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SUMMARY

Transparent photovoltaics (TPVs), which combine visible transparency
and solar energy conversion, are being developed for applications in
which conventional opaque solar cells are unlikely to be feasible, such
as windows of buildings or vehicles. In this paper, we review recent
progress in TPVs along with strategies that enable the transparency
of conventional photovoltaics, including thin-film technology, selective
light-transmission technology, and luminescent solar concentrator tech-
nology. From fundamental research to commercialization of the TPV,
three main perspectives should be considered: (1) high-power conver-
sion efficiency at the same average visible transmittance; (2) aesthetic
factors, which should not detract from applications such as buildings
and vehicles; and (3) feasibility for real-world applications, including
modularization and stability evaluation. We present the distinct analysis
criteria for these main perspectives and discuss their importance. We
also discuss possible research directions for the commercialization of
TPVs.

INTRODUCTION

Forty percent of the energy generated in the world is consumed in buildings, and, as
industrialization advances, the portion of energy consumed in buildings is expected
to increase.’ Accordingly, the installation of energy conversion devices in buildings
to produce energy from the building itself has been extensively studied. A represen-
tative example is solar panels on the exterior walls and roofs of buildings. However,
as glass skyscrapers become increasingly common, the area of the exterior walls and
roofs available for the installation of solar panels on such buildings is decreasing. In
addition, the installation of conventional opaque solar panels on the exterior walls of
buildings may detract from the original design of the building.' One of the measures
to overcome these limitations is the development of transparent photovoltaics
(TPVs). TPVs are expected to replace glass windows of buildings where conventional
opaque photovoltaics (PVs) are unlikely to be applied directly, resulting in a signifi-
cantincrease in the area available for solar cells. Moreover, TPV technology expands
the utilization of PVs because it can also be applied in various situations in which
transparency is a requirement, including sunroofs and windows of vehicles and mo-
bile devices.

The basic idea for the development of a TPV is to transmit a fraction of the incident
light in the visible region that is recognized by human eyes. To implement this idea,
representative strategies are classified into two types: (1) visible light absorption, in
which light in the visible region is partially absorbed and transmitted;** and (2) lumi-
nescent solar concentrator (LSC) technology using luminescent materials.* The
visible light-absorption-type TPV has been applied in most previous studies and
mainly utilizes two typical technologies. Thin-film technology uses an ultrathin
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light-absorption layer to allow the PVs to transmit a fraction of the incoming visible
light. Selective light-transmission technology transmits visible light through selec-
tive light-transmission regions of the PV. The most developed TPV to date is the
visible light-absorption type. As a result, some visible light-absorption-type TPVs
currently reach a high-power conversion efficiency (PCE) of over 12% at an average
visible transmittance (AVT) of 20%.°"° However, further research is required, such as
modularization and scale-up of the unit cells (i.e., > 5 inches) for practical applica-
tion. The LSC-type TPV generates electricity by delivering the light emitted from
luminescent materials embedded in a transparent substrate to opaque PVs located
at the edge of the transparent substrate. Several studies have been conducted
recently on LSC-type TPVs because they show high transmittance with a neutral co-
lor. The LSC-type TPV can exhibit high AVT values over 74% because they use lumi-
nescent materials that mainly absorb light in the ultraviolet (UV)/near-infrared (NIR)
range.® In addition, large-area systems can be fabricated easily, because the size of
the LSC-type TPV is determined only by the area of the transparent substrates in
which the luminescent material is embedded. However, further research is required
because the PCE values that have so far been reported for the LSC-type neutral-
colored TPVs are low (up to 1.24% at an AVT of 74.4%).

Although the development of TPV technology has been extensively investigated,
the following challenges remain to be solved for practical use. First, the improve-
ment of PCE is essential. In addition, a novel strategy is required to develop a
neutral-colored TPV that does not detract from the aesthetics of the applications.
High long-term stability, comparable to that of commercialized PVs, is also needed.
In this review, we discuss key studies related to the development of neutral-colored
TPVs with high PCE and high stability, based on the following questions:

(1) What are the key elements to consider when developing TPVs?

(2) What are the advantages and limitations of the techniques that have been
applied to date to TPV development?

(3) What should be considered for the modularization of TPVs?

(4) What are the standard conditions to consider when evaluating the perfor-
mance of the final device?

Finally, we discuss future works that are additionally considered for the practical
application and commercialization of TPVs.

ESSENTIAL FACTORS TO CONSIDER IN TPV DEVELOPMENT

For the development of TPVs, the first step would be the selection of the appropriate
light-absorbing material and device structure. In this step, for the ideal TPV fabrica-
tion, the three most important factors should be considered (Figure 1A): (1) high PCE
at the same transmittance is required, and PCE must be maintained at all angles. (2)
The TPVs should not detract from the aesthetics of applications. Therefore, the
transmittance and color of the TPV need to be considered. Additionally, low haze ra-
tio and maintenance of aesthetic factors at all angles are necessary considerations.
(3) Long-term stability is required to commercialize TPVs.

First, PCE is an important factor denoting the performance of TPVs, similar to opa-
que PVs. In general, the higher light transmittance of TPVs leads to lower light ab-
sorption by the device, decreasing the PCE.? Consequently, TPVs show a relatively
lower PCE compared with that of opaque PV with a transmittance of 0%. Therefore,
for the development of highly efficient TPVs, it would be advantageous to study the
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Figure 1. Main Key Elements to Consider When Developing TPV

(A) Three main factors to consider in the development of TPV.

(B) Best research-cell efficiency achieved to date (reference: National Renewable Energy
Laboratory, Best Research-Cell Efficiency Chart).’

conventional PV technology that has recorded a high PCE of over 20% in an opaque
form. This strategy has been confirmed through the recent research trends in the
field of TPV technology.® Currently, for opaque PV, crystalline silicon (c-Si) and
perovskite PVs exhibit a high PCE exceeding 25% (Figure 1B)’ and this tendency
is also observed in TPV research. While organic photovoltaic (OPV)-based and
dye-sensitized solar cell (DSSC)-based TPVs show PCEs of approximately 5%—7%
at a transmittance of 20%, c-Si-based and perovskite-based TPVs exhibit PCEs of
over 12% at a similar transmittance.”> When comparing and analyzing the PCEs of
TPVs, the transmittance of the TPV must be considered along with the PCE as an
important parameter because the PCE varies with the transmittance. Furthermore,
the PCE measurement method must be optimized for the TPV and standardized
to avoid the overestimation of the PCE by eliminating reflection or scattering from
the backside of the PCE measurement systems. In addition, in a real environment,
because the position of the sun varies with the day and year, the PCE values of
TPVs also change with time. Therefore, to commercialize TPVs, a novel strategy is
required to minimize PCE degradation due to the change in the angle of the incident
light.

