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Abstract: Solution-processed solar cells are appealing because of the low manufacturing cost, the
good compatibility with flexible substrates, and the ease of large-scale fabrication. Whereas
solution-processable active materials have been widely adopted for the fabrication of organic, dye-
sensitized and perovskite solar cells, vacuum-deposited transparent conducting oxides (TCOs)
such as indium tin oxide, fluorine-doped tin oxide and aluminum-doped tin oxide are still the most
frequently used transparent electrodes (TEs) for solar cells. These TCOs not only significantly
increase the manufacturing cost of the device, but also are too brittle for future flexible and
wearable applications. Therefore, developing solution-processed TEs for solar cells is of great
interest. This Review provides a detail discussion on the recent development of solution-processed
TEs, including the chemical synthesis of the electrode materials, the solution-based technologies
for the electrode fabrication, the optical and electrical properties of the solution-processed TEs,

and their applications on solar cells.
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1. Introduction

1.1 Why Solution-processed Transparent Electrodes?

Emerging thin-film solar cells including dye-sensitized solar cells (DSSCs), organic solar cells
(OSCs), and perovskite solar cells (PSCs) are attractive because they are easy to fabricate and the
power-per-weight of the materials is high, when compared with Si solar cells.!”” Nevertheless, it
is believed that Si technology is still more favorable in terms of higher power conversion efficiency
and longer device life up to date. The unit price of Si solar module reduces by 20% for each
doubling of cumulative production because of the technology development and the investment
from governments. In 2014, the module cost of Si solar cells was already as low as 0.7 USD/W,

which is less than 1% of the cost of Si solar modules in 1970s.81°

In order to compete with the Si technology, it is of critical importance that these emerging thin-
film solar cells can produce cost-effective energy at least similar to the level of Si. Whereas the
preparation and processing of active materials such as the absorbers and the transporting layers are
cheaper than those of Si, the expense of transparent electrodes (TEs) dominates the manufacturing
cost.!'I"* Nowadays, the most reported TEs are vacuum-deposited transparent conducting oxides
(TCOs) including indium tin oxide (ITO), fluorine-doped tin oxide (FTO) and aluminum-doped
tin oxide (ATO).!>!” The high cost of vacuum-deposited TEs origins from the low materials
utilization efficiency, low throughput, and high consumption of electricity.'® For example, the
fabrication of ITO on polyethylene terephthalate (PET) consumes 87% of the energy in the

manufacture of an organic solar module, and accounts for over 30% of the material cost.'>*° This



issue could be more severe for PSCs, for which the vacuum-deposited TCOs electrodes are

estimated to be 75% of the material cost.®

In contrast, solution-based coating and printing technologies such as spray coating, doctor-blade
coating, slot-die coating, inkjet printing, and screen printing are energy-saving, high-material-
utilization, and high-throughput.>!*** Therefore, scientists have advocated to develop solution-
based technologies and materials to replace vacuum-deposited TCOs for more than a decade.*!"*
In addition to the cost issue, vacuum-deposited TCOs are brittle, which are not suitable for
applications in future flexible and wearable electronics. Developing new solution-processable
materials can, in principle, also address the flexibility challenge of the TEs, and can take full
advantage of the better mechanical flexibility of the active layers of these emerging thin-films solar

cells, in comparison with the brittle Si.*>>!

1.2 Overview of Material and Fabrication of Solution-processed TEs

Many organic and inorganic types of conductive materials including conducting polymers, metal,
metal oxides, and carbon materials have been developed toward the aim of solution-based
fabrication of TEs.>?>” The majority of conducting polymers are conjugated polymers that can
transport electrons through delocalized © bonds.’®%° The advantage of such conducting polymers
for TE application is the ease of bandgap tuning via chemical modification and doping.®!***> Metals
are known for their highest electrical conductivity among all materials. Solution-based metal
deposition technologies rely on the dispersions of metal nanoparticles/nanowires or metal

precursor solutions.’*®” Apart from pure metal, some metal oxides that show good balance



between optical transmittance and electrical conductivity are also compatible with solution
processes.®%° Carbon materials are abundant, low-cost, and chemically stable.”>’! Among them,
graphene has been developed as TEs for a decade because of its excellent optical transparency and
decent electrical conductivity.”>”® The ease of wet-etching and transfer-printing of chemical vapor
deposition (CVD) graphene provides extra advantages for the manufacturing of flexible
photovoltaic devices, especially when combining with existed laminating process.”*’¢ Apart from
single component TEs, composite electrodes based on multiple conductive materials have also
been developed to overcome the disadvantages of a single material. For instance, printed metal
grids are commonly adopted as current collecting grids for poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS) electrodes to overcome the large sheet resistance (Rsh) issue
caused by PEDOT:PSS.””"”® Nanoscale metal materials are sometimes doped in transparent
conducting polymers for increasing light absorption, enhancing conductivity and enabling

plasmonic adsorption.”-8!

TEs with high electrical conductivity is critical for efficient charge transport from the solar cells
to external circuits. The electrical conductivity of the materials can be very different. In general,
the electrical conductivity of conducting polymers is the lowest compared to the other two
categories. Whereas the conductivity of both conducting polymers and carbon materials origins
from the delocalization of electrons across the conjugated p-orbitals, most of the conjugated
polymers require redox doping to increase the mobility.?> The doped conjugated polymers can
reach an electrical conductivity over 10> S/m, which is several orders of magnitude higher than
that of undoped polymers.33-%5 Although some conjugated polymers such as polyacetylene can be

as conductive as metals (> 107 S/m), the poor stability limits their application as TE for solar



cells.®837 The conductivity of carbon is largely determined by the form and doping of the materials.
The conductive allotropes of carbon are in graphite-like form that contains sp? hybridized carbon
atoms. Whereas the electrical conductivity of individual carbon nanotube (CNT) and graphene
may reach 107 to 10® S/m, thin films of these exhibit < 10° S/m conductivity due to defects and the
contact resistance between individual nanotubes/nanosheets.®“° The electrical conductivity of
metal and conductive metal oxide-based electrodes is usually > 10° S/m. Similar to conducting
polymers, the conductivity of metal oxides is intimately related to the doping concentration. For
example, doping of Sn*"in In203 produces oxygen vacancies, which convert semiconducting In203
to metallic conductivity.”’*? The detailed features of the materials mentioned above are discussed

in Section 3 to 5.

Optical transmittance is as important as electrical conductivity for TEs of solar cells. As the
strongest output of the sunlight lies within the visible range (380 ~ 780 nm), conventional solar
cells have an optimal bandgap of ~ 1.4 eV for the efficient harvesting of solar energy.”® Hence,
one principle for the TEs is high optical transmittance at the visible range. However, normally
there is a tradeoff between optical transmittance and electrical conductance of TEs. To study such
tradeoft, researchers introduced figure of merit (FoM) to evaluate the performance of TEs, which
will be discussed in Section 2. Figure 1 shows the optical transmittance (at 550 nm) and Rsh of
some representative solution-processed TEs in literature.”!**1!* The FoM of the state-of-the-art
solution-processed TEs lies between that of vacuum-deposited high performance ITO/glass (blue
dashed curve) and commercial ITO/PET (red dashed curve).!!>!'6 Most of the reported TEs
exhibit > 70% optical transmittance for sufficient light absorption of the solar cells. The Rsh of the

conducting polymer and carbon material based TEs usually lies within the range of 20 ~ 200 Q/o,



depending on the processing and post-treatment methods. Transfer-printed monolayer graphene
TEs exhibited > 95% optical transmittance, but the Rsh was ~ 100 Q/o or even larger.'” The
transparent conducting polymer PEDOT:PSS, on the other hand, showed an Rsh of 24 Q/0 and a
moderate optical transmittance of ~ 85% when combined with an ionic additive-conductivity and
flexibility enhancer.”® Transparent conductive metal oxides are well-balanced materials for TEs
that solution-processed ITO exhibited > 90% optical transmittance while maintaining a low Rsh of
30 Q/0.'% Whereas pure metals are the best electrical conductors, bulk metals are opaque due to
the high reflectivity in the visible range. Meanwhile, the transparent ultrathin (< 20 nm) metal thin
films show poor electrical conductivity due to electron scattering from surface and grain
boundaries of the films.!!” Fortunately, patterned metal grids/meshes which can be obtained via
solution-based coating/printing techniques show good optical transparency while possessing the
excellent electrical conductivity of metals. For example, spray-coated silver nanowire (AgNW)
networks with an Rsh of 2.48 Q/o and 89.5% optical transmittance at 550 nm was reported very
recently.'®! In addition, solution-processed composite electrodes employing two or more materials
have been widely adopted for the emerging thin-film solar cells to overcome the disadvantages of
one single material. One example is the composite electrode of metal oxide and metal nanowire,

in which the metal oxide serves as a surface smoother, an adhesive, and a stabilizer.''°
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Figure 1. Comparison of the optical transmittance and sheet resistance of solution-processed TEs.
The data were obtained from literature.”**!'4 The blue and red dashed curves are fitted from the

data of vacuum-deposited ITO/glass (NREL)''* and ITO/PET (Sigma)''®.

Figure 2 illustrates the two approaches to achieving high transmittance of conductive electrodes.

The first approach is depositing homogeneous thin films of conductive materials, such as PEDOT



and its derivatives, graphene-based materials, and metal oxides, which show low optical absorption.
For example, a solution-processed PEDOT:PSS film had an Rs of 46 /o and an optical
transmittance of ~ 90%. Since a smooth an compact TE film is a prerequisite for the successful
deposition of other functional layers, intrinsically transparent thin-film electrodes are accepted by
most of the reported thin-film solar cells.””!'8 The other approach is structuring the less transparent
conductive materials into grid/mesh-like forms. TEs made of Metals normally adapt this approach,
because of the high optical absorption of metal over a very broad spectrum. Whereas ultrathin
metal films (< 10 nm) show certain degrees of optical transparency, the formation of isolated
islands results in very poor electrical conductivity of such ultrathin films.!'"-1?! Stare-of-the-art
metal grid/mesh-based TEs show Rsh < 10 /o and > 90% optical transmittance, which is better
than vacuum-deposited ITO thin films.'?>1?* However, the high surface roughness induced by the
grids/meshes could increase the risk of short circuit of the solar cells.!?® The following sections

will discuss the advantages and disadvantages of both approaches with detailed examples.

In either way of making the TEs, the deposition of these conductive materials into TEs generally
starts with precursor solution, polymer solution, or a dispersion of building blocks (metal/metal
oxide and carbon nanomaterials), as illustrated in Figure 2.!'%!26:127 One approach to obtaining
polymeric TEs is chemical or electrochemical deposition of conducting polymers from precursor
solutions. This approach makes use of oxidative polymerization of the monomers to form
transparent polymer thin films.!?%!% Whereas the chemical or electrochemical deposition requires
specific precursors or substrates, a more versatile approach is the direct coating/printing of
solutions of conducting polymer or polymer blends. The solution-based deposition of carbon

materials usually starts with the nano-dispersions because bulky carbon materials are not soluble.



In most cases, the carbon nanomaterials are oxidized or functionalized with hydrophilic groups to
form stable dispersions in water or common organic solvents.'**!32 For the same reason, metal and
metal oxides are firstly synthesized to nanoparticle or nanowire forms before solution-based
deposition.!33!** The widely used solution-based coating and printing techniques including spin
coating, spray coating, slot-die coating, inkjet printing, and screen printing are introduced in
Section 6, with their advantages and disadvantages being discussed. In addition, other vacuum-
free coating and printing processes such as transfer printing (or lamination) are also commonly
adopted for solution-based fabrication of TEs are also introduced and discussed. The deposition is
not the last step for the above-mentioned processes in most cases because post-treatments such as
thermal annealing, laser welding, and ultraviolet (UV) curing are required to improve the

performance of solution-processed TEs.!3%13
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Figure 2. Schematics of solution-processed TEs from soluble or dispersible materials. A solution
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or dispersion that contains precursors, polymers, or metal/metal oxide/carbon nanomaterials is
deposited on the target substrate via solution-based coating/printing techniques. The TE film is

either an uniform transparent thin film or a transparent nanomesh/grid.

1.3 Scope of Review

Over the years, there have been some review articles focusing on solution-processed TEs from
both materials and application point-of-views. Groenendaal et al. reviewed the synthesis of
transparent conducting polymer PEDOT and its derivatives.'*° Hu et al. summarized the structure
design, synthesis, properties, and applications of metal nanomaterial-based TEs.®> Hecht et al.

reviewed the emerging carbon and metal-based materials from material synthesis to optical and



electrical properties, and their applications in touch panels, displays, solar cells and LEDs.”
However, few review articles focus on the solution-processed TEs for the emerging thin-film solar
cells, or discuss the coating and printing technologies of fabricating the TEs. In this review, we
provide a comprehensive summary of the solution-processed TEs for emerging thin-film solar cells.
The Review starts with the synthesis methods and materials properties of transparent conducting
polymers, metals and metal oxides, and carbon materials (Section 3, 4 and 5). We then introduce
the solution-based coating or printing techniques that are commonly adopted for the fabrication of
TEs, with detail discussion of the advantages and disadvantages of each technique in Section 6.
Finally, we review the recent progress on the applications of these solution-processed TEs for
OSCs, DSSCs, and PSCs in Section 7, and discuss the remaining challenges of this field in Section
8. We hope that this review can enlighten future design and fabrication of low-cost and high-
efficiency photovoltaic devices. It is worth noting that TE is only a part of a thin-film solar cell,

143-145

the optimization of other components such as HTL/ETL,!*!!4? active layer, and rear

146,147

electrode is equally important for highly efficient devices. In this review, we mainly focus

on the influence of TEs when discussing the efficiency of solar cells.

2. Important Properties of TEs for Solar Cells

2.1 Optical Transmittance and Electrical Conductivity

There have been plenty of discussions on the criteria of transparent conductors in the past
decades.!7!*%15% [deally, TEs should acquire both high electrical conductivity and high optical
transmittance, which are somewhat contradictory from the physical point of view. This is because

a necessary condition for the high electrical conductivity of a material is the high carrier density,



which is limited by the light absorption of the free carriers.'>! The relationship among wavelength

Ap, frequency mp, and carrier density # is illustrated by the following equations:

— %p
Py (1)
ne?
Wp = mreq (2)

where e is the elementary charge, m” is the effective mass of the carrier, and € is the permittivity
of free space.!>? To evaluate the optical transmittance and the electrical conductivity of TEs, figure-

of-merit (FoM) is often used. There are three ways of defining the FoM. In 1976, Haccke defined

the FoM (®rE) as:
Tx
P = 1 3)

where T* is a specific optical transmittance determined by the exponent x.'** According to the

relationship among Rs, T, and film thickness t:

Rsp =— (4)

T=e % Q)

where o is the electrical conductivity, and o is the optical absorption coefficient. The maximum
@reoccurs when 7= 0.37 (i.e., tmax = 1/01), the transmission of which is too low for TE applications.
For common TE applications, x is fixed to 10 (i.e., 90% transmittance at tmax) because 90% optical
transmittance is a minimum requirement of many industrial applications.”®!33!3* FoM is often
adopted for the evaluation of conventional TCOs and metal films, and the optical transmittance at
550 nm is selected because it is close to the most sensitive wavelength of human eyes.!*> Another

method for the evaluation of TE is the function between optical transmittance and sheet resistance:



T = (1 + 22220y~ (6)

Rsp opc

where Gop is the optical conductivity, and opc is the electrical conductivity of the TE film.!*° In
this method, the FoM is defined by the ratio opc/ cop. A larger opc/ cop value reveals a higher

optical transmittance at certain sheet resistance.

What are the threshold requirements of TEs for solar cells? The answer to this question is related
to the expected parasitic losses of the TEs, the design of the solar modules, the active area of the
solar cells, and etc. Rowell and McGehee suggested that an optical transmittance > 90% and an
Rsh < 10 ©Q/0 is necessary for monolithically integrated thin-film solar modules in Figure 3A by
calculation.'*® In such a configuration, the active area of the device is determined by the device
width w (as the length of each cell is fixed), while the area between dead space width s provides
zero power output. Figure 3B depicts the relationship between the fraction of nominal efficiency
n/noand the w. The optimal n/no values for ITO (20 /o), a hypothetical 10 times better electrode,
and a hypothetical 10 times worse electrode based devices are 0.84, 0.91, and 0.71, respectively.
However, the result is very different for a standard solar module using metal current collecting
grids (Figure 3C and D). As shown in Figure 3D, the optimal n/no of the 3 electrodes become very
close, indicating a less dependence on TE performance for standard cells than that for
monolithically integrated solar modules. To evaluate the performance of TEs with their model, the
authors employed the value of o/a as FoM, where ¢ is the conductivity and o is the absorption

coefficient. Here, we convert the ¢ and a to sheet resistance Rsh and optical transmittance T into,

1
Ropt 1
= —fT}llT = (7)

t

R 19
I



where ¢ is the thickness of the TEs.
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Figure 3. (A) Illustration of a monolithically integrated solar module. (B) The fraction of nominal
efficiency as a function of device width w for monolithically integrated solar modules. (C)
[llustration of a standard solar module. (D) The fraction of nominal efficiency as a function of
device width for standard solar modules. Reproduced with permission from Ref!*®. Copyright 2011

The Royal Society of Chemistry.

We further calculate FoMs of different TEs reported in the literature according to the Rsh and T

values, and list the results in Table 1. According to the model by Rowell and McGehee, the fraction



of nominal efficiency n/no dropped dramatically once the o/0. value was reduced below 1 Q!
which is equivalent to a TE with an Rsh of 10 /0 and a T of 90%.'*® Such a high FoM is very
difficult to reach for those polymer-based TEs, although PEDOT:PSS-based TEs with
conductivity larger than 4,000 S/cm were reported in recent years via multiple doping and post-
treatment processes.”®!>” Carbon material based TEs have the potential to break through the
aforementioned FoM limits because of the very high theoretical conductivity. A very thin graphene

TE (< 10 nm) could have a low R of 10 Q/0 in theory, as suggested by Wu et al.'*®

However,
there is a significant gap between the theoretical value and the experimental performance of the
carbon material based TEs (Table 1) due to the defects of the materials and the contact
resistance.!>*!%° On the other hand, metals and metal oxides are competitive candidates for high
FoM because of their very high electrical conductivity. As shown in Table 1, the best-reported
solution-processed metal and metal oxide-based TEs showed very high o/a > 1 Q'. Hence, we
believe that metals and metal oxides-based materials are the best options to realize high FoM of
TEs nowadays. Moreover, a 6/a. > 2 can be obtained by composite TEs consisting of metals/metal

oxides and conducting polymers (Table 1). The composite TEs may have other advantages

compared to single material based TEs, which will be discussed in the rest parts of this Section.

Table 1. Examples of the figure of merit of state-of-the-art solution-processed thin-film TEs

compared with vacuum-deposited ITO/glass.

Fabrication 10 R Org opc/ o/a
TE/Substrate Method T T Qo) (10° QY 6o Q" Ref.
ITO/glass Vacuum 083 016 3.1 52 622 17
sputtering

ITO/glass Spin coating 0.902 0.357 30 11.9 119 032 %



ITO/Ag

orid/ITO/glass Inkjet printing  0.741  0.050  2.86 17.4 407 1.2
AZO/AgNW/AZO . . a 162
/ZnO/glass Spin coating 0.934*  0.505 11.3 44.7 481 1.3
AgNW/PET Spray coating ~ 0.947° 0.580  20.2 28.7 338 091 !¢
embedded . 101
AgNW/PET Spray coating 0.855 0.209 248 84.3 933 2.6
PEDOT:PSS/glass  Spin coating 0.97*  0.74 240 3.1 51 0.14 1o
PEDOT:PSS/PET  Spin coating 0.86  0.22 24 9.1 100 028
PEDOT:PSS/PEN Transfer 0.90° 035 46 7.6 76 021 W
printing
] Spin _
PEDOT:PSS/Ag coating/Self- 0.73 0.043  0.62 69 L1805 165
gird/PET assembl 0
y
PEDOT:PSS/emb Spin
edded Ag- coating/Nano-  0.86  0.22 ~3 ~73 ~800 22 49
mesh/PET imprinting
Graphene/PET Transfer ~0.90 ~035  ~30 ~12 ~120 032 '
printing
GraphenetAgNW o 0 coating ~ 0.89¢ 031  13.7 23 230 0.63 ¢
/PEN
Graphene/AgNW/ Transfer " 168
=V APET printing 094"  0.54 8 68 750 2
CNT/PET Transfer 0.90° 035 41 8.8 86 023 ©
printing
CNT/glass Dip coating ~ ~0.90° ~0.35 ~100 ~3.5 ~35 0.1 170

“The light absorption of the substrate was excluded.

