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Recent Progress in Materials and Device Design for
Semitransparent Photovoltaic Technologies

Pankaj Kumar,* Shujie You, and Alberto Vomiero*

Semitransparent photovoltaic (STPV) solar cells offer an immense opportunity
to expand the scope of photovoltaics to special applications such as windows,
facades, skylights, and so on. These new opportunities have encouraged
researchers to develop STPVs using traditional thin-film solar cell
technologies (amorphous-Si, CdTe, and CIGS or emerging solar cells (organic,
perovskites, and dye-sensitized). There are considerable improvements in
both power conversion efficiency (PCE) and semitransparency of these STPV
devices. This review studies the device structure of state-of-the-art STPV
devices and thereby analyzes the different approaches toward maximizing the
product of PCE and average visible transmittance. The origins of PCE losses
during the opaque-to-semitransparent transition in the different STPV
technologies are discussed. In addition, critical practical aspects relevant to
all STPV devices, such as compatibility of the top transparent electrode with
the device structure, buffer layer optimization, light management engineering,
scale-up, and stability, are also reported. This overview is expected to facilitate
researchers across different technologies to identify and overcome the
challenges toward achieving higher light utilization efficiencies in STPVs.

multi-crystalline  silicon,[l  10.3% for
hydrogenated = amorphous  silicon
(a-Si:H),’l  23.6% for Cu(In,Ga)Se,
(CIGS), )] 22.3% for CdTe/sl 26.0%
for perovskite solar cells (PSCs),®
19.3% for organic solar cells (OSCs),”]
and 14.2% for dye-sensitized solar
cells (DSSCs).l®l Currently, the well-
established silicon-based PV occupies up
to 95% of the total commercial produc-
tion, which implies an opportunity to
improve alternative PV technologies.[°!

Commercial and residential build-
ings consume about 40% of total global
energy production.'1%13] Traditionally,
opaque solar panels have been in-
stalled on limited areas of roof-tops and
parking shades, generally categorized
into “building-attached photovoltaics”
(BAPV).'*14] Ag the number of skyscrap-
ers is expected to rise continually, the

1. Introduction

Photovoltaics offer a clean and renewable alternative to fossil-
based sources of electricity. It will continue to increase its share in
global electricity production because of increased concerns about
global warming and environmental pollution.[?] Lab-level effi-
ciencies of various solar cell technologies have improved consid-
erably in the last few years with record power conversion efficien-
cies (PCEs) of 26.7% for mono-crystalline silicon,®] 24.4% for
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windows, facades, and skylights will pro-

vide even larger unclaimed areas for solar
panel installations. However, opaque solar panels with rigid de-
signs applied in BAPVs are generally not aesthetically attractive.
On the other hand, semitransparent photovoltaics (STPVs) can
potentially replace the glass windows/glazing systems, in addi-
tion to application in currently unexplored areas like awnings,
curtain walls, ventilated/non-ventilated facades, canopies, and
skylight sunroofs, greenhouses, windows of vehicles, and so on.
These applications are categorized into “building-integrated pho-
tovoltaic” (BIPV) technologies.!'3] Apart from producing electric-
ity, thermal insulation by reducing incident heat load and trans-
parency modulation are additional features of emerging STPV
technologies embedded in glass windows.['>"17] The global BIPV
market size was estimated at $14.4 billion in 2020 and is expected
to have a compound annual growth rate of 20.0% from 2021 to
2028 to reach $59.5 billion by 2028.[17]

Although BIPVs have been installed on commercial build-
ings to some extent, their widespread application is still
missing.[1'1318] Among the many solar cell technologies suitable
for STPV applications (such as CIGS, CdTe, DSSC, a-Si:H, PSCs,
and OSCs), only a-Si:H has been commercialized with limited
success.l!”] The limiting factors are many: cost, low efficiency, in-
sufficient proven stability, lack of aesthetic appeal and awareness,
and so on.[13:20.21]

Transparency is one of the most critical factors for BIPV ap-
plications such as windows, skylights, and glass curtain walls.
A simple method to assess the transparency of a solar cell is to
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calculate the average transmittance values in the visible range
(usually taken as 380-740 nm). However, our visual perception
(eye sensitivity) of light differs across the visible spectrum wave-
lengths. A parameter called average visible transmittance (AVT)
was introduced to take eye sensitivity to different wavelengths
into consideration. It is calculated as the average spectral trans-
mittance of light in the visible wavelength weighted by the pho-
topic response of a human eye and calculated using(?>?3l:

JT(A): V(A) - AML5G (4) dA

AT = — - AMISG () da

1)

where T(4) is the transmission spectrum and V(4) is the pho-
topic response function. AM1.5G represents the global standard
solar spectrum. The integration is performed in a sufficient wave-
length range (or at least 380-740 nm). It is highly recommended
to use Equation (1) to maintain consistency in reporting trans-
parency of an STPV device. AVT is sometimes also called average
photopic response (APT). AVT in residential windows can vary
anywhere from 15% for highly tinted glasses up to 90% for clear
glass.[2] It is generally accepted that an AVT of >25% is required
for window application.2*]

PCE and AVT are usually inversely related, and therefore, a
single compound parameter was necessary to reference the im-
provements across various STPV technologies. A new perfor-
mance metric called light utilization efficiency (LUE) was intro-
duced by Traverse et al.[?}]

LUE = PCE x AVT 2)

LUE allows an effective way to compare different STPV tech-
nologies against the theoretical limit of 20.6% for single junction
and 37% for multi-junction STPVs.[?’]

Most of the STPV devices are not color-neutral since the spec-
tral transmittance in the visible wavelength region is not uni-
form. Therefore, apart from PCE and transmittance, the color
perception (aesthetics) of semitransparent solar cells is another
parameter to consider when targeting BIPV applications such
as glass windows. The International Lighting Commission (CIE)
1931 (x, y) chromaticity diagram is the industry standard used
to quantify the color perceived by the human eye from a mea-
sured spectrum.[?] The so-called “white point” or neutral color
corresponds to the coordinates of (0.3333, 0.3333), and the stan-
dard solar spectrum used to characterize the PCE (AM 1.5G) has
the color coordinates of (0.3202, 0.3324).127.28] Alternatively, chro-
maticity coordinates can be reported using CIELab color space,
with three parameters a*, b", and L.[*?’] Moreover, aesthetics
and color comfort are also important. Therefore, the additional
figures of merit, such as color rendering index (CRI) and cor-
related color temperature (CCT), are evaluated.3°] A high CRI
value (close to 100) means little deviation of the color of the light
transmitted through the solar cells versus the original reference
light.®!] At the same time, color temperature is a measure of
bluish (cool) or yellowish (warm) appearance: cool color has a
color temperature above 5000 K while the warm colors hold a
temperature of 2700-3000 K.[>%]

Several reviews comparing different technologies of STPVs
have been published in recent years (2016—2022). Saifullah et al.
(2016)133! focused on device structure and material requirements
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for fabricating ST dye-sensitized-, amorphous silicon (a-Si:H)-,
and chalcopyrite-based solar cells. Sun and Jasieniak (2017)3
highlighted the advances across the key solar cell technolo-
gies (amorphous silicon-, kesterite-, chalcopyrite-, CdTe-, dye-
sensitized-, organic-, and perovskite-based systems) with poten-
tial for semi-transparent BIPV applications. They focused on
BIPV requirements, an overview of different STPV technolo-
gies, and the corresponding benefits and drawbacks. Tai and
Yan (2017)1*] reviewed the device design of semitransparent or-
ganic photovoltaics (STOPVs), DSSCs, and PSCs, focusing pri-
marily on the top transparent electrode materials. Traverse et al.
(2017)122) summarized the development and performance limits
of STPV technologies (including transparent solar cells, lumines-
cent solar concentrators (LSCs), and scattering solar concentra-
tors) and discussed the requirements to enable their widespread
adoption in buildings, windows, electronic device displays, and
automobiles. Chang et al. (2018)[3% provided an overall perspec-
tive on developing STPVs based on polymer photovoltaics (OPVs)
and their potential applications. Their focus was primarily on
polymer donors, small molecule acceptors, and top electrode
materials. Husain et al. (2018)1”) reported the recent develop-
ments in all the STPV devices with AVT > 20%. They focused
on the device structure, processes, and pros and cons of each
of these STPV technologies. Shin and Choi (2018)38) reviewed
progress in materials fabrication, design of cell structure, and
device engineering/characterization of high-performance STPVs
based on organic and perovskite solar cells. Xue et al. (2018)3!
reviewed the material selection, optical engineering, and device
architecture design for high-performance semitransparent OPVs
and PSCs. Within the discussion of STOPV and STPSC devices
and their performance, they commented on some essential at-
tributes of transport layers and transparent top electrodes. Lee
etal. (2020)/* focused on neutral-colored STPVs based on ¢-Si or
LSCs and outlined the practical criteria for evaluating the non-Si
STPV technologies. Dong et al. (2022)*!! reviewed the progress
of active layer materials, TTEs, and strategies for performance
enhancement of STOPVs and STPSCs while discussing the re-
spective challenges. Apart from these reviews comparing multi-
ple STPV technologies (types), targeted reviews focusing on one
specific technology (OPVs, PSCs, etc.) have also been published.
In the last decade, third-generation solar cells (DSSCs, PSCs,
and OPVs) have attracted massive attention because of attributes
such as lightness, low cost, and intrinsic flexibility.l*?! Parallelly,
thanks to their easy bandgap or absorption spectrum tunability,
STPV devices with record-high LUEs have progressively been re-
ported based on these . The conventional semitransparent thin
film solar cells (based on a-Si, CdTe, or CIGS) have not seen
a comparable relative improvement in LUEs. Still, their ma-
turity would provide helpful guidance while developing third-
generation STPVs. Overall, there is quite a scope for applying
the progress made in one type of solar cell to the other. There-
fore, the device structures and strategies employed in these key
STPV technologies to improve the LUEs have been discussed.
This is followed by a summary of the main transparent conduc-
tive electrodes (TCEs), various transport and buffer layers, and
light management techniques. The issues facing scalability and
stability (especially in third-generation solar cells) have also been
highlighted. This comprehensive progress report would inspire
cross-technology innovations in STPV research.
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Figure 1. (Top row) Simplified schematic for types of semitransparent solar cells and (bottom row) photographs of corresponding solar cells reported
in the literature. a) An organic semitransparent solar cell. Reproduced with permission.[*3] Copyright 2012, American Chemical Society. b) A perovskite
solar cell. Reproduced with permission.[*4l Copyright 2015, Royal Society of Chemistry. c) A c-Si solar cell with through-hole transmission windows.

Reproduced with permission.[“*] Copyright 2020, Elsevier.

2. Approaches toward STPVs

The device structures employed to achieve semitransparency can
be categorized into three categories: (i) wavelength selective; (ii)
non-wavelength selective; (iii) selective area transmission. Se-
lecting a particular approach to achieve semitransparency deter-
mines the PCE, transparency, stability, color perception, and the
overall cost of device fabrication.

2.1. Wavelength-Selective

Some absorber materials can be tuned to selectively ab-
sorb the wavelengths that do not fall in the visible region
(Figure 1a).[2846-48] Wavelength selectivity can be utilized for
an additional benefit, namely, the heat insulation function.[*]
In window applications, a solar cell can be applied to reflect
the lower wavelength IR energy while absorbing UV and near-
infrared spectrum (NIR) to keep the room temperature warm or
cool depending on the way the reflector film is applied.*"! Since
wavelength-selective absorber material can selectively transmit
visible light, it has the highest PCE retaining ratio (i.e., the ra-
tio of PCE of STPV device vs PCE of the corresponding opaque
device).?

2.2. Non-Wavelength-Selective

These broadband absorbers rely on the trade-off between
transparency and PCE; therefore, the efficiency decreases to
0% as AVT approaches 100%. Mature technologies like a-
Si, CIGS, and CdTe solar cells can be thinned to hun-
dreds of nanometers to achieve sufficient semitransparency
(Figure 1b).
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2.3. Selective Area Transmission

In selective area transmission (also referred to as aperture type
or punch-through, or structurally transparent solar cell), some
parts of the solar cells (without an absorber layer) let the light
pass through. Thus, the transparency can be tuned by changing
the relative area of holes versus the absorber layer (Figure 1c).
In these solar cells, pass-through holes (in any desired pat-
tern) are generally created using laser scribingl®!l or chemi-
cal etching.*’] Alternatively, island-like shapes can be formed
using controlled dewetting or nano-structuring methods.l>>-7]
Laser scribing or etching processes are likely to damage the ab-
sorber layer, while the island design involves complicated fabri-
cation processes to avoid shunting. Nevertheless, Kuk et al.>!]
have reported a promising optimized laser etching process in
CIGS solar cells, thus inviting increased research toward this
approach.

In terms of state-of-the-art, thinned-down versions of the al-
ready commercialized solar cell technologies such as CdTe (e.g.,
12% to 6% PCE at 10% to 50% AVT with dimensions, 120 cm X
60 cm),l%®! and a-Si (e.g., PCE = 5.9%, AVT = 20% for 790 cm?
module)®! have penetrated the STPV market. Wavelength-
selective organic photovoltaics with tunable absorption spectrum
has also been demonstrated in market-ready products—e.g., a
PCE of 4.5% from 114.5 cm? module and AVT of ~20% was
demonstrated.[®” On the other hand, selective area transmission-
based semitransparent solar cell technologies are rare in the
mainstream market, although some commercial silicon-based
STPVs do exist, where semitransparency is achieved by leaving
gaps between opaque cells (the cells are not inherently semitrans-
parent). A crystalline silicon-based semitransparent PV mod-
ule (2 m?) with 42% visible transmittance and 7% PCE was
reported.[!] They obtained transparency by dividing the tradi-
tional c-Si cells into strips and then reassembling them with
the required gaps. Another commercially available c-Si-based

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

85U8017 SUOWILLOD 3A1Te8.1D) 3ot |dde 8Ly Aq peusenob afe ajole YO ‘88N JO S8|NJ 0} Akeid18UIIUO /8|1 UO (SUOIPUOD-PLR-SLLIBYWOD A8 | 1M ARIq 1 BUI|UO//SNL) SUORIPUOD pue SWis | 3y} 89S *[7202/20/52] Uo ARiqiTauljuo AB[IM el eUeIyo0D - 0J8ILO A 0LBd Y AQ SSSTOEZ0Z WUSe/Z00T OT/I0P/WO00 A8 | imAre1q 1 Ul |uo//:StiY W14 pepeo|umoq ‘6€ ‘€202 ‘0v89rTIT



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

ENERGY

www.advenergymat.de

a) -6 25
( )g - (b)
& ;s
NE' W 20
£ 2 —— LUE=10
g = ) ——LUE=5
2 2 £ —— Selective SQ limit
x ‘g ¥ » Q Non Selective SQ limit
g 18 9,8 ¢ @ oPV
= < L 0‘9 @ Psc
5 \ I T DSSC
.1 M0 DR \ g 5 a:Si
g 7 i | £ felle
£ 1 W\ ! = 5 CdTe
300 600 900 1200 1500 1800 0 20 40 60 80 100

AVT (%)

Wavelength (nm)

Figure 2. a) Solar photon flux for standard AM 1.5G irradiation (left axis) with the photopic response function (right axis) plotted versus
wavelength. V(1) represents the photopic response function of the human eye. A wavelength-selective semitransparent device has peak ab-
sorption/external quantum efficiency (EQE) adjusted in the UV (blue arrows) and NIR (red arrows) portions of the spectrum, while the visi-
ble absorption can be tuned (black arrows) to achieve sufficient transparency. Integrated photon flux density: UV (300-435 nm) = 3.9%, vis
(435-670 nm) = 22.6%, and NIR (670-3000 nm) = 73.5%. Vis region was selected corresponding to AVT > 99.5% and CRI > 95. b) The plot
of the PCE versus AVT of some high LUE devices in recent literature (shaded region represents the region with AVT > 25%, the current bench-
mark for solar windows). References to the PCE and AVT data are listed in Table 1. The Shockley—Queisser (SQ) limits were adapted from

Lunt.[23]

semitransparent module (%1.9 m?) comes in 10% AVT with
PCE of ~20%.58] For this review, the focus would be mainly
on the first two approaches since they are “truly semitrans-
parent” and more in line with the aesthetic requirements of
BIPV.