The second factor to consider is aesthetics. TPV technology aims to be applied
where glass is used, including windows of buildings and vehicles. Thus, it is neces-
sary to consider the transmittance and the color of TPVs. In addition, low haze ratio
and maintenance of these aesthetic factors at all viewing angles are also necessary
considerations. When considering the aesthetic factors for TPVs, it is challenging
to directly compare those of hitherto-reported TPVs because the explicit criteria
of the aesthetic elements for TPVs are presently unclear. The transmittance reported
for TPV devices should represent the transmittance of the visible light range (380-
780 nm), considering the response of the human eye to light. Therefore, AVT, which
is the standardized average value of the transmittance in the visible wavelength
range calculated by Equation 1, should be indicated for transmittance. The AVT of
TPV can be determined by the ISO standard method (ISO 9050:2003) for PV, which
is as follows:*?

_ Yla(m)DiV(1) 42

(Equation 1)
D, V(2) 42

where 1(}) is the transmittance of the PV, D, is the spectral distribution of light inci-
dent on the PV, V() is the eye sensitivity factor, and A is the step size of the wave-
length. As the required transmittance varies across the different fields of application,
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at the fabrication stage, the transmittance of TPVs should systematically be tuned.
Furthermore, the color of TPVs should be considered so as to not detract from the
aesthetics of the target application. Accordingly, at the early stage of TPV research,
experiments were conducted to adjust the color of pigments and organic matter to
fabricate TPVs with various colors.'® However, the possible application fields of
colored TPVs are limited; studies to develop neutral-colored TPVs that look like
bare glass are attracting considerable attention.>'" To precisely analyze the
aesthetic elements, including transmittance and color, it is also necessary to
consider the haze ratio that can confirm the degree of clearly visible transmitted
light. In addition, for the color analysis of TPVs, the color rendering index (CRI)
and the CIELAB color coordinate, which is specified by the International Commission
on lllumination (CIE), should be considered for a clear comparative analysis.'”

The third indispensable factor is long-term stability. Commercialized PVs require
long-term use for more than 25 years."* Because TPVs would be a part of the target
applications, the stability of TPV is more critical than that of the commercial opaque
PV, which are independently installed on land or the rooftops of buildings. However,
studies on TPVs have so far mainly focused on improving the PCE. Although some
studies have recently reported on the improvement of the stability of organic
PV,""5 further research is still required to improve the stability of organic-based
PV;'® this is because organic PV, such as DSSC and OPV, are still less stable
compared with inorganic PVs, such as c¢-Si PV.'®"” Perovskite PV, which have
recently received tremendous attention, are also prone to stability issues such as
moisture-induced degradation of the device and photo-instability.'® Therefore,
studies on the improvement of the stability of TPVs are essential. As stability evalu-
ation is carried out after the encapsulation process using glass or ethylene vinyl
acetate (EVA) film in actual applications, the assessment of the stability after the
modularization process is more critical for commercialization.

Lastly, for commercialization, it is necessary to consider the fabrication cost of
TPVs in addition to PCE, aesthetics, and stability. However, it is challenging to es-
timate the fabrication cost of TPVs accurately because most TPVs are not yet
commercialized. The fabrication cost analysis has been reported in the case of con-

ventional opaque PVs.'”?

The estimation of the expected fabrication cost
required for commercializing TPVs can be done by referring to the fabrication pro-
cesses of opaque PVs. Additionally, it is necessary to consider the construction of
the fabrication line for TPVs because it is essential to build a fabrication line for
commercialization, and this cost is a significant part of the fabrication process.
From this point of view, the ¢-Si-based TPVs have a substantial advantage because
c-Si PVs, which dominate the market with a share of over 90%, already have an

advanced fabrication line.

STRATEGIES FOR DEVELOPMENT OF TPVs

Visible Light-Absorption PV Technology

The visible light-absorption-type TPVs are PVs that partially transmit the visible light
and absorb the remaining light to generate electricity. To impart transparency to
PVs, transmission in the visible light region, which can be recognized by the human
eye, is required. There are two main strategies for the development of visible light-
absorption-type TPVs. The first is to fabricate a TPV via thin-film technology that
partially transmits the visible light region by reducing the thickness of the light-
absorbing layer. The second is the selective light-transmission technology, which
is a method of transmitting visible light through selective regions of the device.
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Thin Film Technology

The light-absorbing layer of a conventional solar cell mainly uses a material with a
bandgap of 1.1-1.7 eV; thus, it absorbs visible light, making it opaque to the human
eye.”” However, reducing the thickness of the light-absorbing layer allows light
transmission in the visible wavelength region, which can be described by the
Beer-Lambert law (Equation 2).

It = lyxe® (Equation 2)

where It, lp, 8, and | indicate transmitted light intensity, incident light intensity, absorp-
tion coefficient, and thickness of the absorbing layer, respectively. In other words, the
light transmittance increases as the thickness of the light-absorbing layer decreases ac-
cording to Equation 2. Therefore, thin-film technology is the most convenient method to
fabricate TPVs, and it can be applied to typical light-absorbing films such as organic
(polymer, dye),23'24 inorganic (copper indium gallium selenide [CIGS], a-Si, CdTe, Quan-
tum dot [QD]),*>?¢ and perovskite5'29 (Figures 2A-2H).

Figure 2l and Table 1 show the PCEs of the thin-film TPVs reported to date along with the
AVT of the visible light region for each TPV.?>242228:29.31-5¢ |y general, the PCE of a thin-
film TPV decreases as the thickness of the light-absorbing layer decreases. By the Beer-
Lambert law (Equation 2), light transmittance of the light-absorbing layer is exponentially
inversely proportional to the thickness of the light-absorbing layer generating photo-
induced carriers, which directly determine the PCE of the device as shown in Figure 2J.
However, the light-transmittance characteristics of PV devices are quite different from
those of the light-absorbing layer alone because, in the case of the PV devices, optical
reflection and interference occur throughout the multi-layer structure of the device.”’
Therefore, it is necessary to understand the optical property profile of each layer to
design optimized thin-film TPVs. Organic- and inorganic-based thin-film TPVs exhibit
PCEs of up to 9.80% (with 38.3% AVT) and 9.78% (with 9.04% AVT), respectively
(https://ubiquitous.energy/world-record/).”> On the other hand, perovskite-based
thin-film TPVs achieved a PCE of up to 12.6% at an AVT of 21.5%.”