Whereas thick AgNWs result in high electrical conductivity, the optical loss induced by highly
reflective Ag material may reduce the optical transmittance. Sorel et al. studied the impact of the
diameter of AgNW on the optical transmittance, sheet resistance, and the FoM of AgNW based
TEs.!”! Figure 4A depicts the optical transmittance as a function of sheet resistance of AgNW

films with different wire diameter. Note that opc is dependent on the film thickness when the film



is very thin. Hence, a percolative FoM should be introduced instead of the opc/cop from equation
(6) for bulk-like materials.'”> The solid curves and dashed curves in Figure 4A came from fitting
of the experimental data with bulk-like theory and percolation theory, respectively. Figure 4B
shows the FoM of the AgNW films with different wire diameters. According to their experimental
data, the highest FOM was obtained when the average diameter of AgNW was 63 nm. As 90%
optical transmittance is one of the requirements of industrial products, the Rsh of the AgNW films
at 90% transmittance was also studied (Figure 4C). Once again, the results indicate that the FoM
of thinner AgNWs is higher than that of thicker ones.!”! The situation is much simpler for metal
grids with regular structures. Muzzillo studied the FoM of metal nanogrids of different designs via
analytical calculations.!” Figure 4D shows the aperture transmittance Taper of 50 nm-thick metal
grids as a function of the sheet resistance of different designs. The circular design outperformed
all other structures when Taper was lower than 85%. However, the grating structure became the best
among all these structures once the Taper goes beyond 85%. The authors also compared the
performance of grating metal nanogrids with that of the TCOs reported in the literature (Figure
4E). The metal nanogrids outperform ITO and AZO even if the thickness of metal grids was only
50 nm. Increasing the grid thickness does not decrease optical transparency, but significantly
reduces the electrical resistivity of the entire film. However, thick metal grid lines may result in
high surface roughness, which is not favorable in manufacturing. In addition, the light scattering
(or haze) induced by TEs (especially those with micro- or nanostructures) may contribute to the
light harvesting of solar cells. This is because the scattering effect increases the optical path in
absorbers to enhance the coupling-in of incident light.!”*!7*> By tailoring the nanostructures, one
can obtain very high optical haze (> 90%) without minimal sacrifice of overall optical

transmittance.!’® Preston et al. suggested that the AgNWs with larger diameters (~ 150 nm) show



a higher haze factor than that of AgNWs with smaller diameters (~ 60 nm). Whereas AgNWs with
~ 60 nm diameter had a high34 FoM than that of AgNWs with ~ 150 nm diameter, the high haze
factor of AgNWs with ~ 150 nm diameter brought uncertainty for the performance of AgNW TEs.
Hence, only FoM itself could be insufficient to evaluate the performance of TEs that produce
additional optical haze.!”” The influence of optical haze on solar cell performance is also dependent
on the active material of the solar cells. For thin-film solar cells such as OSCs and PSCs, the
influence of optical haze is usually significant. For example, the AgNW TE with 5.6% haze factor
resulted in 4.47% efficiency for P3HT:PCBM-based OSC, which was 25% higher than that of
control device with flat ITO TE. However, the improvement was not so obvious on PTB7:PCBM-
based OSCs.!”® Our previous research also suggested that a high haze (~ 75%) could improve the
efficiency of OSCs and PSCs for > 10% and > 15%, but show minor (6.8%) improvement on bulk

crystalline-Si solar cells.!”
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Figure 4. (A) The optical transmittance as a function of sheet resistance of AgNW films with
different wire diameter D. (B) The FoM opc/cop of the AgNW films as a function of wire diameter.
(C) The sheet resistance of AgNW films at 90% optical transmittance as a function of wire
diameter. Reproduced with permission from Ref'’!. Copyright 2012 IOP Publishing Ltd. (D)
Aperture transmittance as a function of sheet resistance of metal nanogrids with different designs.
(E) Transmittance of grating metal nanogrids with different grid thickness % as a function of sheet
resistance. The data of AZO and ITO from other literatures are shown for comparison. Reproduced

with permission from Ref!’®. Copyright 2017 Elsevier B.V.

2.2 Work function

Work function is another critical property of TEs. The work function of a material is defined as
the difference between the energy of vacuum level and the Fermi level of the surface of the material.
For thin-film solar cells, the interface between TEs and other functional layers is critical. The
mismatch of work function in solar cells may result in unwanted Schottky contact between the TE
and the semiconductor, which generates high contact resistance and reduces the efficiency of the
device.'¥-182 For OSCs and PSCs, electron transport layers (ETLs) and hole transport layers (HTLs)
are often necessary for efficient injection of electrons and holes (Figure 5). The conduction band
edge or lowest unoccupied molecular orbital (LUMO) of the ETL should be slightly lower than
that of the active material. The valance band or highest occupied molecular orbital (HOMO) of the
HTL should also be slightly lower than that of the active material to prevent hole injection. As
illustrated in Figure 5, the ideal cathode prefers a low work function (i.e., a small difference
between vacuum level and Fermi level) for efficient electron transport, while the ideal anode

prefers a high work function for efficient hole transport.
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Figure 5. Energy diagram of a typical thin-film solar cell.

Work function is highly relevant to the processing method, doping, surface modification, and post-
treatment of TEs. The work function of solution-processed TEs is usually different from that of
the vacuum-deposited TEs even if the material is the same. For example, ITOs fabricated via a sol-
gel method shows a very low work function ranging from 3.9 to 4.2 eV, which is significantly
lower than that of conventional vacuum-deposited ITO TEs (Table 2).!3 Chemical doping is an
effective approach to tuning the work function. Figure 6A shows the shift of surface potential of
a graphene film as a function of the doping time in a AuCl3 solution. The Au*" was reduced to Au
nanoparticles on graphene surface, and thus induced p-type doping of the graphene film. Measured
via a scanning Kelvin probe method (SKPM), a maximum shift of surface potential of ~0.5 V (i.e.,
up-shifting of work function of ~ 0.5 eV) was observed after 20 s doping of AuCls. Such up-

shifting of work function improved the performance of the graphene TE as an anode for Si solar



cells.'® Surface contamination may affect the work function of a material substantially even if the
amount of the contamination is atomic level.'®® Sugiyama et al. studied the dependence of the work
function of ITO on different surface cleaning methods. The standard cleaning process of ITO
substrates may induce carbon-containing contaminants, which reduced the work function of ITO
to 4.5 eV. A UV-ozone treatment can remove most of the contamination, and increase the work
function of ITO to 4.75 eV. On the contrary, an Ar" sputtering process reduced the work function
of ITO to 4.3 eV due to the partially removal of oxygen of ITO.!% Most PEDOT:PSS-based TEs
show a high work function ranging from 4.8 to 5.2 eV, and thus is suitable for anode applications.
It can be reduced to less than 4.0 eV or improved to larger than 5.6 eV via multiple doping and
post-treatment methods.!*”""! In 2012, Zhou et al. made use of a very thin (1~10 nm) layer of PEI
or polyethyleneimine ethoxylated (PEIE), as a universal approach to modifying the work function
of cathodes made with different materials. As illustrated in Figure 6B, the work functions of
PEDOT:PSS (PH 1000), ITO, and Au reduce significantly from 4.95 eV, 4.40 eV, and 4.70 eV to
3.32 eV, 3.30 eV, and 3.40 eV, respectively, after modifying with 10 nm-thick PEIE. The work
function recovered after sonification of the sample in water bath for 50 min, indicating a physical
absorption between PEIE/PEI and the electrode (Figure 6C).!”? Others have adopted this facile and
solution-processable method to construct novel organic and perovskite solar cells with non-

conventional structures.'3-1%
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Figure 6. (A) The surface potential shift of graphene films as a function of doping time in AuCl3

solution. Reproduced with permission from Re
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. Copyright 2010 American Chemical Society.

(B) Ultraviolet photoelectron spectroscopy (UPS) of PEDOT:PSS, ITO and Au electrode with and

without the modification of PEIE. (C) The work function variation of PEIE-modified ITO TE after

washing with water flow or water sonification bath. Reproduced with permission from Ref!?.

Copyright 2012 American Association for the Advancement of Science.

Table 2. Typical work function values of commonly adopted materials for solution-processed TEs.

Category Material ;zglcctil)ngl; Ref.
PEDOT:PSS 48~52 196
Conducting Polymers PANI 45~438 197
PPy ~4.5 198
. Graphene ~4.6 199
Carbon Materials CNT ~50 200
AgNW ~4.5 201
Metals & Metal CuNwW ~4.7 202
Oxides ITO ~4.7 203
AZO 4.7~5.2 204

2.3 Other surface properties



Surface energy of TEs are also very important parameters. The surface energy of the underlying
layer is critical for the crystallization of the active materials in OSCs and PSCs.2%>2% Figure 7A
and B show the impact of WOx doping on the surface free energy of PEDOT:PSS; it increased the
surface free energy of PEDOT:PSS film from 59.30 mN/m to 62.09 mN/m, which resulted in a
reduction of water contact angle from 51.3° to 45.6°. The change of surface free energy affected
the formation of bulk heterojunction (BHJ), which further resulted in improved phase separation

and solar cell efficiency.?"’

Surface roughness of TEs are also important because it significantly affects the uniformity and
morphology of layers coated/printed on top. It is difficult to determine an exact maximum
roughness value as a prerequisite for the successful fabrication of solution-processed thin-film
solar cells. But in general, a lower surface roughness of the bottom TEs is preferred to reduce the
risk of shunt.?®® The root mean square roughness of a printed/coated dense TE film (e.g.,
PEDOT:PSS or metal oxide films) is typically less than 10 nm, which is sufficiently smooth for
most of the thin-film solar cells.??2!! In such case, the impacts of the surface roughness could be
complicated. For example, Richardson et al. found that the variation of the surface roughness of
ZnO ETLs had different impacts on P3HT:PCBM and PTB7:PCBM OSCs. On the one hand, the
change of roughness from 2.86 to 4.02 nm caused a dramatic decrease of fill factor from 56% to
44% for P3BHT:PCBM based OSCs, which could be attributed to the generation of small voids at
ZnO/P3HT:PCBM interface. On the other hand, the performance of PTB7:PCBM based OSCs
was barely affected by such small roughness variations.?'? For DSSCs and meso-porous PSCs,
rough meso-porous electrodes or scaffolds (roughness > 20 nm) are employed to improve the

surface area for efficient charge transport.?!3!5 However, the roughness of metal mech/grid-based



TEs can be as high as hundreds of nanometers or even micrometer-scale. For example, a screen-
printed Ag grid was > 2,000 nm-thick, which is impossible to spin-coat uniform additional layer
on top.?!® Similarly, although AgNW meshes show excellent FoM as mentioned previously, its
high roughness led to poor solar cell performance.?!” As a result, researchers have developed
multiple approaches to smoothening AgNW films by filling the gaps with additional materials, or
compressing the loose meshes to a dense film.?!3-22° Figure 7C illustrates a cold isostatic pressing
(CIP) method to condense the AgNW films on glass or PET substrates. A solid contact was formed
at the junction of AgNWs, as observed from the SEM images (Figure 7D). The roughness of the
AgNW films reduced from 42 nm to 26.7 nm, and the Rsh dropped from 49.3 Q/o to 20.7 Q/o at
the same time due to the better contact between AgNWs. Both factors led to the higher efficiency

of solar cells with CIP-AgNW TEs than untreated AgNW-based solar cells.?!

d) Wo, p)WO,:PEDOT:PSS  [f) PEDOT:PSS
7, 73.98 mN/m 7, 62.09 mN/m 7, 59.30 mN/m

HIGH PRESS PUMP
i Before CIP After CIP
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Figure 7. (A) Contact angles of water, diiodomethane (DIM), and chlorobenzene (CB) on WOx,
WOx:PEDOT:PSS, and PEDOT:PSS films. (B) AFM images of active materials on top of WOx
(left), WOx:PEDOT:PSS (middle), and PEDOT:PSS films (right), respectively. Adapted with

permission from Ref?*’. Copyright 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.



(C) Schematics of the CIP process for AgNW. (D) SEM images of AgNWs before and after CIP
treatment. Adapted with permission from Ref??!. Copyright 2017 WILEY-VCH Verlag GmbH &

Co. KGaA, Weinheim.

Chemical stability of the TE/semiconductor interface is another parameter. Unstable interface
could result in unsatisfactory solar cell performance and rapid degradation of the device. The acidic
nature of PEDOT:PSS may induce instability risk to thin-film solar cells. For example, the acidic
PEDOT:PSS may erode basic materials such as ITO to induce diffusion of indium at the TE/active
layer interface. Such corrosion could lead to unfavorable gap states which further led to the
degradation of OSCs.??? Figure 8 depicts the structure of a PSC with PEDOT:PSS HTL between
the ITO and perovskite active layer. The pH of the PEDOT:PSS was tuned by doping of basic
imidazole, and neutral or basic PEDOT:PSS was obtained with 0.5 or 5 wt% doping. The doping
process not only increased the work function of PEDOT:PSS, but also improved the chemical
stability of PEDOT:PSS at ITO/PEDOT:PSS interface. As a result, the basic PEDOT:PSS based
PSC exhibited the highest efficiency as well as stability among all the devices.??* The possible
chemical reaction between halides and metals (especially Ag) should be considered when metal-
based TEs are used in PSCs.?**??’ Inserting an interlayer to block the ion diffusion, or embedding
the metal TEs in non-reactive metal oxides/conducting polymers is recommended for PSCs using
metal thin films as TEs.!!%226227 To avoid the chemical or electrochemical corrosion of the reactive
metal-based TEs, a conventional approach is covering the reactive metal materials with a layer of

inert passivation layer.??® The passivation material can be either a conductive material such as

168,229 230,231

graphene, and less-reactive metals or metal oxides, or a non-conductive material such

as alumina,?*? and poly(methyl methacrylate) (PMMA).?** The non-conductive passivation layer



should be very thin (less than several nanometers) for efficient charge transport. For example, <5

nm-thick alumina deposited by atomic layer deposition (ALD) is sufficient for effective

234,235

passivation of nanowire TEs and moisture-sensitive perovskite active materials.

ITO Glass
Imidazole @

PSS p————

PEDOT — Ny Y~y Base PEDOT: PSS

Figure 8. Schematics of a PSC using pH-tuned PEDOT:PSS as HTL between ITO TE and
perovskite active layer. Reproduced with permission from Ref??*. Copyright 2016 American

Chemical Society.

In summary, we have discussed the optical, electrical, and interfacial properties of TEs of thin-
film solar cells. FoM is introduced to evaluate the tradeoff between optical transparency and

electrical conductivity. Since achieving optical transmittance > 90% and sheet resistance < 10 /o



is a requirement of TEs for commercial solar modules, we recommend incorporating high FoM
metals/metal oxides with the solution-processed TEs. Sometimes the micro- or nanostructures of
the TEs may induce light scattering, which could be beneficial for thin-film solar cells. The surface
properties of the TEs are critical for efficiency hole/electron transport. The work function of the
TE should be optimized to avoid unwanted barriers. Approaches including doping, surface
modification, and post-treatment are employed to tune the work function of TEs for efficiency
solar cells. Other surface properties such as surface energy and surface roughness could be
important for the successful fabrication of the solution-processed solar cells, as these surface
properties affect the film formation of the active layers. These properties should be optimized
specifically for different active materials. In addition, the chemical stability of the
TE/semiconductor interface could be an issue in some cases, and the chemical reaction between

TE and other layers that leads to device degradation should be avoided.

3. Transparent Conducting Polymers

3.1 Poly(3,4-ethylenedioxythiophene)

Oxidized polythiophenes (PThs) have been developed as conducting polymers for many years.?*%
238 The bandgap of PTh derivatives can be tuned easily by chemical modification and doping,
which result in different colors of the polymers.?**>** PEDOT is a well-studied PTh derivate that
shows outstanding conductivity and good optical transparency in its oxidized state. Unlike some
other conducting polymers such as polyacetylene which suffers from the instability problem,
PEDOT and its derivatives are stable in highly conductive oxidized form.?*!**> Many recent

research suggested that the conductivity of PEDOT can be further improved by multiple doping or



post-treating strategies.?**?*® In the meantime, the insoluble PEDOT can be soluble in water and
organic solvents when blended with some negatively charged polymers such as PSS. Thus,
PEDOT and its derivatives are regarded as promising transparent conductive materials for
solution-processed solar cells, especially for the flexible devices which require low-processing

temperature and high-throughput roll-to-roll (R2R) printing 247-248

Another key advantage of PEDOT is the low material and manufacturing cost compared with
traditional sputtered TCOs. For example, a life cycle analysis of OSC modules indicated that the
cost of solution-processed PEDOT:PSS electrodes is less than 1% of that of ITO.?*’ On one hand,
the manufacturing cost of PEDOT electrodes makes use of solution-based coating/printing
technologies, which consume less electricity than traditional vacuum deposition technologies for
TCOs. On the other hand, the synthesis of PEDOT starts from low-cost raw materials, and the

commonly adopted synthetic routes are simple and high-yield.

3.1.1 Material Synthesis

PEDOT is synthesized by polymerization of the monomer 3,4-ethylenedioxythiophene (EDOT).
EDOT and derivatives consist of dioxane and thiophene structures, which are constructed
separately in most circumstances.?**2%? As illustrated in Figure 9, the traditional synthetic route
of EDOT 7 starts from the Hinsberg thiophene synthesis reaction between diethyl thiodiglycolate
1 and diethyl oxalate 2.%°° The major disadvantage of such classic synthetic route is the low overall
yield of EDOT due to too many steps. Besides, the Williamson etherification between

dihydroxythiophene derivative 3 and dihalogenated hydrocarbons 4 is highly sensitive to the steric



effect, and thus is very limited when synthesizing EDOT derivatives with long sidechains. To
overcome these problems, Caras-Quintero et al. reported a facile approach to obtaining EDOT
derivatives by Mitsunobu reaction, which eliminated the steric issue caused by sidechains.?**
Kieseritzky et al. reported a simple one-step synthesis of 3,4-dimethoxythiophene by addition-
elimination reaction between 2,3-dimethoxy-1,3-butadiene and sulfur dichloride with 60%
4.255

yiel Apart from the etherification of thiophene derivatives, Das et al. introduced another

synthetic route to obtain EDOT derivatives in one step with a stable diyne precursor.*>
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Figure 9. Typical synthetic route for EDOT, starting from diethyl thiodiglycolate.

PEDOT is synthesized with oxidative polymerization of EDOT by either chemical oxidation or
electrochemical oxidation, as illustrated in Figure 10A. In brief, the EDOT monomers are
converted to cation radicals by chemical or electrochemical oxidation, followed by the coupling
process between either two cation radicals or, cation radical and neutral molecule. The most
frequently used chemical oxidants are iron (III), persulfate-based oxidants, and strong acids.?>’2>
For electrochemical synthesis, the EDOT monomer can be polymerized via cyclic potential
sweeping, potentiostatic, or galvanostatic approaches.?®*2%2 Such solution-based polymerization

requires negatively charged polyelectrolyte PSS to form a polymer blend with the generated

PEDOT because of the insolubility of PEDOT.!'#”-263 In such a polymer blend, PEDOT exists in an



oxidized state which is more electrically conductive than the neutral PEDOT.?** However, the non-
conductive PSS component always leads to an inferior electrical conductivity of PEDOT:PSS
blend compared with pure oxidized PEDOT.?®* As a result, doping of the PEDOT:PSS solution,
or post-treatment of the deposited PEDOT:PSS film is always necessary for improving the
conductivity of PEDOT:PSS electrode. This will be discussed in more detail later in this section.
Meanwhile, anions such as tosylate, trifluoromethanesulfonate, sulfate and
dodecylbenzenesulfonate, are adopted as substitutes for PSS to improve the conductivity of
PEDOT polymer blends.?*%*%® Sometimes other anionic substitutes for PSS™ are incorporated with
EDOT or PEDOT for simpler synthesis, better wettability, or lower hygroscopicity. For example,
McFarlane et al. reported a facile in-situ approach to synthesizing highly conductive PEDOT thin-
films by mixing EDOT with phosphomolybdic acid hydrate (PMA).?** Hofmann et al. reported a

printable PEDOT dispersion based on PEDOT and poly[4 - styrenesulfonyl (trifluoromethyl

sulfonyl) imide potassium salt] (PSTFSIK) to prevent the hygroscopic behavior which is

commonly observed from PEDOT:PSS films.?"