3. Theoretical Potential and State of the Art of
Semitransparent PV Technologies

Considering the photon flux distribution in UV (<435 nm), vis-
ible (435-670 nm), and NIR (>670 nm) regions of 3.9%, 22.6%,
and 73.5%, respectively, there is a huge potential for improve-
ments in AVT of STPVs if the cells can selectively harvest (high
absorption or external quantum efficiency) UV and NIR regions
(Figure 2a). Assuming the visible region from 435-670 nm (such
that AVT > 99.5% and CRI > 95), Lunt®®! calculated the ther-
modynamic limit of a single-junction single bandgap solar cell
with varying degrees of AVT for wavelength selective (red plot
line shown in Figure 2b) and non-wavelength-selective (black plot
line in Figure 2b). Accordingly, even if we utilize ~0% of the vis-
ible region (100% AVT), the maximum PCE falls from 33.1%
(0% AVT, opaque solar cells) to a modest 20.6% and the opti-
mum optical bandgap changes from 1.36 eV (910 nm) to 1.12 eV
(1100 nm). A nonselective semitransparent solar cell will al-
ways perform lower than the selective wavelength transmission-
based solar cell in the normally accepted benchmark of >25%
AVTIS]

In Figure 2b (data from Table 1), the LUEs of various top-
performing STPV technologies are plotted, which gives an idea of
the state of the art. STOPVs have exceptionally high LUE (with a
record LUE of 5.35; PCE = 11.44% and AVT = 46.8%).1°%) STPSCs
have slightly lower LUEs than STOPVs. Other STPV technologies
are still lagging in terms of LUE (<3). However, the proven sta-
bility of thin-film technologies renders them comparatively more
mature for commercialization.
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4. Semitransparent Photovoltaic Technologies

4.1. Traditional Thin-Film Technologies
4.1.1. Amorphous Silicon

Amorphous silicon solar cells have an order of magnitude higher
absorption coefficient than c-Si. Therefore, the thickness can be
reduced to the sub pm range (in comparison silicon solar cells
have thickness in the range of 100s of ums) to tune the required
transparency. However, due to short-range order, carrier diffu-
sion lengths are short. Hence, hydrogen passivation (H in a-Si:H
stands for hydrogenation) is a critical step. In turn, the bandgap
can also be controlled by the amount of hydrogen.[®* The higher
bandgap of 1.9-2.0 eV results in higher transparency in the visi-
ble region at the expense of lower short circuit currents.

In generic semitransparent a:Si:H solar cells, p-type, intrinsic
(i), and n-type amorphous silicon layers are deposited via plasma-
enhanced chemical vapor deposition (PECVD) on a transparent
conductive substrate. Finally, a top transparent conductive oxide
(TCO) electrode is deposited through sputtering.[®+-5¢]

The highest LUE for a-Si:H based STPVs of 1.88 was reported
by Yang et al.l%] They used a p-type microcrystalline Si oxide (p-
uc-SiO,:H) as a wide bandgap window layer (instead of conven-
tional p-type-a-Si:H layer) to reduce the parasitic absorption and
enhance the conductivity. By reducing the energy level misalign-
ment using an additional bilayer buffer, they achieved a PCE of
6.41% at an AVT of 29.3% (500-800 nm) (Figure 3a,b). In a-Si:H
solar cells, a sharp decrease in efficiency is seen with thinning
down of the active layer, since the fill factor (FF) drops signifi-
cantly because of the creation of shunt paths, in addition to the
loss in absorption (short circuit current density, Js loss).[7¢8]
To overcome the shunt path and increase charge collection, Lim
et al.l] used a resistive high bandgap layer. This high bandgap
i-a-Si:H film was deposited by adjusting the hydrogen dilution
ratio (R, the ratio of H, to SiH, flow rates). The resulting semi-
transparent solar cell had a PCE of 6.92% with AVT of 23.6% with
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Figure 3. a) Schematics showing the device structure of semitransparent a-Si:H solar cells with p-uc-SiO,:H window layers. To further improve the device
performance, structures B and C include additional single and dual buffers, respectively, at p/i interface. b) Transmittance spectrum of semitransparent
solar cells of structures A-C in the visible region. Reproduced with permission.[®¢] Copyright 2019, Elsevier.

a-Si:H absorber thickness of just 115 nm (structure C in
Figure 3a). Structures A and B (Figure 3a) had PCEs of 5.4% and
6.00% and AVTs of 28.2% and 29.0%, respectively.

In a-Si:H solar cells, silicon is the main raw material, which is
also non-toxic and in abundant supply. The process temperatures
are relatively low at around 200 °C, and low-cost soda-lime glass
substrates can be used.*! The most common deposition tech-
nique for a-Si, PECVD, is already in industrial-level production.
The opaque thin film a-Si solar cells have proved stability and re-
liability for commercial applications.[®! Also, because of the low-
temperature coefficient, they perform better in high-temperature
conditions.[”®! These attributes are attractive for large-scale adop-
tion.

However, due to the large bandgap (1.75 eV) and insufficient
absorption of longer wavelengths, the PCE of a-Si semitranspar-
ent solar cells has remained low (LUE < 2); therefore, the poten-
tial of this mature technology seems limited. Newer approaches,
such as modifications in the absorber layer composition (e.g.,
alloying with Ge)! or using p-crystalline window/buffer lay-
ers to enhance absorption and reduce recombination losses,!°>%¢]
have also been explored. The lack of color tunability is still a
limiting factor for specific aesthetic applications. However, sec-
ondary methods (like multilayered electrodes)!”?! for color tun-
ability have also been applied. These secondary methods of light
management (discussed in a separate section later), including
antireflection coatings (ARCs), Bragg reflectors, and plasmonic
nanoparticles, would be relevant to all the STPV technologies dis-
cussed in this review.

4.1.2. Chalcopyrite-Based

CdTe: Semitransparent CdTe thin-film solar cell is a well-
established PV technology generally constituting an n-type CdS
layer (30-100 nm) onto which the p-type CdTe is deposited
commonly using close space sublimation, with a thickness of
250-400 nm, depending on the required transmittance.3*l A
TCO layer (SnO,:F [FTO], ZnO:Al [AZO], or In,0;:Sn [ITO})!”3
is first deposited on the glass substrate, and the final transparent

Adv. Energy Mater. 2023, 13, 2301555 2301555 (7 of 40)

contact (back contact) is usually a TCO (ITO, etc.) or ultrathin
metallic layer (a few nanometers of Cu, Au, or Ag).l+77]

For CdTe solar cells with a slightly higher absorption coeffi-
cient than a:Si:H, it is possible to reach a saturation [ at the
absorber thickness of just several micrometers.!®] Kosyachenko
et al.Bll calculated the Jq. potential of CdTe thin-film solar cells.
Accordingly, almost all photons (>99.9%) in CdTe in the hn >
E, range will be absorbed in a layer thickness of more than
20-30 um, while there is a mere 20% loss in J5- when the thick-
ness is 500 nm.

According to Jones et al. 8] the efficiency starts dropping
sharply at thicknesses below 1 ym (similar to a-Si:H solar cells),
suggesting that the cells are limited not only by optical losses but
also by an increase in the interface defect density with thinner
absorbers. In addition to Jy. reduction with the thickness (from
2 um to 200 nm), the decrease in open circuit voltage (V) and
FF was found to be even sharper. A sharp decrease in V. was
also observed by Gupta et al.,[®3] stressing the need for optimiza-
tion of processing conditions.

However, some groups reported a J--limited predictable de-
crease in PCE with decreasing thickness of the CdTe absorber
layer in the sub um range. In this case, [ loss due to insufficient
absorption was the main contributor to the PCE loss, and effi-
ciency followed the equation (dashed line in Figure 4a). Paudel
et al.”®l reported PCEs of 8% and 11% at thicknesses of 250 and
500 nm, respectively, with high-quality CdTe deposited via RF
magnetron sputtering. Similarly, Plotnikov etal.l”’] prepared cells
of thicknesses 1, 0.5, and 0.3 pm and yielded efficiencies of 12%,
9.7%, and 6.8%, respectively. Furthermore, commercial modules
developed by Lucintech Inc. with PCE up to 12% using only
500 nm CdTe thick film have also been reported (Figure 4b).l7#84]

In the most widely reported semitransparent CdTe solar mod-
ules, the optimum thickness of the CdTe layer is in the range of
200-500 nm; thus, it is more sensitive to the variations in thick-
ness (compared to the normal opaque cell thickness of a few mi-
crometers). Therefore, this ultrathin layer must be deposited with
an extremely low density of pinholes, which becomes a challenge,
especially over an area of 1 m? or larger. Sometimes a buffer layer
(highly resistive transparent, HRT) such as SnO, or ZnO,/®!isin-
troduced to reduce the effects of such pinholes/non-uniformities.

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 4. a) Efficiency of reported ultra-thin CdTe cells as a function of CdTe thickness. The dashed curve is the calculated efficiency based on 100%
absorption. Reproduced with permission.[#] Copyright 2011, IEEE. b) Photograph of 3" x 5” CdTe minimodules with transmitted color spectrum control—
addition of light-absorbing and/or reflecting elements on naturally bronze module (on the left). Reproduced with permission.[”>! Copyright 2013, IEEE.
) The device structure of the semitransparent CIGS device based on 230 nm thick CIGS modified with the 45 nm thick sulfurized-AgGa (AGS) layer
at the CIGS/ITO interface. d) Top: Photograph of Ref CIGS (without AGS layer and thickness of CIGS = 300 nm) and CIGS modified with AGS layers.
Bottom: Human eye sensitivity response curve and transmittance spectrum for Ref and modified CIGS on ITO-glass. Averaged values of transmittance
for each film (Ref: CIGS [300 nm], AGS [0 nm]; O45: CIGS [230 nm], AGS [45 nm]; O90: CIGS [400 nm], AGS [90 nm]; O135: AGS [45 nm]; O90) in the
spectral range of 400 to 800 nm are enclosed in the brackets in the legend. For example, O45 represents a combination of 230 nm CIGS and 45 nm AGS

layers, and has average transmittance of 25.5%. Reproduced with permission.[] Copyright 2016, Royal Society of Chemistry.

The scarcity of Te and toxicity of Cd might seem to be barri-
ers to large-scale application. However, the scalability issue would
not be a challenge for the BIPV CdTe modules where thicknesses
remain lower than 500 nm (low material usage), and the toxicity
of CdTe is 100 x lower than that of elemental Cd.[®>#¢]

CdTe PV modules are comparable in price to a-Si modules,
but the higher efficiency of CdTe PV technology makes it rela-
tively more viable in BIPV applications.[®”] In the last 10 years,
the PCEs of CdTe solar cells have increased sharply, mainly due
to the addition of selenium to the CdTe absorber layer (forming
a lower bandgap CdSe,Te, , alloy).®® First Solar has achieved a
record PCE of 22.1% in opaque cells (0.5 cm?), demonstrating
PCE competitiveness. CdTe, therefore, leads the market among
the three thin-film PV technologies (in opaque form). Addition-
ally, CdTe performs better than c-Si photovoltaics in outdoor en-
vironments, especially at higher temperatures.®

CIGS: In conventional opaque CIGS solar cells, an absorber
layer of thickness 1.5-2 um is deposited on metallic Mo rear con-
tact, reaching record PCEs >23%.1) For reasonable semitrans-
parency in CIGS solar cells, the thickness of the absorber layer
should be around 300 nm (as is the case with CdTe solar cells),
reducing both the consumption of costly indium metal and de-
position time.[”]

In the semitransparent counterpart, the bottom opaque Mo
electrode is replaced by FTO, ITO, or AZO (Al-doped ZnO).
The top contact consists of intrinsic ZnO and AZO, deposited
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by sputtering, and the conventional opaque device processing
can be replicated for these layers.®!l Apart from thickness, tun-
ing of bandgap by changing the ratio of component elements
in the CIGS class of chalcopyrite is another way of control-
ling the transmittance of the absorber layer. The bandgap of
Cu(In; xGay)(SySe ..y)), absorber layer follows the equation:1*?]

EJ°%% (X,Y) = (1.00 + 0.13X* + 0.08X’Y + 0.13XY

+0.55X + 0.54Y) eV (3)

where atomic ratio X = Ga/(Ga + In) and Y = S/(S + Se).
Egcmsse(X, Y), therefore, can lie between 1.00 eV (X =0, Y =0,
or CISe) and 2.43 eV (X=1,Y =1, or CuGS,).

The Mo layer has been the material of choice for rear con-
tact in opaque CIGS solar cells because of its suitable proper-
ties such as inertness during deposition, favorable properties for
the growth of large CIGS grains, and formation of ohmic con-
tact and self-passivation with CIGS (with the formation of MoSe,
layer).[®>%5] However, devices using TCOs (such as FTO, ITO, or
AZO0) need optimization of processing conditions or the intro-
duction of additional buffer layers to passivate the TCO/CIGS in-
terface, to achieve performance comparable with Mo electrode.[*!
These oxide films are susceptible to degradation of interface and
can result in the formation of unwanted Ga,O, layer at high-
temperature processes >550 °C (in co-evaporation method!®’! or

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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two-step selenization process!®®l) used during CIGS layer depo-
sition and post-deposition alkali treatments.[) This implies the
need for modification in the deposition parameters!!% or al-
ternate deposition methods like low temperature (250 °C) pulsed
electron deposition.[1192] To illustrate the influence of back elec-
trodes on device performance, Mollica et al.l®! fabricated bifa-
cial semitransparent CIGS solar cells with FTO and AZO as
the back contacts and reported PCEs of 9.8% and 8.2%, respec-
tively. In comparison, the reference cell with Mo back contact
achieved a PCE of 10.2%. The main reason is that the con-
tact resistivity (Electrode/CIGS/Au) for Mo, FTO, and AZO was
found to be 0.04, 0.9, and 2.3 Q-cm?, respectively. Additionally,
for both the TCOs, charge carrier recombination velocities (car-
rier recombination velocity: a parameter used to characterize re-
combination due to surface defects) were higher than that of
Mo back contact, stressing the need for the passivation of back
contact in TCO-based devices for applications in STCIGS solar
cells.

In STCIGS cells with thinner absorber layers (with incom-
plete absorption of light), back contacts also influence the reflec-
tion/absorption at the contact surface and thus influence the Jq
of the solar cell.[”>? A remedial strategy was reported by Shin
et al.”3! wherein a textured PDMS layer with scattering and an-
tireflection properties was attached to the rear contacts (textured
FTO or flat ITO) as a low-cost light management technique. They
achieved high PCEs of 10.5% with an AVT of 12.3%, with ITO as
the transparent back electrode (absorber thickness = 322 nm).

Expectedly, the shunting paths are created when the thickness
of the CIGS films is decreased in the sub-micron range.'®! Sai-
fullah et al.”®! reduced the bulk and back surface recombination.
They achieved high shunt resistance in an ST-CIGS solar cell
with a 230 nm CIGS absorber layer with the introduction of a
multifunctional AGS (sulfurized-AgGa) layer between the CIGS
absorber and I'TO back contact (Figure 4c,d). They reported a PCE
of 5.94% with AVT over 25%, the highest LUE for STCIGS solar
cells.

Because of the inherent chemical and photo stability of CIGS,
semitransparent solar cells based on this technology present im-
mense opportunities in BIPV applications.[** At the same time,
the lack of commercially available STCIGS in the market means
that the performance (both PCE and AVT) of this STPV technol-
ogy needs further optimization.

Both CIGS and CdTe solar cells employ simpler processes
compared to conventional crystalline silicon cells, and their PCEs
are higher than a-Si solar cells. In addition to innovative BIPV ap-
plications, using a thinner absorber layer reduces the deposition
time and material cost of rare-earth materials.

CIGS and CdTe represent the next most relevant PV technolo-
gies after c-Si solar cells for the overall photovoltaics market, in
addition to the advantage of adaptability for STPV applications
and curved/flexible substrates. Additional current enhancement
strategies, such as the introduction of Bragg reflector!!**1%lor
plasmon resonance structurel'®1%l on the back side (non-
illuminating side), could increase the Ji- (these techniques are
later discussed in detail in Section 5.3).

Thin-film solar cell devices perform better than crystalline sili-
con solar cells in high-temperature and low and diffuse light con-
ditions. Nevertheless, material shortage and toxicity of materials
used in CIGS and CdTe thin-film solar cells and low PCE of a-Si
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technology have motivated increased research in emerging thin-
film solar photovoltaics.

4.2. Emerging Third-Generation Semitransparent Photovoltaics
4.2.1. STPSCs

Semitransparent perovskites (STPSCs) have attracted attention
due to high PCEs in opaque devices (>25%) and high LUEs
for STPVs among the semitransparent solar cell technologies
(Figure 2b).[197-110.15] A typical semitransparent perovskite solar
cell consists of a transparent conductive substrate, electron/hole
transport layers (ETLs/HTLs) on either side of the perovskite
layer, and a top transparent electrode such as a TCO (e.g., indium
gallium zinc oxide, IGZO in Figure 5a,b) or ultrathin metal."'!]

As illustrated by Lim et al,''l certain PCE loss is in-
evitable when the traditional opaque electrode is replaced by
a semitransparent top electrode. For instance, the STPSC de-
vice with a low-temperature processed IGZO electrode achieved
a PCE of 15.6% (with an AVT of 10.5%), compared with
16.4% for an opaque evaporated Ag. The PCE loss would be
more severe for devices with higher AVT, which require even
thinner perovskite layers. One solution is to utilize a higher
bandgap perovskite absorber layer so that high AVT (>20%)
can be obtained without reducing thickness substantially. Wang
et al.l'"] introduced a wide bandgap inorganic CsPbl,Br per-
ovskite film (E, = 1.9 eV) to obtain a record LUE among
STPSCs. A high-quality film was obtained via: a) intermedi-
ate adduct engineering to control the rate of crystallization
and b) the introduction of a Schiff base additive. A STPSC
with an optimized structure of ITO/SnO,/CsPbl,Br/(poly[bis(4-
phenyl)(2,4,6-trimethylphenyl)amine) PTAA/BCP/Cu (1 nm)/Au
(7 nm) showed a PCE of 14.01% at an AVT of 31.7% (a record
LUE of 4.44).