To maintain transparency of the thin-film TPVs, transparent conducting electrodes (TCEs)
are also required for both front and rear sides of the device, in addition to a transparent
light-absorbing layer. The performance of the TCEs significantly affects the PCE of thin-
film TPVs.>® We generally consider two critical factors to design an ideal TCE for a high-
efficiency thin-film TPVs: light transmittance and sheet resistance. The light transmittance
of the conventional metal electrode is determined by the total surface area of the elec-
trode that reflects the incident light, which is related to the optical shading loss; thus,
we need to design the electrode to maximize transmittance. In addition, the sheet resis-
tance of the electrode, which is particularly related to the current density and fill factor of
the TPV, should be minimized to effectively collect photo-induced carriers generated in
the light-absorbing layer.>® Accordingly, as a strategy for high-efficiency thin-film TPVs,
various studies have been reported on the development of TCEs focusing on high trans-
mittance and low sheet resistance. The typical TCEs used primarily for the thin-film TPVs,
so far, can be divided into those based on transparent conductive oxide (fluorine doped
tin oxide, indium doped tin oxide),”! carbon nanomaterials (graphene, carbon nano-
tube),''*° conductive polymers (poly(3,4-ethylenedioxythiophene) polystyrene sulfo-
nate [PEDOT:PSS]),*® and metal (ultrathin metal, metal nanowire, metal grid).*°%-¢"

Among these, carbon nanomaterial- and conductive polymer-based TCEs show a
high sheet resistance (>60 Q/sq) that is more than twice the sheet resistance
(<30 Q/sq) of metal-based TCEs at the same light transmittance (~90%)%? Graphene
has been mainly used as a TCE material in PV applications owing to the excellent
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Figure 2. Photographs of Representative Thin Film TPV

(A) Organic polymer. Reprinted from Beiley et al.?* with permission. Copyright 2013, Wiley-VCH.
(B) Organic dye24 CCBY 4.0 license.

(C) CIGS. Reprinted from Shin et al.”” with permission. Copyright 2019, Elsevier.

(D) Inorganic a-Si. Reprinted from Yang et al.?® with permission. Copyright 2018, Elsevier.

(E) Inorganic CdTe. Reprinted from Alrashidi et al.?’ with permission. Copyright 2020, Elsevier.
(F) Inorganic QD. Reprinted from Zhang et al.”® with permission. Copyright 2017, Royal Society of
Chemistry.

(G) Perovskite. Reprinted from Xue et al.” with permission. Copyright 2017, Wiley-VCH.

(H) Perovskite. Reprinted from Heo et al.”” with permission. Copyright 2015, Royal Society of
Chemistry.

() PCE versus AVT for thin-film organic, inorganic, and perovskite TPV.

(J) Schematic illustration representing the relation of light transmittance to the thickness of light-
absorbing layer.

(K) Transmittance spectra of complete perovskite TPV with different CH3NH3Pbl; film thicknesses.
Reprinted from Della Gaspera et al.” with permission. Copyright 2015, Elsevier.

(L) Absorption coefficient of various light-absorbing materials. Reprinted from Habibi et al.*® with
permission. Copyright 2016, Elsevier.
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Table 1. Summary of the PCEs of the Thin Film TPV Reported to Date

Type Material AVT" (%) PCE (%) Reference
Inorganic a-Si 23.5 6.36 31
a-Si 23.6 6.92 32
a-Si 12.0 5.20 33
a-Si 18.4 5.57 34
CIGS 9.04 9.78 25
CIGS 26.0 5.27 35
CdTe 30.0 0.41 36
quantum dot  26.0 7.40 37
quantum dot  31.4 4.90 28
Organic polymer 21.6 6.83 38
polymer 14.0 5.20 39
polymer 38.6 4.27 40
polymer 54.0 6.06 41
polymer 45.0 3.40 42
polymer 35.0 7.00 43
polymer 22.8 4.81 44
polymer 24.6 9.40 45
polymer 44.0 7.00 46
polymer 235 8.50 47
polymer 38.3 9.80 https://ubiquitous.energy/world-record/
dye 25.0 5.15 24
dye 24.0 3.50 48
dye 10.0 5.18 49
Perovskite  perovskite 12.6 9.70 50
perovskite 334 9.60 51
perovskite 16.0 11.8 52
perovskite 17.3 12.5 29
perovskite 16.0 10.1 2
perovskite 21.5 12.6 5
perovskite 11.0 1.9 53
perovskite 20.0 1.9 54
perovskite 12.5 11.0 55
perovskite 23.0 11.3 56

®AVT is calculated based on data available in each reference.

chemical and thermal stability and mechanical robustness.®® However, the thin-film
TPVs using graphene TCEs showed a low PCE of 3.35% at an AVT of 40% with
extremely low fill factor of 41.4%."" The low fill factor could result from the high sheet
resistance (=200 Q/sq) of the graphene TCE due to defects and grain boundaries
generated during the chemical vapor deposition (CVD) process.'’ Moreover, as a
representative conducting polymer, PEDOT:PSS has been widely used for TPVs,
which exhibited a PCE of 8.21% at an AVT of 23% with a low fill factor of 66%.°°

In contrast, the thin-film TPV using metal-based TCEs has shown relatively high fill
factor and PCE because of the high electrical conductivity (~107 S/m at 20°C) of
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the metal itself.® Thus, metal-based TCEs have played a significant role in the
improvement of the PCE of thin-film TPVs. The TPV using Ag thin film as a TCE
showed a high fill factor of 76% through excellent carrier collection capability of
the highly conductive TCE. Consequentially, the TPV with a Ag thin-film TCE
achieved the highest PCE of 12.6% at an AVT of 21.5%.° In the case of a thin metal
film TCE, however, there is an intrinsic limitation, in that light transmittance has a
direct trade-off relation with the sheet resistance. The transparency of a metal film
can be realized through ultra-thinning of an opaque metal, resulting in a significant
increase in the sheet resistance. In contrast, metal nanowire and metal grid TCEs can
be fabricated without controlling the thickness of the metal. Unlike metal thin film,
these TCEs have the advantage of being able to achieve high AVT since they reserve
a transparent region along with the specific metal region. Metal nanowire is a
promising TCE material for PV because of both excellent conductivity and low-
cost fabrication process. However, it also has critical drawbacks such as high junction
resistance at the contact points between the metal nanowires and low electrical uni-
formity throughout the electrode network.®® The thin-film TPV using Ag nanowire
TCE achieved a PCE of 10.8% at an AVT of 25.5%, which is a higher PCE than that
of a thin-film TPV with carbon nanomaterial TCEs. Unlike metal nanowire TCEs,
metal grid TCEs provide a uniformly distributed metal network over the entire
area of the TCEs and do not suffer from contact resistance.®' Further, transmittance
and sheet resistance can easily be controlled according to the grid spacing and
width.®® Owing to these advantages, research has been conducted on developing
a TPV by applying a metal grid TCE with superior optical and electrical properties
(i.e., Rs =25 Q/sq with over 97% AVT).?