Apart from these wet chemical and electrochemical approaches, vapor phase polymerization (VPP)
is also a commonly adopted method for the direct deposition of highly conductive PEDOT on
target substrates.?’!*’? In a typical fabrication, chemical oxidant (e.g., FeCls) is firstly deposited
on the target substrate by solution-based coating or printing methods such as spin-coating, spray-
coating, or electrospinning.?’>?”> The oxidative substrate then reacts with EDOT vapor to form a
conformable PEDOT film. This synthesis results in highly conductive PEDOT or its derivatives
because the in-situ polymerization of PEDOT on the target substrate avoids the doping of non-

conductive anions for solubility-enhancing purpose. For example, Wang et al. reported highly



conductive PEDOT thin films fabricated via VPP and acid post-treatment with a very high
conductivity of 6,259 S/cm, which was close to that of single-crystal PEDOT nanowires.*’® Figure

10B shows the photograph of PEDOT and EDOT-based copolymer poly[anthracene-co-(3,4-

ethylenedioxythiophene)] [p(ANTH-co-EDOT)] synthesized via VPP. The copolymerization of
ANTH improved the optical transmittance of the copolymer at wavelengths of 550 nm and above,
and thus is promising for some optoelectronic applications (Figure 10C and D). However, the
direct synthesis of PEDOT film on target substrates via VPP requires chamber-based chemical
vapor deposition (CVD) equipment, which is not very compatible with large-area R2R
fabrication.?*”?”” On the contrary, various low-cost PDEOT:PSS inks and pastes are commercially
available on the market, which can be printed on target substrate directly via solution-based

printing and coating technologies.?’87’
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Figure 10. Synthesis of PEDOT and EDOT-based copolymers. (A) Proposed mechanism for
PEDOT synthesis via chemical or electrochemical oxidative polymerization.>>’->*° (B) Photograph,
(C) optical transmittance, and (D) normalized absorption spectra of PEDOT and EDOT-based
copolymers synthesized via VPP. Reproduced with permission from Ref®?. Copyright 2015

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

3.1.2 Optical and Electrical Properties

Commercially available PEDOT:PSS aqueous solution is very compatible with solution-based
coating or printing technologies. The solution-processed PEDOT:PSS films possess some other
features of TEs suitable for solar cells, such as ideal work function (~ 5.0 eV), continuous and

smooth morphology, and good optical transmittance in the visible spectrum.?**-?%2 However, the



PEDOT:PSS film deposited from pristine PEDOT:PSS solution usually exhibits a poor electrical
conductivity of <1 S/cm, which is too low for TE applications. As a result, improving the electrical
conductivity of PEDOT:PSS is of great interest in recent years.?®3 In 2000, Granlund et al. firstly
demonstrated that the doping of glycerol in PEDOT:PSS water solution would improve the
conductivity of micro-contact printed (WCP) PEDOT:PSS.?* Kim et al. discovered that doping of
organic solvents such as N,N-dimethyl formamide (DMF) or dimethyl sulfoxide (DMSO) in the
solution also increased the conductivity of the resulted PEDOT:PSS film significantly to ~ 100
S/ecm.?® Later in 2008, Na et al. optimized the doping ratio of DMSO in PEDOT:PSS solution to
improve the conductivity of PEDOT:PSS film to > 500 S/cm.?3¢ The development of doping or
post-treatment technologies has further boosted the conductivity of solution-processed
PEDOT:PSS film to > 4,000 S/cm in the past decade.”®”?*® Figure 11A lists the milestones of
highly conductive PEDOT film via doping or post-treatment in recent years. Typically, the
conductivity-enhancing dopants of a PEDOT:PSS solution include solvents (DMF, DMSO,
ethylene glycol (EG), tetrahydrofuran (THF), etc.), surfactants, and ionic liquids. The electrical
conductivity of PEDOT:PSS films can be improved to > 2,000 S/cm by such a doping strategy.
Post-treatment solution-processed PEDOT:PSS film or VPP PEDOT film with solvents or acids

can further boost the conductivity to > 6,000 S/cm66:9-164.245268,276,286,289-296
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Figure 11. Approaches to improving the conductivity of PEDOT. (A) Summary of highly
conductive PEDOT films obtained via doping or post-treatment in recent years. Data are obtained
from literature,66-9%:164.245.268.276.286,289-296 (B) Chemical structures of benzoid and quinoid types of
PEDOT. (C) Schematics of phase segregation and chain variation of PEDOT:PSS after post-
treatment of concentrated sulfuric acid. Reproduced with permission from Ref***. Copyright 2014
American Chemical Society. (D) Variation of doping ratio of VPP PEDOT after rinsing of
different acid solutions. Reproduced with permission from Ref?’. Copyright 2013 The Royal

Society of Chemistry.

The mechanism of doping and post-treatment of PEDOT may attribute to multiple aspects. Ouyang

et al. suggested that such conductivity enhancement is probably resulted from the chain



transformation of PEDOT from a benzoid type to a quinoid type, as illustrated in Figure 11B. Such
transformation may lead to the change of PEDOT chains from coil configuration to linear
configuration, which results in a strong interaction among PEDOT chains and improved inter-
molecular charge transport.?® Kim et al. proposed the formation of highly crystalline PEDOT
nanofibril structure after the post-treatment of concentrated sulfuric acid. The autoprotolysis of
concentrated sulfuric acid was believed to stabilize the phase segregation between PEDOT and
PSS ions, as illustrated in Figure 11C.?** Such phase segregation process reduced the effective
insulation of PEDOT:PSS caused by non-conductive PSS moieties, and thus improved the
electrical conductivity of PEDOT:PSS.? The highly crystalline nanofibril structure was then
formed because of the n-m stacking between PEDOT chains and the rigid PEDOT networks
induced by the orientation of backbones.?** The post-treatment and additional washing processes
also removed part of non-conductive PSS moieties of the PEDOT:PSS film, as suggested by the
XPS analysis and the decrease of film thickness after treatment. Another possible reason is the
dopant exchange between acids and PEDOT, which the enhances of conductivity and stability of
acid treated PEDOT films (Figure 11D). The doping effect may also result in a decrease of work

function compared with pristine PEDOT or PEDOT:PSS films.2?7-3%

The optical transmittance of PEDOT film is related to the film thickness, chain configuration,
doping ratio, and etc.**!3% For solar cell applications, the optimized PEDOT electrodes usually
show an optical transmittance of > 80% at 550 nm.’%*3% Figure 12A shows the optical
transmittance of methanesulfonic acid-treated PEDOT:PSS on flexible substrates. The acid
treatment not only improved the electrical conductivity of PEDOT:PSS, but also increased the

optical transmittance of the electrodes because of the removal of residual PSS moieties. Aa a result,



the efficiency of OSCs based on these treated PEDOT:PSS TEs was comparable with the control
devices with ITO electrodes.”” Sometimes the thickness of PEDOT TEs is adjusted not for the
trade-off between optical transmittance and electrical conductivity, but for other optoelectronic
applications. Figure 12B shows an example of tuning the optical interference by adjusting the
thickness of PEDOT:PSS of semi-transparent PSCs. The colorful solar cells were realized by
precisely changing the thickness of laminated PEDOT:PSS top electrodes, which exhibited

variable optical reflectivity because of optical interference.>"’
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Figure 12. Approaches to tuning the optical transmittance of PEDOT. (A) Optical transmittance
of methanesulfonic acid-treated PEDOT:PSS electrodes on PET substrates. Reproduced with
permission from Ref®’. Copyright 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (B)
Color-tunable PSCs using transfer-printed PEDOT:PSS top electrodes. Reproduced with

permission from Ref**’. Copyright 2016 American Chemical Society.

3.2 Other Conducting Polymers



Whereas other conducting polymers including polyaniline (PANI), polypyrrole (PPy), poly(p-
phenylene-vinylene) (PPV), polyfuran (PF) and other PTh derivatives have been developed for
multiple electronic applications, they are less reported as TE materials for solar cells than
PEDOT.3®3% On the other hand, PANI and PPy are employed as TEs for organic light-emitting
diodes (OLEDs), OSCs, and DSSCs because of high electrical conductivity, good optical
transparency, and high electrochemical activity.?!*3!* Similar to PEDOT and its derivatives, the
synthesis of PANI and PPy includes chemical and electrochemical oxidative polymerization. The
oxidative polymerization of PANI and PPy is significantly influenced by the oxidant and pH

value.3!>316 Typical oxidants for aniline and pyrrole polymerization include persulfates,®!73!8 Fe3*

319-322 323-325 326,327

and other transition metal compounds, noble metal compounds, peroxides, and
etc.328 Stejskal et al. studied the polymerization of aniline with (NH4)2S20s oxidant at different pH
values. As illustrated in Figure 13A, the aniline molecules mainly exist in neutral state when pH
value is larger than 4. The oxidation of the neutral aniline molecules stops at non-conductive
oligomers or phenazines. The predominant neutral aniline molecules are converted to anilinium
cations at pH < 4, but the polymerization takes place only when pH value is less than 2. The pH
of the solution becomes lower during the oxidation process because sulfuric acid is a byproduct of
this reaction. Figure 13B shows the pH change of mixture solutions of 0.2 M aniline and 0.25 M
(NHa4)2820s with different initial acidity. The different oxidation mechanisms of aniline at different
pH values may explain the self-organized growth of PANI nanoparticles, nanotubes or

nanowires.32%-331
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Figure 13. (A) Molar fraction of anilinium cations versus pH value of the solution. The pH of the
solution drifts to lower value as the polymerization proceeds. (B) The change of pH value of the
solution containing 0.2 M aniline and 0.25 M (NH4)2S20s with different initial pH, which was
controlled by the addition of ammonia, acetic acid, and sulfuric acid. Reproduced with permission
from Ref*?’. Copyright 2008 2008 American Chemical Society. (C) SEM image of PANI
nanoparticles synthesized via emulsion polymerization. The magnifications of the images were
10,000 and 80,000 times (inset), respectively. Reproduced with permission from Ref*32. Copyright
2008 Published by Elsevier B.V. (D) Schematics of hollow PPy microspheres synthesized via
emulsion polymerization. (E) TEM image of the synthesized PPy microspheres. Scale bar is 1 um.

Reproduced with permission from Ref***, Copyright 2014 Springer Nature.



For DSSCs, the nanostructured PANI and PPy are ideal substitutes for conventional Pt-based
counter electrodes because of their high catalytic activity. In 2008, Li et al. firstly applied PANI
in DSSCs by using PANI nanoparticles as the counter electrodes. The PANI nanoparticles were
synthesized by emulsion polymerization of aniline in a solution containing (NH4)2S20s and HCIOa.
Figure 13C and inset show the SEM images of the ~ 100 nm-scale PANI nanoparticles with 10,000
and 80,000 times magnification, respectively.>*? Emulsion polymerization is also used to
synthesize PPy particles. Figure 13D illustrates the structure of hollow-sphere-structured PPy
synthesized via emulsion polymerization. The reaction solution contained phytic acid which
served as both the negative charge dopant and the crosslinker of PPy. Large-area PPy films can be
obtained by simply casting of the synthesized PPy hydrogels. The transmission electron
microscope (TEM) image of the particles reveals the hollow structure of the PPy with micro-scale
particle size (Figure 13E). Apart from nanoparticles, there are reports using high surface area PANI
and PPy nanotubes or nanowires as counter electrodes for DSSCs. 3433 In recent years,
electrochemical polymerization of PANI and PPy on metal and carbon nano-templates has been
widely investigated. The obtained nanocomposites show promising electrochemical features for

supercapacitors, electrochemical sensors, and DSSCs.?373%

Similar to PEDOT and its derivatives, the optical transmittance and electrical conductivity of
PANI and PPy are dopant-dependent. The emeraldine base form PANI contains benzenoid type
groups which are non-conductive. The doping with H" improves the electrical conductivity of
PANI significantly from a non-conductive state (~ 1012 S/cm) to a conductive state (1 ~ 10*
S/cm).24%34 Chiang and G. Macdiarmid studied the protonation process of emeraldine form PANI,

and suggested that the acid doping of PANI resulted in the oxidation of its w system rather than the



p-doping process of other conducting polymers.>*? Figure 14A illustrates the protonation process
of PANI from an emeraldine base form. The polymer chain is converted to a large delocalized
system which is conductive and stable after the protonation process.>*> Among all those acid
dopants, camphorsulfonic acid (CSA) is one of the best for solution-processed PANI TEs because
it not only improves the electrical conductivity of PANI, but also forms a water-soluble mixture
like the aforementioned PEDOT:PSS.34346 Figure 14B depicts the relationship among optical
transmittance, electrical conductivity, and film thickness of PANI:CSA TE on PET substrate. The
200 nm-thick TE exhibited an Rsh of ~ 300 /0 and an optical transmittance of 76% at 550 nm.
Whereas such optical and electrical performance was inferior to that of ITO/PET, the mechanical
durability of the PANI:CSA TE was significantly higher. In addition, the rigidity of
PANI:CSA/PET was found 17% higher than that of the bare PET substrate.** Apart from acids,
other dopants such as metal salts have been found effective for improving the conductivity of
PANI.3*73* Figure 14C shows the optical transmittance of PPy transparent counter electrodes on
fluorine-doped tin oxide (FTO)/glass substrates. The PPy films were deposited on the substrates
via in-situ chemical polymerization with different pyrrole concentrations. The optimum PPy
counter electrode was obtained with 0.3 M pyrrole solution, yielding an optical transmittance of >
60% over the entire visible spectrum. The bifacial DSSC exhibited an efficiency of 3.06% when

illuminated from the counter electrode side.>*’
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Figure 14. (A) Illustration of the oxidative doping process of PANI by acids. Adapted with
permission from Ref**3. Copyright 2004 American Chemical Society. (B) The relationship
between optical transmittance and sheet resistance, and the thickness of PANI films. Reproduced
with permission from Ref**. Copyright 2012 Elsevier B.V. (C) Optical transmittance of in-situ-
polymerized PPy films with different pyrrole concentration. Reproduced with permission from

Ref**. Copyright 2012 Elsevier B.V.



4. Metals and Metal Oxides

4.1 Metal Nanoparticles and Nanowires

Because of the high free-electron density, metal shows the highest electrical conductivity at room
temperature among the conducting materials. However, bulk metal material cannot work as TE
directly because of its high reflection in the visible range.3*® Therefore, rationally designed
architecture is required for metal material to achieve desirable optoelectronic properties. In recent
years, metal-based TEs including ultrathin metal films, metal meshes, and metal nanowires, have
been widely studied.”®*! The thickness of the ultrathin metal films is usually limited to 10 nm or
thinner to ensure a sufficient optical transparency. Physical vapor deposition (PVD) techniques
such as thermal evaporation, sputtering and E-beam PVD are commonly adopted for the thin-film
deposition.?33¢ Several reports depicted the solution-based fabrication of ultrathin metal films
recently. For example, Mahenderkar et al. introduced an electrodeposition process to fabricate
single-crystal gold foils as TEs.*® However, the high price of Au material limits the large-scale
application of Au thin-films as TEs. Meanwhile, many researches focus on solution-based
fabrication of metal meshes with metal nanoparticles or metal nanowires. Multiple low-cost metal
materials such as Ni, Cu, and Ag have been adopted for TE applications because of their attractive
optoelectronic features. For a typical fabrication, metal nanoparticles/nanowires are firstly
synthesized as building blocks, followed by printing/coating of the inks that contain the building
blocks onto target substrates.*** In this section, we discuss the material synthesis of these building

blocks, and the electrical and optical properties of resulted metal-based TEs.



4.1.1 Material and Synthesis

One typical synthetic route of Ag nanoparticle dispersion reported by Yin et al. in 2002 is evolved

from the traditional silver mirror reaction.>®!

When aldehyde and silver ammonia complex are
mixed together, the former acts as a reductant to produce Ag (0), which nucleates on the surface
of the reaction container to form a shiny mirror-like silver layer. This silver mirror reaction is
commonly used to examine the aldehyde group in one organic compound (i.e., Tollens test), or to

deposit silver thin-film on the target substrate.**>*% The fundamental reaction in the Tollens test

can be simplified as follows:
Ag(NH)3 + RCHO - Ag(s) + RCOOH (8)

When high concentration Ag(NH3)2" is reduced in a solution with special stabilizer, the silver
mirror reaction can be used to synthesize silver nanoparticles and nanowires with very good
stability in solution. The size of silver nanoparticles (AgNPs) can be controlled in the nanoscale
dimension, as shown in Figure 15A.%! Apart from aldehydes, a wide variety of reductants have
been adopted for the synthesis of AgNPs, such as glucose,**!*** sodium borohydride (NaBH4),3%3
triethanolamine,>*® ascorbic acid,*®’ etc. By controlling the concentration of reactants, reaction
temperature, and surface stabilizers, the synthesized AgNPs can be controlled under desirable

diameter and narrow size distribution.

CuNPs are also promising building blocks for the solution-based fabrication of TEs because Cu is
low-cost and highly conductive.?**3¢® Similar to the synthesis route of AgNPs, CuNPs are obtained
via the reduction of copper salts (such as CuSOs, CuClz, and etc.). However, the synthesized CuNP

dispersions always suffer from poor stability because CuNPs are too reactive to resist oxidation by



air.%623%° The oxidation of CuNPs will further reduce the conductivity of printed Cu TEs based on
these building blocks. To address the instability issue, Park et al. developed a polyol method for
the synthesis of highly monodisperse CuNPs in ambient atmosphere. The oxidation of CuNP was
inhibited by the nonaqueous solvent. Meanwhile, the presence of poly(vinylpyrrolidone) (PVP)
capping agent also protected the CuNPs from oxidation. Figure 15B shows the SEM image of ~
45 nm-diameter CuNPs synthesized via this method, and the size of the nanoparticles can be tuned

by adjusting reactant concentration, reaction temperature, precursor injection rate, and etc.’”°

Metal nanowires are better building blocks for solution-processed TEs than metal nanoparticles
because electrically conductive and optically transparent metal nanomeshes can be obtained via a
very simple coating process. The synthesis of metal nanowires is similar to that of metal
nanoparticles, but the growth of uniform and high-quality nanowires requires appropriate seed and
template. Xia’s group reported a solution-based synthesis of AgNWs via multiple polyol methods
in 2002 for the first time. A typical synthesis employs AgNO3 as the precursor, poly (vinyl
pyrrolidone) (PVP) as the stabilizer and capping agent, and EG as reductant.’”!-”* The growth
mechanism of AgNW synthesized via such method is illustrated in Figure 16. The selective
growth of AgNW is directed by the capping agent PVP, whose oxygen atoms show a very strong
affinity to (100) facet of silver. The capping effect of PVP directs the decahedral seeds to grow
into nanowires with a pentagonal cross-section along the fivefold axis, covering the five side faces
by (100) planes.*?*"! The good selectivity of PVP ensures a high aspect ratio (length ~ 50 pm,

lateral dimension 30 ~ 40 um) of the synthesized AgNWs (Figure 15C).



Whereas Cu has been a very cost-effective conductor for the electronic industry, employing low-
cost CuNWs as TE remains to be challenging. Chang et al. reported a large-scale synthesis of high-
quality ultralong (40 ~ 50 um) copper nanowire for the first time in 2005.37* In brief, Cu(NO3)2
was reduced by hydrazine (N2H4) in an aqueous solution with ethylenediamine (EDA) as the
capping agent. The synthesized CuNWs exhibited a high aspect ratio of >350-450 with a diameter
of 90 ~ 120 nm (Figure 15D). In addition to EDA, alkylamines such as octadecylamine,’”®

377

hexadecylamine,*’® and oleylamine®”” have been used as capping agents for successful CUNWs

synthesis by corresponding research groups. However, there are few reports on CuNW-based TEs

378,379

for solar cells due to the limited stability of CuNWs in air.




Figure 15. Metallic nanoparticles and nanowires synthesized via a mild solution process. (A) TEM
image of AgNPs with a mean size of ~30 nm. Reproduced with permission from Ref*®!. Copyright
2002 The Royal Society of Chemistry. (B) SEM image of CuNPs with a size of ~ 45 nm
synthesized by a polyol method. Adapted with permission from Ref*’°. Copyright 2007 Elsevier
Inc. (C) TEM images of AgNWs with lateral dimensions of 30 ~40 nm. Reproduced with
permission from Ref*”!. Copyright 2002 American Chemical Society. (D) SEM image of CuNWs
with a diameter of 90 ~ 120 nm and length of 40 ~ 50 um. Reproduced with permission from Ref*7.

Copyright 2005 American Chemical Society.




Figure 16. Schematic illustration of the mechanism responsible for the growth of silver nanowires
with pentagonal cross-section. Reproduced with permission from Ref**°. Copyright 2003

American Chemical Society.

4.1.2 Optical and Electrical Properties

The metal nanoparticles or nanowires should be assembled to transparent metal grids, meshes or
nanomeshes via multiple solution-based printing or coating techniques to fabricate TEs. In
principle, the percolation structures of these metal-based TEs allow light to pass through the gaps
between grid lines of meshes. Hence, the optical transmittance and electrical conductivity of these
TEs are highly dependent on the grid/mesh structure. In other words, the optical transparency is
relative to the area fraction of metal coverage, while the electrical conductivity is also depended

on the density of metal materials.