Apart from achieving high LUE, the tunability of the color of
STPV devices provides an additional customizable dimension for
novel specialized applications.[''*1°] At the same time, for ap-
plications where neutral color is a prerequisite, a selected area
transmission approach can be used to create islands of perovskite
nanostructures that can retain some transparency even for thick
perovskite layers.>?7l The transparency can be controlled by
controlling the effective surface coverage area of the perovskite
absorber—an alternative to thinning down the active layer. In
such a device design, an interesting or rather counterintuitive
observation was the good rectification behavior even with the
discontinuous layers of perovskites, which was explained by the
presence of a good diode behavior with a turn-on voltage of 0.7 V
in areas with 0% perovskite coverage versus >1.0 V for 100% per-
ovskite coverage.’’] However, in cases where the recombination
does take place due to direct contact of ETL and HTL, a passiva-
tion layer (such as polystyrene, PS) can be inserted as reported
by Hyuck Heo et al.l’®! Zhu et al.l'*?] demonstrated a moth-eye-
inspired structure (MEIS) for highly efficient, neutral-colored ST
perovskite solar cell with a high LUE of 3.42. The biomimetic
microstructure of the device layers enhanced light-trapping and
carrier collection at the interface. A PCE of 10.53% with an AVT
of 32.5% was achieved as compared to 8.78% and 35% for the
planar device, respectively (Figure 5¢,d).
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Figure 5. a) The optical transmittance and b) J-V characteristics comparison between the semitransparent PSCs with an IGTO top cathode and the
opaque PSCs with an Ag top cathode. Reproduced with permission."""l Copyright 2021, American Chemical Society. c) J-V curves of the champion
planar and MEIS ST-PSCs based on CsgosFAq 33MAg 1,PbBrg 33157 under simulated AM1.5G illumination, with an active area of ~0.03 cm?; inset:
complete compound moth eyes and the moth-eye-inspired structure (MEIS) device structure diagram. d) The photographs of devices in (c) taken under
outdoor sunlight (scale bars, 2 cm). Reproduced with permission.['12] Copyright 2016, Wiley-VCH.

“Smart” semitransparent perovskites in windows have at-
tracted attention due to their tunable transparency and power
generation. Lin et al.['’®] demonstrated thermochromic solar ef-
fect for smart PV window applications utilizing the structural
phase transitions in the inorganic halide perovskite absorber
layer. The perovskite layer undergoes reversible transitions be-
tween a transparent non-perovskite phase (81.7% visible trans-
parency) and a working perovskite phase (35.4% visible trans-
parency) with high power output. Kim et al.l''”] reported a semi-
transparent perovskite solar cell with thermal mirror capabil-
ity using a top transparent electrode (14 nm thick Ag) with
high index dielectric layer capping (ZnS) to promote selective
transmittance in the visible region and high reflectance in the
near-infrared region. With the top electrode modification, a high
NIR solar energy rejection ratio (NIR-SER) of 85.5% was re-
ported with the most common perovskite solar cell structure with
TiO,, spiro-OMeTAD, and MAPbI, as ETL, HTL, and perovskite
layer, respectively. NIR-SER is relevant to the reduction of to-
tal energy load of the building. Similar dielectric/metal combi-
nations have been applied in other reports of semitransparent
perovskites!!131191 and OPVs!120121] o enhance the transmittance
and tune the visual appearance of the solar cells (also discussed
in Section 5.3). These design possibilities in semitransparent per-
ovskites make them attractive for a plethora of nonconventional
applications.

Perovskites have favorable attributes such as low cost and easy
processability, high PCE (and high LUE), bandgap, and color tun-

Adv. Energy Mater. 2023, 13, 2301555 2301555 (10 of 40)

ability. However, several limitations hinder the widespread adop-
tion of perovskites in BIPV applications. These include but are
not limited to, J-V hysteresis, photo-oxidation of the active layer,
low stability against oxygen, and moisture. In addition, the choice
of an optimal top electrode is still under investigation because
of the challenge to incorporate TCOs such as ITO as the top
electrode without significant loss in PCE (due to damage during
deposition) and higher degradation of stability compared to an
opaque device.

4.2.2. STOPVs

Organic materials are abundant, non-toxic, lightweight, and me-
chanically flexible, with low material consumption, making them
the cheapest source of electricity, potentially. A typical semi-
transparent organic solar cell consists of an electron transport
layer deposited on TCO, an active layer (usually a combination
of donor and acceptor polymers/small molecules) with a tun-
able absorption region, an HTL, and a semitransparent top elec-
trode. The rapid increase in PCEs of OSCs in the last few years
has been possible due to the emergence of a new class of nar-
row bandgap acceptor materials called non-fullerene acceptors
(NFAs), in contrast to conventional acceptors based on fullerene
derivatives. Non-fullerene acceptors can be easily tuned to match
the required absorption region (can be carefully designed to
achieve high AVT) and are less expensive.l?®] The top electrode,
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Figure 6. a) Schematic of the optimized semitransparent device, with detailed design of optical coupling (OC) and anti-reflection (AR) layers.
b) Photograph of the appearance of outdoor through the (left) ultrathin Ag and (right) ITO electrode-based semitransparent device. Reproduced with
permission.[“8] Copyright 2020, National Academy of Sciences. c) The device structure of a STOSC with a TeO, capping layer. d) UV-vis absorption
spectra of polymer donor PBDB-TF and NFAs L8-BO, BTP-eC9, and L8-BO:BTP-eC9 films. They form the active layer in (c). e) J-V curves of the binary
PBDB-TF:L8-BO and ternary PBDB-TF:L8-BO:BTP-eC9 opaque devices and the corresponding ST-OPVs. f) J-V curves ST-OPVs (Ag = 13 nm) with varied
TeO, capping layer thicknesses of 0, 35, 45, and 55 nm. Inset shows the photograph and appearance of the optimized STOSC device. Reproduced with
permission.['22] Copyright 2022, Wiley-VCH GmbH. g) A typical device structure employing solution-processed silver nanowire (AgNW) top electrode
in large area module fabrication and h) photograph of the corresponding module of 30 individual cells (cell size of 6.58 cm?) with a total active area of

197.40 cm?. Reproduced with permission.['23] Copyright 2017, Elsevier.

which is generally metal (Ag, Au, Al with thickness around
100 nm) in opaque structures, is replaced by a semitransparent
electrode.[*?]

In the context of STPVs, OPVs (and DSSCs using organic
dyes) have a unique advantage: structured narrow-band absorp-
tion with well-defined absorption maxima and minima. There-
fore, a photoactive layer can be designed with donor and acceptor
absorbing in UV and near-IR regions selectively or prominently.
This results in high AVT and high PCE simultaneously.[?#28]
This unique advantage is particularly important in multifunc-
tional STOPVs, where the power-generating windows also need
to be aesthetically acceptable with neutral colors or where low-
energy IR photons need to be reflected to enhance heat dissi-
pation (quantified by infrared rejection rate, IRR).11712%] Fuyr-
thermore, optical engineering (Bragg reflection layer,'°! outcou-
pling [OC] layers [1D-photonic crystals],!3%4] etc.) can also be
employed to increase effective light absorption and tune color
perception (discussed later in Section 5.3).

Adv. Energy Mater. 2023, 13, 2301555 2301555 (11 of 40)

Recently, Li et al.l*®] reported a color-neutral semitransparent
OPV with high LUE (3.5 + 0.3%) using ITO as both cathode
and anode (device structure and photograph are shown in
Figure 6a,b, respectively) and optically engineered light manage-
ment (OC layer and ARC) as shown in Figure 6a (right). At the
same time, the devices were color neutral (Figure 6b) with CRI of
86, CCT of 4143 K, and chromaticity coordinates of (0.38, 0.39).
Additionally, using thin Ag film as the anode, they reported high
PCE (10.8 + 0.5%) and high AVT (45.7 & 2.1%)—one of the high-
est LUE (among all single junction semitransparent solar cells)
of (5.0 = 0.3%). Wang et al.'?? achieved an excellent IRR of 90%
(780-2500 nm), along with 23% AVT and over 12% PCE—a mul-
tifunctional device with power generation, visible transmittance,
and low energy infrared reflection. They used a combination
of two approaches to achieve excellent PCE, AVT, and IRR: a) a
ternary blend of NIR acceptors in the active layer and b) a pho-
tonic reflector to match the peak transmittance (555 nm) to the
photopic response of the human eye. Guan et al.l'??] performed
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a comprehensive optimization to enhance invisible (UV and
NIR) energy utilization and visible light transmission in a device
structure ITO/PEDOT:PSS/active layer/bisfulleropyrrolidinium
tris(methoxyethoxy)phenyl iodide/Ag/TeO, capping layer
(Figure 6¢). They used a ternary active layer blend with selec-
tive absorption in UV and NIR regions. Figure 6d shows the
absorption spectrum and Figure 6e shows the |-V curves of
binary and ternary OPV devices. Subsequently, upon optimizing
the donor:acceptor ratio, thickness, and antireflection (via TeO,
capping layer thickness variation), they obtained a high LUE
of 5.01 (PCE = 12.95% and AVT = 38.67%). The J-V curves
of STOSC devices with different capping layer thicknesses are
shown in Figure 6f. A representative photograph of the device
with 45 nm TeO, capping layer and 16 nm Ag electrode is
also shown in the inset of Figure 6f. Among single-junction
STOPVs, the current record LUE of 5.35% is held by Liu et al.[%]
They designed a superior transparent rear electrode in the form
of an aperiodic band-pass filter (ABPF; alternating TeO, and
LiF layers) to enhance visible transmittance and total reflec-
tion in the NIR region (700-900 nm). In addition, an ARC
was also applied on the glass substrate, with the final device
structure as  (LiF/TeO,)*/glass/ITO/PEDOT:PSS/PM6:BTP-
eC9:L8-BO (0.8:1:0.2)/PDINN/Ag (12 nm)/(LiF/TeO,)® /LiF.
Although LUEs > 5 reported in recent years in STOPVs
is quite attractive, it should be highlighted that they use
complicated optical engineering (discussed in detail in Sec-
tion 5.3), which would add to the cost of the final device.
Therefore, STOSC with a high LUE of 5.01, reported by Hung
et al,/B! is quite promising. They used a sequential depo-
sition of donor and acceptor layers in the device structure
of ITO/PEDOT:PSS (25 nm)/active layer (80-100 nm)/PDINO
(20 nm)/Ag (15 nm)/MoO; (35 nm). Both light transmission and
performance were optimized by tuning the donor and acceptor
independently.

STOPVs can also benefit from inherent flexibility, promising
niche applications along with potentially cheap roll-to-roll man-
ufacturing. Lucera et al.'?] fabricated a flexible STOPV mod-
ule (69 cm?) with the device structure PET/IMI /ZnO/PBTZT-
stat-BDTT-8:PCBM:PEDOT:PSS/AgNW (Figure 6 gh), achiev-
ing PCEs of 4.8% (AVT = 10%).

Although semitransparent organic solar cells have unique fea-
tures such as color tunability and multifunctional applications
(BIPV, indoor photovoltaics, colorful solar cells, thermochromic
functions, IRR, etc.), some specific challenges to this solar
cell technology remain, such as a) use of toxic solvents, b)
lower stability, c) complex material synthesis, thus expensive ac-
tive layer materials, and d) unproven or limited scalability and
stability.13213328)

4.2.3. STDSSCs

A semitransparent DSSC consists of a transparent conductive
substrate (usually FTO or ITO) as front contact, a (typically screen
printed) mesoporous TiO, photoanode, dye molecules as a sensi-
tizer, an electrolyte redox couple in a salt solution, and a counter
electrode (CE).["** The absorber in DSSC solar cells is typically
a monolayer of dye molecules; therefore, tuning its absorption
region away from the maxima of eye sensitivity (500-600 nm)

Adv. Energy Mater. 2023, 13, 2301555 2301555 (12 Of40)
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can impart sufficient semitransparency, similar to organic solar
cells.[13]

Zhang et al.l'*%) reported STDSSCs exhibiting high AVT of
60.3% and PCE of 3.66%. They used a cocktail of UV and NIR
dye to selectively absorb in the low eye-sensitivity region, thus
achieving very high AVT (Figure 7a). Naim et al.*’] reported a
NIR selective (NIR-DSSC) solar cell with 3.1% power conver-
sion efficiency, approaching an impressive AVT of 76%. They
developed a NIR selective heptamethine cyanine dye (VG20-C,;)
with sharp and intense absorption in the NIR region (with A,
at 834 nm) and a sharp fluorescence emission band at 4,,, =
850 nm (Figure 7b). In addition, they optimized the aesthetic per-
formance of the devices by replacing the light yellowish I, /I~ re-
dox couple (Figure 7c) with Co(bpy),**/?* redox couple, achieving
a CRI of 92.1, CCT of 4223 K, and x,y chromaticity coordinates
near-colorless region (x = 0.349, y = 0.360). Godfroy et al.['3’] re-
cently reported a semitransparent minimodule (Figure 7d) with a
promising PCE of 8.7% at AVT of 26%, using a benzothiadiazole-
based molecule dye, YKP-88.

The counter electrode made with ~1-2 nm thick Pt on FTO
has been the traditional choice, but given the low transmittance
Pt (71.6% at 1.6 nm for Pt, compared to >80% for FTO or ITO),
thinner layers of 0.5 nm (%76% at 0.5 nm) have also been used
without appreciable loss in PCE.[138] At the same time, very thin
Pt coating is susceptible to corrosion within I7/I;~ redox elec-
trolyte. Also, given the scarcity and high cost of Pt, alternative
counter electrodes with sufficient transparency, conductivity, and
catalytic activity, such as silver nanowires (AgNWs), carbon nan-
otubes, graphene, or polymer electrodes, have been explored.!*?]
These alternative electrodes are also compatible with STDSSCs
but significant improvements are needed to increase the perfor-
mance with these alternatives.[%) These alternative electrodes
and their advantages and shortcomings are discussed later in the
section dedicated to TCEs.

The fabrication process of DSSC is quite insensitive to en-
vironmental conditions, and thus they can be prepared under
ambient conditions without the need for high-level processing
or expensive substrates. The device consists of nontoxic and
cheap raw materials. DSSCs work particularly well in low-light
conditions. Highly transparent photoanodes and counter elec-
trodes enable highly transparent solar cells with dyes with tun-
able absorption.['*] On the other hand, to realize the commer-
cialization of this BIPV technology, it is important to improve
device stability and PCE. The stability of dye and electrolyte is
generally considered the most challenging aspect.

4.3. Selective Area Light Transmission

Selective UV- or NIR-absorbing semitransparent solar cells based
on tunable organic absorbers/dyes can be made color neutral
by design. However, they still suffer from stability issues, and
the highest LUEs are still substantially lower than the theoreti-
cal maximum (PCE of 20.8% at AVT = 100%).[°] An alternative
approach is making use of conventional c-Si solar cells with 100s
of microns thick absorber (or theoretically any type of PV) with
micro-hole-shaped windows to allow a tunable amount of light to
pass through (Figure 8a). Lee et al.l**! reported such a semitrans-
parent solar cell fabricated using c-Si substrate over an area of
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Figure 7. a) Chemical structure and absorption spectra of TiO, films sensitized with wavelength selective dyes: SQ1 and HSQS5 and well-known ruthe-
nium dye, N719. Compared to N719 dye, SQ1, and HSQ5 absorb in the NIR region, thus, allowing high AVT. Reproduced with permission.['3¢] Copyright
2014 Wiley-VCH. b) General chemical structure of VG20-Cx dye with R1 = R2 = C;¢Hs3, for VG20-C,¢. Normalized UV—visible absorption spectrum of
VG20-Cyg in solution (blue shaded curve) and steady-state photoluminescence (red curve) in 9/1 (v/v) ethanol/DMSO solvent mixture (dye concentra-
tion 100 umol L', chenodeoxycholic acid [CDCA] concentration 50 mmol L~1). CDCA acts as a de-aggregating agent. VG20-Cy4 in solution shows an
absorption band maximum in NIR with A, = 834 nm. The fluorescence of VG20-C¢ exhibits a sharp emission band at 4,,,, = 850 nm. Human eye
photopic response is shown as a black dashed line for comparison with peak eye sensitivity around 550 nm. c) Total cell transmittance of a reference
cell without dye and with an optimized electrolyte based on ;7 /I~ redox couple (black curve) and NIR-selective heptamethine cyanine dye (VG20-Cy4)-
based devices based on the I;=/I~ redox couple (red curve) and Co(bpy);>+/?* redox couple (blue curve). The human eye photopic response is shown
for comparison. Photographs of the transparent NIR-DSSC are also shown: (top) with the 1;7/1~ redox couple and (bottom) with the Co(bpy);3*/%*
redox couple. Reproduced with permission.[4’] Copyright 2021, American Chemical Society. d) Transmittance spectrum of an individual cell from the
mini-module, along with photographs and performances for the mini-module fabricated with benzothiadiazole-based molecule YKP-88 (the chemical

structure is also shown). Reproduced with permission.['3”] Copyright 2021, Royal society of chemistry.

1 cm? and achieved a high PCE of 12.2% (transmittance, 20%)
corresponding to a Jsc of 29.2 mA cm™2, V. of 588 mV, and
FF of 71.1%. In addition to achieving high LUE, this solar cell
remains color neutral (Figure 8b,c) with a predictable PCE ver-
sus transmittance relation (Figure 8d). This STPV design with
micrometer holes is aesthetically more appealing than stripes of
opaque cells with width in millimeters or centimeters.

Jeong et al.l'*?] reported a process to make apertures in CIGS
thin films using a controlled see-through laser-scribing pro-
cess. They optimized the fabrication process to demonstrate a
monolithically integrated semitransparent CIGS thin-film mod-
ule (5.25 cm?) with shunt-free apertures, leading to a PCE of
9.38% at an AVT of 18%.

