3
Jones and a microsecond response speed at zero bias.

Recently, TPVs were also applied as transparent neuromor-
phic devices in image sensing applications. However, the main
purpose of the TPVs was shifted from energy generation to
offering photo-response with synaptic plasticity. For the com-
pleteness of our discussion, below we mentioned some repre-
sentative work to briefly discuss recent progress in transparent
neuromorphic devices. Bhatnagar et al. demonstrated a photo-
response increased with the number of successive light pulse in
a TPV even with a simple ZnO/NiO heterostructure [190]. The
increased photo-response was regarded as a learning process
and termed as synaptic plasticity. Similarly, Kumar and cowork-
ers fabricated a TPV with a structure of FTO/TiO,/NiO/AgNW
and found synaptic plasticity as well [191]. The mechanism of
synaptic plasticity was explained by oxygen vacancy migration

SHANGHAI JIAO TONG UNIVERSITY PRESS

under electrical bias which modulated the junction width. How-
ever, long-range ion migration may cause irreversible damage
or even break down devices. To address this challenge, Wu
and coworkers applied polyzwitterions in transistor synapses
to inhibit long-range ion migration while allowing interfacial
charge trapping to provide photo-response [192].

S Perspectives and Conclusion

For a brief summary of the review, the last decade has
seen huge progress in the third generation opaque PVs,
which also facilitates the development of thin-film TPVs.
We introduced wavelength- and non-wavelength-selective
strategies to achieve transparency in PVs and discussed the
trade-off between the aesthetic requirements and power gen-
eration. Then theoretical limits and recent progress in dif-
ferent types of the TPVs were presented, with a particular
focus on solution-processed thin-film TPVs. With the aid of
light management, the state-of-the-art thin-film TPVs have
achieved the LUE over 5% [130] and CRI approaching 100
[94]. In addition, different from silicon, the emerging light
absorbers introduced in this review are solution process-
able and bandgap tunable, enabling a color and transpar-
ency customization and large-scale fabrication at a low cost.
Then, the applications of TPVs, with stress on agrivoltaics,
smart windows and facades were discussed in detail. The
results clearly show that the emerging thin-film TPVs are a
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Table 4 A comparison between PVK, organic, and CQD TPVs (single junction)

TPV type PVK Organic CQD

Typical PCE Range (%) 10-15 8-12 5-10

Typical AVT Range (%) 20-40 30-50 20-30

Best LUE (%) 5.72 [125] 5.35[89] 2.64 [90]

Advantages High PCE Light weight Bandgap tunability from
Bandgap tunability in visible region  Selective absorption NIR to UV region
Weak angular dependence of PCE Easy deposition of uniform ultrathin Inherent compatibility of

films CQDs
High CRI
Disadvantages Poor long-term stability Low PCE Low PCE

Poor CRI
Difficulty in deposition of uniform
ultrathin films

Poor long-term stability
AVT limited by donor content and light

Poor long-term stability
Difficulty in synthesis of

high-quality CQDs
Extra fabrication process
such as ligand exchange

scattering in BHJ

promising solution to the dilemma of high energy demand
and limited space in urban areas.

However, the emerging thin-film TPVs are still at their
infancy stage, with the PCE lagging behind their opaque
counterparts and transparency below the application require-
ments. To further improve the performance of TPVs, below
we have identified the following topics deserving further
investigation in the three types of emerging TPVs.

First, for the PVK TPVs: (1) Methods to deposit uni-
form ultra-thin PVK films are urgently needed to address
the cracks and defects due to inhomogeneous nuclea-
tion when the film thickness decreases. The additive and
solvent engineering applied in the opaque PSCs may be
referred to, especially for the compositions with high chlo-
rine and bromine contents; (2) As PVK possess continu-
ous band structures, their absorption spectra are typically
uneven in the visible region, leading to the low CRI. This
requires new light management strategies different from
opaque PSCs; (3) Current electron and hole transport lay-
ers are designed for narrow bandgap PVKs, leading to the
large V,. loss in the TPV application. New electron and
hole transport layers are needed to form a better energy
loss; (4) TPVs inte-
grated in buildings or electronics are more accessible in

band alignment and reduce the V.
daily life and hence have a more strict requirement on
ecotoxicity. Although the toxicity of lead-based PVK is
widely discussed in opaque PSCs [193—195], there has
been no reports on this challenge in TPVs.