Metal nanoparticles are usually assembled to transparent grids/meshes on target substrates via
solution-based printing techniques for TE applications. Apart from the theoretical study mentioned
in Section 2.3, researchers have made efforts to optimize the metal TEs in practice. For example,
Ahn et al. reported transparent conductive grids by direct writing of concentrated Ag nanoparticle
inks on glass and plastic substrates. The relationship between optical transmittance and the pattern
pitch of the metal grid was investigated to figure out the optimal condition as TEs. In this work, a
high optical transmittance of 94.1% was obtained under 400-um pitch size for the Ag grids.*"!

Apart from square grids, Hong et al. designed triangle and hexagonal shaped Ag grids with

different grid sizes, and investigated the optical transmittance and Rsh of these grids (Figure 17A).



The optimum Ag grids exhibited an Rsh of 10 ~20 /0 and an optical transmittance of 85%-90%
(Figure 17B). Such a result is comparable to that of commercial vacuum-deposited ITO films (Rsh

~ 10 Q/o, transmittance ~ 90%).%’

In addition to the pitch size, the linewidth of metal grids/meshes also are very important parameter.
Park et al. studied the Rsh and optical transmittance of flow-coated AgNP meshes with different
grid width (Figure 17C). The Rsh decreased from 332 Q/o to 132 Q/o as the grid width of Ag
meshes increased from 7.5 pm to 10.6 um. However, the increase of grid width also resulted in
the loss of optical transmittance (from 88% to 70%), as shown in Figure 17D.3%? A third parameter
is the thickness of metal grid lines. Schneider et al. demonstrated thick metal grids fabricated via
layer-by-layer electrohydrodynamic (EHD) printing technique. Such method reduced the Rsh of
printed metal grids with consecutive overprinting, remaining the optical transmittance of the metal
grids virtually unaltered.'” Whereas thicker metal meshes certainly show better electrical
conductivity, the protruded metal grids also result in higher surface roughness, which is not
desirable for the subsequent deposition of other functional layers of thin-film solar cells. To
address the roughness issue, an embedded strategy can be adopted for the thick metal grids to
obtain a relatively smooth surface.?*3% For example, Lu et al. reported imprinted Ag meshes by
filling AgNPs into highly ordered concave meshes on PET substrates. These embedded Ag meshes
showed a high optical transmittance of > 80% on PET substrates while maintaining a low Rsh of <
1.25 Q/0.3%" In addition, post-treatment of the solution-processed metal nanoparticle grids/meshes
is an effective approach to improving the electrical conductivity of metal nanoparticle-based TEs.
Kang et al. demonstrated that a post-annealing process of as-deposited Ag nanogrid at 170 °C can

reduce the average Rsh of the films from 15.2 to 250.3 /0.3 Such improvement on conductivity



is probably attributed to the vaporization and decomposition of the insulating chemicals adsorbed
on the surface of AgNPs, which block the charge transfer between individual AgNPs. 3%-3% Since
the thermal annealing is an effective and facile process to improve the Rsh without sacrificing
optical transmittance, it has become a widely adopted post-treatment process for solution-

processed metal nanoparticle-based TEs,!22381-384.386-388,391

In principle, CuNPs can follow the aforementioned fabrication rules of AgNPs to obtain CuNP-
based grids/meshes with desirable optical and electrical properties. However, Cu nanoparticles are
easily oxidized in the ambient condition and further loss the electrical conductivity, as mentioned
previously in this section. Park et al. reported a method namely transversally extended laser
plasmonic (TLP) welding to improve the electrical conductivity and stability of CuNP-based
conductors. The CuNPs fabricated via TLP welding showed a reduced amount of oxide fractions
and organic residues after the laser sintering process. As a result, the Cu meshes fabricated via this
method exhibited excellent an optical transmittance of 95% and a low Rsh of 30 Q/0.%? Apart from
the laser sintering process, acid treatment is an effective solution process to improve the quality of
CuNP-based TEs. Kwon et al. combined these two post-processing methods together on the CuNP-
based TEs, and demonstrated the application of these TEs on touch screen panels. Such acid-an
assisted laser sintering process (ALSP) provided superior oxidation suppression, electrical and

mechanical stability over other reported post-treatment methods.>*?
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Figure 17. (A) optical images and (B) transmittance versus sheet resistance of AgNP meshes with
different pattern pitches (200, 300, 400, and 500 pm). Reproduced with permission form Ref®’.
Copyright 2013 American Chemical Society. (C) Optical image of AgNP meshes, and (D) sheet
resistance and optical transmittance of AgNP meshes as a function of the width. Reproduced with

permission from Ref*2. Copyright 2015 American Chemical Society.

Similar to those of metal nanoparticles, suspensions of metal nanowires are also adopted as inks

for printed metal mesh-based TEs.***% Direct coating of metal nanowire dispersions can also



result in transparent metal nanowire networks that are eligible for solar cell applications.?%!-3963%7

Hu et al. studied the optical transparency and electrical conductivity of CNT networks with
percolation theory. In brief, the increase of nanowire length / will result in lower percolation
threshold N (expressed as (nN:)?=4.236/[). A lower N. will further improve the probability of
having a continuous pathway, resulting in lower Rsn.>*%*% As a result, metal nanowires with a high
aspect ratio (nanowire length to diameter, /D) are more desirable for TE applications.!04400-402 [
2012, Lee et al. reported a successive multistep growth (SMG) method to synthesize > 500 pm-
long AgNWs. Such length was at least one order of magnitude higher than that of other reported
AgNWs obtained by the traditional method. As a result, the AgNW TEs exhibited superior optical
transmittance (89%-95%) and very low R« (9 /0 ~ 69 Q/0) (Figure 18A).!% Later in 2014, Ye
et al. reported a facile route for the rapid synthesis of high aspect ratio CuNWs with EDA capping
agent. An //D ratio as high as 5,700 was obtained on the longest CuNWs synthesized via this
method. As shown in Figure 18B, the optimum CuNWs reached an average length of ~65 um and
a diameter of ~35 nm, leading to a very high //D ratio of 1,860. The TEs made from these high-
aspect-ratio CuNWs exhibited excellent optical and electrical features. For example, the Rsh of the

long CuNW-based TEs was as low as 100 /o at 95% high optical transmittance, which were

notably higher than that of short CuNW-based TEs with an aspect ratio of 330.4%3

Theoretical study is important for predicting the optimal metal nanowire networks with a low Rsh.
Ferreira and Boland’s research groups performed theoretical and experimental studies in the
conductivity of disordered metal nanowire networks.***4%> The authors extracted a digital model
of the AgNW network from the SEM image, and then converted it to a mathematical graph with

voltage nodes connected by resistors. The complicated disordered network was then simplified to



a regular homogenous network. The equivalent resistance of the simulated AgNW network as a
function of wire density (nw) matched well with the experimental data. The Rsn decreased
dramatically as the n, increased at low-density range (7w S 0.25 um?), but became less dependent
on the nyw at high-density range (nv £ 0.25 um2).*%* Because the R of conventional nanowire
network is also relevant to the wire-wire contact resistance (i.e., the junction resistance between
nanowires),*’® the key to improving the electrical conductivity is reducing overall contact
resistance of the nanowire network.?!” A study in the resistance of single AgNW junctions showed
that whereas most of the junctions exhibited a junction resistance of 11 Q, some junctions exhibited
a junction resistance > 200 Q. Although such “outlier” junctions were a minority of all junctions,
the presence of high-resistance junctions could limit the ultimate R¢x of AgNW films.*% There are
two strategies to reduce the negative impact of junction resistance on the conductivity of nanowire
networks. Employing high-aspect-ratio nanowires is an effective approach to this goal because it
reduces the number of junctions. Reducing each junction resistance by specific post-treatment is
another approach to realizing the same target. For example, Garnett et al. introduced a light-
induced plasmonic nanowelding technique to fabricate large-area interconnected AgNW networks.
The welding process was induced by the heat generated at nanowire junctions, where the light was
concentrated by the small gaps at each junction. Figure 18C shows the change of AgNW film
resistance under continuous light illumination. A short illumination time of 60 s was enough for
the complete welding of AgNW networks, leading to a dramatic decrease of film resistance.*"’
Similarly, Park et al. reported a flash-induced self-limited plasmonic welding (FPW) post-
treatment to weld AgNWs by localized heat energy. The treated AgNW networks exhibited a very
low Rsh of ~ 5 Q/0, and a high optical transmittance of 90%.%%® The same strategy was also applied

on CuNW networks, followed by a rapid photochemical process to reduce the oxidized CuNWs in



ambient conditions. Figure 18D shows the optical transmittance and Rsh of the CuNW networks
before and after the welding process. The Rsh of the networks dropped dramatically from mega-
Ohm scale to ~ 17 Q/o, while the optical transmittance of the film remained unchanged.*® Apart
from the aforementioned techniques, other post-treatments have been exploited to decrease the

wire-wire contact resistance, such as supersonic spaying,*'® mechanical pressing,*!! cold isostatic

pressing,2! electron beam irradiation,*'? electroless welding,*'> thermal annealing,*'* and

electroplating welding.*!
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Figure 18. (A) The optical transmittance spectra and sheet resistance (Rs) of AgNW networks
based on short AgNWs (average length = 10.2 um) and very long AgNWs (average length = 95.1

um). Reproduced with permission from Ref!®. Copyright 2012 The Royal Society of Chemistry.



(B) Transmittance and sheet resistance of CuNW networks based on high aspect ratio Cu
nanowires and comparison with other kinds of transparent electrodes. Reproduced with permission
from Ref*®. Copyright 2014 The Royal Society of Chemistry. (C) Resistance of AgNW network
under light-induced plasmonic nanowelding process versus illumination time. The resistance
dropped by more than three orders of magnitude after 60 s illumination. Adapted with permission
from Ref*'®. Copyright 2012 Springer Nature. (D) The sheet resistance and transmittance of CUINW
network before and after the PFW process with different flash energy density. Adapted with

permission from Ref*'7. Copyright 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

4.2 Transparent Conducting Oxides

TCOs including ITO, FTO, and aluminum-doped zinc oxide (AZO) are typically deposited via
vacuum techniques such as thermal evaporation, and electromagnetic sputtering.*'®4!° Whereas
most of the transparent metal oxides show poor electrical conductivity due to the large bandgap,
doping of the metal oxides could improve the carrier mobility, which results in higher electrical
conductivity.*?%#?! In principle, both n-type and p-type doping are effective for improving the
carrier mobility of TCOs. However, p-type TCOs are rare compared to n-type TCOs because of

the difficulties in material design.**>4??

Solution-based spray pyrolysis deposition of TCOs has been developed for decades to replace the
vacuum fabrication*?***> In those methods, TCOs are deposited from precursor solutions

426427 or by coating or printing of TCO nanoparticles which are

containing metal and dopant salts,
pre-synthesized via sol-gel method.*?*%* One advantage of the solution-based sol-gel method is

the ability to control the nanostructures of nanoparticles. Figure 19A shows the SEM images of



ITO nanomaterials synthesized with different additives. The addition of ethanolamine and sodium
acetate in the precursor solution resulted in ITO nanorods and nanospheres, respectively. The ITO
nanorods exhibited higher specific surface area than the nanospheres, so the spin-coated nanorod
films were rougher.**° Another advantage of sol-gel method is that the doping concentration of
TCOs can be tuned by adjusting the concentration of dopants in the precursor solution. Figure 19B
shows the photographs of antimony-doped tin oxide nanoparticles synthesized via nonaqueous sol-
gel with different doping ratio of Sb. The color of white SnO: particles changed to brownish-green
once doped with Sb, indicating the existence of electrons in the conduction band.**! Figure 19C
shows the linear relationship between doping concentration of ITO nanoparticles and the
concentration of dopant in initial solution. The different dopant concentration of precursor
solutions had little impacts on the size of final ITO nanoparticles. However, the doping
concentration affected the surface plasmon resonance (SPR) properties of the ITO nanoparticles.
The Aspr occurred at 1,618 nm when the doping concentration of Sn was 10%. Higher or lower
doping concentration would cause red shift of the Aspr peak.**?> Whereas the TCO nanoparticle
dispersions can be coated or printed to form transparent films, the conductivity of the as-deposited
films is always very low because of charge scattering at small nanoparticle grain boundaries.**?
Hence, a post-annealing process is necessary for higher crystallinity and lower boundary defects.
Figure 19D shows the X-ray diffraction (XRD) patterns of solution-processed ITO films annealed
at different temperatures in air. The thermal annealing at high temperature resulted in better
crystallinity. However, the highest conductivity was obtained by 500 °C-annealed ITO films, and

higher annealing temperature would lead to a decrease of hall mobility.***
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Figure 19. (A) SEM images of ITO nanorods and nanospheres. The nanorods and nanospheres
were synthesized via sol-gel process with ethanolamine and sodium acetate as additives,
respectively. Reproduced with permission from Ref*°. Copyright 2014 Elsevier B.V. (B)
Photograph of ATO nanoparticles (top) and colloids in tetrahydrofuran (THF) (bottom) with
different doping ratio of Sb. Reproduced with permission from Ref*!. Copyright 2009 American
Chemical Society. (C) Relationship between doping ratio of Sn in ITO nanoparticles and the
concentration of Sn in precursor solution. Reproduced with permission from Ref*?. Copyright
2009 American Chemical Society. (D) The XRD patterns of solution-processed ITO films
annealed at different temperatures. Reproduced with permission from Ref***. Copyright 2002

Elsevier Science B.V.



Nevertheless, 500 °C is too high for some electronic devices and certainly for most flexible
substrates. To address this issue, laser annealing techniques are applied on solution-processed TCO
thin films to reduce the surface roughness and Rsn without causing damage to the substrates.**3437
Kim et al. developed a combustion process that can reduce the annealing temperature of metal
oxides from > 400 °C to <250 °C. Figure 20A illustrates the difference between the combustion
process and conventional sol-gel process. The combustion process uses metal nitrates as oxidizer
and acetylacetone/urea as “fuels”. The redox reaction generates massive localized heat, and thus
takes the place of high-temperature annealing processes. Figure 20B shows the differential thermal
analysis (DTA) and thermogravimetric analysis (TGA) of ITO films synthesized via combustion
process (red curves) and conventional process (blue curves). Both analyses indicate a complete
conversion temperature of < 200 °C for the ITO films synthesized via combustion process. As a

result, the combustion-processed ITO films showed 130 S/cm electrical conductivity with a low-

temperature annealing process of 250 °C (Figure 20C).*

Generally, the optical transmittance of solution-processed TCOs for solar cells is > 80% over the
entire visible spectrum. Figure 20D shows the optical transmittance of spin-coated ITO films with
different layers. A red shift of the UV cut-off which was probably attributed to a quantum size
effect that was observed as the films became thicker. Meanwhile, the difference in film thicknesses
caused the interference of light at different wavelengths. As a result, maxima and minima can be
observed on the transmittance spectra.**® The post-treatment also has an impact on the optical
transmittance of TCO films. Figure 20E, F, and G show the influence of post-annealing process

on the optical transmittance of the brush-painted titanium-doped indium oxide (TIO) films. The



annealing process below 400 °C caused a decrease in optical transmittance at 550 nm, but higher

annealing temperature could make the optical transmittance of the annealed films higher than as-

deposited ones (Figure 14G).!%
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Figure 20. (A) Schematics of the combustion process compared to conventional sol-gel processes.

(B) DTA (top) and TGA (bottom) analyses of ITO films synthesized via combustion (red curves)



and traditional process (blue curves). (C) The electrical conductivity of ITO films versus annealing
temperature. Red and blue lines refer to ITO films synthesized via combustion and conventional
processes, respectively. Reproduced with permission from Ref**®. Copyright 2011 Springer Nature.
(D) Optical transmittance of spin-coated ITO films with different layers compared to bare glass.
Reproduced with permission from Ref*°. Copyright 2012 The Royal Society of Chemistry. (E)
Photograph, (F) optical transmittance spectra, and (G) specific transmittance at 500 nm of brush-
painted TIO films with different post-annealing temperatures. The bottom right image also shows
the change of figure of merit (FoM) of the TIO films as the temperature increases. Reproduced

with permission from Ref!%. Copyright 2013 Elsevier B.V.

5. Carbon Materials

5.1 Graphene
5.1.1 Material Synthesis

In 2004, Geim and Novoselov achieved the first experimental isolation of graphene via mechanical
cleavage of graphite, and thus triggered the global research interest of graphene.* Up till now,
the one-atom-thick graphene film has been well-reported as 2D material with unique physical and
chemical properties, including excellent mechanical flexibility, good chemical stability, high
optical transparency and charge carrier mobility. These features make the graphene materials

especially promising for TEs of optoelectronic devices.’>!>844!

Figure 21 summarizes the synthesis of various graphene for different applications.**? To produce

graphene sheets with high efficiency and low cost, chemical exfoliation approach is developed to



fabricate graphene oxide (GO) and reduced graphene oxide (rGO) sheets. GO sheets are mainly
fabricated via oxidative treatments on graphite, such as Brodie method,*** Hummers method*4-44¢
and Staudenmeier method.**”#*8 Hummers method is the most adopted way nowadays, where the
GO sheets are obtained through graphite oxidation in an anhydrous mixture of concentrated sulfuric
acid, potassium permanganate and/or sodium nitrate. Furthermore, rGO sheets could be obtained
by removing the oxygen-containing groups on GO surfaces. A number of reduction treatments on

449-455

GO have been developed, which include the chemical reduction, photothermal reduction,**

457-460 " and microwave reduction.**'*> The chemical reduction approach is the

thermal reduction
most versatile, with the availability of many different reduction agents such as hydrazine, strong

alkaline media, ascorbic acid, sodium borohydride and poly (sodium 4-styrenesulfonate).

Compare to pristine graphene, rGO has lower conductivity caused by the residue oxygenated group
and defective sites. Therefore, non-chemical exfoliation is developed as an alternative route to
obtain graphene sheets from graphite without the oxidation process. Liquid-phase exfoliation of
graphite is based on exposing the materials to a solvent with a surface tension that favors an
increase in the total area of graphite crystallites.*®> Generally, there are two ways of the liquid
phase exfoliation: using high surface tension solvents or using aqueous solutions with
surfactant/polymers in water as stabilizers.*** Through the sonication of graphite in these solutions,
graphite is split into individual platelets and yields a significant fraction of monolayer graphene

flakes in the suspension,*6>466

Instead of solution processable graphene flakes, large-area and uniform graphene films are readily

synthesized via vapor phase methods including chemical vapor deposition (CVD),*7-4% plasma-



enhanced chemical vapor deposition (PECVD),**#"! and annealing SiC.*’>*”* Among these

methods, CVD is the most typical and readily accessible one that involves the decomposition of

474,475 1 476
2

gaseous carbon source, such as methane,*’ hexane, toluene and ethano over a transition
or polycrystalline metal substrate typically held at high temperature around 1000 °C.*”7#78 The
single-to-few-layer CVD graphene films are commonly grown on polycrystalline metals such as
Ni*" and Cu foils,*® whereas CVD of graphene on transition metal substrates such as Pt,*! Ru*®?
and Ir**? have also been explored. PECVD is developed to grow graphene at a lower temperature.
Assisted by the remote-discharged radio-frequency plasma beam source (13.5 MHz), monolayer
CVD graphene can be deposited on Cu foil in less than 5 minutes at ~ 650 °C.*"® Wafer-size single-
to-few-layer graphene films can also be synthesized on carbon-containing substrates such as
silicon carbide (SiC), where the graphene films were fabricated via the sublimation of silicon

atoms and graphitization of remaining carbon atoms under very high temperature (1000 ~

1600 °C). 484



Nop=doum Graphite

Oxidation
exfoliation -
e a

Liquid-phase
exfoliation

| Micromechanical
l cleavage

Al & Chemical vapour
e % deposition

Figure 21. Major approaches of graphene synthesis. Fabrications of graphene could be categorized
into four approaches: micromechanical cleavage of graphite, oxidation exfoliation, liquid-phase
exfoliation, and chemical vapor deposition. Adapted with permission from Ref**?. Copyright 2017

Springer Nature.