As discussed above in the STPSC section, this approach of
achieving transparency via selected area transmission has been
applied to PSCs as well. Back in 2014, the Snaith group reported
an interesting approach of dewetting perovskite to obtain micro-
structured arrays of perovskite “islands.” These islands are thick
enough to absorb enough light, while the remaining perovskite-
free areas transmit light to give a neutral color appearance.l®”]

Adv. Energy Mater. 2023, 13, 2301555 2301555 (13 of 40)

They achieved PCEs of 8% and 3.5% at AVT of ~7% and ~30%,
respectively. Recently, Lee et al.l'*] used a “laser patterning ap-
proach” in organic—inorganic halide perovskites to control aper-
ture ratios, to fabricate neutral-colored semitransparent PSCs.
They achieved a PCE of 12.83% at an AVT of 21.74%. However,
laser patterning and etching methods (via electrons or ions) are
too harsh for soft absorber materials like perovskites and organic
materials and complicate the fabrication process.l>?) Recently,
Zhao et al.** have reported a “nonthermal” femtosecond laser
ablation approach to reduce ionization, heating, and vaporization
damages. Their structured STPSC cell achieved a PCE of 17.5%
atan AVT of 18.2%, while a minimodule of 5 x 5 cm? area deliv-
ered a PCE of 9.1% with an AVT of 37.7%. This approach can be
applied to achieve aesthetic artificial patterned solar cells without
additional complexity in fabrication.

Although semitransparency can be obtained by leaving gaps
in the absorber layer in almost all PV technology, the aesthetic
appeal is rather low (especially at close distances), which re-
stricts certain application areas.*®! Furthermore, adopting these
device fabrication approaches adds additional fabrication costs,

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

85U8017 SUOWILLOD 3A1Te8.1D) 3ot |dde 8Ly Aq peusenob afe ajole YO ‘88N JO S8|NJ 0} Akeid18UIIUO /8|1 UO (SUOIPUOD-PLR-SLLIBYWOD A8 | 1M ARIq 1 BUI|UO//SNL) SUORIPUOD pue SWis | 3y} 89S *[7202/20/52] Uo ARiqiTauljuo AB[IM el eUeIyo0D - 0J8ILO A 0LBd Y AQ SSSTOEZ0Z WUSe/Z00T OT/I0P/WO00 A8 | imAre1q 1 Ul |uo//:StiY W14 pepeo|umoq ‘6€ ‘€202 ‘0v89rTIT



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

Electrode

ARC,
passivation

www.advenergymat.de

(C) o

Transmittance " Ref22
08 v 50% ® Ref23
07 ' s 40% 1221 #. o
| b =
08 . :g S 10t \‘\‘ < Ref27
05 s W, * OurPV
ve 5 ol
04 o L A
. 6 -
03 % v
0.2 4+ g ¥ = "
0.1 5l )
00 1 1 1 1 1
00 01 02 03 04 05 06 07 08 20 30 40 50 60
X Transmittance (%)
( e ) Ordered Packed PS Pbl,MAI @ PS
et
» : e
\/ step 1 step 2 \ '
150 °C
Spin-Coating Spin-Coating .
MAPbI, @ PS

step 5

Ordered macroporous MAPbI,

= @

Immersed in Toluene

Figure 8. a) Schematic of broadband transparent c-Si solar cells. b) Photograph of the neutral-colored transparent c-Si solar cells (highlighted in a
blue square) with a transmittance of 50%. c) CIE 1931 chromaticity color coordinates of the transparent c-Si solar cells with different transmittances.
d) Benchmarking the performance (PCE vs AVT relationship) achieved in the study with previously reported neutral-colored transparent photovoltaics.
Reproduced with permission.[] Copyright 2019, Elsevier. e) Schematic showing the preparation route for macroporous perovskite films on blocking
TiO, by utilizing a sacrificial polystyrene (PS) template. Reproduced with permission.[™] Copyright 2016, Elsevier.

which might limit the large-scale adaptation. More research in
this area would validate this approach of achieving semitrans-
parency while keeping the fabrication steps simpler.

4.4, STPVs in Tandem Photovoltaics

In tandem solar cells, two or more solar cells are connected
in a 4-terminal (4T) or 2-terminal (2T) configuration to effi-
ciently utilize a wider solar spectrum with a wide band top sub-
cell and narrow bandgap bottom sub-cell (Figure 9a). The per-
formance of the tandem device depends on the band gap of
the top and bottom sub-cells. Figures 9b and 9c, respectively,

Adv. Energy Mater. 2023, 13, 2301555 2301555 (14 of 40)

show the optimum bandgap combinations in 2T and 4T con-
figurations for maximum theoretical double junction tandem
PCEs.

In 4T configuration, the sub-cells are only optically coupled,
and they can be optimized independently. At the same time, they
utilize two separate substrates (increasing cost) and optical losses
are inevitable at the TCE interfaces. In 2T configuration, both
electrical (current matching) and optical coupling are important.
They need a single substrate and are easy to install compared
to 4T configuration. However, a 2T tandem (which is more rele-
vant to STPVs) also needs careful optimization to match the cur-
rent of the sub-cells, along with processing compatibility between
them. Selecting an appropriate recombination layer or tunneling
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Figure 9. a) Schematic diagrams of 4T (left) and 2T (right) tandem solar cells. Reproduced with permission.l'*°l Copyright 2020, American Chemical
Society. Theoretical PCEs of 2T (b) and 4T (c) tandem solar cells. Reproduced with permission.['#3] Copyright 2018, Springer Nature. d) An organic-
perovskite tandem STPV design, solar spectrum, and photopic response function. Perovskite absorbs lower wavelengths, and the remaining longer
wavelengths are absorbed by the organic active layer. The crystal structure of perovskite and the chemical structure of polymer donor (PTB7-Th) and
non-fullerene acceptor (61TIC-4F) are also shown. e) J-V curves of tandem STPV and single junction STPV are shown in (d) (blue curve: FAPbBr;_,Cl,
perovskite sub-cell; green curve: PTB7-Th:6TIC-4F organic sub-cell). f) Transmittance spectra of the tandem STPV shown in (d). The shaded region
represents the human eye’s photopic response function. Reproduced with permission.['¢] Copyright 2019, Wiley-VCH. g) Schematic of a monolithic
2T perovskite/CIGS tandem solar cell, superimposed on the cross-sectional SEM image. h) EQE and 1-R spectra for the fabricated tandem device in
(g)-Jsc obtained from the integration of the EQE spectra with AM1.5G spectrum, are also stated. Reproduced with permission.['’] Copyright 2022, The

Authors. Published by the American Chemical Society.

junction with low electrical resistance and low optical loss, is also
critical.1*8]

STPVs can also be realized as a combination of different tech-
nologies with complementary absorption wavelength regions. An
excellent example of this strategy in a series connected 2T tan-
dem device was reported by Zuo et al.'*¢] They used an ultra-
large-bandgap perovskite layer (FAPbBr, ,;Clys;, E, ~ 2.36 €V)
for selective absorption in the UV region in combination with a
low-bandgap organic bulk-heterojunction layer (PTB7-Th:6TIC-
4F, E, = 1.27 V) with selective absorption in the NIR region. The
design of the tandem solar cell is shown in Figure 9d, along with
the crystal structure of perovskite and the chemical structures of
organic donors and acceptors. They achieved an average PCE of
10.7% (from forward and reverse scans) with an AVT of 52.91% (a
record LUE of 5.66%). The LUE of the tandem device was higher
than either of the single junction STPSC or STOSC, because of
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the improved PCE in tandem without sacrificing too much visible
transmittance.

Notably, most of the improvements in the STPV technologies
(such as improvements in high-quality thinner absorber layers
and TCEs, and so on) are also relevant to tandem solar cells fo-
cusing on maximizing the PCE in a double- and triple-junction
solar cell.'*] The SQ limit for single-junction solar cells with
a bandgap of 1.34 eV is 33.7%, while those for two- or three-
junction solar cells are 46% and 50%, respectively.[1>*1>1] Because
of their large market share and record PCE of 26.7%, Si solar cells
are the most suitable bottom cells in tandem solar cells for top
absorber layers in combination with tunable and wider band gap
(such as perovskites, OSCs, CIGS, or DSSCs).[147149.152-154] Fyr.
thermore, the absorber materials with tunable bandgap can act
as both front and bottom sub-cells in a tandem configuration.
For all perovskite (perovskite/perovskite) tandem solar cells, a
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Figure 10. A comparison between typical absorber layers of STOSCs and
STPSCs, the two STPV technologies with the highest LUEs. The EQE spec-
tra for STOSC and STPSC were adapted from Huang et al.['31l and Wang
et al.l""] STOSC spectrum: Reproduced with permission.["*'l Copyright
2022, The Royal Society of Chemistry. STPSC spectrum: Reproduced with
permission.l3] Copyright 2021, Wiley-VCH.

record-high PCE of 285%™l and for perovskite (E, =
1.79 eV)/organic (E, = 1.79 eV) 23.6%!"°?] have been reported
in the last couple of years. Jost et al.'*’] demonstrated a mono-
lithic 2T Perovskite (1.68 eV)/CIGS (1.1 eV) tandem device with
a certified PCE of 24.2% with a potential to reach a PCE of 32%
(the complete device structure is shown in Figure 9g). One as-
pect of improvement would be the current matching between the
top and bottom sub-cell, which was currently limited by the per-
ovskite top cell (Figure 9h).

The structure of a tandem STPV solar cell seems more
complicated due to the optimization needed for the inter-
connection/tunneling layer between the sub-cells, but if the
PCE is improved without losing the AVT, it seems a feasible
Strategy.[148'155_157]

STOPVs have the highest LUEs among all single-junction
STPV technologies (even though the record opaque cell PCE has
barely reached 20%). It is therefore imperative to analyze the rel-
ative advantages of organic solar cells vis-a-vis other absorbers
for STPV applications. It should only be fair to compare the ab-
sorption (EQE) region of a high LUE STOSC device with that
of a high LUE STPSC device (STPSCs have the second high-
est LUE among all STPVs). Polymer donors and small molecule
NFA are the necessary constituents of the organic absorber layer,
and therefore, the absorption spectrum can be easily tuned to
realize both narrow-bandgap donor and narrow-band acceptor,
with absorption maxima in the NIR region. Usually, the poly-
mer donor has more absorption in the visible region compared
to the acceptor; thus, AVT can be further maximized by reduc-
ing the donor amount in the active layer. This results in a high
EQE in the NIR and UV region and a low EQE in the visible re-
gion (as shown in Figure 10).[122131158] On the other hand, per-
ovskite is approximately a broadband absorber, and the visible
wavelength absorption can only be minimized by reducing the
thickness or increasing the bandgap.l'¥! The gain in Js. due to
absorption in the NIR region overcompensates for the loss in
Voc due to a lower bandgap in STOSCs. STDSSCs, in principle,
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can benefit from the tuned wavelength-selective absorption given
their performance in traditional device structures is improved
further to match those of OPVs. Moreover, a standard opaque
high-performance perovskite solar cell (or even a-Si:H, CIGS,
CdTe for that matter) utilizes a sub-micrometer thick (>300 nm)
absorber while ~100 nm is the typical thickness of active layer in
high PCE OPV devices. This means the typical shunt losses (en-
countered due to pinhole-prone thinner absorber layers in STP-
SCs) are not usually a challenge in STOPVs. A typical STOSC
device uses #70-80 nm thick absorber layer without significant
loss in FF or V. (as reported elsewhere).[122131.158]

5. Device Engineering in STPVs

It is common in the literature to find a finite set of buffer/charge
transport materials, passivation techniques, etc., which appears
exclusive to a particular STPV technology. Since the STPV tech-
nology is not mature yet and none of the existing reports has
found the “perfect” device architecture (combining low cost, high
LUE, long-term stability, and visual appeal), researchers working
on the development of STPVs to achieve high LUEs and the re-
search community in the broader context would benefit from the
incremental improvements in either of the STPV technologies.
For example, a low-temperature buffer layer recipe would bene-
fit both established thin-film technologies as well as organic and
perovskite solar cells. Similarly, a Bragg reflector optical engineer-
ing could tune the color and reflectivity of any STPV technology.
In this section, we focus on potential candidates for functional
layers that would benefit the design of high-LUE STPV devices
based on different technologies.

5.1. Transparent Conductive Electrodes

Transparent conductive electrodes (TCEs) are critical since they
influence the PCE, AVT, CRI, stability, and cost of semitranspar-
ent solar cells. Several categories of materials, including TCOs,
metals (including metal nanowires and grids), polymers, and car-
bon materials, have been used to replace the opaque electrodes
(plots of optical transmittance and transmittance vs sheet resis-
tance of these categories of TCEs are shown in Figure 11). To
evaluate the performance of a transparent electrode, a figure of
merit is often used, such as one used by Rowell and McGehee:[']
1

c Ry, 1
@ _bi-4 T R, InT *)
t

where ¢ is the DC conductivity, « is the absorption coefficient,
Ry, is the sheet resistance, t is the thickness, A is the absorbance,
and T'is the transmittance.

Transparency in the NIR region also becomes important in
cases where the active layer utilizes the near NIR spectrum while
transmitting visible light (case of wavelength-selective semitrans-
parent solar cells). Furthermore, work function mismatch be-
tween the transparent electrode and semiconductor functional
layers can result in Schottky contact, which leads to high series
resistance and lower efficiency.l'!]

Additional considerations while selecting a TCE are related to
the processing compatibility with the STPV technology. These
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Figure 11. Transmittance versus sheet resistance for different transparent
conductor materials. Reproduced with permission.['®] Copyright 2010,
Nature Publishing Group.

include suitable processing temperature, inertness, interface
formation with the adjacent layer, and stability during device
fabrication.['®?] Therefore, a certain transparent electrode would
not apply universally to all the STPVs, although it has a high
figure of merit. For example, limited post-processing is possi-
ble on conductive polymer electrodes because of low thermal and
chemical stability. Hence, they are used as top electrodes in most
applications.

5.1.1. Transparent Conductive Oxides

ITO, deposited primarily via sputtering, is the most widely used
transparent conductive oxide and is even used in commercial
devices."®3] However, high cost, degradation at processing tem-
peratures >500 °C, and chemical instability have increased re-
search interest in its alternatives such as FTO, AZO, and gallium-
doped zinc oxide.

When TCOs are not used as substrates (glass/FTO or
glass/ITO) but as the top layers, their deposition can damage the
underlying layers because of the ion bombardment or high tem-
perature, especially when the underlying layer is organic./16416]
In STOSCs, an inorganic buffer layer (such as MoO, or Ag thin-
film) can be deposited before the TCO sputtering.[1651%¢] Further-
more, some alternative ways of reducing the sputtering damage
(such as by reducing the sputtering power and changing the ge-
ometry) have also been reported.[167:168]

Although TCOs are generally attractive as the semitransparent
electrode at the laboratory level, they would add immensely to
the production cost, particularly for vacuum-deposited ones.!*®]
However, some promising results have been reported with
amorphous TCO electrodes. Lim et al.'!l reported a room-
temperature processed amorphous InGaTiO (IGTO) electrode
prepared by modified sputtering geometry (linear facing tar-
get sputtering). The electrode showed high transmittance of
87.5% and low sheet resistance of 9.9 Q sq.”!. The modi-
fied geometry also avoided the plasma damage which is com-
mon during sputtering. With an IGTO electrode, a PCE of
15.6% with an AVT of 10.5% was obtained for an optimized
Csy 175 FA( 5,5 Pb(I) 575B1y 125); perovskite, compared to a PCE of
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16.4% for the opaque thermally evaporated Ag electrode. Further-
more, a “two-step facing target sputtering” method was used to
deposit indium/zinc co-doped In,0, (IZTO) top electrode in a
low-temperature plasma-damage-free deposition. An impressive
LUE of 3.36 (PCE = 13.26%, AVT = 24.7%) was reported. Mean-
while, the sputtered ITO electrode showed poor performance
(PCE = 3.43%).1170]

5.1.2. Ultrathin Metals

Thin metallic films (~60-100 nm) are commonly used in OSCs
and PSCs as top electrodes. In traditional thin film solar cells
(a-Si:H, CdTe, CIGS), they are usually the current collectors pat-
terned in grid form. In semitransparent solar cells, ultrathin met-
als (mostly Ag, Au, or Cu) of thickness <20 nm can be deposited
through physical vapor deposition to work as semitransparent
electrodes. This approach offers the simplest transition from
opaque to semitransparent devices because the deposition con-
ditions and interfaces remain essentially the same. Bai et al.l'7!]
used thermally evaporated 15 nm Ag or Au and reported one the
highest LUEs among the STOPVs (PCE of 12.88% with AVT of
25.60% and CRI of 97.6). Ultrathin metals have been applied in
STPSCs too.[163:172:173]

There exists a significant trade-off between transparency and
conductivity for thin metal films. Therefore, light management
techniques can be used in combination with the ultrathin metal
electrodes to enhance the absorption or transmission region in
the absorber layer. Dielectric-metal-dielectric (DMD) is such an
improved application of ultrathin metal electrodes, which en-
hances the stability, transmission, and infrared reflectance.l'?’]
For example, a multilayered anode structure (MoO,/Ag/MoO;)
can be used as the hole-collecting electrode. The inner MoO,
layer acts as a hole transport/buffer layer to improve hole col-
lection and the outer MoO;, layer serves as a light OC layer to en-
hance the transmittance of the device.l'’*] Additionally, this mul-
tilayered structure solves the wetting issue encountered while de-
positing an ultrathin metal layer, and therefore, no seed layer is
required. A DMD anode can tune the aesthetics (color coordi-
nates, CRI, and CCT) of the STPV device.l'?*] The light manage-
ment engineering approach to modulate reflection and transmis-
sion wavelength regions is discussed later in this review.