Since thin-film technology enables PV to be made transparent by thinning the light-
absorbing layer, it can be applied to all types of semiconducting materials without
limitation. Previous research on thin-film TPV has been conducted with a focus on
achieving high PCE using various materials. However, a TPV requires long-term sta-
bility and the appropriate aesthetics of a device along with a high PCE. Although
organic and perovskite TPV exhibit relatively high PCE, these materials result in
poor stability even in opaque PV because they exhibit intrinsic instability to water
and oxygen.'®'® In contrast, inorganic thin-film TPV are expected to show a rela-
tively long-term stability owing to their outstanding stability to moisture and oxygen
compared with organic and perovskite TPV. The light transmittance also varies ac-
cording to the wavelength of the visible region because the absorption coefficient
of the light-absorbing layer is different for different wavelengths (Figures 2K and
20).%% In general, the absorption coefficient of most light-absorbing materials tends
to decrease toward the long-wavelength region. According to Equation 2, the thin-
film TPV exhibits a relatively high light transmittance in the NIR region (~700 nm),
resulting in a general reddish color (Figures 2A—2H).? Therefore, it is unlikely that
the thin-film TPV would be a suitable candidate for applications that require a neutral
color. In terms of fabrication cost, thin-film PV are known as low-cost PV because they
can be fabricated easily via cost-effective processes such as evaporation, spin-
coating, roll-to-roll, and screen |orintingw2 In addition, the material cost of thin-film
TPV is expected to be lower than that of opaque PV, because the light-absorbing
layer of thin-film TPV is much thinner than that of opaque PV.

SELECTIVE LIGHT-TRANSMISSION TECHNOLOGY

Another method to fabricate visible light-absorbing TPV is selective light-transmis-
sion technology. This method transmits light in the visible region through
selective light-transmission regions. This strategy is frequently used to manufacture
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Figure 3. Light-Transmissive PV Modules

(A) Schematic of light-transmissive PV modules.

(B) Light-transmissive PV modules using c-Si PV. Reprinted from Peng et al.” with permission. Copyright 2011, Elsevier.
(C) Photograph of micro-sized PV arrays on PDMS (d is the spacing between two microcells).

(D) Transmittance of micro-sized PV arrays with spacing of 26, 40, 80, 100, and 170 pm. Reprinted from Yoon et al.®® with permission. Copyright 2008,
Nature Publishing Group.

(E) Schematic of the c-Si spherical PV.
(F-H) Light-transmissive PV modules (F) with cell density of (G) 15.4 cells/cm? (PV;), and (H) 5.1 cells/cm? (PV,). Reprinted from Yano et al.®” CC BY 3.0.

light-transmissive PV modules for building-integrated PV (BIPV) systems.’®” As
shown in Figures 3A and 3B, opaque PV are arranged with certain spacing on a trans-
parent substrate such as glass, allowing them to exhibit light transmissivity through
the transparent substrate region. While this method has the advantage of ease of
manufacture, it has the critical drawback that all regions of the PV are opaque,
thereby limiting the transmissive part and detracting from the aesthetics of the
application.

To solve the issue that the installed PV significantly disturb the view, Yoon et al®®
developed a ¢-Si micro-sized PV cell with a length of 1.55 mm, a width of 50 um,
and a thickness of 15 pm and arranged them on a transparent substrate (10-pm-thick
polydimethylsiloxane [PDMS)) to fabricate a light-transmissive mini-module (Fig-
ure 3C). The spacing between the PV was adjusted to tune the transmittance from
35% to 70% (Figure 3D). Using a similar approach, spherical c-Si PV with a diameter
of 1.8 mm were fabricated and arranged on a 108 mm x 90 mm glass substrate to
develop a light-transmissive mini-module (Figures 3E-3H)°” The density of the PV
in the glass substrate was adjusted between 5.1 and 15.4 cells/cm? to control the
transmittance of the mini-module. Although the transmittance of these types of
light-transmissive PV modules is somewhat tunable by changing the size of the opa-
que unit cell from the multi-centimeter scale to the millimeter scale, it is unlikely to
define this mini-module as an ideal TPV because each unit cell is entirely opaque.
Moreover, it does not satisfy the aesthetic factor because even the smallest unit cells
are visible to the human eye.
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Figure 4. Development Methods of TPV by Forming an Aperture on the Active Layer of PV

(A) Schematic of see-through a-Si PV submodule. Reprinted from Takeoka et al.”? Copyright 1993, Elsevier.

(B and C) Illustration of transparent POWER Si PV (B) and Photograph of the transparent POWER Si PV (C). Reprinted from Fath et al.”' Copyright 2002,
Elsevier.

Some research groups have tried to develop a TPV by forming an aperture on the
active layer of a PV. For example, Sanyo Corp. developed see-through amorphous
silicon (a-Si) PV in 1993 by forming apertures (with diameters of between 0.1 and
1.0 mm) on an a-Si PV (Figure 4A)° In the early 2000s, as shown in Figures 4B and
4C, the University of Konstanz reported the ¢-Si light-transmissive PV, which is called
the transparent polycrystalline wafer engineering result (POWER) Si PV, by forming a
tiny aperture in a certain area of the conventional c-Si PV’' However, these PV were
fabricated by forming apertures on conventional PV without considering the invisible
conditions of apertures, resulting in opaque regions and apertures being inevitably
recognized by the human eye. Therefore, these PV are not as transparent as glass;
thus, it is difficult to replace glass with these PV and they continue to detract from
the aesthetics of the application.

Recently, the Seo group developed a neutral-colored TPV? To that end, they at-
tempted to fabricate a transparent c-Si wafer, which is the primary material of a c-
Si PV. First, the size of the light-transmission window (LTW) was designed so that
all visible wavelengths can be completely transmitted through the LTW. The spacing
between the LTWs was designed by considering the minimum angle of resolution for
the human eye to make individual LTWs invisible to the human eye’? Consequently,
the transparent ¢-Si substrate shows a neutral color without a transmission cut-on
wavelength (right in Figure 5A), even though it has the same thickness as a commer-
cial c-Si wafer (left in Figure 5A). Furthermore, the transmittance of the substrate is
systematically tunable by controlling the size and spacing of the LTWs (Figures 5B
and 5C) while maintaining a neutral color (Figure 5D). In addition, as shown in Fig-
ure 5E, the transparent c-Si substrates showed a low haze ratio (0.95%), similar to
that of glass (0.89%). The TPV based on the transparent c-Si substrate exhibited a
very high PCE of up to 12.2% (AVT of 20%) while maintaining its neutral color (Fig-
ure 5F). Thus, the transparent ¢-Si TPV would be advantageous when used as BIPV
because of the angle-dependent transmittance of the devices (Figure 5G). More-
over, as this TPV was fabricated with the same structure as commercial ¢-Si PV, simi-
larly high stability is expected. Furthermore, it is expected that rapid commercializa-
tion of the ¢-Si TPV would be possible because the fabrication process of the ¢-Si TPV
is similar to that of commercialized ¢-Si PV, except for the etching step. In addition, if
the wet etching technique is applied to fabricate the LTWs of the ¢-Si TPV, the fabri-
cation cost of the ¢-Si TPV is expected to be similar to that of commercialized ¢-Si PV.