5.1.2 Optical and Electrical Properties

Graphene and its derivatives have unique physical properties and chemical stability that attract
large research interest. Graphene film was first adopted as TE of a DSSC by Wang et al. in 2008.
The rGO TE was ultrathin (~10 nm) and exhibited a large Rsh of 1.8 £ 0.08 kQ/o with a
transparency > 70% under the wavelength of 1,000 ~ 3,000 nm.''® Later in 2009, graphene TEs

with different thicknesses (6-30 nm) were studied. The Rsh was reduced to 210 ~ 1,350 Q/o with



a transmittance of 72% ~91% in the visible range.*®> To date, rGO sheets that achieve the highest
conductivity up to 6300 S/cm and a record-high mobility of 320cm?V's™! have been
fabricated.*®® Large-area CVD graphene sheets up to 30 inches are shown in Figure 22A. Such
graphene layers exhibited a low Rsh of ~125 Q/0, high optical transmittance (~97.4%) and high
mobilities up to 7350 cm? V! s at low temperature (Figure 22B).!% The extraordinary optical
transparency, mechanical flexibility and electrical conductivity of graphene made them ideal

candidates as TEs for flexible microelectronics.

Up till now, graphene-based electrodes have been applied in the photovoltaic devices extensively
and reported with impressive performance and flexibility.**%*%7 The hydrophobicity nature of
graphene could be a problem for the subsequent solution-based deposition of other materials.
Traditional surface modification methods such as plasma treatment may damage the very thin
graphene, causing unwanted doping or a decrease in conductivity.*384¥ To improve the wettability
of graphene while preserving its conductivity and transmittance, a self-assembled layer of pyrene
buanoic acid succidymidyl ester (PBASE) was stacked on the graphene surface non-covalently via the
pyrene group.*3® The PBASE modification barely affected the optical transmittance of the graphene
film, as shown in Figure 22C, but greatly improved the wettability of PEDOT:PSS solution on the
surface of graphene. On the other hand, appropriate surface modification could improve the
performance of graphene TEs directly by improving the conductivity and tuning the work
function.*%*? For example, Sung et al. improved the conductivity of single-layer graphene TE by
modifying the graphene surface with an evaporated MoOs layer. The Rsh of graphene film can be
reduced from ~ 2000 /o to 780 Q/o by depositing 0.5 nm MoO3 layer on top (Figure 22D).
Moreover, this additional MoOs layer provides hydrophilicity to the graphene TE, and elevates the

work function of graphene from 4.23 eV to 4.71 eV via the hole doping effect.*”
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5.2 Carbon Nanotubes
5.2.1 Material Synthesis

Apart from the two-dimensional (2D) carbon-based transparent conductive materials mentioned
above, a lot of research efforts have also been put on the one-dimensional (1D) carbon nanotube
(CNT) in the past few decades. The CNTs are commonly divided into two groups: single-wall

CNT (SWCNT) and multi-wall CNT (MWCNT). The structure of SWCNT is considered as a

rolled-up graphene sheet, while that of MWCNT consists of multiple graphene layers. The first
experimental discovery of CNTs was about the MWCNTSs fabricated through arc-discharge

494

evaporation by lijima et al. in 1991,”" and the first SWCNT was synthesized by the same group

two years later.**>

In general, the presence of metal and/or metal oxide catalyst is found to be critical to control the
structure of fabricated CNTs. Catalysts such as Co,*%%7 Ni,*8 Fe, #9501 Ag02 Ag 303 p(, 304505
and MgO>% are commonly adopted, and the effects lead by different mixtures of these catalysts
have been widely studied. There are three approaches for CNTs fabrications nowadays: the plasma
arc-discharge, pulsed laser ablation and CVD process. Among the three approaches, plasma arc-
discharge and pulsed laser evaporation could produce CNTs with relatively high quality, but a
harsher reaction condition involving high reaction pressure and temperature (1000 ~ 6000 K) is
required.’®’ For the arc-discharge technique, CNTs are produced from a chamber filled with inert
gas at sub-atmospheric pressure (100 ~ 700 torr) as shown in Figure 23A.°% The chamber
contained a high-purity graphite cathode and anode, as well as filling with evaporated carbon
molecules and metal catalysts. During such an arcing process, about half of the evaporated carbon

solidified on the cathode tip and chamber wall, forming cigar-like structures that contain nanotubes



arranged randomly 4%4:493:499.509

Figure 23B shows the experimental setup for pulsed laser ablation, where a high-energy laser was
used to vaporize the graphite placed in a quartz tube under ~ 1,200 °C in inert gas atmosphere.’!*-
312 Previous studies have demonstrated that this fabrication process allows an easier control of the
diameter and yield of the resultant nanotubes when compared to the traditional arc discharge.

Various parameters inside the reaction chamber could influence on the size of the CNTs, such as

h,513_515 516,517

the laser power and wavelengt pressure, temperature and the chemical
composition.’'® As demonstrated by Thess et al., the ultrafast (sub-picosecond) laser pulse
vaporized carbon-nickel-cobalt mixture could enable the creation of large amounts of SWCNT

under 1,200 °C with a yield of > 70%.°"

On the other hand, CVD has been developed as the most widely used continuous production
process of CNTs in a large scale.322 CVD techniques allow precise control of experimental
parameters, thus the chirality and morphologies of the resultant CNTs could be well-designed.
Generally, the gaseous carbon source such as methane, ethanol, acetylene and carbon dioxide was
deposited on a layer of metal and/or metal oxide catalyst supporting by a substrate under ~ 1,000
°C and ~ 1.25 atm (Figure 23C).> For instants, Kong et al. discovered that the catalyst substrate
determines the growth of CNT as either an individual or a bundle. For example, individual
SWCNTs were obtained when the FexOs catalyst was supported by crystalline alumina
nanoparticles, while only bundled SWCNTs were obtained when amorphous silica particles
substrates were adopted.>?* A number of CVD processes including catalytic CVD (CCVD),>?%-528

thermal CVD,>?°33! plasma enhanced (PE) CVD,>? laser-assisted CVD,>** water assisted CVD,>*


https://www.sciencedirect.com/topics/physics-and-astronomy/silicon-dioxide

microwave plasma (MPECVD),>* and hot-filament (HFCVD)>*¢ have been adopted for improving

the for the fabrication of CNTs.
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Figure 23. Major approaches for CNT synthesis. Fabrications of CNTs could be categorized into
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5.2.2 Optical and Electrical Properties

In 2004, Wu et al. reported transparent and conductive pure SWCNT films via filtration method,

through which the resultant films possessed a transmittance and conductivity comparable to that



of ITO. The Rsh of the as-prepared 50 nm film was 30 /g, with the corresponding transmittance
over the visible spectrum and near-IR spectrum recorded as > 70% and > 90%,

respectively.’!

Base on this technique, Pasquier et al. first applied the SWCNT films as TEs in
OSCs. The films with thickness < 100 nm was found transparent to UV light, exhibiting a higher
transparency than ITO-PET under the light with the wavelength from 250 to 850 nm.>*’ Figure
24A shows a photograph of a free-standing CNT film which was used as top TE for PSCs.>*® The
high work function (4.95 to 5.05 e¢V) of the CNT films makes them ideal as transparent anodes.
The electrical conductivity of CNT can be further improved via acidic treatment, as reported by
Geng et al.!” The Rsn of CNTs films treated with 12 M HNO3 for 60 min was reduced by a factor
of about 2.5 times while the change in the transmittance was negligible in the visible region. The

Rsh of the resulted films were ~ 40 Q/o and 70 Q/o at the corresponding transmittances of 70%

and 80%, respectively (Figure 24B).

To serve as transparent cathodes, the work function of CNT should be reduced to facilitate the
electron injection. In 2017, Luo et al. demonstrated SnO2-coated cross-stacking carbon nanotube
(CSCNT) films as efficient transparent cathodes for PSCs. The SnO:z-decorated CNT layers
significantly reduced charge recombination of the device when compared to the bare-CNT-based
ones because of the electron extracting nature of SnO2. Meanwhile, the modified CNT exhibited a
satisfactory Rsh of ~ 51 ©/0.%% On the other hand, many research works have been done on tuning
the work function of CNTs films through doping processes.’**->*? Recently, Lee et al. reported the
trifluoromethane-sulfonic acid (TFMS) vapor doping of the free-standing CNT sheet for PSCs
(Figure 24C). As shown in Figure 24D, the Rsh of the doped CNT sheet was significantly reduced

from 153 Q/oto 121 Q/o after 40 s TFMS doping, and the work function was increased from 4.75



to 4.96 eV.!% Likewise, the conductivity and work function of CNTs sheets could be adjusted by
polymer modification, such as the polyethyleneimine (PEI) modified cross-stacked super-aligned
carbon nanotube (CSCNT) as demonstrated by Zhou et al. By drop-casting PEI/IPA solution on a
CSCNT film fabricated via CVD process, a ~ 2- um-thick CSCNT:PEI film with an Rsh of ~40.5
Q/o was obtained. Moreover, the work function of the CSCNT film was decreased from 4.68 eV
to 4.45 eV. Thus, the charge transfer barrier between the electron transporting layer and CNT films

was reduced as well as enhancing the performance of the photovoltaic devices.>*’
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Figure 24. Optical and electrical properties of CNT electrodes applied on solar cells. (A) Photo of
freestanding CNT film lifting by tweezers to transfer onto other substrates. Reproduced with
permission from Ref**®. Copyright 2014 American Chemical Society. (B) The corresponding

conductivity as a function of film thickness before and after acid treatment. Reproduced with



permission from Ref'%. Copyright 2007 American Chemical Society. (C) Schematic illustration
showing ex-situ doping of CNT by using vaporized TFMS; and (D) measured sheet resistance with
different exposure time to TFMS vapor. Reproduced with permission from Ref'®. Copyright 2018

American Chemical Society.

6. Solution-based Coating and Printing Technologies for Fabrication of TEs

As mentioned above, solution-based thin-film deposition technologies are preferred by the
photovoltaic industry because of high throughput, low material waste, and low cost compared with
traditional vacuum deposition technologies.’**>*¢ However, achieving high-quality solution-
deposited TEs is a challenge task because many aspects such as surface wettability, the volatility
of solvents, the adhesion between TEs and substrates, and rheology of the solutions have to be
considered and optimized.>*”>%° Figure 25 illustrates most frequently reported solution-based
coating and printing techniques for TEs. Some examples of TEs fabricated via these techniques

will be discussed in Section 6.1 to 6.6.

Spin coating is a facile approach to obtaining small-size (wafer scale) thin films.>>' It makes use
of centrifugation force to spread materials uniformly on flat substrates. A solution or ink that
contains the coating material is firstly drop-casted on top of the target substrate on the spin coater.
To form a uniform film, the solution should have a certain degree of wettability on the target
substrate. Most of the material and solvent is spun-off from the substrate during the spinning
process, leaving a thin layer of material on the substrate. For a specific material, the thickness of

the film is majorly determined by the concentration, volatility and viscosity of the solution, and



the spin speed.’**>>* There is a simplified model to illustrate the relationship between film

thickness and spin speed when neglecting the effect of shear stress:

2

hows (9)

where /4 is the final film thickness and w is the rotation rate.”’”> An annealing process is usually
necessary after the spin coating of TE materials for multiple purposes such as evaporation of the
residual solvent, sintering of the nanoparticles/nanowires, or conversion of the precursors to finally

TEs.

Spray coating deposits droplets on the target substrate via the spray nozzle.’>> The spray nozzle
generates an aerosol that contains droplets of TE material (or precursor), and directs the transport
of materials to the target substrate with the aid of electrostatic charge or carrier gas.?? A hotplate
is usually necessary under the target substrate to evaporate the residual solvent, or to convert the
precursor to the final TE. For example, transparent and conductive AZO thin films can be

fabricated via the spray pyrolysis of a solution containing Zn(Ac)2 and AlCI3.3%

Slot-die coating is a highly efficient one-dimensional coating technique that is commonly
integrated into the R2R fabrication of solar cell modules.”” As illustrated in Figure 25, the ink is
pushed out of the slot-die head by a pressure system, and stripes of the ink is coated along the
moving direction of the web. The thickness of the film is controlled by the pumping rate and
concentration of the ink, while the coating speed is determined by the moving speed of the web.

For R2R fabrication of OSCs, slot-die coating can provide a coating speed of ~ 2 m/min for the



deposition of TEs and electron/hole transport materials, whereas a much lower speed is adopted

for the deposition of active materials.>>%>

Inkjet printing employs printers that propel ink droplets on target substrate in a drop-on-demand
manner, which is typically controlled with a computer program. Typically, the ink is pushed out
of the nozzle by the piezoelectric printhead, but sometimes thermal printhead is adopted for forcing
the ink to drop out of the nozzle by heat. Many different kinds of inkjet printers have been utilized
for the deposition of active layers and electrodes for different types of solar cells in recent
years +360:561.362 The optimization of the surface wettability of the inks is critical for successful
inkjet printing of uniform films.’%**** Meanwhile, adjusting the viscosity of the inks to the

“printable range” is also very important for successful inkjet printing,>3-6

Screen printing is a commonly used low-cost printing technique for advertising, textiles and
clothing, and printed electronics.’*’7% The screen is a mesh aperture that has part of the area to be
ink-impermeable by the blocking stencil. The ink is pressed onto the target substrate by the
squeegee (or blade) through the permeable areas, forming ink patterns on the selected areas. The
screen printing system requires no delicate printing head or nozzle, but only a patterned silkscreen
(typically polyester), a squeegee, and a holder. As a result, the equipment cost of screen printing
is much lower than that of other printing techniques for solar cells. Besides, screen printing is a
very high-throughput printing technique for solar cell fabrication. For example, the screen printing

technique allows a throughput rate of 1,500 wafers per hour for the fabrication of Si selective



emitter solar cells.’’! The photovoltaic industry has adopted screen printing for the fabrication of

silicon, CdS/CdTe solar cells for many years.>’>%"3

Apart from the solution processes that are included in the dashed area in Figure 25, there has been
some other R2R-compatible vacuum-free techniques for TE fabrication. Transfer printing is
commonly adopted when the solution/ink of the material cannot be printed/coated on the target
substrate directly. It is not exactly a “solution” process but is highly compatible with large-scale
R2R fabrication. Figure 25 illustrates the transfer printing process of a TE thin film to target
substrate. The TE film is firstly adhered or coated on the stamp, and then attached to the target
substrate. The stamp is peeled-off from the substrate once the TE film has been released on the

substrate.
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Figure 25. Typical coating and printing techniques for the fabrication of TEs of solar cells. The

solution-based techniques are included in the dashed frame.

Table 3 compared the above-mentioned coating and printing technologies that are adopted for the
deposition of TEs. Spin coating and spray coating are widely adopted for the lab-scale fabrication
of thin-film solar cells since they only require simple equipment, and are easy to process. However,
these technologies are not suitable for the industrial fabrication of solar modules because of the
lack of scalability. In addition, spin coating wastes most of the raw materials, which is not
acceptable for the industry. Other coating or printing technologies such as slot-die coating and
screen printing are preferred by the industry for high throughput (> 10 m/min) and very low
material waste.’”* Till now, fully printed organic solar modules have been available on the market
for years, and high efficiency perovskite solar modules are expected to be on market very
soon.”’>’¢ The following sections discuss the principles, advantages, and disadvantages of
commonly used solution-based coating or printing techniques such as spin coating, spray coating,
slot-die coating, inkjet printing, and screen printing for TEs of thin-film solar cells. For some
specific applications, the R2R-processable transfer printing technique is employed. Apart from
these techniques, some other solution-based methods such as electrospinning, self-assembly,

doctor blading, flexographic printing, and etc. have been reported for the fabrication of TEs.?77-580



Table 3. Comparison of typical coating or printing techniques that are adopted for the fabrication

of solution-processed TEs.

Coating/ Largest . . . Commonly
Printing  Reported Fllm F flm . Scalability M.a.terl.al Used Ref.
. Thickness Uniformity Utilization .
Technique Area Materials
Spin PEDOT:PS
Co}a)tin 5x5cm  nanoscale good poor < 5% S, AgNW, 8158
g rGO, TiO,
AgNW,
Spray nano- to .. o CNT, 583.584
Coating 21>30 cm microscale good limited 15-98% PEDOT:PS
S, TiO,
Slot-Die nano- to . PEDOT:PS 45
Coating N.A. microscale good good very high S
Inkjet nano- to PEDOT:PS
Prin‘gin N.A. microscale limited good very high S, AgNP, 386
& AgNW
Screen 2 nano- to &0 PEDOT:PS 574
Printing > 88 m microscale good good >0% S, AgNP
Transfer nano- to Graphene,
- : . 166
Printing N.A microscale good good very high  PEDOT:PS

S, AgNW




6.1 Spin Coating

One major advantage of the spin coating technique is the ability of conformal coating of thin and
uniform films on flat substrates. This feature very compatible with the request of high-quality TEs
because the thickness of TEs should be well-controlled for a balance between electrical
conductivity and optical transmittance. Figure 26A shows the AFM topographic images of
PEDOT:PSS film deposited via spin coating with different rotation rate, solution concentration,
and annealing temperature. The results indicate that the solution concentration, spin speed,
annealing temperature, and annealing time played an important role in final film morphology and
thickness.’®” Another research also suggested the necessity of thermal annealing after spin-coating

of PEDOT:PSS for higher conductivity and better work function-alignment. '3’

Sometimes the uniformity of spin-coated TEs is not ideal due to the limitations of the material
itself. For example, AgNW shows good dispersibility in water, isopropanol and some other
commonly used solvents, and thus can be spin-coated on many substrates for electrode applications.
However, the spin-coated AgNW usually forms a nanomesh on top of the substrates, which shows
too high roughness for bottom TE applications.?!” Leem et al. addressed this issue by spin-coating
a thick layer (200 nm) of the TiOx buffer layer atop the AgNW to obtain a relatively uniform and
smooth film, as shown in Figure 26B. The nanostructured TiOx also served as an electron
transporter for the inverted OSCs.’*® Apart from the roughness issue, the weak adhesion between
AgNW and the substrates may lead to mechanical failure of devices, especially for flexible solar
cells. Recently, Lee et al. reported AZO/AgNW/AZO sandwiched TEs fabricated via spin coating
(Figure 26C). The AZO nanoparticles were obtained via a combustion sol-gel method, which

provided better crystallinity compared with the traditional sol-gel method (Figure 26D). The spin-



coated AZO layer not only smoothened the surface of the AgNW but also protected the AgNW
from the corrosion of perovskite active material. The adhesion between the sandwiched electrode
and the substrate was also good that the flexible PSC based on it showed very little efficiency loss

after repeated bending.'!

For carbon-based TEs, the optical transmittance of the films will decrease significantly as the
thickness increases. For example, every single layer of graphene (atomic level thickness) absorbs
2.3% of white light.®® As a result, the thickness of graphene-based TEs should be very low to
ensure sufficient optical transparency. Spin coating is an effective approach to obtaining a few
nanometer-thick graphene thin films apart from the transfer printing technique. In 2008, Wu et al.
reported OSCs based on spin-coated graphene TEs for the first time. The thickness of graphene
films can be as thin as 3.1 nm after chemical reduction.'® The unsatisfactory solar cell efficiency
caused by the poor electrical conductivity of the thin rGO film can be addressed by mixing it with
CNT to form a conductive nanocomposite. Figure 26E and F show the synthesis of rGO/CNT
nanocomposite via solution process, and the AFM image of a spin-coated composite TE film,
respectively. The spin-coated nanocomposite TEs exhibited good optical transmittance of > 80%

while maintaining a decent Rsh of 600 Q/o (Figure 26G and H).''4
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Figure 26. (A) AFM topographic images of spin-coated PEDOT:PSS films with different

concentrations, spin speed and annealing temperature. Adapted with permission from Ref>’.



Copyright 2015 Elsevier B.V. (B) AFM topographic images of AgNW TEs with and without the
TiOx buffer layer. Reproduced with permission from Ref>*. Copyright 2011 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim. (C) Schematics and (D) XRD patterns of AZO/AgNW/AZO
composite TEs deposited via spin coating. Reproduced with permission from Ref'!°. Copyright
2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (E) Schematics, (F) AFM image, (G)
optical transmittance, and (H) sheet resistance of tGO/CNT composite TEs fabricated via spin

fl 14

coating. Reproduced with permission from Ref"*. Copyright 2009 American Chemical Society.

There are some limitations of the spin coating technique for the fabrication of TEs of thin-film
solar cells. First, spin coating is material-wasting because most of the solution is spun-off.
Considering that the material cost of TEs takes up a large part of the entire price of the raw
materials of thin-film solar cell modules, the large amount of material waste caused by spin coating
is not acceptable for large-scale fabrication, even if some may be recylced.?**>*° Second, the
uniformity of spin-coated TEs is usually sensitive to substrate cleanness, humidity, spin speed, and
etc. All these limitations will further increase the manufacturing cost of TEs via spin coating.!>%?
Third, spin coating on a large substrate is technically challenging. On one hand, it is difficult to

hold a large substrate with a high spinning speed. The thickness of thin films at various locations

over a large substrate is also different because of the difference of localized centrifugation speed.