Second, for the organic TPVs: (1) As organic mole-
cules have discontinuous band structures, it is possible to

© The authors

selectively harvest the UV and NIR light to break the PCE
limit of the non-wavelength-selective TPVs at the high AVT.
To this end, new molecule design principles are needed to
adjust the gap between absorption peaks rather than sim-
ply redshifting the spectra by inducing a stronger ICT and
extending a conjugation length; (2) The discontinuous band
structures of organic molecules also provide a unique oppor-
tunity in agrivoltaics. The organic absorbers can be judi-
ciously designed to compensate the light spectra required
for certain plants to grow. However, so far there have been
few studies on such specialized molecule designs and their
effects on the plant growth; (3) Although recently many
low bandgap donors and acceptors have been developed,
the organics typically exhibit weak light absorption. Con-
sequently, judicious light modulation is required to reflect
the NIR light back into the cell so that the photocurrent
increases without compromising the transparency.

Third, for the CQD TPVs: (1) Although advancements
have been made in enhancing the charge carrier mobilities
of CQDs, there is still a need for new surface passivation and
ligand strategies. These are essential not only for creating
uniform compact thin films but also for further improving
charge transport properties, especially in CQDs with larger
bandgaps; (2) Hot-injection synthesis of the CQDs with a
high quality and specific size requires complex purification
and careful control of reaction parameters including tem-
perature, composition, and injection rate etc., which is not
favorable for large scale commercial applications. A fac-
ile synthesis or autonomous synthesis method is urgently
needed.

https://doi.org/10.1007/s40820-024-01547-6
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Except for the topics mentioned above, there are other
common challenges worth studying in the emerging thin-
film TPVs. One challenge is to balance the trade-off between
PCE and AVT. The most straight forward strategy to tackle
this challenge is to enlarge the bandgap of light absorber,
which is commonly applied in PVK TPVs. However, the
device efficiency typically drops rapidly with the increased
bandgap. Ideally, selective absorption of NIR and UV light
can boost PCE without sacrificing AVT, resulting in great
interest in multi-junction device structures and organics with
discontinuous band structures. In addition to modifying the
absorber layer, light management provides a facile way to
balance the trade-off between PCE and AVT. Careful optical
designs are required to trap UV and NIR light while trans-
mitting visible light. Another challenge is the deposition
of top transparent electrodes. On one hand, PVK, organic
molecules, and CQD thin films can be easily damaged in the
deposition process, for example, by magnetic sputtering of
ITO. On the other hand, other transparent electrodes, such
as silver nanowires and ultra-thin metal, have higher sheet
resistance. A new deposition method of the top transparent
electrode is necessary to further improve the performance
of the TPVs. One more challenge is the long-term stability
required by the potential applications of the TPVs in our
daily life. However, all the three emerging thin-film TPVs
are faced with instability due to various environmental
stress. PVKs are sensitive to moisture and oxygen. CQDs are
also vulnerable to oxygen and water, especially when there
are surface defects due to ligand exchange. Organic donors/
acceptors are relatively more stable in terms of moisture
as well as mechanical stress, and therefore more suitable
for BIPV applications. However, they may degrade due to
superoxide radical generated under light in charge transport
layers such as ZnO and TiO,. As the development of solu-
tion processable thin-film TPVs is still at an infancy stage,
most literature still focuses on PCE and AVT of devices,
with little attention on the stability of transparent films. New
strategies are urgently required to solve the stability issue for
future applications. Although the three emerging TPV mate-
rials are compatible with mature large-scale solution pro-
cessing methods, such as blade coating and slot-die coating,
leading to a low cost in device manufacturing, synthesis of
organics and CQDs may be expensive and raise the overall
cost. In addition to improving synthesis method, extending
the life time of TPV modules can be another effective way
to increase energy return on investment (EROI). Last but

SHANGHAI JIAO TONG UNIVERSITY PRESS

not least, manufacturing TPVs in large modules or panels
is also a challenging research direction worth studying. On
one hand, it is generally difficult to maintain the quality and
uniformity of large-area films. On the other hand, it is also
not trivial to pattern a module with a high geometric fill fac-
tor and limited damage to the device. To address the former
issue, solution and additive engineering are promising strat-
egies to suppress heterogeneous nucleation or aggregation
so that large-area deposition becomes more controllable. In
terms of patterning technology, Huang et al. recently devel-
oped a multilevel peel-off method in organic TPVs [23]. The
method resulted in a high geometric fill factor of 95.8% with
small damage to the device, demonstrating great potential in
PVK and CQD TPVs as well.
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