High conductivity, ductility, and easy scalability favor metal
electrodes. However, the high cost of material (especially for
Au) and vacuum-based deposition method to control the precise
thickness hinder their widespread commercial application.

5.1.3. Metal Nanowires and Grids

Metal nanowires (especially silver nanowires, AgNWs), due
to their high conductivity, transparency (sheet resistance be-
low ~10 Q sq.”! while transmittance reaching 80%, similar to
ITO),1'7%] flexibility, and easy solution-processability, would be a
good choice for transparent electrodes.[**) Particularly, solution-
processability makes them attractive as cost-effective alternatives
to ultrathin metal films.

AgNWs are typically synthesized by the reduction of silver ni-
trate precursor dissolved in ethylene glycol containing halide ions
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Figure 12. SEM images of AgNWSs with various treatment conditions: a,e) Air-dried (sheet resistance of 6.9 x 10° Q sq™'). The AgNWs fabricated by
polyol method were dispersed in ethanol and drop coated on glass. Residual polyvinylpyrrolidone (PVP) from synthesis at the junctions between AgNW's
and therefore weak connections between the AgNWs can be seen. b,f) Air-dried and heated at 200 °C for 20 min (sheet resistance of 9.5 Q sq.'). Melting
and fusion of AgNWs can be observed along with residual PVP. Residual PVP did not burn away but nearly melted. c,g) Air dried and water-ethanol rinsed
(sheet resistance of 1.8 x 10* © sq.™"). No PVP residues after rinsing in water and ethanol (instead of heat treatment at 200 °C) and weak connections
of the AgNWs can be observed. (d,h) Air-dried, water-ethanol rinsed, and pressed at 25 MPa for 5 s (sheet resistance of 8.6 Q sq.”"). No PVP residues
and tightly connected AgNWs with smooth surfaces can be observed. Reproduced with permission.[17¢] Copyright 2019, Wiley-VCH. Panels (i) and (j)
show the SEM of the printed grid after hotplate sintering. AFM image of the same is shown in (k) along with the cross-sectional (I). Also, a 3D projection
of the Ag grid is shown in (m). Reproduced with permission.['”] Copyright 2011, Tsinghua University Press and Springer-Verlag Berlin Heidelberg. n)
SEM top view of rGO/AgNWSs/rGO based devices (left) and corresponding cross-section morphologies (right). o) Photograph of the semitransparent
perovskite solar cell and J-V curves of the optimal device for the STPSCs using rGO/AgNWs/rGO as the top electrode. Reproduced with permission.!178]
Copyright 2020, Elsevier.

(CI~, Br7). Polyvinylpyrrolidone (PVP) is used as the stabilizing ~ Tokuno et al.’’% and can be visualized in Figure 12a-h. The sheet

agent.['79-181] AoNWs have diameters in the range of ~100 nm
and lengths in the range of tens of um. The net resistance of
AgNW electrodes depends on the length, diameter, wire den-
sity, and junction resistance (at the intersection of nanowires).[18%]
The effect of junction weld between the wires was illustrated by
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resistance of the AgNW electrodes decreased by several orders
of magnitude by selecting an appropriate post-deposition treat-
ment: thermal annealing, rinsing in ethanol, or mechanical pres-
sure. These modifications are aimed at improving the connectiv-
ity between the wires and the removal of organic impurities.
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Sometimes metal nanoparticles are printed in a mesh/grid
pattern (using lithography or printing techniques) with tun-
able transparency and conductivity.'®¥ For example, a scal-
able printed grid electrode using silver nanoparticles with a
sheet resistance of 43 Q sq™' and average transmittance of
93% was reported by Abbasi et al. (dimensions are shown in
Figure 12i-m).['”7] Saive et al.l'®*] designed 3D microscale grid
fingers with triangular cross-sections to achieve transparency up
t0 99.9% and very low sheet resistance of 4.8 Q sq.”L.

Guo et al.l'®] used AgNWs to fabricate semitransparent per-
ovskite cells with an efficiency of 8.49% and AVT of 21.5% (com-
pared to 9.19% for reference devices with opaque reflective elec-
trodes). Gahlmann et al.l'8] used AgNWs as top electrodes in
semitransparent perovskite solar cells to obtain an AVT of 16%
and a PCE of 17.4%, a record for semitransparent p-i-n PSCs
with an AgNW top electrode. Another high LUE (PCE = 14.69%
and AVT = 20.11%) device was reported by Dou et al.'”®] using
a sandwich structure top electrode (reduced graphene oxide (r-
GO)/AgNW/r-GO). The top view and cross-section SEM of the
composite electrode are shown in Figure 12n, and the photo-
graph of the STPSC device, along with the J-V curve, is shown
in Figure 12o0.

Margulis et al'® used a spray-deposited AgNW elec-
trode in combination with spin-coated PEDOT:PSS [poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate)] as the semi-
transparent counter electrode (transparency >90% in the visible
region) in solid state-DSSC. With this solution-processed com-
posite electrode, they reported similar efficiencies compared to
an evaporated top electrode: 3.6% for AgNW-based and 3.7% for
200 nm Ag electrode. However, AVT was not mentioned in the
work.

With continued improvements in the processing of AgNW
electrodes, they have reached the threshold of ~#90% transmit-
tance at 550 nm and sheet resistance <20 Q sq.”! (comparable to
commercial ITO or FTO electrodes).** Sun et al.!%] replaced
bottom ITO and top Ag contacts with AgNWs and achieved ex-
cellent performance of 11.9% in a fully solution-processed device,
compared with 15.2% for the reference ITO/Ag-based devices.

Although metal nanowires and grids represent solution-
processed alternatives to the traditional TCO electrodes, incom-
patibility with the underlying interfacial layers, poor adhesion,
and high roughness limit their widespread implementation in
STPV,[189,190]

Furthermore, degradation in the performance of devices us-
ing AgNW electrodes over time under the influence of light
and humidity and increased chemical reactivity call for more
studies on its long-term stability.'®®] There has indeed been
considerable focus on overcoming the roughness, stability, and
compatibility issues (like wetting, mechanical flexibility, etc.) via
a composite strategy with metal oxide nanoparticles,!18191:192]
polymers,[193194] MXene/graphene,['®>1%7] and so on. The high
cost of Ag also calls for research into alternatives such as CuNWs,
but the issue of severe oxidation remains a challenge.!1%%1%]

5.1.4. Conductive Polymers
Although an order of magnitude lower in conductivity than the

thin metal films, the most common conductive polymer elec-
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trode, PEDOT:PSS, offers easy solution-processability and me-
chanical flexibility. Hu et al.?%) used PEDOT:PSS as the top elec-
trode to achieve an impressive PCE of 12.5% (with 30.6% AVT)
compared to 20.6% with opaque metal electrodes.

Many reports have been published related to the re-
search on enhancing the conductivity of PEDOT:PSS by post-
treatment.l2%-2%1 An impressive conductivity of >4000 S cm™
was reported by Kim et al.,!?°!l achieved simply via H,SO, treat-
ment. The treatment also modified the surface adhesion prop-
erties, which allowed an easy “pick-and-place” transfer to any
substrate (including glass, silicon wafer, Cu foil, Kapton tape,
or PET) using elastomeric carrier stamps (like polydimethylsilox-
ane, PDMS). A simplified scheme is shown in Figure 13a.

Another promising hybrid electrode, polymer:Ag (PA), con-
sists of an ultrathin Aglayer covered by PEDOT:PSS. PEDOT:PSS
also acts as an anti-reflection layer. Polyethyleneimine (PEI) is
coated on the substrate as a nucleation inducer to prevent is-
land formation in Ag ultrathin film (refer to Figure 13b for
scheme).[?2] The performance of OSC with this composite elec-
trode (PCE = 8.6%) was at par with that of ITO (PCE = 8.9%)
in opaque devices. Furthermore, this PA electrode was used as
the bottom transparent conductive electrode along with H,SO,-
treated PEDOT:PSS (H-PEDOT) as the top electrode in a flex-
ible STOSC (device structure shown in Figure 13c). They re-
ported a PCE of 4.9% with an AVT of 38%. In addition, both
these electrodes (PA and H-PEDOT) exhibited excellent mechan-
ical durability compared to the rigid and brittle ITO electrodes
(Figure 13d). Recently, Park et al.l2**] demonstrated all solution-
processed STOPV devices with a PEDOT:PSS/ionic liquid (IL)
composite as a top electrode to fabricate an efficient STOSC with
a PCE of 6.32% at an AVT of 35.4%. A “conductivity and flexibil-
ity enhancer” (CFE), zinc di[bis(trifluoromenthylsulfonyl) imide]
(Zn(TFSI),) was used to enhance the conductivity and bend-
ability of PEDOT:PSS:CFE electrode (sheet resistance of 22 Q
sq7! vs 10 Q sq7! for ITO).2% In a flexible STPSC, using PE-
DOT:PSS:CFE as both bottom and top electrodes, they obtained
a PCE of 9.7% with AVT of 30.6%.

In DSSCs, glass/Pt has been exclusively used as the counter
electrode because of its excellent electroactivity for the I;,7/I" re-
dox couple, although the Pt electrode accounts for as high as
40% of the cost of the whole device and also suffers from high
reflectivity.l382%¢] Conductive polymers are seen as promising al-
ternatives; conductive polyaniline (PANI), with emerald green-
ish appearance and transparency (transmittance 74% at 510 nm
wavelength for a 250 nm thin PANI film), is among the most
studied ones and is promising for STDSSCs.[?”] Park et al.[2%]
reported a DSSC solar cell using porous polyaniline nanotubes
(PPNT-1) as a counter electrode and achieved a higher PCE of
5.57% versus the usual Pt counter electrode (PCE = 5.20%).
PPNT-1 showed lower charge transfer and higher electrocatalytic
activity compared to Pt. Wang et al.?! used an oriented polyani-
line random network cathode to increase the PCE of DSSC so-
lar cell up to 8.24% (Jsc of 15.09 mA cm~2, V¢ of 0.78 V, and
FF of 0.70), even higher than the efficiency (6.78% with Ji. =
13.11 mA ecm™2, Vo = 0.76 V, FF = 0.68) of the DSSC with
the Pt cathode. The PANI nanowires array displayed higher elec-
trocatalytic activity (lower charge transfer resistance, R ) on the
Co(iii) /Co(ii) redox couple than random PANI network or even
Pt electrode, and thus higher [ and FF. Even in thin PANI film,
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Figure 13. a) Schematic illustration of the procedure for the transfer printing of transparent H,SO,-treated PEDOT:PSS film from a donor quartz sub-
strate to another target substrate. Reproduced with permission.[207] Copyright 2015, Wiley-VCH. b) Conceptual diagram for the growth mechanism
of the Ag film with the PEI nucleation inducer. Reproduced with permission.[202] Copyright 2015, The authors. c) Schematic illustration of the flexible
semitransparent OPV architecture. d) Resistance change as a function of the number of bending cycles for ITO, PA, and HPEDOT flexible electrodes
with a bending radius of 5 mm. Reprinted with permission.[203] Copyright 2020, American Chemical Society.

which was in situ polymerized on FTO, the porosity of PANI was
quite high, resulting in higher electrocatalytic activity than the Pt
counterpart in a semitransparent DSSC device.[! Nevertheless,
the AVT values for these DSSC devices were not reported, so the
LUEs of cells with PANI or Pt electrodes could not be directly
compared.

Conductive polymer electrodes are compatible with low-cost
solution-based roll-to-roll processing on flexible substrates.[?!!]
However, thermal and chemical stability of these electrodes are
questionable, thus limiting their use to low lifetime or indoor
applications. PEDOT:PSS might degrade by moisture absorp-
tion, or even the underlying layers could be corroded by acidic
PEDOT."®!

5.1.5. Carbon-Based Electrodes

Carbon-based electrodes, specifically graphene and carbon nan-
otubes (CNTs), have favorable properties such as high chemi-
cal stability, low cost, high transparency, and mechanical flexi-
bility. Graphene is a 2D material (~0.34 nm thick) composed of
sp?-carbon with high electron mobility in the order of 10° cm?
V! s7! with high transmittance of >97% for a single layer (elec-
tronic band structure is shown in Figure 14a—).21223] The de-
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tailed description of the optoelectronic properties can be found
elsewhere.?%

CNTs are 1D materials (diameters of 0.7-20 nm) formed by
winding graphene sheets to form single-walled CNTs (SWCNTs),
double-walled CNTs (DWCNTs), or multi-walled CNTs (MWC-
NT5s) (Figure 14e,f). SWCNTs can display metallic or semicon-
ducting properties based on the chiral vector, C;, = na; + ma,
where a; and a, are unit cell vectors of the graphene lattice, and
n and m are integers (Figure 14d).[2'*] The chemical structure
and simplified description of graphene and CNTs are shown in
Figure 14a—f.

The most common methods for the fabrication of graphene
conducting films include mechanical exfoliation, epitaxial
growth, chemical vapor deposition (CVD), reduction of graphene
oxide.[2'®] Large-area uniform graphene films can be prepared by
CVD or PECVD.[2]

Song et al.2!8] demonstrated a semitransparent organic solar
cell with a graphene electrode as the anode, cathode, or both
(ITO/PEDOT:PSS/ZnO/PDTPDFBT:PCBM/Mo0O, /graphene or
Al). Replacing the bottom cathode ITO with graphene resulted
in comparable performance (5.9% vs 5.8%, respectively). At the
same time, replacing the top anode Al with graphene resulted
in slightly lower PCE (4.2%), mainly due to lower J;. because
of the loss of the reflected light from the Al electrode. Finally,
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Figure 14. Electronic band structures of graphene in a) single, b) symmetrically double, and c) unsymmetrically double layer forms. Reproduced with
permission.[212] Copyright 2006, The American Association for the Advancement of Science. d) Unrolled SWCNT describing the chiral vector C; values of
the integers n and m determine the metallic/semi-metallic nature. e) Illustration depicting the direction of the chiral vector, which affects the appearance
of the nanotube. (4,4): armchair shape, (6,0): zigzag shape, and (5, 3): chiral shape; and f) “Ball and Stick” model of single-walled CNT (SWCNT),
double-walled CNT (DWCNT), and multi-walled CNT (MWCNT). Reproduced with permission.[2™] Copyright 2016, American Chemical Society.
g) Schematic image and h) digital image of the device based on polyimide-integrated graphene electrodes ((PI@GR)-based ST-bifacial cation-exchanged
PSCs). Reproduced with permission.[2'3] Copyright 2022, American Chemical Society.

STOSC devices using graphene cathode-graphene anode yielded
a PCE 0f 4.0% at an impressive AVT of 54%. Liu et al.'%) reported
a STOSC with graphene transparent electrodes as both cathode
and anode with PCE up to 3.4%. from both sides. It has aver-
age transmittance of ~#40% in the visible region with a neutral
color appearance. Neutral-colored STOPVs are quite attractive for
power-generating windows.

Tran et all?? replaced the bottom electrode of a
semitransparent perovskite solar cell with graphene
(PES/graphene/NiO,/MAPbI, /PCBM/AZO/Ag/AZO) and
achieved a PCE of 14.2% with a transmittance of #26% at 700 nm
(AVT of 13.7%). Polyimide-integrated graphene (PI@GR) elec-
trodes have also shown high performance in flexible STPSC
with AVT of 18% and PCE of 15.1%. In an unconventional
device fabrication method, two half-cells containing perovskite
(MAPbDI; and FAPbDI,) films, both on PI@GR electrodes, were
laminated to obtain high-quality and stable a-phase FAPbI,
(Figure 14gh). You et al.??!l laminated a transparent graphene
electrode on the top of a semitransparent perovskite solar cell
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(average transmittance = 5.84%) and achieved PCEs close to
that with the Au electrodes (12.02 + 0.32 vs 13.62 + 1.00%
for graphene and Au electrodes, respectively). Notably, when
illuminated from the graphene side, the devices still showed a
high PCE of 11.65% + 0.35%.

Graphene as a nanolayer electrode has also been applied
in CIGS and CdTe solar cells, though mostly in opaque solar
Cells'[222—224]

The most common fabrication methods for CNTs are plasma
arc discharge, pulsed laser evaporation, and CVD. These pro-
cesses typically use a carbon source and a metal catalyst, and the
growth conditions dictate the property distribution of the SWC-
NTs. Also, during growth, additional nanotube layers might en-
capsulate the existing SWCNT to form MWCNTs. It is also im-
portant to note that the optoelectronic properties of MWCNTs
are a combination of the properties of the constituent SWCNTs
and given the variability in the optoelectronic properties of SWC-
NTs produced by most synthesis techniques, it necessitates ei-
ther a) growing single-chirality SWCNT5 or b) using purification
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methods to separate the SWCNTs by electronic type (metallic or
semiconducting), dimension, or chirality. Besides, as a result of
the fabrication methods, the as-synthesized CNTs often exist as
aggregates or bundles.??’! For application in solar cells as either
transparent conductive electrodes or even HTLs, CNTs are dis-
persed in a suitable solution using dispersing agents.[21#:222:226.227]

Jeon et all?2  used SWCNTs synthesized via
CVD as the top electrode in an organic solar cell
(ITO/ZnO/PTB7:PCBM/Mo00O,/CNT) and achieved a PCE
of 1.8% as compared to the opaque reference device 7.8%. To
reduce such a significant loss, they p-doped the SWCNTs using
concentrated HNO; to increase the efficiency to 3.7%, with AVT
close to 30%.