6.2 Spray Coating

Compared with other solution-based coating technologies, the major advantage of spray coating is

the ability of conformal deposition of materials on arbitrary surfaces. Figure 27A and B show



fiber-based organic photodetector based on PEDOT:PSS TE, which was deposited via spray
coating of a PEDOT:PSS solution. The curved optical fiber substrate made it impossible to deposit
uniform TE via spin coating, which is only applicable to smooth planar substrates. On the contrary,
the uniform 140 nm-thick PEDOT:PSS film with > 90% optical transmittance and <400 €/o sheet
resistance can be obtained via spray coating.>®® For other rough surfaces such as AgNW-coated
glass substrate, direct spin-coating of PEDOT:PSS solution may also lead to non-uniform surface
coverage. Thus, spray-coating PEDOT:PSS atop the AgNW film is a better choice for fabricating
PEDOT:PSS/AgNW composite TE for planar solar cells.** Figure 27C shows the AFM image of
a spray-coated AgNW film as the top TE for semi-transparent OSCs. The spray-coated AgNW top
TEs exhibited a very low Rsh of < 10 Q/0, resulting in a high fill factor of > 60% for the semi-
transparent OSCs (Figure 27D).'? Apart from PEDOT:PSS and AgNW, GO water dispersion is
also suitable for spray coating. It can be reduced to graphene during spray coating when doped
with a reductant such as hydrazine.>®> As a result, spray coating is regarded as a cost-effective
approach to deposition graphene counter electrodes for DSSCs.>*® Whereas spray pyrolysis has
become a conventional method for the deposition of the TiO2 compact layer for DSSCs, TCOs for
other thin-film solar cells can also be deposited via spray pyrolysis.*®”**® Apart from smooth and
condense TCO films, spray coating is also capable for the deposition of nanostructured TCO films.
Figure 27E introduces an electrospray system that is used for depositing nanostructured ZnO and
AZO films for PSCs. A high voltage power supply system was incorporated with the spray coating
system to adjust the morphology of ZnO or AZO films. The morphology of resulted films showed
high dependence on deposition conditions such as applied voltage, annealing temperature, flow
rate, substrate-to-nozzle distance, and deposition time.>*® Besides, the nanostructured TCOs can

also be synthesized via the spray coating of a mixture of TCO precursor/nanoparticle and polymer



scaffold.®®° Figure 27F shows the schematics for the deposition of mesoporous TiO: electrodes for
DSSCs via spray coating. The TiO2 nanoparticles which were either pre-synthesized or synthesized
in the mixed solution formed micelles with a block copolymer of polystyrene (PS) and
poly(ethylene oxide) (PEO). The spray-coated TiO2/PS-b-PEO film turned to a mesoporous TiO2

film after the calcination process.

Similar to spin coating, the spray coating of TEs has the scalability issue when compared with
other solution-based coating or printing technologies. For example, the printing speed is only 6
cm/min for an organic active material along the x-axis, which is very slow compared with other
R2R processes.®’! As a result, spray coating is barely used for the fabrication of large-area thin-

film solar modules.??
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Figure 27. (A) Schematics and (B) photograph of fiber-shaped organic photodetector fabricated

via spray coating. Reproduced with permission from Ref°**. Copyright 2013 WILEY-VCH Verlag

GmbH & Co. KGaA, Weinheim. (C) AFM image, and (D) optical transmittance of semi-

transparent OSC with spray-coated AGNW top electrode. Reproduced with permission from Ref!*.

Copyright 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (E) Schematics of an

electrospray system with a high voltage supply to control film morphology. Reproduced with

permission from Ref”. Copyright 2014 The Royal Society of Chemistry. (F) Schematics of the

deposition of mesoporous TiO2 electrodes via spray coating of TiO2/PS-b-PEO micellar solution.

Reproduced with permission Ref®®2. Copyright 2017 Elsevier Ltd.



6.3 Slot-Die Coating

Figure 28A and B show the roller slot-die coating system that was used to fabricate flexible
organic LEDs.%* The coating system employs a material-saving small slot-die head, which is
suitable for the deposition of expensive active materials. The surface roughness of anodic interface
for a 2 x 2 um area was 20 nm, such roughness is higher than typical results of spin-coated or

spray-coated films (Figure 28C).5%

Despite the relatively high surface roughness, the scalability
of slot-die coating is significantly higher than that of spin coating and spray coating. Figure 28D
shows flexible large-area organic solar modules with an active area of 1 cm? for every single solar
cell. The organic active material and the PEDOT:PSS TEs were both deposited via slot-die
coating.®® Another advantage of slot-die coating is the high utilization rate of the substrate area.
The significant edge-to-center thickness variation caused by the spin coating process is negligible
on slot-die coated films.®*> Thus, large-area organic solar modules with a 98.5% geometric fill

factor were fabricated by combining slot-die-coating with fast laser patterning, as shown in Figure

28E.%06

The most frequently used ink for slot-die coating of TEs is the water solution of PEDOT:PSS,
which is similar to that for spin-coated and spray-coated TEs. However, the R2R processing
feature of slot-die coating provides the opportunity for in-situ studying of PEDOT:PSS film
formation mechanism. Figure 28F shows an in-situ grazing incidence wide-angle X-ray scattering
(GIWAXS) setup that is incorporated with a slot-die coating system. The time-resolved data of
GIWAXS indicate different solvent evaporation and crystallization mechanism for pristine
PEDOT:PSS, ED-doped PEDOT:PSS, and PEDOT:PSS post-treated by EG. The EG doping of

post-treatment was found helpful for reducing the n-r stacking distance between PEDOT chains,



which strengthens the interchain coupling and thus results in higher electrical conductivity.*” The
R2R slot-die coating has been found compatible with other conductive inks such as graphene, CNT,
and AgNW, 8608609 Fioyre 28G compares a R2R-coated ZnO/PEDOT:PSS/Ag grid/PET
flextrode (left) and a slot-die coated ZnO/AgNW/PET TE (right). The optical transmittance of
optimized AgNW TE was 10% higher than that of the flextrode, and the Rsh of the AgNW TE (10
~20 /o) was lower than that of commercial ITO/PET. The superior optical transmittance of slot-
die coated AgNW TEs resulted in higher efficiency of organic tandem solar cells compared with
the flextrode-based solar cells.®'® Recently, Jeong et al. optimized the solvent, concentration, and
flow rate of AgNW solution for large-area slot-die coating on PET substrate for the touch panel
application. By adjusting the flow rate of AgNW ink, the Rsh and optical transmittance of the
AgNW films fell within the range of 12.9 ~ 149 Q/o and 77.3 ~ 92.2%, respectively. The surface
roughness of the AgNW TE was reduced after a calendaring process. In principle, such optimized

AgNW films are also promising for solar cell applications.®!!

The limitation of slot-die coating includes 1) the strict requirement of rheology of the inks of slot-

612,613

die coating for high-quality thin films. and 2) the high-density coating defects such as ribbing,

rivulet, and dripping phenomena may occur, which damage the uniformity of the coated films.5!4
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Figure 28. (A) Schematics and (B) photographs of roller slot-die coating system for OLED module

fabrication, and (C) the surface topography of slot-die coated films. Reproduced with permission

from Ref®®. Copyright 2012 Springer Nature. (D) Large-area flexible organic solar modules with

slot-die coated PEDOT:PSS TEs. Reproduced with permission from Ref®™*. Copyright 2016 The

Authors. Published by WILEY -VCH Verlag GmbH & Co. KGaA, Weinheim. (E) Slot-die coated



organic solar modules with high geometric fill factor. Reproduced with permission from Ref®%.
Copyright 2016 The Royal Society of Chemistry. (F) A R2R slot-die coating system integrating
with an in-situ GIWAXS system that tracks the crystalline data of PEDOT:PSS film in real-time.
Reproduced with permission from Ref®”’. Copyright 2015 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim. (G) large-area R2R-printed flextrode (left) and slot-die coated ZnO/AgNW TE
on PET substrate. Reproduced with permission from Ref®!°, Copyright 2015 WILEY-VCH Verlag

GmbH & Co. KGaA, Weinheim.

6.4 Inkjet Printing

One of the features of the inkjet printing technique is the direct printing of high-resolution patterns
without the lithography process. Figure 29A shows a large-area OSC with inkjet-printed Ag
current collecting grids. The printed Ag grids only covered 8% of the surface area thanks to the
fine width (~ 160 pm) of the printed grid lines. The thickness of printed Ag grid lines was > 2,000
nm, which induced too large height difference for the spin-coating of PEDOT:PSS TE and active
material (Figure 29B). This problem can be solved by embedding the Ag grids into an additional
barrier layer. The large-area OSCs with PEDOT:PSS/Ag grid TEs exhibited superior photovoltaic
performance compared with that of ITO-based control device thanks to the very low sheet

resistance (1 ©/0) of the inkjet-printed Ag grids.'®

Inkjet printing is also an effective approach to producing large-area continuous TE films. Figure
29C and D show solution-processed OSC with inkjet-printed PEDOT:PSS TE, ZnO electron

transport layer (ETL), and P3HT:PCBM active material. The films exhibited good uniformity over



the entire area, resulting in a good photovoltaic performance for large-area solar cells (Figure 29E).
There was a surface coverage issue of inkjet-printed ZnO films atop the PEDOT:PSS TEs. Such

problem has been overcome by repeated printing of multiple ZnO layers.°'

One major challenge for obtaining smooth inkjet-printed thin films is the coffee-ring effect, which
originates from the capillary flow during the solvent drying process.’'%%!7 However, such effect
can be helpful for fabrication TEs with specific ring patterns.®'® Figure 29F shows a CNT
transparent conductive film with connected ring structures, which was formed by printing the CNT
dispersion on a heated PET substrate. The diameter and height of the CNT rings were found
relevant to the temperature of the substrate, and a post-annealing process can further reduce the
Rsh of the CNT films.*"” GO and few-layered graphene oxide (FGO) can also be inkjet-printed for
TE applications. Huang et al. reported inkjet-printed GO and FGO patterns on PI, PET, and paper
for electrical circuit and chemical sensor applications. For the polymeric substrates, simple surface
treatment with PSS and PEI was conducted before the inkjet printing of GO and FGO to improve

the wetting of the inks.%*°

Another category of promising inkjet-printable material is the TCO dispersion or precursor
solution. The solution-processed TCOs always show limited electrical conductivity due to poor
crystallinity, which can be improved to a certain degree by post-sintering processes.®*! Jeong et al.
addressed this issue by sandwiching Ag grids between two layers of inkjet-printed ITO TEs. Figure
29G and H show the optical and SEM images of inkjet-printed ITO/Ag grids/ITO composite TEs.

The participation of Ag grids reduced the Rsh of the TE significantly to 2.86 /o while maintaining



an optical transmittance of 74.06%. Such result is even better than that of commercial vacuum-

deposited ITO/glass TEs.!!2
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Figure 29. (A) Optical images and (B) surface profile of inkjet-printed Ag current collecting grids

for flexible OSCs. Reproduced with permission from Ref?'¢. Copyright 2010 Elsevier B.V. (C)



Optical images with inkjet-printed PEDOT:PSS TE, ZnO ETL, and P3HT:PCBM active layer. (D)
Schematics and (E) J-V curves of the fully printed OSCs. Reproduced with permission from Ref®!>.
Copyright 2014 Elsevier B.V. (F) Flexible transparent conductive film constructed with connected
“coffee rings” of CNTs. Reproduced with permission from Ref®". Copyright 2014 The Royal
Society of Chemistry. (G) optical and (H) SEM images of ITO/Ag grids/ITO composite TEs
fabricated via inkjet printing. Reproduced with permission from Ref!!'?. Copyright 2011 Elsevier

B.V.

6.5 Screen Printing

Screen printing have attracted great attention for the fabrication of solution-processed thin-film
solar cells in recent years. Figure 30A shows R2R-processed flexible organic solar modules with
screen-printed ZnO ETLs, PEDOT:PSS TEs, and hole transport layers (HTLs). The highly
efficient rotary screen printing system provided very fast printing speeds of > 10 m/min and 10
m/min for PEDOT:PSS films and ZnO films, respectively.®?? The screen-printed PEDOT:PSS can
obtain an Rsh of 60 Q/o on PET substrates, which is comparable with that of ITO/PET TEs. The
mesh structure of the screen aperture can be an advantage for TE fabrication because the mesh-
structured TEs show higher optical transmittance than homogeneous thin films. Figure 30B and C
depict the schematic of a screen printing process for mesh-structured PEDOT:PSS TEs, and the
microscopic images of PEDOT:PSS meshes, respectively.”> The PEDOT:PSS meshes with
different width/period (W:T) ratios can be obtained by adjusting the mesh count, wire diameter,
and photoresist thickness of the stainless steel mask. The OLED devices with such screen-printed
PEDOT:PSS TEs showed a peak power efficiency of 1.83 Im/W and a peak current efficiency of

3.40 cd/A, which is comparable or better than that of ITO-based devices. The resolution of



traditional screen printing techniques is not so high, but the feature size can be improved to ~ 30
um by a modified screen-offset technique.®®® Figure 30D shows screen-printed GO patterns on
flexible PET substrate (left), which was further reduced to rGO (right) with HI under moderate
conditions. Such a method provided a facile approach to producing large-scale patterned graphene
TEs with hundreds of nanometer thickness (Figure 30E).®** Apart from PEDOT:PSS and graphene
materials, screen printing is also adopted for the deposition of TiO2 TEs for DSSCs.* For optimal
solar cell performance, TiO2 nanocrystals with different particle sizes can be printed for electrode
and light scattering purposes.®*> The screen printing technique also provided a facile approach to
obtaining stripe-type TEs, which improve the efficiency of large-area solar cells significantly

compared with pain-type devices.5%¢

Another feature of screen printing technique is the low dependence on the target surface because
the highly viscous printed inks/pastes slow down both wetting and dewetting behaviors.®?7-6%
Figure 30F illustrates the structure of solution-processed OSC with printed Ag grids as TEs. Figure
30G compares the printed Ag grids on PEDOT:PSS top TEs with different printing techniques for
the solution-processed TCO-free OSCs. The uniformity of flatbed screen-printed and rotary
screen-printed Ag grids was much better than that of flexographic-printed and inkjet-printed grids,
which suffered from a severe de-wetting issue in PEDOT:PSS surface. As a result, the OSCs with

screen-printed Ag grids exhibited superior efficiency compared with flexographic-printed and

inkjet-printed devices.5%
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Figure 30. (A) R2R-processed organic solar modules with screen-printed PEDOT:PSS TEs.

Reproduced with permission from Ref®?2. Copyright 2012 The Royal Society of Chemistry. (B)

Schematics of the screen printing process of PEDOT:PSS meshes, and (C) microscopic images of

screen-printed PEDOT:PSS meshes with different width/period ratios. Reproduced with

permission from Ref®*. Copyright 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (D)

Optical images of screen-printed GO (left) and rGO (right) films on PET substrate, and (E) AFM

topographic image (top) and profile (bottom) of rGO grid line. Reproduced with permission from

Ref®?*. Copyright 2017 WILEY -VCH Verlag GmbH & Co. KGaA, Weinheim. (F) Schematics of

solution-processed organic solar modules, and (G) optical images of Ag grids printed with flatbed

screen printing, rotary screen printing, flexographic printing, and inkjet printing on top



PEDOT:PSS TEs. Reproduced with permission from Ref®?°. Copyright 2013 WILEY-VCH Verlag

GmbH & Co. KGaA, Weinheim.

6.6 Transfer Printing

High-quality graphene thin films are usually deposited on Cu or Ni foils via the CVD process.**°

For TE applications, the CVD graphene thin films have to be transfer-printed on either transparent
substrates or the top of the devices. Suk et al. developed two versatile transfer printing methods to
print CVD graphene on multiple substrates, as illustrated in Figure 31A and B. The graphene film
was firstly protected by a spin-coated PMMA thin film, followed by an etching process in FeCl3
to remove the underlying Cu foil. The PMMA-protected graphene film was then either picked up
with a polydimethylsiloxane (PDMS) stamp to laminate on the target substrate or scooped up with
the target substrate directly.%3! For large-scale production, an R2R transfer printing technique has
been developed for the fabrication of 30-inch large graphene TEs on flexible substrates. Such
transfer-printed monolayer graphene showed a low Rsh of 125 /0 and high optical transmittance
of 97.4%, and thus are ideal candidates for solar cell applications.'® The optimized flexible PSC
with transfer-printed graphene TE on polyethylene naphthalate (PEN) substrate exhibited a
maximum efficiency ~ 17%, and the device was very robust under repeated bending at a small
radius of 2 mm thanks to the ultrahigh flexibility of graphene.®*? Recently, Heo et al. reported >
18% efficiency flexible PSCs with bis(trifluoromethanesulfonyl)-amide (TFSA)-doped graphene

TEs, whose efficiency is one of the highest among all-reported flexible PSCs.'?



However, such a “wet” transfer printing technique is limited for the deposition of graphene top
TEs for PSCs because the perovskite materials are very sensitive to moisture.*® You et al.
developed a transfer-printable graphene/PEDOT:PSS composite electrodes for semi-transparent
PSCs as top TEs, and the device structure is illustrated in Figure 31C. The D-sorbitol doped
PEDOT:PSS not only reduced the Rsh of the TEs from > 1,000 Q/o to < 200 €/, but also served

as a binder to improve the contact between graphene and N2,N2,N2' N2' N7,N7,N7'N7'-
octakis(4-methoxyphenyl)-9,9'-spirobi[ 9H-fluorene]-2,2",7,7 -tetramine (spiro-OMeTAD) HTL.

The optimized devices employed double-layered graphene/PEDOT:PSS TEs, showing an
efficiency of > 12% when illuminated from either FTO side or the composite TE side (Figure
31D).!!'! The standalone PEDOT:PSS films can also be transfer-printed by a PDMS stamp. Such
a transfer-printing technique overcomes the wettability issue of PEDOT:PSS solution/ink on
hydrophobic materials, generating more possibilities for top-illuminated device architectures. For
example, Wang et al. reported transfer-printable PEDOT:PSS TEs deposited on PDMS stamps via
VPP as top TEs for OSCs in 2012.9** Later in 2013, Gupta et al. reported top-illuminated OSCs
with transfer-printed PEDOT:PSS TEs, which were spin-coated on PDMS stamps directly before

transfer.%3

In Section 3, we have introduced the effect of strong acid treatment for improving the electrical
conductivity of PEDOT:PSS TEs. A bonus of such acid treatment is the impaired adhesion
between PEDOT:PSS and substrates, which results from the removal of PSS. In 2015, Kim et al.
reported transfer-printed highly conductive PEDOT:PSS TEs by making use of the weakened
adhesion between acid-treated PEDOT:PSS and the substrate. The PEDOT:PSS films were peeled-

off by PDMS stamps directly after treating with concentrated H2SO4. The transfer-printed



PEDOT:PSS TEs served as bottom TEs for OSCs, resulting in an efficiency of 7.7% which was
slightly higher than that of ITO-based control device.'*” Such facile transfer-printing technique is
ideal for the fabrication of top-illuminated PSCs, as it avoids the degradation of perovskite active
materials caused by PEDOT:PSS solution. In 2017, a fully solution-based approach to obtain TCO-
free semi-transparent PSCs was report (Figure 31E). The PSCs employed HNOs-treated
PEDOT:PSS as both top and bottom TEs. Figure 31F shows a SEM cross-sectional image that
suggests a conformable contact between the transfer-printed PEDOT:PSS and the spiro-OMeTAD
HTL. The HNOs treatment reduced the Rsh of PEDOT:PSS films from megaohm scale to <40 Q/o,
and the PEDOT:PSS films can be transfer-printed after the treatment as well. Such a transfer-
printing process required only < 70 °C for successful printing on top of the spiro-OMeTAD HTL

of the PSCs, so the performance of the device would not be influenced by the printing process.5*

Another well-studied transfer-printable material for TEs is the AgNW thin film, which typically
shows very poor adhesion to substrates. The weak adhesion between AgNW films and substrates
makes it very easy to pick the AgNW films up with the PDMS or other polymeric stamps.537:638
The superior conductivity and high optical transmittance of transfer-printed AgNW TEs guarantee
the high efficiency of opaque and semi-transparent OSCs that is comparable to ITO-based
devices.%31%¥ For large-scale R2R fabrication, an adhesive layer is necessary for the lamination of
high-quality AgNW TEs. For example, D. Spyropoulos et al. reported an R2R transfer-printing
process of AgNW TEs on top of flexible organic and perovskite solar modules. A mixture of

PEDOT:PSS solution and D-sorbitol served as a transparent conductive adhesive (TCA) for the

AgNW TEs. The TCA improved the interfacial contact between AgNW and the active materials,



resulting in > 5% and > 9% efficiencies for semi-transparent organic and perovskite solar modules,

respectively.®4
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Figure 31. Schematics of (A) dry and (B) wet transfer-printing process of graphene TEs on
multiple substrates. Reproduced with permission from Ref®*!. Copyright 2011 American Chemical
Society. (C) Schematics and (D) J-V curves of semi-transparent PSCs with transfer-printed
graphene/PEDOT:PSS composite top TEs. Inset is the photograph of the semi-transparent devices.
Reproduced with permission from Ref'!!. Copyright 2015 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim. (E) Fabrication process of fully solution-processed TCO-free semi-transparent

PSC. (F) SEM cross-sectional image of theTCO-free semi-transparent PSC with HNOs-treated



PEDOT:PSS as both top and bottom TEs. Reproduced with permission from Ref®*°. Copyright

2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

7. Applications on Emerging Thin-film Solar Cells

The solution-processed TEs are low-cost and highly scalable compared with traditional vacuum-
deposited TCOs. However, such an advantage does not necessarily make them preferred
substitutes for vacuum-deposited TCOs. In this section, we introduce and discuss the application
of different solution-processed TEs on different thin-film solar cells. The flexible thin-film solar

cells with solution-processed TEs are highlighted.