LSC PV TECHNOLOGY

Forahigh level of transparency in the visible wavelength region, various studies have
investigated the generation of electricity by absorbing only UV (<380 nm) and NIR
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Figure 5. Neutral-Colored ¢-Si TPV

(A) Photograph of a 200-um-thick conventional polished c-Si wafer (left) and a neutral-color transparent c-Si substrate at the center of the conventional
c-Si wafer (right).

(B and C) Photograph of transparent c-Si substrates with different transmittance (B) and total transmittance spectra (C).

(D) Representation of the color coordinates of the ¢-Si TPV with different transmittances on the CIE 1931 chromaticity diagram.

(E) Transmission haze ratio of the ¢-Si and bare glass.

(F) J-V characteristics of ¢-Si TPV.
(

G) Relative photocurrent for different light incidence angles, with respect to photocurrent at normal incidence of the transparent ¢-Si TPV and
conventional c-Si solar cells. Reprinted from Lee et al.” Copyright 2020, Elsevier.

(>780 nm) parts of the solar spectrum, which are not visible to the human eye. OPVs
and DSSC TPVs have been developed in an attempt to demonstrate TPV with a
neutral color like glass using semiconducting organic materials that selectively
absorb light in the UV or NIR region’*’® However, most solar cells reported to
date absorb a significant amount of visible light through not only semiconducting
materials but also other layers such as the hole transport layer (HTL), electron
transport layer (ETL), and TCEs’7®! Consequently, the PV revealed a low AVT of
10%-70% that limits neither visible light transmission nor demonstrating a neutral
color®?8°

In contrast, LSC-type TPV technologies employ luminescent materials that absorb
and emit light in the UV/NIR region. Very high AVTs over 74% have been reported
for LSC-type TPV® The luminescent materials embedded in a transparent polymer
substrate absorb UV or NIR photons and simultaneously emit light of longer wave-
length, in general, than that of the absorbed light®® This process can be understood
to be similar to the energy downshifting of light®” The emitted light from the lumi-
nescent material is guided to the edge of the transparent polymer substrate, where
conventional opaque PV are installed in the form of thin strips (Figure 6A). The wave-
guiding of the emitted photons is attributed to the total internal reflection due to the
refractive index difference between the polymer and air. In turn, the LSC comprises
two parts: a light-absorbing area that includes the luminescent materials and a
conventional PV area that produces electricity. Because the edge area is visibly
negligible, the LSC-type TPV has the advantage of being able to realize perfect
transparency with almost no absorption of visible light, like glass (Figure 6B). ¢-Si,
GaAs, and InGaP PV have mainly been used as edge PV and organic dyes and
QDs are commonly used as the luminescent materials embedded in transparent
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Figure 6. LSC-Type TPV
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(A and B) Schematic (A) and representative (B) photograph showing the LSC-type TPV technology. Reprinted from Zhao et al.* Copyright 2014, Wiley.

(C) Schematic of absorption and emission characteristics of ideal luminescent material. Reprinted from Yang et al.®* Copyright 2017, Wiley.

(D) Representative absorption and emission spectra (normalized) of typical luminescent materials applied in LSC-type TPV. Reprinted from Yang et a

Copyright 2017, Wiley.

| 86

(E) Relative absorbances in band maxima as a function of time of out-door storage and polymer matrix®® CC BY 4.0 license.

polymer substrates®? In addition, the LSC technology would be more facile than
other TPV strategies for implementation in a large area system by an inexpensive
process’' The size of the LSC is determined by the area of the transparent polymer
substrate that includes the luminescent material. The transparent polymer substrate
with luminescent material can be fabricated at a large scale using inexpensive
methods such as casting, coating, and roll-to-roll processes®”-”? Additionally, the so-
lar cell installed at the edge of the LSC has already been commercialized at large
scales. Consequently, large-scale LSCs have been demonstrated with a size of
over 100 cm? via a cost-effective method®””? Thus, LSC-type TPV technology has
strengths for BIPV or vehicle-integrated PV (VIPV) applications that require that
TPV replace a large scale of a glass substrate.

Table 2 summarizes the optical power efficiency (OPE), PCE, AVT, size, and type of
solar cells installed at the edge of the LSCs**7*7 It is necessary to carefully distin-
guish the OPE and PCE when referring to previous studies. OPE is the energy ratio of
the light emitted by a luminescent material to the energy of incident light from the
sun (AM 1.5G solar spectrum). PCE can be estimated by the equation PCE = OPE X
npyv, where npy is the PCE of the edge-mounted PV?" The OPE varies according to
the actual LSC size because of the energy loss due to various reasons such as the
escape of emitted light from the transparent polymer substrate before being guided
to the target solar cells®””® From this perspective, the actual size of the LSC should
be considered one of the main parameters for the evaluation of the device. The LSC-
type TPV technology has demonstrated lower OPE and PCE than those of other
strategies. In particular, the reported efficiency is considerably lower than the theo-
retical efficiency, because current technology is far from the ideal condition. We can
consider the following requirements for the ideal LSC-type TPV strategy: (1) the
luminescent material absorbs almost 100% of UV/NIR light that is in the possible ab-
sorption range; (2) the photoluminescence (PL) efficiency is 100%; (3) the emitted
photon must reach the edge-mounted PV without any losses; (4) the efficiency of
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Table 2. Summary of the Characteristics of Transparent Luminescent Solar Concentrator

Luminescent OPE PCE AVT Active Area Thickness Mounted
Material (%) (%) (%) (cm?) (cm) PV

Metal halide”™ = 0.44 84 6.25 0.1 c-Si PV
cy? - 0.4 86 4 0.1 c-Si PV
Cy7-CA™ = 0.3 87.7 25.8 0.1 c-Si PV
gem-Pyrene 2.1 0.32 N/A 6.25 0.1 c-Si PV
Ethenes”®

EuTT?/ = 0.28 N/A 100 03 c-Si PV
Cy7-NHS® = 1.24 74.4 25.8 0.635 GaAs PV

OPE, optical power efficiency; PCE, power conversion efficiency; AVT, average visible transmittance; PV,
photovoltaics.

the edge-mounted PV is close to the Shockley-Queisser limit (33.1%); and (5) there is
no optical loss in the transparent polymer substrate due to reflection or transmission.

The dominant reason for low PCE of the LSC-type TPV technology is the low OPE of
the luminescent materials. Figure 6C shows the absorption and emission spectra of
the ideal luminescent material. The ideal luminescent material absorbs 100% of the
UV/NIR light in the possible absorption range while allowing 100% transmittance of
visible light. In contrast, typical luminescent materials applied in LSC (Figure 6D)
have significantly lower absorption of light in the UV/NIR region, which results in a
reduced number of photons reaching the edge-mounted PV, causing low OPE of
the LSC. Therefore, the light-absorption capability of the luminescent materials in
the UV/NIR region must be improved to increase the OPE. To improve the UV/NIR
light absorption, various types of luminescent material have been explored, such
as core/shell structured QDs’? nanocrystal'°>'%" and rare-earth ion complexes”’"'%?
However, further research is required.