Contreras et al.??%! used a thin film of a randomly distributed
network of SWCNTs (spray-coated from an SWCNT ink dis-
persion) as the transparent top contact in CIGS solar cells
with device structure Mo/CIGS/CdS/i-ZnO/SWCNT. Using the
SWCNT top electrode, they achieved a PCE of 12.98% (Vc =
0.674 V, Joc = 31.21 mA cm™2, FF = 61.66%), while PCE
of the reference solar cell (Mo/CIGS/CdS/i-ZnO/Zn0O:Al) was
19.5% (Vo = 0.694 V, Joc = 35.34 mA cm2, FF = 79.4%).
Although SWCNT film offers sufficient semitransparency, its
porous nature and high surface roughness introduces a shunt
path between the metal grid and the layer beneath SWCNT film,
thus, lowering the FFs. Barnes et al.*%l used the SWCNT net-
works in CdTe solar cells as a replacement for ITO top elec-
trode and achieved a PCE of 12.4% with 40-50% transmis-
sion in the range 800-1500 nm. The used device structure was
Glass/Cd,SnO, /ZnSn0O, /CdS:0/CdTe/Cu, Te/SWCNT or ITO,
with the reference ITO device reaching a PCE of 13.9% and sim-
ilar transparency. Although both the devices discussed above did
not qualify as STPV, it is possible to reduce the thickness of the
absorber layer in combination with transparent bottom contact
to tune the transparency, as reported elsewhere.[231723373.75]

Carbon-based electrodes have positive attributes such as envi-
ronmental stability, hydrophobicity, and suitable work function
(they can also work as a hole-selective layer).[??’] However, the
high processing cost to obtain high-purity (low-yield) defect-free
CNTs make them unviable for large-scale implementation.[22¢]
Similar complexity exists in processing devices with graphene
electrodes.[?’®! FFs using graphene and CNT electrodes are
lower than those with the TCO counterparts such as ITO. Be-
cause of the roughness and discontinuity/voids, all the inter-
faces with these electrodes impact the device performance and
need smoothening/passivation strategies to reduce shunt losses
To this end, surface modification of graphene has indeed shown
promising results.[**] Xu et al.?*] modified the graphene sur-
face using ethylene glycol (EG) to endow active sites for the sub-
sequent atomic layer deposition (ALD) of ZnO ETL. Thus, they
improved the performance of a perovskite solar cell by 134% com-
pared to the bare graphene electrode. More importantly, scaling
up these electrodes while maintaining uniform conductivity has
been quite challenging.

Transparent conductive oxides (TCOs) have the optimum bal-
ance between optical transparency, conductivity, and stability.
However, high deposition costs and raw material scarcity (in the
case of ITO) limit their widespread application. Damage to un-
derlying layers during high-impact processes like sputtering is
also a concern for soft absorber materials like polymers and per-
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ovskites. Ultrathin metal films lead to significant losses in J; due
to high absorption in the visible region. They also employ costly
vacuum-based deposition methods. At the same time, their ap-
plication is quite straightforward by reducing the thickness of
the opaque top electrode. Solution-processed metal nanowires
have excellent tunable transmittance/conductivity, but they suf-
fer from roughness and adhesion issues. Thus, they need ad-
ditional surface modification steps. Furthermore, the chemical
stability of nanowires (especially, AgNWs) has been a matter of
concern. Metal meshes and grid patterns require complex prepa-
ration processes involving photo- or nanoimprint-lithography
and do have similar stability and roughness issues as metal
nanowires. Graphene and CNTs have the potential to be the TCE
of choice if the conductivity is further enhanced and coating
methods are standardized. Polymer electrodes are famously un-
stable at high temperatures and humidity but are quite compet-
itive for flexible, low-cost, or indoor photovoltaics. In summary,
each of these TCEs is unique in its optoelectronic properties, pro-
cessing complexities, stability, application flexibility, and so on.
The device structure, fabrication conditions, and end-use would
dictate whether a TCE is suitable for a specific STPV device.

5.2. Carrier Transport Layers and Buffer Layers

A solar cell consists of several layers apart from the absorber and
contacts to enhance the charge collection efficiency once the free
carriers have been generated by photoexcitation. These additional
layers are generally called buffer layers or charge transport layers,
depending on the convention of the respective PV technology. A
perovskite solar cell, for example, adopts an n-i-p (or p-i-n) archi-
tecture, where n, i, and p represent an n-type layer, intrinsic per-
ovskite absorber layer with low doping density, and a p-type layer,
respectively. Figure 15 shows the simplified device structures of
the six types of STPV technologies discussed in this review.

It is not straightforward to generalize the role of electron and
hole transport/buffer layers used in different solar cell technolo-
gies, though some parameters can be generalized. ETL (an n-
type material) should possess: 1) high electron mobility, 2) wide
bandgap, and 3) ideal band alignment with the conduction band
of the adjacent layers. Similarly, an HTL (p-type material) should
be able to transport holes (and/or block electrons) to the counter
electrode with desirable properties such as: 1) matched valence
band level and 2) high hole mobility, along with 3) stability and
compatibility with the underlying layers. Moreover, the para-
sitic absorption in the charge transport or buffer layers should
be minimized. For example, wide bandgap metal oxides (TiO,,
Zn0O, MoO,, etc.) are quite transparent in the visible region.
At the same time, the most common HTL in perovskite (spiro-
OMeTAD) has an absorption peak at 400 nm and therefore con-
tributes to significant Jy. loss.[23]

ST-amorphous silicon solar cells consist of a p-i-n a:Si:H
structure (which forms the p-n junction diode) sandwiched be-
tween two transparent conductive oxides. These oxides are usu-
ally aluminum-doped ZnO (AZO)[?37%] or Gallium doped ZnO
(GZ0)1238:239.6467] deposited by sputtering.

A typical STCdTe solar cell uses a CdS buffer layer to form
the p-n junction, while the transparent electrode layers can be
formed out of FTO, AZO, or ITO as the top and the bottom
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Figure 15. Typical device architectures of semitransparent solar cell technologies. TCE, transparent conductive oxide; HTL, hole transport layer; ETL,
electron transport layer; NFA, non-fullerene acceptor; mp-TiO,, mesoporous TiO,

contact layer.[240757785] State-of-the-art CdTe solar cells utilize
CdS:0P*1 or Mg, Zn, O?*] for electron selective buffer and
ZnTe:Cul?® for hole selective interface layer to improve charge
injection and reduce recombination loss. These improvements
are yet to be applied in semitransparent devices since the lit-
erature reports are rare. In CIGS-based semitransparent solar
cells, the device structure is similar to CdTe.[?32247379] An intrin-
sic buffer layer (i-ZnO) can be inserted between the CdS layer
and the top contact.[**?] To introduce semitransparency in opti-
mized opaque devices, the commonly used molybdenum (Mo)
back contact is replaced by a TCO thin film. Both these technolo-
gies (STCdTe and STCIGS) have traditionally used CdS buffer lay-
ers which limit their commercialization since CdS is considered
toxic. Major commercial production has shifted focus on Cd-free
buffer layers like ZnS, In,S;, Zn, Mg O, and Zn, Ti 0.*"]
STDSSCs are usually composed of a semitransparent pho-
toanode made of a mesoporous TiO, layer on FTO glass and
an ultrathin Pt counter electrode on the glass to provide suf-
ficient transparency.372%] The TiO, layer is kept at a few
microns thickness with particles in the 15-20 nm range to
keep the transparency high (>75% in the visible region). A
thicker TiO, layer would contribute more to the J. due to
diffuse scattering, albeit with a loss in transparency. To avoid
the high temperature (500 °C) sintering step in TiO,-based de-
vices, alternative photoanodes have also been explored (such
as ZnO,[2¢2¥7] Nb,O; [*] Sn0,,[**1 WO,,1% and so on), but
the PCE of DSSCs based on these photoanodes are usually
lower than that with TiO,.[?!] The use of liquid electrolytes also
presents leakage issues prompting investigations into alterna-
tive solid-state hole transport materials: 2,2",7,7'-tetrakis-(N,N-di-
p-methoxyphenylamine)—9,9’-spirobifluorene (spiro-OMeTAD),
polyfluorenes, PEDOT, CuSCN, NiO, and so on. Among these,
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Spiro-OMeTAD performs the best, though it is costly and has lim-
ited stability.[2>2!

In semitransparent organic solar cells, ETLs and HTLs facili-
tate the charge transport to the respective electrodes. The bottom
contact is usually ITO coated on glass or plastic substrates, and
the top contact is made of ultrathin metals, metal nanowires, con-
ductive polymers, or TCOs.[129:171:253-255.48]

Semitransparent perovskite solar cells have a similar struc-
ture as organic solar cells, though the physical characteristics
of ETL and HTL might be slightly different.'’8256-2%] For in-
stance, mesoporous TiO, (several ums thick) on a compact TiO,
layer, often acts as electron contact in perovskite solar cells, while
planar smooth ultrathin ZnO (x30-50 nm) has been predomi-
nantly used in OPVs. Generally, conductive metal oxides (TiO,,
Sn0,, ZnO, etc.)?%) can be used as ETLs, and Spiro-OMeTAD,
PTAA, CuSCN, MoO,, or NiO, are the preferred HTL materi-
als in both STOPVs and STPSCs.I?!1 STOPVs and STPSCs have
the potential to be roll-to-roll processed. To that end, the trans-
port layers need to be solution-processed, preferably in the am-
bient atmosphere. ETLs have traditionally been solution pro-
cessed in high-performance OPV and PSC devices. Solution-
processed inorganic HTLs have also been reported (MoO,, 2622631
VO,,1264 WO, 12652661 NiQ_,[27] and so on), but the vacuum-
thermal-evaporated MoO, and inert-ambient-processed Spiro-
OMeTAD have been the HTLs of choice in top performing OPVs
and PSCs, respectively.

5.3. Light Management Engineering
There exists a trade-off between active layer thickness and

transparency since none of the absorber layers are completely
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Figure 16. a) Reflection, refraction, and transmission in a distributed Bragg reflector (DBR) with refractive index nyy; > n. b) Reflectance spectrum of a
DBR consisting of 15 periods of transparent layers with n,; = 1.69 and n_ = 1.46. Reproduced according to the terms of the CC BY license.[?’'l Copyright
2018, The Authors, published by Wiley-VCH. c) Schematic of a device structure of the STOSC utilizing 1D photonic crystal (cross-sectional SEM images
of 1DPC [SEM bar = 200 nm] are shown to the right of device structure). Reproduced with permission.[?72] Copyright 2016, Royal Society of Chemistry.
d) Device structure and layer thicknesses used for STOSC device optimization. e) Simulated PCE-VLT coordinates for STOSC devices in (d) for two
different active layers. The insert is the magnification at the black point. f) Simulated optical electric field ||E||? distribution and g) simulated photon
absorption rate distribution and its integral over wavelength, for one device with active layer PTB7-Th:IEICO-4F. The thicknesses of each layer are given

in the plot. Reproduced with permission.[*%] Copyright 2019, Elsevier Inc.

transparent in the visible region (400-700 nm). Also there exists
an optimal thickness below/above which PCE starts decreasing,
especially for low mobility absorbers like organics. STPV, there-
fore, can benefit from a wide range of optical managements tech-
niques that tune the optical electric field inside the device due to
interference effects.[28-2701 These are embedded into STPVs to
minimize the efficiency loss without significantly affecting the
transmission of visible light while reflecting the ultraviolet and
infrared light. Often, they are used to tune the color appearance
of the device.

5.3.1. 1D Photonic Crystals

Photonic crystals are optimized dielectric structures that re-
distribute the energy band structure of photons inside the
STPV.[271273.274] Distributed Bragg reflectors (DBRs) are the sim-
plest photonic crystals made of N alternate layers of two thin
transparent films of thicknesses d; and d;, and refractive indices
ny and n;. The incident light is partly reflected, refracted, and
transmitted at each interface (Figure 16a). The thicknesses and
refractive indices of these layers determine whether the reflective
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and transmitted waves interfere constructively or destructively.
This leads to a photonic band structure with a certain photonic
bandgap (PBG) (Figure 16b). The condition that maximizes the
reflectance is given as:1271:7°]

A
npd =nydy = IO (5)

where 4, corresponds to the reflection center wavelength. The
peak reflectivity in this condition is given by

N
Rppe = 1_4<ﬂ> (6)

ny
The photonic band gap width (Aw) is given byl?7127°]

Aw _ 41y—n

PRr— )
One can see from the equations above that the reflection can

be maximized by increasing the number of layers. The width of

the reflecting wavelength range is essentially determined by the

refractive index contrast (high n;; /n; ratio).
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Figure 17. a) Design parameters and reflection waves at various interfaces of a dielectric-metal-dielectric (DMD) transparent electrode. Reproduced
according to the terms of the CC BY license.[276] Copyright 2020, The Author(s), publsihed by Springer Nature. b) Schematic configuration of a dielectric-
capped metal thin electrode: MoOx (7 nm)/Ag (dag) /ZnS (dcap) grown on spiro-MeOTAD. (c) A graph showing maximum transmittance (T,,; at 4=
550 nm) of MoO, (7 nm) /Ag (dag = 12, 18, or 24 nm) /capping layer (dc,;) as a function of the refractive index (n) of its capping layer. d,, is optimized for
maximal transmittance at 4 of 550 nm in each case. In (b) and (c), spiro-MeOTAD, from which light is incident, is assumed to fill the half-infinite space for
this calculation. Reproduced with permission.['"”] Copyright 2016, Wiley-VCH. d) Schematic illustration of the cell architecture and e) SEM image of the
cross-section of a complete STPSC device utilizing DMD top electrode. f) Enlarged view of the MoO; /Au/MoO; multilayer top electrode and schematic
of its structure. g) Simulations (shaded dashed lines) and experimental data (solid lines) showing the transmittance of Au (black), bottom-MoO; /Au
(red), and bottom-MoOj3 /Au/top-MoO; (blue). h) SEM image of the Au film and i) bottom-MoO3 /Au film. The insets show photos of the two samples.

Reproduced with permission.["'?l Copyright 2015, Elsevier Ltd.

Zhang et al.[?’?] reported a STOSC device using a polymer (PE-
DOT:PSS) top electrode and 1DPC on the bottom ITO contact.
Device structure of complete device and cross section SEM of
1DPC is shown in Figure 16¢c. They reported a PCE of 5.20%
with a good AVT of 23.24%. In comparison, STOSC device with-
out 1DPC obtained lower PCE (4.27%) but higher AVT (39%).
The opaque reference device (with Al electrode instead of ITO)
showed a PCE of 6.52%.

A similar approach is employed in aperiodic dielectric reflec-
tors (also called ABPF),[%2] which consist of multiple ultrathin-
dielectric layers of different indexes of refraction with different
thicknesses in alternating layers. Similarly, Yip et al.>% used the
transfer matrix method (TMM) to numerically analyze the light
propagation in thin film stacks. A high-throughput optical model
was used to investigate the optical properties of 1DPC-enhanced
STOSCs by simulating millions of device configurations with
varying thicknesses of active layer, ultrathin Ag electrode and
thickness of 1D photonic crystals (device structure and simula-
tion output are shown in Figure 16d,e). Briefly, TMM model cal-
culates the optical electric field |E|? distribution at each position
of the multilayered structure and the corresponding photon ab-
sorption rate (G) is calculated using!>®!

_ 2rmegnkl, sq

—12C || ®
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where e, and h represent permittivity of free space and plank con-
stant, n and k are optical constants of the active layer, and I, 5
represents the spectral light intensity distribution of AM1.5G.
Figure 16f shows the simulated |E|? distribution of one such de-
vice and Figure 16g shows corresponding simulated photon ab-
sorption rate and its integral over wavelength. Guided by the re-
sults of the simulation, they fabricated a STOSC (active layer:
PTB7-Th:IEICO-4F) with a high PCE (10.8%) and AVT (29.5%),
which agreed well with the model predictions.