7.1 Organic Solar Cells

OSCs are thin-film photovoltaics that use photoactive semiconducting polymers or small organic
molecules as active materials.'®>**! The progress in OSCs is very rapid recent years. The record
efficiencies of OSCs have reached 16.5% and 17.3%, for single-junction and tandem solar cells,
respectively.!*%4? Currently, the organic active layer is dominated by a BHJ type that consists of
a blend of p-type electron donor and an n-type acceptor.t#** Photons are absorbed by the BHJ
active material under illumination, generating bounded electron-hole pairs (i.e., excitons). The
electrons and holes that dissociated from the excitons at the interfaces between donor and acceptor
diffuse to the LUMO energy level of acceptor and the HOMO energy level of the donor,
respectively (Figure 32). One advantage of organic active materials is the very high absorption
coefficient (> 1 x 10° cm™), which results in sufficient light absorption even at very low film

thickness.®*>%4 Besides, most of the reported organic active materials are soluble in common



solvents such as chlorobenzene, dichlorobenzene, and toluene, and thus are suitable for R2R

solution coating and printing. As a result, the organic active materials are promising for large-scale

647,648

R2R-printable solar modules.
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Figure 32. Exciton generation and charge separation mechanism of BHJ OSCs. Reproduced with

permission from Ref®*’. Copyright 2012 Springer Nature.

The state-of-the-art OSCs with solution-processed TEs employ high FoM materials such as doped
or post-treated PEDOT:PSS, AgNW, PEDOT:PSS/Ag meshes, and TCO/AgNW composites.
Very recently, Peng et al. reported highly efficient solution-processed flexible OSCs with an
efficiency of 12.35% with D-maltose doped PEDOT:PSS, which is comparable to the best-
reported flexible OSC with vacuum-deposited ITO TEs.®>%®! Figure 33A and B show a sulfuric

acid post-treated PEDOT:PSS TE and its application on solution-processed OSC. The 4,380 S/cm



conductivity of treated PEDOT:PSS TEs provide a comparable J-V performance of the OSCs to
the ITO-based control devices (Figure 33C).>** Even with this high conductivity, it is still
considered not adequate for large-size solar modules.®> Thus, further reducing the serial resistance
caused by PEDOT:PSS is important for fully solution-processed organic solar modules. One
commonly adopted method is incorporating highly conductive transparent metal grids with
PEDOT:PSS films. Ag grids are preferred as current collecting grids because of the high electrical
conductivity of Ag metal (6.30x10° S/cm), and the ease of solution-based coating or printing.®>?
Figure 33D shows a photograph of large-scale fully printed organic solar modules consisting of
16,000 serial-connected OSCs. The solar modules employed flexo-printed Ag grids and rotary
screen-printed PEDOT:PSS TEs as bottom electrodes, and rotary screen-printed PEDOT:PSS and
Ag grids as top electrodes. The 80 m-long solar modules exhibited a Voc of 8.12 kV under full sun
illumination, and > 1.5% overall PCE was obtained for 1,856 serial-connected cells (Figure
33E).%** The ease of large-scale printing makes the combination of Ag grids and PEDOT:PSS very
promising for the industrialization of large-area low-cost organic solar modules. However, the
hygroscopic nature of PEDOT:PSS films may accelerate the degradation rate of the OSCs based
on PEDOT:PSS TEs or HTLs. Despite the stability issue can also be by doping of post-treatment
which partly remove the hydrophilic PSS moieties, the long-term stability of PEDOT:PSS TE-

based OSCs remains to be studied.?*>-653-657
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of different areas of the solar module. Reproduced with permission from Ref®*. Copyright 2013
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Nano- or micro-scale meshes consisted of AgNWs are ideal for small-area OSCs as they show
very high FoM that is even superior to that of vacuum-deposited ITO (Table 1). However, AgNW
films are rarely used as bottom TEs for OSCs alone due to the roughness issue, as mentioned in
previous sections. In real practice, AGNW films are combined either with high work function
conducting polymers as anodes or with low work function TCOs as cathodes.®*®%’ Figure 34A
and B illustrate the structure and J-V curve of a solution-processed OSC with PEDOT:PSS/AgNW
anode. Another layer of PEDOT:PSS was coated on top of the composite TE as an HTL. The
doping ratio of PEDOT:PSS and the thickness of the composite electrode were optimized to obtain
an optimum balance between conductivity and transmittance. In the meantime, the surface
roughness of the TEs has been found relevant to the doping ratio of PEDOT:PSS solution. The
optimized OSC on flexible PET substrate showed a PCE > 10%, which is comparable to a rigid
control device on ITO/glass substrate.®® For cathode applications, AgNW TEs are often combined
with TCOs such as ITO, AZO, and ZnO.'$>37%-%! Figure 34C shows an example combining AgNW
and ZnO together as high-performance cathodes for solution-processed OSCs. The ZnO thin films
not only smoothened the surface of AgNW TEs, but also functioned as an ETL for efficient charge
separation of the OSCs (Figure 34D). A multi-length scaled structure which further improves the
FoM of AgNW films was adopted for the AgNW TEs.%¢? The patterned AgNW TEs allowed more
light to pass through, and thus resulted in a higher PCE of the OSCs (9.02%) compared with that
of plain AgNW-based OSCs (8.55%).°%* For top TE applications, the AgNW films can be spray-
coated on top of the devices directly as the roughness issue of AgNW films becomes less prominent
for top-illuminated devices.®®*%®> Figure 34E illustrates a semi-transparent OSC with inkjet-
printed AgNW TE as the top electrode. The doctor-bladed phosphomolybdic acid

(PMA):PEDOT:PSS composite HTL ensured good wettability of AgNW dispersion for spray



coating. Such fabrication method is versatile for different active materials (P3HT:PCs1BM, PTB7-

Th:PC71BM, or PffBT4T-20D:PC7:BM) with different deposition process (spin coating or doctor

blading). The fully printed semi-transparent OSC with PTB7-Th:PC7:BM active layer and AgNW

top TEs showed > 5% PCE while maintaining > 50% average transmittance of 400 ~ 780 nm

(Figure 34F).%6¢
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Figure 34. (A) Structure and (B) J-V curve of flexible OSC with PEEDOT:PSS/AgNW anode as

TE. Adapted with permission from Ref*®. Copyright 2019 The Royal Society of Chemistry. (C)



Structure of a solution-processed OSC with ZnO/AgNW cathode as TE. (C) Optical image and (D)
surface profile of the AgNW mesh electrodes. Adapted with permission from Ref®®*. Copyright

2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (E) Schematics of fully solution-

processed semi-transparent OSC with spray-coated AgNW top TE. (F) The optical transmittance
spectrum of the semi-transparent OSC from 300 to 850 nm. Inset shows a photograph of the semi-
transparent device. Adapted with permission from Ref®®. Copyright 2017 American Chemical

Society.

The R2R processability of graphene has attracted great attention in the field of solution-processed
OSCs.*10 However, the unsatisfactory conductivity of pristine graphene limits the efficiency of
graphene TE-based OSCs. In 2011, Wang et al. reported 2.5% OSC with 4 layer-stacked graphene
TE and MoOs/PEDOT:PSS surface modification. The stacking of multi-layered graphene was
realized by repeated wet-transfer printing of CVD graphene films.®®” Later on,
tetracyanoquinodimethane (TCNQ) and PEDOT:PSS were combined with multiple-layered
graphene TEs for higher electrical conductivity.5%%% Figure 35A shows a graphene-based
transparent cathode for inverted OSCs. The n-type graphene was obtained by spin-coating of a
fluorocarbon surfactant (Zonyl) doped ZnO solution on top of the graphene TE. The surfactant
improved the wettability of ZnO solution on the hydrophobic graphene surface, and thus increased
the uniformity and smoothness of the ZnO film. Thanks to the ideal work function and high optical
transmittance of the n-type graphene TEs, the PCE (7.5%) of OSCs made with graphene TEs was

the same as that of ITO control devices.®”®



Apart from the transfer-printing of CVD graphene sheets, direct solution coating or printing of
graphene or graphene derivatives is an approach to obtaining low-cost graphene TEs.%”!%73 Figure
35B shows solution-processed graphene TEs by direct spray-coating a dispersion of graphene
nanosheets. The graphene nanosheets were synthesized by a simple electrochemical exfoliation of
graphite. The OSCs with spray-coated graphene TEs showed an efficiency of 4.23%. Although the
performance of the spray-coated graphene TE was notably worse than that of CVD graphene due
to limited conductivity, the electrochemical synthesis and spray coating process may significantly
lower the cost of TEs.%7* The high optical transmittance feature of graphene is favorable for some
specific applications such as “colorless” OSCs, which is promising for building-integrated
photovoltaic devices.®” Figure 35C shows the structure and photograph of colorless OSCs with
graphene TEs as both top and bottom TEs. The graphene electrodes showed > 95% optical
transmittance, resulting in a 69% transmittance at 550 nm for the entire OSC. Meanwhile, the full-
graphene-TE-based OSCs showed PCE values of > 4% and > 3.7% on glass and PET substrates,

respectively.®’

Apart from graphene, CNTs are also promising carbon materials for OSC applications. For
example, Jeon et al. demonstrated dry-deposited SWCNT as TE anode for OSCs, which showed
PCE values of > 6% and ~ 4% for rigid and flexible devices, respectively.®”” Figure 35D illustrates
R2R-processed CNT/PEDOT:PSS composite TEs and the OSCs based on them. The composite
TEs were found significantly more conductive than pristine PEDOT:PSS films because the highly
oriented CNT arrays enriched the pathways for efficient electron transport. As a result, the
electrical conductivity and optical transmittance of the composite TE were comparable to those of

vacuum deposited ITO electrode.!!* Table 4 lists some of the best-reported OSCs with solution-



processed TEs. Note that the efficiency of OSCs is highly relevant to the active material, some
solution processed TE-based OSCs with low-efficiency active materials (e.g., PAHT:PCBM) are
not listed in the Table although their efficiencies are comparable or even higher than the ITO-

based control devices.!?>2%
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Figure 35. (A) Schematics (top left) and J-V curves of OSCs with solution-processed n-type
graphene TE. The graphene film was deposited via wet-transfer printing of the CVD graphene
sheet. Bottom image shows the effect of Zonyl surfactant for the uniform coating of ZnO on top

of the graphene TEs. Reproduced with permission from Ref®’’. Copyright 2016 WILEY -VCH

Verlag GmbH & Co. KGaA, Weinheim. (B) Spray-coated graphene nanosheets as anode TEs for
OSCs. The graphene nanosheets were synthesized by electrochemical exfoliation of graphite.
Reproduced with permission from Ref’’. Copyright 2017 American Chemical Society. (C)
Schematics (top) and photograph (bottom) of neutral-color semi-transparent OSCs with graphene
thin films as both top and bottom TEs. Adapted with permission from Ref®’¢. Copyright 2016

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (D) Solution-processed OSCs with R2R-

processed CNT/PEDOT:PSS composite TEs. Reproduced with permission from Ref'!®. Copyright

2014 American Chemical Society.



Table 4. Examples of highly efficient OSCs with solution-processed TEs.

TE Processing Active Voc Jsc FF PCE Ref
Method Material (V) (mA/em?) (%) (%) ’
) . . PBDB-T- a 650
PEDOT:PSS Spin coating ACL-IT-AF 0.885 19.13 72.92 12.35
PEDOT:PSS/ . . . a 660
AGNW Spin coating PM6:IT-4F  0.825 19.17 65.08 10.30
PEDOT:PSS/ Spin coatin PBDB-
Bmbedded- SPRLOOUE o TipTBT- 074 2048 6754 1020 78
Ag mesh p & Th:IHIC
PEDOT:PSS  Transfer printin PIBT- 077 142 70 77 157
‘ SICTPHNUNE — 1y.pC, BM : ' '
SMPV1 iPC71
BM, and
Graphene® Transfer printing PTTBDT- ! Osg li 8(')43 Zi ft 3022 8(')43 li 679
FTT:PC7B ' ’ ’ '
M
Graphene Transfer printing PTBZ;}; UL 14.1 69.5 7.1 680
747+
PEDOT:PSS/ Spin coatin PBDTTT-C- 077+ 15.76+ 61.97 0.66 13
CNT P & T:PCBM  0.02 062  £188 g
PSEHTT:ICs
. . o BA and
rGf ;’&ih/ / TSmecoat.mf./ BDTT- 162 762 6421  8.02° 681
g ransfer printing DPP-PC
n1BM
PEDOT:PSS/ Spin coating/ PTB7:PC;B a 632
Ag grid Rod Coating M 0.718 14.11 68.60  6.955
. PCDTBT:PC  0.88 + 9.89 + 61.29 540 + 683
AZO/AgNW Doctor blading BM 0.01 0.33 4159 014
0.759
. . PTB7- 63.5+ 8.58 1
ZnO/AgNW Spin coating Th:PC7BM + 17.8+0.2 0.7 (8.94%)
0.016
ZnO/AgNW ~ Spin coating/ PMG:ITAF  0.84 2226  64.66  12.02¢ 684
Nano-imprinting
ZnO/AgNW Spin coating/ TB7- P 663
grid Photo-lithography =~ Th:PC7BM 0.78 17.8 65 9.02
ZnO/Ag Spin coating/ PTB7:PC;1B  0.74 + 1597+ 61.37 7.25+ 685
nanomesh Transfer printing M 0.01 0.09 +0.42 0.14

“Champion device PCE. *Tandem cell. “Semi-transparent tandem cell.




7.2 Dye-Sensitized Solar Cells

DSSC is a non-conventional type of solar cell that utilizes dye sensitizer as the light absorber. The
DSSCs have emerged as promising highly efficient thin-film solar cells when improved by
O’Regan and Gritzel in 1991.9%¢ As illustrated in Figure 36, a typical Griitzel cell consists of TCO,
working electrode, dye sensitizer, electrolyte, and a counter electrode. Unlike traditional solar cells
using semiconductors as the absorber, photoexcited electrons are generated in the dye sensitizer
from its HOMO to LUMO under light irradiation for DSSCs. The electrons are injected to the
conduction band of the working electrode (e.g., TiO2 nanoparticles) which the dye sensitizer is
anchored on, followed by a regeneration process which reduces the oxidized dye sensitizer to its
original state with the reducing component (e.g., I') of the redox couple (e.g., Is/I") in the
electrolyte. Finally, the oxidized component is reduced by the electrons from the external load at
the counter electrode.%®” DSSCs are regarded as low-cost thin-film solar cells because the working
electrode, dye sensitizer and electrolyte used for DSSCs are basically cheap materials. However,
the conventional Grétzel cells require expensive vacuum-deposited TCOs and Pt islands for
transparent electrodes and counter electrodes, so the large-scale production of DSSCs remains to

be challenging. 868
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Figure 36. Structure (top) and charge transfer process (bottom) of a typical DSSC. Reproduced

with permission from Ref®®’. Copyright 2013 The Royal Society of Chemistry.

To overcome the high-cost issue of vacuum-deposited TCO and Pt electrodes, efforts have been
put on developing solution-processed TEs and Pt-free counter electrodes for DSSCs.90-6%2
Conducting polymers such as PANI and PEDOT are good substitutes for Pt nanoparticles because
of their high electrochemical activity.>*? Figure 37A shows the structure of DSSC with in-situ
deposited PEDOT thin-film as the counter electrode. The cyclic voltammograms (CV) of the
PEDOT and Pt films showed a higher reduction current density of PEDOT than Pt, indicating
stronger electrochemical activity of the PEDOT electrodes (Figure 37B). In the meantime, the

counter electrode was free from TCOs due to the good electrical conductivity of the PEDOT film

(800 S/cm).®” The post-treatment of PEDOT or PEDOT:PSS films may further improve the



efficiency of Pt/TCO-free DSSCs. Figure 37C and D show the structure and J-V curves of the
DSSC with HNOs-treated PEDOT:PSS counter electrodes, respectively. The thickness of the
PEDOT:PSS films for counter electrode applications can be relatively thick because the light is
normally illuminated from the other side. A thick (220 nm) HNOs-treated PEDOT:PSS counter
electrode exhibited a comparable Rsh (11 €Q/0) to that of Pt/FTO (7 Q/o), resulting in a high
efficiency (8.59%) of the Pt/FTO-free DSSC.®** Other PTh derivatives such as poly(3,4-
propylenedioxythiophene) (PProDOT) have been developed as efficient counter electrodes for Pt-
free DSSCs.*” For example, Yum et al. reported > 10 % efficiency Pt-free DSSCs using

electrochemically polymerized nano-porous PProDOT counter electrodes.®*

Apart from PTh derivatives, other conducting polymers such as PANI and PPy are competitive
candidates for counter electrode applications owing to their good electrochemical properties.*¥2-34°
Figure 37E depicts the structure of bifacial DSSC with chemically deposited micro-porous PANI
counter electrodes. The chemically deposited PANI counter electrodes with 4-aminothiophenol
(4-ATP) bridging agent exhibited superior electrochemical activity to electrochemically deposited
PANI counter electrodes and Pt counter electrodes. Meanwhile, the optical transmittance of the
PANI/4-ATP counter electrodes was much higher than that of electrochemically deposited PANI
counter electrodes. As a result, the PCE of PANI/4-ATP counter electrode-based DSSC (8.35%)
was much higher than that of control devices with chemically deposited PANI (5.90%) or Pt
(7.44%) counter electrodes.®®” Oxidized PPy is another promising material for counter electrode
applications because of its good conductivity, high optical transmittance, ease of synthesis, and

good electrochemical activity.®® Figure 37F compares the CV curves of chemically deposited PPy

and vacuum-deposited Pt counter electrodes on FTO/glass substrates. The larger current density



of Is” reduction peak on CV curves indicated a lower charge-transfer resistance in the reaction of
Io/T" redox for PPy counter electrodes. Hence, the PPy thin films were supposed to be better
catalysts for the redox reaction in DSSCs than Pt islands. The higher PCE of PPy counter electrode-
based DSSC (7.66%) than that of Pt counter electrode-based control device (6.90%) was an

evidence of the superior electrocatalytic activity of PPy.®
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Figure 37. (A) Structure of PEDOT counter electrode-based DSSC, and (B) CV curves of PEDOT
and Pt counter electrodes (bottom). Reproduced with permission from Ref®”*. Copyright 2010 The
Royal Society of Chemistry. (C) Structure and (D) J-V curves of DSSC with HNOs-treated
PEDOT:PSS counter electrode. Reproduced with permission from Ref®®*. Copyright 2015

WILEY -VCH Verlag GmbH & Co. KGaA, Weinheim. (E) Schematics of bifacial DSSC with a



micro-porous PANI counter electrode. Reproduced with permission from Ref*®’. Copyright 2014
Jihuai Wu, Yan Li, Qunwei Tang, Gentian Yue, Jianming Lin, Miaoliang Huang and Lijian Meng.
https://creativecommons.org/licenses/by/3.0/. (F) Comparison of CV curves of PPy counter
electrode and Pt counter electrode. Reproduced with permission from Ref®”®. Copyright 2008

Published by Elsevier B.V.