Figure 6C also shows that the ideal absorption and emission spectra do not overlap.
When the two spectra overlap, the emitted photon can be reabsorbed by lumines-
cent material. Such a re-absorption loss reduces the OPE of the LSC, and the OPE of
LSC rapidly decreases as the area of the LSC increases due to the enhanced re-ab-
sorption loss. Thus, the minimization of the spectral overlap of absorption and emis-
sion in LSC would be a direct solution to reduce the re-absorption loss of emitted
photons in the polymer matrix”® This could be achieved by reducing the bandwidth
of the emission spectrum and also by increasing the Stokes shift, which is the differ-
ence between the positions of the band maxima of the absorption and emission
spectra. The tunability of absorption and emission spectra has been demonstrated
by controlling the reaction conditions, particle sizes, molecular structures, and com-
positions of the luminescent materials®'%%19

The lifetime of the LSC-type TPV mainly depends on the stability of the luminescent
materials. This is because other components of the LSC-type TPV, the transparent
polymer and edge-mounted PV (e.g., c-Si PV), have exhibited long lifetimes of
several years or more. The stability of luminescent materials should be evaluated af-
ter embedding in a transparent polymer substrate in the same manner as the actual
LSC structure. Figure 6E shows the lifespan of luminescent organic dyes commonly
used in LSC. Examining the change in absorbance of the dye embedded in the trans-
parent polymer substrate reveals that few materials are relatively stable throughout
the period of 2 years. Such a low stability is attributed to the fact that most lumines-
cent materials are sensitive to oxygen and moisture under atmospheric condition,
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Figure 7. Schematic of a PCE Measurement System with Matte Black Background and a New Type
of Bottom Contact Probe

(A) Three-dimensional (3D) schematic of the PCE measurement system.

(B) Cross-sectional schematic of the PCE measurement system.

resulting in a short lifetime®® Thus, efficient encapsulation strategies against mois-
ture and oxygen are required’'"'°> Moreover, there is no standard for the stability
evaluation of LSC-type TPV. Therefore, it is necessary to provide the specific lifetime
of LSC-type TPV and also to establish a standard stability test.

STANDARD CRITERIA FOR ANALYSIS OF TPV

To accurately evaluate whether fabricated TPV satisfy the aforementioned essential
elements, it is necessary to define explicit standards regarding the analysis criteria.
We discuss here how to evaluate the performance and aesthetic factors of TPV. In
addition, the possible modularization and stability evaluation of TPV will be
described with reference to the industrial standards for conventional PV.

Performance Evaluation of TPV

The PV performance of a TPV can be evaluated as the ratio of the energy input to the
energy output, which is the same as the measurement in a conventional PV and can
be defined by the following equation'®

Pt Voe X Joo X FF
Pin B Pi

PCE = (Equation 3)

where V. is the open-circuit voltage, J,. is the short-circuit current, and FFis the fill
factor. The standard measurement is performed under simulated AM 1.5G solar illu-
mination at a temperature of 25°C. TPV are intentionally designed to transmit light in
a specific range of wavelengths in the solar spectrum, while conventional PV are de-
signed to minimize the reflection and transmission of light to increase the PCE. When
measuring the PCE of a TPV, in particular, the Jsc may be overestimated if the trans-
mitted light is re-absorbed. In the conventional PCE measurement system, the stage
for PV is made of metal for easy contact with the rear side of the PV. Since TPV mainly
use TCEs on the rear side, there is a possibility that the transmitted light is reflected
back to the TPV by the metal plate on the stage. Thus, it is necessary to prevent the
reflection of the transmitted light from the bottom stage. One way to do this is to
place a matte black background between the TPV and the metal stage of the
setup'?” In addition, modified bottom contact probes are required to enable ohmic
contact between the TPV and PCE measurement systems, as shown in Figure 7.

Additionally, for accurate Js. measurements of TPV, the calculated Js. value from
external quantum efficiency (EQE) should be compared with the measured J,. value.
The EQE spectrum represents the light collection capability of a PV according to the
wavelength of incident light. It is defined as the ratio of the number of collected
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charge carriers to the number of photons incident at specific wavelengths, as shown
in Equation 4'%®

electrons.s™ current/e

EQE = =
photons.s~"  total photon power / hv

(Equation 4)

The efficiency of carrier collection of a TPV according to the wavelength of incident
light can be evaluated through the EQE measurement. The J,. calculated from EQE
can be obtained according to Equation 5%

Jse = e-/ EQE(2)-AM1.5G(A)dA (Equation 5)

where e and A represent the elementary charge and wavelength, respectively. Here,
we can confirm whether the measured Jg. is accurate compared with the Jy value
calculated from the EQE. In a previous survey of erroneous efficiency reports for
PV, approximately 37% of the PV literature reports overestimated J,. and PCE
values''® To ensure a reliable performance check of a TPV, the calculated J,. value
from the EQE spectrum should be reported along with the measured J;. value.

In addition, it is necessary to consider the AVT when measuring the PCE of TPV. The
Lunt group proposed the concept of light utilization efficiency (LUE), represented as
the product of AVT and PCE values, as the criterion for evaluating the efficiency of
TPV relating to the AVT”" The LUE value can be used as a convenient figure of merit
to compare the performance of TPV, but, when only the LUE value is presented, in-
formation about the AVT and the PCE of the TPV is veiled. Therefore, both AVT and
PCE should be simultaneously indicated as figures of merit for comparing the PV
performance of TPV.

ASSESSMENT OF THE AESTHETICS OF TPV

The figures of merit for the analysis of the aesthetic factors of TPV include standard-
ized transmittance, transmission haze ratio, CRI, and CIELAB color coordinates. The
first figure of merit regarding the aesthetics of TPV is transmittance. Currently, the
transmittance of TPV has been presented in various ways because the transmittance
of TPV has no specific evaluation standard. AVT is the standardized average value of
the transmittance in the wavelength range of 380-780 nm, which is visible to the hu-
man eye.