5.3.2. DMD Electrode Structure

A dielectric-metal-dielectric (DMD)-based transparent electrode
consists of a thin metallic film sandwiched between two antire-
flection dielectrics to obtain high transparency, while maintain-
ing reasonable conductivity (sheet resistance (R,) <20Qsq™!).
Interference of the reflected lights at each of the interfaces can
be tuned to reduce the reflection from the metal thin film in
the visible range.[?¢?”7] As shown in Figure 17a, a DMD elec-
trode needs optimization of seven parameters (refractive indices
and thicknesses of the two dielectric layers and the metallic layer
and the extinction coefficient of metallic layer). In a typical op-
timization process: (1) a suitable electrode material with high-
est conductivity and low loss (n,) in the visible range is selected.
The thickness (lowest possible) is selected to achieve a certain
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minimum electrical conductivity. (2) highest possible refractive
index material is selected for Dielectric 2. The thickness of Di-
electric 2 is found using the Equation (3); the refractive index of
Dielectric 1 is optimized for optimum transmittance. The typical
range of refractive index falls between 1.38 and 2.6.127°) In most
of the cases, the material and thickness of one of the dielectrics
in the DMD electrode is fixed since they act as electron/hole
transport layer. Therefore, the optimization of metal thickness
and outer dielectric can be done relatively easily.?”®] Kim et al.
have optimized the thickness of Ag (d,,), thickness of the cap-
ping layer dielectric ZnS (d,,5), and dielectric constant n of the
capping layer in a DMD like top electrode for STPSC application
with spito-OMeTAD as HTL (Figure 17b). The thickness of the
first interfacial dielectric, MoO,, was kept at 7 nm (as thin as pos-
sible to maximize NIR reflection as per the design criteria). From
the optimization curve for various thicknesses of Ag (12, 18, and
24 nm), it was confirmed that the capping layer should have as
high refractive index (n) as possible to maximize the transmit-
tance (Figure 17c). Notably, for dielectric capping layer with high

nof24, T, of 65% can be achieved even with 24 nm thick Ag
layers.
Della Gaspera et al.l'"! reported an STPSC using a DMD trans-

parent electrode (MoO;-Au-MoO;) to obtain a record PCE of 5.5%
at an AVT of 31% in STPSC (Figure 17d-f). They observed a
low transmittance for a neat 10 nm thick Au film due to its
high reflectance. On the other hand, when the thin Au film is
sandwiched between the two MoO; dielectric layers, a destruc-
tive interference in the visible range can be achieved via a simple
tuning of the MoO, layer thicknesses to provide an increase in
transparency (Figure 17g). Moreover, a more continuous Au film
was obtained on MoO, compared to the Au film grown on glass
substrate or spiro-OMeTAD (Figure 17 h,i). Cetinkaya et al.[?’8]
optimized the thickness of the MoO,/Ag/MoO, layer (dielec-
tric/metal/dielectric or DMD) using the TMM to maximize the
AVT of the STOPV device. The optimized device structure main-
tained 88% of the opaque device PCE while also obtaining an
AVT of 37%. However, the optimization of the thickness of each
layer becomes increasingly complex with increasing number of
layers.[2°]

It should be noted that the thickness of dielectrics in the
DMD structure is normally in the range of tens of nanome-
ters. This raises a concern about the processing methods and
the list of materials that can be uniformly coated with precise
thickness control. Therefore, in addition to thermal evapora-
tion which has been predominantly used for dielectric deposi-
tion (MoO;, WO, etc.), ALD would be better suited for better
uniformity. He et al.”®"l used ALD ZnO in a DMD electrode
(ZnO(10 nm)/Ag(10 nm)/Zn0O(35 nm)) with ultra-low sheet re-
sistance (2.6 2sq™") in STPSC and obtained 10% PCE with 19.6%
AVT.

5.3.3. Optical Resonance Cavity Effect

Enhancing the performance of thin film solar cells using light-
trapping approach has been quite attractive. In the devices with
two reflecting electrodes (or even DMs), the incoming light can
be made to interfere constructively to obtain a resonance condi-
tion within the active layer region.?812%2] In a microcavity struc-
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ture, the incident light makes round trip between two cavity mir-
rors (Figure 18a,b) and the optical resonance condition can be
described by the equation!?®!]

4z Y nd;
T+ Y, + ¥, =2mnr 9)
where n; and d; represent the refractive index and thicknesses
of the absorber layer and transport layers (all the layers between
the two electrodes), respectively; and ¥, and ¥, are the reflec-
tion phase shift of input mirror and output mirror; 4 is the wave-
length of the incident light; m is the mode number. Effectively,
the left term of equation X represents the round-trip phase shift
of the microcavity. The resonance effect induced by microcavity
structure is stronger in solar cells with absorber layer thickness
less than or comparable to the incident wavelength. Therefore,
this design is expected to be quite effective in semitransparent
solar cells with reduced thickness of the absorber layer.[281:283] Tt
should be highlighted that a multilayered structure of STPV with
electron/hole buffer/transport layers will affect the condition of
resonance inside the device and should be taken into account dur-
ing optical modeling.[?82] These layers can in fact act as optical
spacers and can be managed to tune the spectral and spatial dis-
tribution of electric field inside the device.!?*?]

Zhong et al.[?8!] reported a semitransparent microcavity in a
device structure where the active layer is sandwiched between
WO, /Ag/WO, multilayer electrode and thin Ag electrode capped
by 1DPC. This structure demonstrates an efficient light trapping
capability. The improvement in optical absorption can be visu-
alized in Figure 18c (with microcavity) and Figure 18d (with-
out microcavity). The optical electrical field in the wavelength
range 610-780 is significantly enhanced in device with microcav-
ity. With the inclusion of microcavity design, PCE was improved
by 14% and AVT was improved by 8%. Han et al.?®¥ used a micro-
cavity electrode (Ag/MgF,/Ag) as a spectral selective transmis-
sive electrode to tune the color in STOSC devices (Figure 18e.f).
By adjusting MgF, dielectric thickness, colorful OSCs were re-
alized while maintaining decent PCEs relative to opaque device
(Ag = 100 nm) and PCEs similar to device without microcavity
(Ag = 35 nm) (Figure 18g). Blue, green, and red STOSC devices
are shown in Figure 18h.

5.3.4. Outcoupling Layer

An OC layer can be applied at the exit surface to tune the ap-
pearance and transparency of STPV without altering the electri-
cal characteristics of the devices.[2>#27928548] [t simulates a com-
bined effect of light trapping inside the active layer and reflection
at desired respective wavelengths. They consist of a capping layer
of single dielectric layer!?®>-2%7] or alternative dielectric bi-layers
with different refractive indices and thicknesses.[28848] A transfer
matrix model is used similar to that used in 1DPC-based STPVs
(Figure 16f) or microcavity resonance effects (Figure 18c,d), to
optimize the layer thicknesses for a particular low/high dielec-
tric material combination.

Li et al.l?”°] simulated the relative improvements with the ad-
dition of OC layers in combination with BDR and anti-reflection
coating (Figure 19a) for a STOPV device with maximum
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Figure 18. a) Structure of 1DPC-based STOSCs with a microcavity structure; b) structure of the microcavity within the device (a). t; and t,, respectively,
denote the transmission coefficient of input and output mirrors; ry and r,, respectively, denote the reflection coefficient of input and output mirrors.
Optical electric field in device with (c) and in device without (d) optical microcavity. In device without microcavity, the WO; (1)/Ag anode in STOSC
device structure shown in (a) is replaced by ITO. |E|? is optical electric field intensity within devices and |Ey|?> denotes the optical electric field intensity
of incident light. Reproduced with permission.[281] Copyright 2018, Elsevier. (e) Device structure of colorful semitransparent OSCs using Ag/MgF,/Ag
microcavity. (f) Transmittance spectra of semitransparent and colorful OSCs based on the device structure in (e). Inset shows the schematic diagram
of the microcavity (n: refractive index) (g) J-V characteristics of opaque and colorful OSCs shown in (e). (h) Seeing-through photographs of the colorful

OSCs achieved by varying MgF, thickness. Reproduced with permission.[?84] Copyright 2022, Wiley VCH.

PCE = 10% in the opaque device. The LUE space plot high-
lights the importance of BDR, OC, and ARCs toward achiev-
ing high PCE and high AVT (APT) simultaneously. Li et al.l**]
used a combination of optical OC and ARC to improve visible
light transmittance and enhance reflection in the NIR to im-
prove the LUE (Figure 19b—d). A high LUE of 3.56 + 0.11%
was reported for STOSC device with OC and anti-reflection
layer compared to the control device with LUE of 2.07 +
0.06%. Huang et al.[?®] utilized a four-layer OC structure com-
prising ZnS (30 nm)/MgF, (100 nm)/4,4’-bis(N-carbazolyl)—1,1'-
biphenyl (CBP) (90 nm)/MgF, (10 nm) at the top electrode im-
proving AVT. The OC structure significantly increases AVT from
20.0 + 1.0% to 38.1 + 1.1%, while maintaining a PCE = 7.3 +
0.1%.

5.3.5. Antireflection Coating

ARCs are coated on the external surface of the semitransparent
substrates to reduce the reflection losses. It can be applied in a
relatively simple fabrication process as a single-layer or multi-
layer ARC coating. To reduce reflection at a particular wavelength
A, the thickness and refractive index of the ARC layer are deter-
mined byl?%]

Parc = V Poup * iy (10)

4o

dypp = ——— 11
= (11)
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where n,, is the refractive index of the substrate (glass in most
of the cases) and n,, is the refractive index of adjacent incidence
medium (air). In most cases, a single ARC layer is not sufficient
to reduce reflection in wide wavelength range. A double layer
ARC is applied to reduce the reflection further and the optimum
refractive indices of the materials are obtained by!2°029!]

n = \ nizn *Poup (12)
and
T (13)

where n, and n, correspond to the two ARC materials form-
ing the ARC, from top to bottom. For more than two-layered
ARG, the values of refractive indices can be found using suitable
equations.[289-291]

Liu et al.l®?] obtained up to 60% enhancement in AVT us-
ing a combination of a) an ABPF (consisting of aperiodic
[LiF/TeO,]®/LiF) and b) an antireflection coating (ARC) glass sub-
strate (LiF/TeO,)*. Pastorelli et al.l?*?l used a multilayer dielectric
structure and anti-reflective coating in a semitransparent device
(AVT = 21.4%) and obtained 90% of the PCE of the correspond-
ing opaque solar cell (5.3% vs 5.9%, respectively).

Most of the light management techniques have mostly been
employed in high LUE STOPVs and STPSCs but are expected to
be a common feature in other STPV technologies as well. It is
important to highlight the importance of optical simulations to

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

85U8017 SUOWILLOD 3A1Te8.1D) 3ot |dde 8Ly Aq peusenob afe ajole YO ‘88N JO S8|NJ 0} Akeid18UIIUO /8|1 UO (SUOIPUOD-PLR-SLLIBYWOD A8 | 1M ARIq 1 BUI|UO//SNL) SUORIPUOD pue SWis | 3y} 89S *[7202/20/52] Uo ARiqiTauljuo AB[IM el eUeIyo0D - 0J8ILO A 0LBd Y AQ SSSTOEZ0Z WUSe/Z00T OT/I0P/WO00 A8 | imAre1q 1 Ul |uo//:StiY W14 pepeo|umoq ‘6€ ‘€202 ‘0v89rTIT



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

www.advenergymat.de

L s, 020m) |
SI—— ¥ o) B
O "‘:, JOR 5
e} U 1 §
80 8 s s | 510, (120 nm)
( \ SiN, (130 nm)
Donor Acceptor Outcoupling Layer 510, (120 nm)
o M “ SiN, (130 nm)
g 60 6 E ;"’ﬁi" . &Wl}«é‘ Anode (x nm)
£ = e AR At —| Mo0, (20 nm)
= = . = ,\0‘; | me ) %0 MgF, (z nm)
0 T a}kﬂm?‘@;}l Astitansses ) cap (y nm)
" \ o) NSM (1 nm) Mera W)
ZnO (40 nm) CBP (vnm)
. ( nsm R Glass/ITO (145 nm)
Y = [ Mgh(120nm) |
2 4 6 8 10 L C“%O ARCs00m) Hm
PCE (%)
(c) 100 (d) “w , —
-~ — Simulated Transmission — — Simulated Transmission
— — Simulated Reflection — — Simulated Reflection
80 F —— Measured Transmission 80— Measured Transmission
——— Measured Reflection ——— Measured Reflection
—_ o~ L W OocC
2 S 60 .
~— N \ / \ ~ J
1 4 (1 4 a0l S \ )
o3 o3 / I /
- b= / /
L/ / -
20 =18 ) o
¥y 3 il
400 600 800 1000 400 600 800 1000

Wavelength (nm)

Wavelength (nm)

Figure 19. a) LUE space for a STOPV device showing the trade-off between the PCE and the APT (same as AVT), a PCE of 10% at APT = 0%. Adding
DBR yields a high PCE but does not enhance the APT. An optical outcoupling layer alone improves only the APT. The use of both a DBR and an optical
outcoupling layer yields both a high PCE and a high APT, and thus a high LUE. The use of an ARC, a DBR, and an optical outcoupling structure leads
to the best LUE value. Dashed lines represent constant LUE. Reproduced with permission.[27°] Copyright 2022, Springer Nature Limited. b) Schematic
of an optically efficient STOPV device showing detailed layer strictures of outcoupling layer, ARC, and DBR. Simulated and measured transmittance and
reflectance without (c) and with (d) outcoupling coatings. Reproduced with permission.[234 Copyright 2019, Wiley-VCH.

optimize the optical and electrical characteristics of a STPV.I*!I
TMM modell?*3] and finite-difference time domain!’12**] meth-
ods are two of the most common methods to simulate the trans-
mission/reflection spectrum of the complete device including
the additional layers for light management discussed above.
These methods use simple input parameters: thicknesses (d;
where j = 1, 2, ..., m) and complex refractive indices, n+ik; (n
and k are the refractive index and absorption coefficient of the
material) of each layer and should prove to be a useful tool for all
STPV research.*!]

6. Scale-up, Stability, and Cost Analysis

Some commercial solar window products do exist in the market.
Transparent see-through cadmium telluride (CdTe) solar panels
from Polysolar, semitransparent OPVs from Solar Window Inc.,
and amorphous Si semitransparent products from Onyx Solar, to
name a few.!>'7? Given the nascent level of progress of STPVs,
there are scaling and stability challenges that are generally over-
looked in the literature reports of high LUE STPV devices.

Adv. Energy Mater. 2023, 13, 2301555 2301555 (28 of 40)

6.1. Large Scale Scaling

In order to achieve practical voltages and currents from STPV
devices, they need to be connected in series or parallel config-
uration. The interconnection types can be loosely categorized
into: a) wafer-level interconnection (like that in silicon solar cells)
(Figure 20a); b) monolithic interconnection (P1P2P3 type shown
in Figure 20b); c) DSSC module designs with the two electrodes
joined together by a sealant in Z or W configuration (Figure 20c).
In modules, a significant area is consumed by the cell intercon-
nections (termed as dead area). This reduces the geometric fill
factor (GFF), which is defined as the ratio of active area to the
total area of module.

Traditional thin film solar cell (CdTe, CIGS, a-Si:H) solar mod-
ules are typically fabricated in a monolithic design on a substrate
with slight variations.?”’] In monolithic integration (Figure 20b),
a total of three scribes are done to isolate and interconnect the
solar cells in series. The first scribe P1 is done on the first trans-
parent conductive electrode (TCE1). Then, the subsequent lay-
ers including absorber and transport/buffer layers are deposited.
A second scribe P2 is done on the deposited layers till the TCE.
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Figure 20. Module integration types: a) Wafer-level interconnection of conventional planar silicon solar modules. Reproduced with permission.[2%°]
Copyright 2020, Elsevier B.V. b) PTP2P3 monolithic integration, and c) DSSC module integration: monolithic, parallel, Z-type, and W-type. Reproduced

with permission.[2%6] Copyright 2014, Royal Society of Chemistry.

Subsequently, the second TCE is deposited such that it connects
to the bottom contact of the next cell. Finally, the third scribe P3 is
done to separate the second TCE into separate stripes leading to
series connected cells. A DSSC module is fabricated in a slightly
different design due to unique physical characteristics of the con-
stituent layers. For example, the top TCE needs to have catalytic
properties in addition to transparency. Also, the liquid electrolyte
should be injected into the cell and should be separated via a
sealant (Figure 20c).

Loss in PCE is inevitable as the area of the solar cell
is increased.[?®! Even in conventional crystalline silicon pho-
tovoltaics, there exists a cell-to-module efficiency gap of
10-15%.12°1 In STPVs, this scaling loss adds up due to the se-
ries resistance (R,) of the transparent electrode, which increases
almost linearly with the area. For perspective, Galagan et al.l3]
calculated the optimum width of the sub-cells in the perovskite
module (with 100 nm opaque Au top electrode) to be in the range
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0f 0.3-0.4 cm if the sheet resistance of the TCO (the bottom elec-
trode) is around 40 Q sq~!. This limitation will be more severe
in the case of semitransparent solar cells where both the elec-
trodes are essentially semitransparent and less conductive (than
100 nm metal electrode)—an additional loss because of more re-
sistive transparent top contact. Scaling issues are more critical to
third-generation PV technologies since they are mostly unproven
technologies. Most of the reported high LUE devices have areas
of less than 1 cm?.