Second, the transmission haze ratio should also be measured. The transmission haze
ratio can be estimated as the ratio of the diffuse transmittance (T,) to the total trans-
mittance (T)"""

H(%) = —=x 100 (Equation 6)

Transmission haze ratio is a measure of the degree to which light passing through a
TPV is scattered or reflected, causing objects located on the back of the solar cell to
be blurred. The lower the value of the transmission haze ratio, the clearer the object
located on the back of the TPV. Therefore, it is necessary to develop a TPV with a low
transmission haze ratio, and itis also essential to compare the transmission haze ratio
of glass (< 1%) currently used in the window field""

The aesthetic factors of TPV to be considered along with the values of AVT and trans-
mission haze ratio are the CRI and the CIELAB color coordinates, which are the fig-
ures of merit that indicate the color rendering and the presence or absence of color.
These values are measured under the same standard light source (AM 1.5G) as those
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Figure 8. Assessment of the Aesthetics of TPV

(A) Comparison of a low and high CRI. Reprinted from Traverse et al.”" with permission. Copyright
2017, Nature Publishing Group.

(B) lllustration of CIELAB color space. Reprinted from Tang et al.'? CC BY-NC-ND 4.0.

used for PV performance measurement. The CRI is the quantitative value of color-
rendering capacity estimated by comparing the color of an object seen through a
TPV with the original color under the reference illumination source' CRI ranges
from O to 100, where a higher CRI value represents a better color rendering (Fig-
ure 8A)”" A high value of the CRI close to 100 indicates that the color of an object
seen through the TPV is almost identical to the original color'? CRl is either obtained
by direct measurement using color-measuring equipment such as a colorimeter or
by calculating the CRI value from transmittance data of the TPV®>"""3

Another color standard to evaluate the aesthetics of TPV is the CIELAB color coordi-
nates, which is a system suggested by the CIE that depicts the color of an object using
three coordinates (Figure 8B). In general, CIE chromaticity diagrams, such as CIE 1931 xy
and CIE 1971 uv, have mainly been used for evaluating the color of TPV*>1%1174 How-
ever, some colors that differ only in brightness, such as white and gray, cannot be distin-
guished in the CIE chromaticity diagram® In contrast, CIELAB color coordinates can
display both chromaticity and brightness values. As shown in Figure 8B, the L* value rep-
resents brightness from black (0) to white (100)""? The a* value indicates green to red,
and the b* value shows blue to yellow. When the values of a* and b* are closer to O,
the color is more neutral. The color coordinates of a TPV can be easily obtained by using
color measurement instruments such as a color spectrophotometer. The color of the TPV
can be clearly confirmed through the measurement of the CIELAB coordinates, and this
would be an excellent way to check how close the TPV is to a neutral color. Accordingly,
CRI and CIELAB color coordinates should be considered for the accurate evaluation of
the aesthetics of TPV, which can be used as a figure of merit to determine the possible
applications of developed TPV.

MODULARIZATION AND STABILITY EVALUATION OF TPV

In addition to the aforementioned factors, PCE and aesthetics, research on modula-
rization and stability is also required for the commercialization of TPV. A 6-inch c¢-Si
PV generates power of approximately 2-5 W with a voltage of approximately 0.5-
0.6 V and a current of 4-8 A’ For practical applications such as operating systems
or power plants; however, PV modules should be designed to produce appropriate
currents and voltages, which are generally much larger than those of a single unit de-
vice. In addition to designing for suitable power, the modularization of PV is critical
for improving the stability of the PV through the encapsulation of the module.
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Figure 9. Modularization of PV
(A) Schematic of ¢-Si PV module.
(B) Modularization schematic of thin-film PV module fabricated by laser scribing.

The modularization process of PV can be categorized based on the type of PV: (1)
wafer-based PV such as ¢-Si and (2) thin-film PV formed by coating on a glass sub-
strate such as organic PV and perovskite PV. Since metal electrodes exist on both
the front and rear surfaces of ¢-Si PV, the rear electrode would be connected to
the top electrode of neighboring cell to connect each in series. For commercial c-
Si PV modules, tinned copper flat wires are used as a solder wire to interconnect
two unit cells in series or in parallel as shown in Figure 9A. Owing to the physical
gap required for interconnection between the unit cells, some areal loss of the solar
module is unavoidable, leading to the degradation of the module efficiency
compared with the PCE of the unit PV (Chung et al., 2012, 38th IEEE Photovoltaic
Specialists Conference). In addition, because of the large width (1-6 mm) of the cop-
per wire,''* the interconnections of the copper wires on the solar module are inev-
itably visible, which deteriorates the aesthetics of TPV modules. Accordingly, rather
than the conventional ¢-Si PV structure with electrodes located on both the front and
rear sides, an interdigitated back contact (IBC) PV with all the electrodes on the rear
surface would be considered''® The IBC PV would not require the large space be-
tween the PV because of a relatively simple interconnection between two unit cells
on the same side. Because of a narrow gap less than hundreds of micrometers be-
tween the cells, the PV could be interconnected with fine copper wire rather than
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conventional copper wire with a width of 1-6 mm. IBC-based modularization with
fine copper wire connections may be an appropriate approach to ensure the aes-
thetics requirement of the TPV module.

As shown in Figure 9A, the conventional ¢-Si PV module consists of cover glass on
the front side, a polymer sheet bonded to the front and rear sides to protect the
module, and a metal back sheet located on the rear side of the module. In general,
3.2-mm-thick soda-lime glass is used as the cover glass (Kambe et al., 2013, IEEE
39th Photovoltaic Specialists Conference). For the standardized size of a solar mod-
ule (1600 x 980 mm?), the weight of the cover glass is approximately 12-13 kg,
which is more than 60% of the total weight of the module. The polymer sheet directly
covering the PV module is EVA. The EVA film exhibits rubber-like material properties
in flexibility and softness''® Furthermore, EVA is transparent and resistant to dam-
age from stress-cracking, UV radiation, and extreme temperature conditions (—40/
80°C)""” For the TPV module, instead of an opaque aluminum back sheet, glass
should be used on the rear side to form a glass-to-glass-type module structure, re-
sulting in a significant increase in the weight of the module. Therefore, itis necessary
to develop polymer-based materials that can replace the cover glass to achieve both
the low weight and high stability of the conventional solar module for TPV modules.

The modularization process of thin-film PV fabricated on a glass substrate (e.g., an
organic PV or a perovskite PV) is intrinsically different from that of the wafer-based
¢-Si PV. Figure 9B presents a schematic of the modularization processes for thin-
film PV modules, which is performed by a laser and mechanical scriber to isolate a
TCE/light absorber/metal electrode. The TCE coated onto the entire glass substrate
is patterned by the first scribing, followed by coating the active layers onto the pat-
tered TCE. Then, the active layers are patterned by the second scribing. Finally, the
metal electrode is deposited onto the patterned active layers, followed by the third
scribing to isolate the metal electrode. By selectively patterning the layers of the PV,
the cells are isolated and interconnected in series with neighboring cells. Because of
precise laser scribing, it is possible to minimize the areal loss during the modulariza-
tion. After laser scribing, the patterned layers are filled with the EVA film. The mod-
ule fabrication is completed by covering the top of the EVA film with the cover glass.
Since the TPV use TCE as front and rear electrodes instead of metal electrodes, the
series resistance would be considerably higher than that of the conventional thin-film
PV with metal electrodes. Currently, a metal electrode would be essential to prevent
resistive and power losses for the large scale of commercial modules. To avoid dete-
rioration of the aesthetics, an appropriate electrode design for the TPV module is
also required.

Another key purpose of modularization is to protect PV from the environment.
Recent reports of TPV have focused on improving PCE and transparency. However,
not much discussion has been reported regarding standardized methods for
evaluating the stability of the TPV module. Thus, based on the typical methods for
assessing the stability of a commercial PV module, it is also beneficial to discuss
the requirements for commercializing the TPV module. The ideal PV module, suit-
able for many applications from solar power plants to BIPV systems, requires a ser-
vice lifetime of more than 25 years. Since it is unrealistic to monitor the performance
of the installed solar module under outdoor conditions for decades, an accelerated
stress test has been developed to measure the long-term performance of a PV mod-
ule in a short time. The international electrotechnical commission (IEC) 61646 certi-
fication was proposed mainly for the a-Si PV module®” However, recently, it is
also the most widely applied standard certification for testing the stability of
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next-generation PV such as OPV, perovskite PV, and DSSC. The [EC 61646 standard
comprises a set of tests elaborating the standard conditions and requirements for PV
module certification, which are designed to test whether the PV module maintains its
performance under prolonged exposure to standard climate conditions such as UV
exposure and repeated temperature changes in the range of -40°C to 85°C at a rela-
tive humidity of 85%''®

Because of harsh test conditions, three general phenomena designate “failure” in PV
modules: (1) non-power generation (catastrophic, negligible output), (2) efficiency
loss or lower power generation than the designed threshold value, and (3) issues
caused by system instability. In particular, for the TPV module, aesthetic variations
over the time period may be additionally considered as an important variable'"’
The main causes of failure of thin-film PV modules are oxygen and humidity.
Although the stability analysis of TPV modules has not been performed, it is evident
that non-Si TPV modules would exhibit failures similar to those observed in conven-
tional organic or perovskite thin-film PV modules''” Oxygen can be photo-activated
by UV light, and then super oxides and hydrogen peroxide can be generated, which
degrade organic semiconductors in PV'?%"?! In addition, air exposure affects the ef-
ficiency of the PV by diffusing water vapor as well as oxygen into the PV. In particular,
for the perovskite PV, a photoactive material such as methyl-ammonium lead iodide
is hydrolyzed in water, causing the decomposition of perovskite'?” Therefore, the
encapsulation of the module is critical to fulfill requirements such as a water vapor
transmission rate (WVTR) of 107°-107¢ gxm™2xday~" and oxygen transmission
rate (OTR) of 107°-10° cm3><m’2><day*1><atm’1123 Although various materials,
such as UV-cured epoxy'?* polyisobutylene'® and atomic-layer-deposited
alumina'?® have been applied to organic and perovskite PV as the encapsulating
layer, the use of these materials with low WVTR and OTR would increase the cost.
Accordingly, to commercialize a TPV module, it is necessary to develop a flexible,
light, and inexpensive encapsulation material that is transparent to sunlight. For
this, the high stability of the ¢-Si TPV, which are more stable in moisture and oxygen
than the non-Si-based thin-film TPV, would increase the possibility of the commer-
cialization of the TPV modules.

FUTURE OUTLOOK

Although TPV has been extensively researched as a renewable energy source for ur-
ban areas, a high-performance TPV cannot be realized commercially yet. For this,
several key elements have been suggested in this review as important consider-
ations for the development of TPV, including (1) a high PCE at the same AVT and
minimization of the PCE degradation due to the angle of light incidence, (2) neutral
color and low transmission haze ratio similar to glass, (3) modularization, and (4) high
stability. Notably, each element must be verified through explicit evaluation stan-
dards. Among the TPV already developed, the best candidate for commercialization
to satisfy these requirements is the ¢-Si TPV Currently, ¢-Si TPV show a PCE of up to
12.2% (AVT of 20%), which is the highest among neutral-colored TPV. Further, the
stability is expected to be the same as that of commercial ¢-Si PV. However, the
unit cell must be scaled up to a size of over 5 inches, and research on modularization
is required to produce the required current and voltage. In the modularization pro-
cess, it is challenging to maintain the transparency of unit cells when connecting
electrodes. Another way to develop a neutral-colored TPV is using LSC. Although
the basic idea of LSC is clear and promising, further research is required to improve
the PCE of the LSC-type neutral-colored TPV. However, large-sized LSC-type TPV
would be easily fabricated by coating a luminescent material on a transparent
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substrate; thus, it is considered as a potential technology that can replace the large
glass windows of a building. In addition, if the LSC technology can be combined with
other TPV technologies, the development of more advanced TPV may be possible.
For example, if the LSC technology is applied to the LTW part of the ¢-Si TPV, the
transmitted UV/NIR light through the LTW region is expected to be re-absorbed
by the LSC. This re-absorption process would increase the PCE of the ¢-Si TPV while
maintaining the neutral color and high transmittance of the device.

Another challenge in the commercialization of TPV is the angle dependency of the
device. Since the position of the sun changes during the day and year, the PCE of
PV also varies with time. In particular, because TPV would be installed in a fixed
space with a relatively large angle to the sun, the cultivated energy may be much
less than the expected value estimated under normal incidence condition. There-
fore, a new strategy is required to minimize the PCE difference according to the
angle of light incidence. A spherical PV is an example design that equalizes the
amount of light entering the PV at all incident angles'?” In ¢-Si TPV, angled incident
light can be absorbed through the wall of the LTW, reducing the PCE degradation
according to the incident light angle® However, there are significantly fewer studies
on limiting PCE degradation due to the angle of incident light compared with those
on opaque PV. Therefore, further research for optimizing TPV is needed to minimize
the PCE drop depending on the angle of the incident light.

The development of TPV will lead to commercialization, which will present a new
paradigm to the PV market. When the windows of a building with a window-to-
wall ratio of 55% is replaced with 30 W TPV (AVT of 15%), more than 40% of the en-
ergy consumed in the building can be generated from the PV'?® In addition, TPV
could be applied to vehicles. On hot days, many dangerous situations occur due
to anincrease in the internal temperature of the car. In particular, a number of deaths
of children or pets are reported every year due to the rising temperature inside
parked vehicles'?” If TPV is applied to cars, these dangerous situations can be pre-
vented by lowering the temperature inside the car by operating the electric fan on
hot days, even when the engine of the vehicle is off'*° Another example is applying
TPV to greenhouses. This will enable the building of smart farm systems that auto-
matically check and regulate plant conditions, temperature, and humidity through
a self-powered Internet of Things (loT) system powered by the TPV. As such, the
commercialization of TPV is expected to foster new types of industries beyond sim-
ply expanding the applicable space of PV.
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