Large area modules have indeed been reported, though mostly
in opaque form. An opaque OPV module with an area of 204
cm? and an efficiency of 11.7% was reported by Distler et al.
using blade coating.>®!l Deng et al.3%] reported a large area,
blade-coated perovskite module with an efficiency of 16.9%
with an aperture area of 63.7 cm?. Notably, the small area de-
vice (0.08 cm?) had an efficiency of 21.3%, thus, a scaling gap
of ~21%. High-performance minimodules (19.3 cm?) for both
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Figure 21. a) Structure of the fabricated a-Si:H semi-transparent PV modules. A photograph image of the fabricated a-Si:H semi-transparent module
(1.43 m?) is shown on the right. Reproduced with permission.[3%’] Copyright 2015, Elsevier B.V. b) Design and configuration of the minimodules with
7-strips series connected DSSC. The numbers in blue are dimensions in millimeters. The photograph on the right shows the assembled minimodule.
Reproduced with permission.[398] Copyright 2022, The Authors, American Chemical Society. c) Structure of an organic solar module (19.73 cm?). Pho-
tograph of the fabricated organic solar module is shown on the right. Reproduced with permission.[393] Copyright 2022, Wiley-VCH. d) Schematic of
anodized aluminum oxide (AAO) template-based perovskite solar module. (Bottom) The surface SEM image of the three etching steps (P1, P2, and
P3) for monolithic integration of the module is shown. Photograph of the semitransparent solar module (40.8 cm?). Reproduced with permission.!>3]

Copyright 2020, Royal Society of Chemistry.

perovskite (average PCE = 21.4%) and OPV (average PCE
= 14.5%) have been reported by Microquanta and their
collaborators.[?30] Other promising large-area OPV modules
have been reported elsewhere: 14.7% at 5.4 cm?,3% 14.3% at
36 cm? area,’®] 12.6% on 26 cm?, and 13.25% for 19.34 cm?
area.[%]

Some examples of STPV modules with their module designs
are shown in Figure 21a—d.[393307:39853] Apart from these, several
other example STPV modules have been reported. STOPV mod-
ule with over 30 cm? area was reported with PCE of 7.2% and AVT
of 22.3%.3% 1t is notable that the small area device (0.04 cm?)
achieved a PCE of 12.5%. This translates to a scaling gap of 42%
from cell to module for semitransparent devices. The semitrans-
parent OPV mini-module (19.3 cm?) reported by Wang et al.}1°]
had a PCE of 11.28% with excellent features for power window
applications—IRR of 0.90, AVT of 32.07%, and CRI of 90. Vesce
etal.B!!l have recently reported a large area STDSSC module (400
cm?) with an impressive AVT of 35.7% and a PCE of 5.1%, using
a scalable screen printing technique.

In summary, the conventional thin film STPVs (a-Si, CdTe,
CIGS, and derivatives) enjoy existing proven scaling technolo-
gies while the emerging third-generation STPV technologies
are still under development, and thus the cell-to-module gap
is usually high for modules larger than 100 cm?.3%312] For
comparison, the commercial thin-film modules (CdTe, CIGS,
a-Si:H) are usually more than 1 m? in area. Therefore, these
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emerging STPV modules (STOPVs, STPSCs, and STDSSCs)
need more attention toward optimization and standardization of
module fabrication technologies to minimize the large area scal-

ing gap.

6.2. Stability

Long-term stability is the key to commercialization. Commercial
PV for outdoor use requires a long-term life of more than 25
years.[31*] JEC61215 states the minimum requirement that solar
cell technologies must guarantee to be used commercially.31431]
This standard includes a damp heat test of 1000 h at 85 °C at
85% RH, along with other tests such as outdoor exposure test,
hot spot endurance test, thermal cycling test, mechanical tests,
and so on.3%®] However, most of the lab-level stability tests fo-
cus on one or two (or a subset) of these recommended tests and
therefore overestimate the real-life reliability. Additionally, most
of the stability tests in the literature were done on opaque solar
cells, and extrapolating the same to the semitransparent counter-
part (with different contacts and associated interfaces) would be
misleading.1?”]

Semitransparent CdTel*®! and a-Sil3'%! solar cells have proven
stability and have been commercialized to some extent. Stability
issues for the opaque a-Si solar cells, like light-induced degra-
dation (LID) by the Staebler—Wronski effect, have long been a

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

85U8017 SUOWILLOD 3A1Te8.1D) 3ot |dde 8Ly Aq peusenob afe ajole YO ‘88N JO S8|NJ 0} Akeid18UIIUO /8|1 UO (SUOIPUOD-PLR-SLLIBYWOD A8 | 1M ARIq 1 BUI|UO//SNL) SUORIPUOD pue SWis | 3y} 89S *[7202/20/52] Uo ARiqiTauljuo AB[IM el eUeIyo0D - 0J8ILO A 0LBd Y AQ SSSTOEZ0Z WUSe/Z00T OT/I0P/WO00 A8 | imAre1q 1 Ul |uo//:StiY W14 pepeo|umoq ‘6€ ‘€202 ‘0v89rTIT



ADVANCED
SCIENCE NEWS

ENERGY

www.advancedsciencenews.com

challenge for a-Si solar cells but have been solved to a large
extent.317-319]

DSSC solar cells in outdoor testing could last just 4 years in one
study.??%] Several degradation mechanisms are responsible: dye
desorption, decrease in ion concentration of electrolyte, degrada-
tion at electrodes, effect of ultraviolet light and moisture, seal-
ing issues, and so on.['*>1¥] Different approaches targeting spe-
cific degradation mechanisms have been tried with promising
success: using solid-state hole transport material replacing liquid
I7/1,~ electrolyte,[?21322] alternative counter electrodes, 135323325
and SO On.[134'139’326]

Although semitransparent organic and perovskite solar cells
have the highest LUEs among all the semitransparent solar
cells, they use active layers that are inherently unstable in light
and under other environmental stresses. The issue of stabil-
ity is further complicated as most high LUE devices utilize or-
ganic materials as buffer/interface layers (spiro-OMeTAD,3%]
PCBM,28] PEDOT:PSS,1??] etc.). For perovskites, there is: a)
intrinsic instability of absorber layers (defects in bulk, mor-
phology, phase change, ion migration, etc.),*?-332] b) instabil-
ity of the hole transport layers: organic layers with low ther-
mal stability and low crystallinity of inorganic materials, ¢)
photo-instability of ETL layers (particularly TiO,), d) diffusion
and corrosion of electrodes, and e) presence of chemically ac-
tive and delamination prone interfaces.3*33*] Most of these
degradation pathways are also seen in OPVs. Inorganic per-
ovskite solar cells have been explored for better stability, though
the PCE is slightly lower than the organic-inorganic hybrid
perovskites.[1*8157-160] Additionally, to improve stability, solar cells
based on all inorganic layers (including the hole transport layer)
have also attracted attention. Nevertheless, the most efficient per-
ovskite solar cells are based on unstable organic HTMs (like
Spiro-OMeTAD).[33¢] Several encapsulation techniques have been
used such as barrier foil encapsulation (metal foil, ultrathin
glass, polymers etc.)**”! or thin-film encapsulation (via CVD,
ALD, sputtering, plasma-enhanced molecular layer deposition
(PEMLD), etc.),[*3¥341 but they are still in the research phase
and need further optimization and proof-of-concept on large
modules.

The key material, the active layer in OPVs, is organic and sus-
ceptible to water and oxygen, causing photo-oxidation in bulk and
at interfaces.?*1-3*] At the same time, not all OPV devices have
the same rates of degradation. Burlingame et al.>**] reported a
promising stable organic solar cell with DBP:C70 active layer and
TPBi:C70 cathode buffer layer (average PCE of 6.5%) when sub-
jected to high temperatures and very high illumination intensi-
ties. It showed a long extrapolated operational lifetime of over
10000 h. The solar cells used vacuum-evaporated small molecules
as active layers, which are usually more stable and have higher
purity than polymer-based active layers but have slightly lower ef-
ficiencies currently (15.34% for all small molecule**] vs 19.3%
for polymer: non-fullerene acceptor [NFA] blend).l”] A significant
achievement for polymer:NFA blend as the active layer was re-
ported by Xu et al.,3*] who used self-assembled fullerene mono-
layer (C60-SAM) modification of ETL for OSC based on PTB7-
Th:IEICO-4F blend to achieve both high efficiency and stability.
They reported an extrapolated operational lifetime of 34 000h,
or 22years, using the Ty, standard. It is important to note that
the devices (in both reports) were encapsulated and maintained
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at room temperature (no thermal stress) during the photoaging
test.

Most of the stability reports for perovskites and organic so-
lar cells were performed on opaque small-area lab-based solar
cells. The semitransparent counterparts have modified or differ-
ent top electrodes, and hence the degradation mechanisms would
be quite different and need additional detailed investigations.
Moreover, series resistance and uniformity issues start dominat-
ing large-area devices, increasing the chances of device failure.
Notably, degradation mechanisms in third-generation solar cell
technologies (such as organic and perovskite solar cells) are still
under investigation, given the infancy of these PV technologies.

6.3. Cost

To assess the feasibility of commercialization of a PV technology,
efficiency (or LUE in the case of STPV), stability, and cost need to
be considered simultaneously. For established PV technologies,
the total module cost calculation is relatively straightforward and
is done using a minimum sustainable price (MSP) model.3*’] Sil-
icon PV with module PCE above 21-23% and lifetime more than
25 years costs less than $0.245 W' (module PCE of 20.5%, 15%
gross margin). The module cost for CdTe is similar to that of c-
Si ($0.28 W~!, for module PCE of 18%, 15% gross margin) while
CIGS cost almost twice due to higher processing cost ($0.48 W1,
for module PCE of 16%, 15% gross margin).**®] On the other
hand, for third-generation PV technologies with roll-to-roll solu-
tion processing potential, the cost is projected to be lower than the
traditional thin film technologies, particularly due to low CapEx
for manufacturing equipment and facilities.3**->! Nevertheless,
due to differing assumptions in the absence of standardization
(or widespread pilot scale implementation), the projected module
cost will vary significantly (e.g., $0.20 to 1.2 W~! for OPV module
with PCEs ranging 5-10%).11

When transitioning from opaque to semitransparent modules,
the cost of TCE would be one of the most consequential parame-
ters toward the overall module cost. For example, using the most
common electrode ITO increases the cost of OPV module up to
30 times compared to a PEDOT+ silver grid electrode.’®2l Ad-
ditionally, light management layers would be added to improve
the AVT of the STPV devices, thus increasing processing steps
and overall cost. For a 10% STOPV module on PET/ITO substrate
with GFF = 70%, Lee et al. calculated the cost at $0.68 W~ ($1.6
W-! with the microinverter) with the realistic possibility of fur-
ther reduction to $0.47 W~! with simplified active material syn-
thesis, PCE of 15% and GFF = 90%, and lower inverter cost.!']

A better index to compare the market competitiveness of dif-
ferent STPV technologies is the levelized cost of energy (LCOE).
It is defined as the average net present cost of energy genera-
tion for a PV technology over its lifetime (LCOE = sum of costs
over lifetime/sum of electrical energy over lifetime).**3] In other
words, a STPV technology should not only be evaluated on the
basis of LUE but also on the cost related to manufacturing, in-
stallation, and stability of performance over time. Since LCOE is
nearly inversely proportional to lifetime, it becomes an impor-
tant metric for a fair comparison of STOPVs and STPSCs with
the competing STPVs. Additionally, a high-performing STOPV
might use complicated processes, expensive active layers, charge
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transport/buffer layers, and electrodes, thus increasing the LCOE
of the system.[330:333354] Moreover, in contrast to established thin
film technologies, the determination LCOE is quite challeng-
ing for emerging STPV technologies due to the lack of perfor-
mance or lifetime studies on standard size modules (module
area > 1 m?).3%] Nevertheless, with reasonable assumptions,
several reports have estimated the LCOE of STOPVs and STP-
SCs to be in the same range or lower than that of traditional
silicon PVs (LCOE of c-Si or CdTe PV technology = $0.04-0.06
kWh1).355-361] For example, Song et al.3*’] estimated an LCOE
of $0.049-0.079 kWh~! with a perovskite module system with
lifetime of 30 years at PCE of 16%.

7. Conclusions and Outlook

High LUEs of the state-of-the-art third-generation STPV devices
(especially those based on perovskites, OSCs) at the laboratory
scale show immense potential for widespread adoption in BIPV
applications. They are potentially cheaper to manufacture at a
large scale and can be processed at low temperatures. However,
the issue of stability of these solar cells is still unresolved com-
pared to the mature traditional thin film solar cells (a-Si, CIGS,
CdTe). Nonetheless, one can still see their potential in niche mar-
kets, such as indoor and portable devices, where the degrading
factors are minimal.

Thin film STPVs: The toxicity of Cd in CdTe-based STPVs is
concerning and would need exceptional encapsulation and re-
cycling plans for large-scale deployment. To a large extent, the
use of the CdS buffer layer can be eliminated without loss in
currents, as demonstrated consistently by Solar Frontier.3%8] Al-
though the scarcity of Te might pose some scaling challenges, it
should not be a serious concern until they reach installations up
to 2 TWp.[?7] Similarly, indium in STCIGS photovoltaics causes
major material availability concerns. For ST-a-Si:H devices, it
would take some breakthrough improvements in PCEs or the
identification of a unique application to compete with the alter-
natives.

STOPVs: STOPVs offers a unique advantage over other STPV
technologies—tunable wavelength-selective absorption (or color
neutrality). Combined with immense flexibility in color engineer-
ing, they have the highest LUE.3¢%37% Stability challenges arise
from morphology and intrinsic instability. There are some ex-
ceptionally stable solar cell devices with extrapolated lifetimes of

Table 2. A comparison table of different STPV technologies.

www.advenergymat.de

10-20 years but almost none with real-life data. At the same time,
there exists a large discrepancy in testing protocols for OPV sta-
bility, thus resulting in poorly defined lifetimes.3!2371] Moreover,
the scaling gap between cells to modules is more than 30% in
OPVs,’2l which remains the main hurdle for commercializa-
tion.

STPSCs: There are several attractive attributes of perovskites
that make them as attractive as STPV technology: low-cost raw
materials and processing, compatibility with flexible substrates,
bandgap tunability, and so on. The record PCE of opaque PSC
is at par with the already commercialized technologies, but they
suffer from similar instability issues as the OPVs. Also, the mod-
ule efficiencies have not reached close to the level of commercial-
ization. Like OPVs, there exists a scaling gap of over 30% from
lab to the medium-sized module. Furthermore, since majority of
the STPSC devices reported till date were based on lead-based
perovskites, exploration of non-toxic lead-free STPSCs would be
quite significant.

STDSSCs: While DSSCs were expected to be the cheapest solar
cell technology with wavelength-selective organic dyes, the low ef-
ficiency and intrinsic instability issues have prevented them from
the widespread real-life application.

Device Engineering: Evaluating based on sheet resistance and
transparency, several electrodes qualify as good candidates for
TCEs. It is the device processing conditions, together with chem-
ical compatibility and energy level matching with the adjacent
layers, that will determine if a TCE is compatible with the de-
vice. The merits and drawbacks of a TCE, therefore, depend
on the device architecture of the STPV device. Buffer or car-
rier transport layers perform integral role of enhancing the
charge collection efficiency. Simultaneous researche in differ-
ent technologies have resulted in several candidates for both
n-type and p-type buffer/transport layers. For STPV applica-
tions, transmittance and compatibility with the transparent elec-
trodes become the main selection criteria. Light management
techniques (dielectric-metal-dielectric electrodes, periodic 1D
dielectric mirrors, optical microcavity design, OC layers, and
antireflection coatings) enhance the optical properties of so-
lar cells at the expense of added cost and processing times.
Given the potential of these light trapping techniques, it is im-
perative that these approaches are mainstreamed in the de-
sign of an STPV device and are not limited only to STOPV or
STPSC.

a-Si CdTe CIGS PSC (eNe DSSC

Record PCE? 14.01362] 22.316] 23.616] 26.016] 19.307] 14.218]
Stability [%/year] 0.8713631 0.40363] 0.9603631 101364] 10136%] 101366]
Highest LUE 1.88166] 1.000%8] 1.6911421 4.44010] 5.011221 /5. 7#[146] 2.64146]
Material High Te-limited In-limited High High High

abundance®
Module price [$ 0.115[367] 0.28,[3481 0.401361] 0.48[348] 0.38,[348] 0.2-1.211 0.46,3671 0.718[361]

w1 0.115-0.23,13¢7]

0.41,3471 0.381349]

Aestheticsd Limited Limited Limited Medium Very high High

D in opaque devices; ®) Cost considers material abundance and processing cost; 9 msp (with 15% gross margin assumed) of standard opaque modules; d)'tunability of

parameters like CRI and CCT. * Tandem with PSC.
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Scale-up, Stability, and Cost: The scaling gap and stability is-
sues (especially for the third-generation technologies) will need
breakthrough improvements to compete with traditional semi-
transparent thin film solar cells. However, niche applications
such as indoor and low-power photovoltaics would not demand
high standards of stability tests, and a good encapsulation would
be enough in many cases. Nevertheless, when the LUE values
reach the acceptable threshold on large area devices/modules,
comparison between different STPV technologies should be
based on several other parameters included in LCOE, such as
energy consumption during device/module processing and the
cost of the materials.

In summary, LUE, stability, scalability, and cost are the princi-
pal aspects that should be satisfied simultaneously to reach the
commercialization stage. LUEs for emerging STPVs (STOPVs,
STPSCs, and STDSSCs) are higher than conventional thin-film
solar cells and meet the requirements for BIPV applications
(Figure 2b and Table 2). However, the current benchmark for re-
liability is based on commercial silicon solar modules with life-
times over 25 years at low cost of <$0.25 W~L. Silicon solar cells
never faced inherent material degradation issues under outdoor
operational conditions in contrast to the absorbers used in third-
generation STPVs. Therefore, stability standards could be relaxed
for third-generation STPV technologies (say, 10 years of Ty, life-
time in real-life conditions instead of 25), because they offer niche
applications on currently unexplored areas (such as windows, fa-
cades, and so on). Finally, even if LUE and stability reach satisfac-
tory levels, the challenges in large-area scaling at module levels
(>1 m?) cannot be extrapolated based on small-area lab-scale de-
vices. Considerable research efforts are being put toward reduc-
ing the scalability gap in opaque solar modules. At the current
stage, research on STPVs should focus on achieving the highest
LUEs possible (theoretical maximum LUE = 21),12 while adding
minimum complexity (additional steps) compared to the opaque
counterparts. Lab-to-fab transition of these STPV technologies
will follow their progress in the opaque form.
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