Solution-processed metal oxides such as TiO2 and ZnO are conventional photoanodes for
DSSCs.213:700.701 These metal oxide photoanodes are usually deposited on vacuum-deposited TCOs
which serve as a current collector to improve the conductivity. Yoo et al. reported TCO-free
flexible solid-state DSSC employing transfer-printed TiO2 photoanode and spin-coated AgNW
current collector, as illustrated in Figure 38A. The transfer printing process of TiO2 avoided
thermal-induced damage of flexible PEN substrate during the high-temperature annealing process
of TiO2. The spin-coated AgNW films functioned as a highly conductive back contact layer while
providing sufficient porous paths for the infiltration of spiro-OMeTAD HTL into mesoporous TiO2
electrodes. Figure 38B compares the J-V curves of solid-state DSSCs with TiO2/FTO TE and
AgNW/TiO2 TE. The PCE of the TCO-free flexible solid-state DSSC was 3.36%, which was very
high compared with other reported flexible solid-state DSSCs.”%2-7% Solution-processed metal or
metal compounds with high electrochemical activity are also investigated to replace Pt/FTO
transparent counter electrodes for lower material and manufacturing cost.”®-"%7 For example, Pt-
free DSSC with NiSe2 counter electrode that was deposited via a hydrothermal method exhibited
superior PCE (8.69%) to that of Pt-based device (8.04%).7% Lin et al. reported a solution-based
approach to depositing Ni3S2/Ni-P on flexible PI substrates for Pt/TCO-free DSSCs. The Ni-P film

was deposited via electroless deposition (ELD), followed by an electrochemical oxidation process



and a chemical displacement to obtain Ni3S2/Ni-P bilayer counter electrodes. However, the
Ni3S2/Ni-P bilayer counter electrode deposited via this method cannot function as TE because it is
optically opaque.”” Figure 38C illustrates the fabrication of free-standing transparent CuS
nanosheet with the aid of an electro-spun polymer scaffold. A transparent Cu network was firstly
obtained by depositing Cu thin film on an electro-spun polyvinyl alcohol (PVA) frame, followed
by the etching of PVA, and then the chemical reaction between Cu and S which converted the Cu
network to transparent CuS nanosheet. The CuS nanosheet TEs showed good electrical
conductivity at high optical transmittance, as illustrated in Figure 38D. The high FoM and good
electrochemical activity of CuS TE resulted in 6.38% PCE of the DSSC, which was 14% higher
than that of the Pt/FTO control device.”!” For DSSCs using liquid electrolytes, the surface
smoothness of the laminated top counter electrode is not very important compared with other thin-
film solar cells. For example, FTO-free DSSCs with laminated W fabric as transparent counter

electrodes have been demonstrated, showing a high PCE of 8.4% when illuminated under 1 Sun.”!!



Conventional ssDSSC TCO-free flexible ssDSSC

Tio,/z907 __HTM /

FTO

\

| =0 Coventional ssDSSC
=0~ TCO-free flexible ssDSSC
' ' L

.0 0.2 0.4 06 08

Current density (mA/cm?)
ae — ~n w & oo, (-] -4 (=]

Voltage (V)
C
PVA H Cu
PET M CuS
D
« 4 °
W0} g /0""",
)3 o
80 5: ]

°
o °[-PETI/CuS Networ
X ’ / - FTO glass
o 7 |-a-ITO glass
[
Lo
0

~1
[—]

/ -»—-FTO glass/Pt
° -o- PET/Pt Networks

50 100 150 200 250 300
Resistance (2)

Transmittance at 550 nm (%)

=)
[—)

Figure 38. (A) Schematics of conventional solid-state DSSC and TCO-free solid-state DSSC with
AgNW current collector, and (B) J-V curves of the DSSCs. Reproduced with permission from
Ref’®2. Copyright 2015 American Chemical Society. (C) Schematics of the CuS nanosheet
fabrication process, and optical/SEM images of the deposited Cu network and CuS nanosheet. (D)
Optical transmittance (@550 nm) versus sheet resistance of the CuS TE and other control samples.

Reproduced with permission from Ref’!?. Copyright 2016 The Royal Society of Chemistry.



The high surface area and good electrical conductivity of carbon materials show great advantages
for counter electrode applications.”'>”!® However, the dense carbon film consisted of carbon
powders or particles is optically opaque, and thus is not suitable for transparent counter electrodes.
Graphene is known for its high optical transmittance and good electrical conductivity. In addition,
the ease of modifying graphene materials with functional groups is beneficial for counter electrode
application because the catalytic activity of the graphene material can be improved by defects and
oxygen-containing functional groups.”'*”!> Figure 39A illustrates the synthesis of FeN/N-doped
graphene nano-composite counter electrode for Pt-free DSSCs. The nano-composite was obtained
by the chemical reaction between GO/FeCl3 mixture and cyanamide. The FeN/N-doped graphene
counter electrode offered a higher catalytic activity than both standalone N-doped graphene
nanosheet and Pt counter electrodes. Figure 39B compares the J-V curves of DSSCs with 4
different counter electrodes, among which the FeN/N-doped graphene-based devices exhibited the
highest short-circuit current density and fill factor. The 10.86% PCE of the composite counter
electrode-based DSSC suggested the composite material to be promising low-cost and high-
performance substitute for conventional Pt counter electrodes.”!® In general, CVD graphene
exhibits inferior catalytic activity of the redox reaction to GO or doped GO due to less functional
groups and defects. As a result, CVD graphene is usually incorporated with other high activity
materials for counter electrode applications.”!” Figure 39C illustrates the fabrication process of
PEDOT/graphene composite counter electrode for Pt/TCO-free DSSCs. The CVD graphene was
transfer-printed onto PET substrate, followed by an N-doping process to improve the conductivity
of graphene via HNOs3 post-treatment. The PEDOT film was synthesized on transfer-printed CVD

graphene via in-situ polymerization. The graphene film not only improved the conductivity of the



transparent counter electrode, but also provided extra catalytic activity compared with standalone
PEDOT film. Both factors contributed to the superior PCE of PEDOT/graphene counter electrode-

based DSSC (6.26%) than that of the PEDOT-based control device (5.62%).7'8

Another approach to improving the catalytic activity of the graphene counter electrodes is
constructing 3D nanostructure to improve the surface area.”!” For example, Wu et al. reported a
3D honeycomb-like graphene counter electrode for DSSCs synthesized via the reaction between
Li20 and CO. The optimized device showed 7.8% high PCE, which is significantly higher than
that of a control device using exfoliated graphene nanosheet as the counter electrode (0.64%).”%°
The unique structure and high surface area of CNT, especially multi-walled CNT (MWCNT) have
been proved to be beneficial for counter electrode applications.”?!"’?2 However, the CNT films are
either too thick to be transparent or coated on FTO current collectors for higher electrical
conductivity in most situations.”*726 Figure 39D shows a photograph of a semi-transparent DSSC
using spray-coated SWCNT as the top transparent counter electrode. The SWCNT films were
treated with H2PtCls to load Pt nanoparticles on the CNT surface, which further improve the
catalytic activity of the transparent counter electrodes. The optimized semi-transparent DSSC
exhibited 25% optical transmittance at 550 nm. In the meantime, the rigid device showed a PCE
of 5.11%, which was slightly inferior to that of the control device with a Pt/FTO counter electrode
(5.42%). However, the performance of Pt/CNT/PEN-based flexible DSSC was almost identical to
that of Pt/ITO/PEN-based control device, as shown in Figure 39E. Such results indicated that
solution-processed CNT films are promising substitutes for vacuum-deposited TCOs when applied
to flexible DSSCs.”?” Apart from the counter electrode, there has been reported on using carbon

materials for photoanode applications by mixing graphene or CNT with ZnO or TiO2 to form



composite working electrodes for DSSCs. However, highly conductive TCO substrates are still

required for high-efficiency devices with such composite photoanodes.”?73!
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Figure 39. (A) Schematics of the synthesis of FeN/N-doped graphene nano-composites as counter

electrodes for DSSCs. (B) J-V curves of DSSCs with Pt, standalone FeN, standalone N-doped



graphene, and FeN/N-doped graphene counter electrodes. Reproduced with permission from

Ref”1%. Copyright 2015 WILEY -VCH Verlag GmbH & Co. KGaA, Weinheim. (C) Schematics of

the fabrication of solution-processed PEDOT/graphene transparent counter electrodes for DSSCs.

Reproduced with permission from Ref”'®. Copyright 2012 WILEY-VCH Verlag GmbH & Co.

KGaA, Weinheim. (D) Photograph of a semi-transparent DSSC with solution-processed
Pt/SWCNT transparent counter electrode. (E) The J-V curves of the semi-transparent DSSC with
Pt/SWCNT and Pt/FTO counter electrodes. Inset shows the J-V curves of flexible DSSCs with
Pt/SWCNT and Pt/ITO counter electrodes on PEN substrates. Reproduced with permission from

Ref’?’. Copyright 2014 American Chemical Society.

Table 5 lists some of the best-performing DSSCs with solution-processed TEs and current
collectors. Although best-reported DSSC has reached a PCE ~ 13%, the high-efficiency devices
still require vacuum-deposited TCOs as current collectors for working electrodes or counter
electrodes.”® Meanwhile, there have been few studies on fully solution-processed transparent

anodes (photoanode + current collector) for DSSCs.



Table 5. Examples of best-performing DSSCs with solution-processed TEs and current collectors.

TE Processing Electrode Voc Jsc FF PCE Ref
Method Type \%) (mA/cm?) (%) (%) )
PEDOT:PSS Spin coating Counter 0.696 18.99 650  859¢ 6%
electrode
PEDOT  \anoimprinting/Spi  Counter 0.692 15.4 666  7.1¢
n coating electrode
PANI-CSA Spin coating Counter 0.80 12.4 67 623 B
electrode
PANI Chemical Counter 0.730 17.51 653 835 7
deposition electrode
PyNimesh  Licctrochemical Counter 0.79 1319 673  691¢
deposition electrode
Spin Working
AgNW/TiO, coating/transfer electrode 0.74 6.88 66 3.36" 702
printing (photoanode)
Electro- Counter
CuS network  spinning/transfer 0.66 18.10 534 6.38° 710
= electrode
lamination
in-situ
PEDOT/grap polymerization/tran Counter 0.77 12.9 63 6.26" 8
hene . electrode
sfer printing
Chemical
.. Counter 0.720 + 113+ 628+ 511+ 727
PUSWCNT depocs(l)t;g‘;:pmy clectrode  0.007  0.17 0.7 007

“Champion device PCE.




7.3 Perovskite Solar Cells

The rapid development of organometal halide-based PSCs has attracted great attention from both
researchers and the photovoltaic industry.”*> The device configuration of PSCs is illustrated in
Figure 40.°° Evolved from DSSCs in 2009, the early PSCs employed a mesoscopic structure
regarding the perovskite materials as sensitized for the mesoporous TiO2 anode.””-*® Later in 2013,
planar-structured PSC with > 15% PCE was developed, indicating a great potential of organolead
halide as active materials.”**74° To date, the record efficiency of lab-scale single-junction PSC has
reached 25.2%, which is the highest among all the thin-film solar cells.”*! The PSCs are also
promising for tandem solar cell applications, as the bandgap of the perovskite active material can
be tuned easily by doping.”**’* The tunable bandgap from ~1.2 eV to ~1.8 eV makes the
perovskite solar cells suitable for both top cell and bottom cell applications.’**7#> In 2018, 28%
certified PCE of perovskite/Si tandem solar cell was reported by Oxford PV, indicating that the
perovskite/Si tandem solar cells have great potential to break through the limitations of single-
junction Si solar cells.”*® Moreover, perovskite-perovskite tandem solar cells with > 25% PCE for
4-terminal cell and > 23% PCE for 2-terminal (monolithic) cell was reported very recently.’#’
Apart from the high photovoltaic efficiency, the low-cost and solution-processable perovskite
materials are highly compatible with the R2R process, and thus is promising for low-cost solar

modules and flexible solar cells.”74
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Although most of the reported PSCs still employ vacuum-deposited FTO or ITO as TEs, there
have been increasing number of works on solution-processed TEs in recent years.**?77° The
composite electrode structure combining current collecting grid and PEDOT:PSS, which is very
effective on OSCs, also works well on PSCs. Very recently, Hu et al. reported highly efficient
PEDOT:PSS-based PSCs with 19.4% and 19.0% efficiencies on rigid glass and flexible PET

substrates, respectively. The doping of zinc di[bis(trifluoromenthylsulfonyl) imide] (Zn(TFSI)2)


http://www.sciencemag.org/about/science-licenses-journal-article-reuse

not only improved the conductivity of PEDOT:PSS to > 4,100 S/cm, but also enhanced the
mechanical robustness of PEDOT:PSS TEs.”° Figure 41A, B and C show the schematics, SEM
images, and energy diagram of flexible PSC with PEDOT:PSS/embedded-Ag mesh TE,
respectively. The transmittance of the Ag mesh was optimized that only 3.9% of transmittance loss
was observed on Ag mesh/PET compared with bare PET film. The Rsh of the optimized TE was 3
Q/o, while maintaining a high optical transmittance of 86% and low surface roughness of 2 nm.
As aresult, the champion PSCs showed 14.2% PCE with 80% high fill factor.*’ The ease of transfer
printing for the PEDOT:PSS-based TEs provides the possibility of constructing top-illuminated

PSCs.

To avoid the damage of perovskite materials by moisture or solvents, the transfer-printing of
PEDOT:PSS employs dry-transfer or “half-dry” transfer with adhesives.'!!”>! Figure 41D and E
show the structure and photograph of a top-illuminated flexible PSC using titanium foil as the
bottom electrode and flexible substrate, respectively. To form the transparent conductive adhesive
layer, PEDOT:PSS solution was doped with a pressure sensitive acrylic adhesive before doctor-
blading on top of the Ni meshed-embedded PET substrate. The transfer-printed composite TE
exhibited good contact with the HTL, resulting in an efficiency of > 10%.7>? Such transfer printing
technique is compatible with the R2R process, and thus is suitable for the high throughput

fabrication of self-encapsulated PSC modules.®*

The high-work function PDEOT:PSS TEs are occasionally employed as cathodes in “formal”

PSCs with proper surface modifications. For example, the PEI thin films that are commonly



adopted as surface modifiers in OSCs are also suitable for PSCs (Figure 41F). The work function
of PEDOT:PSS decreased from 5.08 eV to 4.08 eV after coating of 10 nm-thick PEI. The
significant change in work function turned the PEDOT:PSS TEs ideal cathodes for PSCs, as
illustrated by the device structure. As a result, the formal-structured PSC performed well on both
rigid and flexible substrates (Figure 41G). Such configuration avoided using of ETLs which are

either expensive or high-temperature requiring in most of the circumstances.’*?
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Figure 41. (A) Schematics, (B) SEM images, and (C) energy diagram of flexible PSCs with

solution-processed PEDOT:PSS/embedded-Ag mesh composite TEs. Reproduced with



permission from Ref*. Copyright 2016 The authors. http://creativecommons.org/licenses/by/4.0/.
(D) Schematics and (E) photograph of top-illuminated flexible PSC with transfer-printed
PEDOT:PSS/embedded-Ni mesh top TE on titanium foil. Reproduced with permission from Ref”*2,
Copyright 2015 The Royal Society of Chemistry. (F) Schematics of formal-structured ETL-free
PSC with PEDOT:PSS transparent cathode. (G) J-V curve and photograph (inset) of the flexible

PSC. Reproduced with permission from Ref’*. Copyright 2017 The Royal Society of Chemistry.

The high FoM of TEs made of metal nanowires provide sufficient conductivity while maintaining
high optical transmittance, which is important for semi-transparent top cell in tandem solar cells.
Figure 42A and B are the SEM cross-sectional images and schematics of semi-transparent PSCs
with AgNW top TEs for tandem applications with crystalline Si bottom cells, respectively.
Although denser AgNW film resulted in a higher photovoltaic performance of the PSC top cell,
the transmittance of the top cell should not be too low to ensure a high overall efficiency of the
tandem cell. As a compromise between top cell efficiency and transmittance, the optimum AgNW
TE had an Rsh of 16 Q/0 and an average optical transmittance of 88%. The optimized top PSC cell
exhibited a high PCE of 17.1%, and the overall efficiency of the 4-terminal tandem solar cell was
as high as 26.7%.7>* The metal materials are also eligible for bottom TE applications, but the
stability issue should be addressed for metal electrodes in PSCs because the organolead halide
(especially iodide) perovskite materials may react with metals, which leads to degradation of the
devices.”® Figure 42C and D show the structure and SEM cross-sectional image of
AZO/AgNW/AZO composite TEs on rigid and flexible PSCs. The top AZO layer not only worked
as a smooth compact layer, but also a barrier to prevent the direct contact between the perovskite

layer and AgNWs. An additional layer of ZnO served as an ETL between the composite TE and



the perovskite active layer. The FoM of the composite TE was as high as 25.1 x 107 Q !, which
is comparable to that of the commercial FTO/glass (30.9 x 107> Q') that is used in conventional
PSCs. As a result, the PSC with composite TE exhibited comparable performance to the FTO-
based control device (Figure 42E). In addition, because the solution-processed TEs exhibited
superior flexibility to vacuum-deposited ITO/PET, the devices showed much better performance
stability under repeated bending (Figure 42F).!'® Apart from metal and TCOs, some other metal
element-based materials have been reported for solution-processed TEs.”* Figure 42G depicts the
fabrication process of solution-processed transparent and conductive 2D metal-organic framework
(MOF) as TEs for PSCs. The Cu-benzenehexathiol (Cu-BHT) MOF was deposited in-sifu on the
transparent substrates via a liquid-liquid interface reaction. The obtained Cu-BHT TEs exhibited
a decent conductivity of 2,500 S/cm and an optical transmittance of 82%. The MOF TE-based PSC

exhibited almost identical performance compared with the ITO-based control devices.”’
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Figure 42. (A) SEM cross-sectional images of semi-transparent PSCs with AgNW top TEs, and

(B) schematics of the 4-terminal tandem solar cells (right). Reproduced with permission from



Ref’*, Copyright 2018 The Royal Society of Chemistry. (C) Schematics and (D) SEM image of
AZO/AgNW/AZO composite TE-based PSC. (E) J-V curves of the composite TE-based and FTO-
based PSCs. (F) Normalized PCE of the composite TE-based PSC and FTO-based control device
under repeated bending. Reproduced with permission from Ref''°. Copyright 2017 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim. (G) Schematics of the solution-deposited Cu-BHT thin

film TE. Reproduced with permission from Ref’’. Copyright 2017 Elsevier Ltd.

The application of carbon electrodes on PSCs is of great interests because the carbon materials are
chemically stable.”>®7%" Figure 43A compares the J-V curves of graphene and CNT TE-based
PSCs with an ITO-based control device.*** For SWCNTs, the HNO3 post-treatment improved the
conductivity of the TEs significantly, resulting in 15.3% high efficiency for the champion
device.” Successful post-treatment also plays an important role in high-performance graphene-
based TEs. A recent study by Heo et al. suggested that bis(trifluoromethanesulfonyl)-amide
(TFSA)-doped graphene is ideal for TE applications on PSCs. Figure 43B, C and D show the
structure, energy diagram, and SEM cross-sectional image of the graphene-based PSC,
respectively. The transfer-printed monolayer graphene exhibited an Rsh of 116 Q/0 and an
ultrahigh optical transmittance of 96.80% after the treatment of TFSA. In comparison, the pristine
graphene without doping showed a large Rsh of 650 Q/0. As a result, the graphene-based PSCs

showed very high efficiencies of 18.9% and 18.3% for rigid and flexible devices, respectively.'?”

The high transmittance of graphene TEs also shows advantages for semi-transparent and tandem

PSCs. Figure 43E shows an example of perovskites/Si tandem solar cells using graphene TEs. The



devices made use of transfer-printed graphene TEs as top electrodes of the PSCs during fabrication.

It is worth noting that the parasitic absorption of spiro-OMeTAD HTL at short wavelength reduced

the efficiency of the semi-transparent PSCs when illuminated from the graphene side, so the higher

overall efficiency of the tandem solar cells appeared when the FTO side of the PSCs facing
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Figure 43. (A) Comparison of the structure (left) and J-V curves (right) of ITO control,

MoO3/SWCNT, MoOs/graphene, and HNOs-treated SWCNT PSCs. Reproduced with permission

from Ref’®!. Copyright 2017 American Chemical Society. (B) Structure, (C) energy diagram, and

(D) SEM cross-sectional image of TFSA-graphene-based PSC. Reproduced with permission from



Ref'®. Copyright 2018 The Royal Society of Chemistry. (E) Schematics of 4-terminal
perovskite/Si tandem solar cells with graphene TEs. Reproduced with permission from Ref’®.

Copyright 2018 Elsevier B.V.

Table 6 summarizes some of the best-reported PSCs with solution-processed TEs. The state-of-
the-art PSCs with solution-processed TEs exhibited a PCE of ~ 14% or even higher, which is far
beyond that of the solution-processed thin-film solar cells with other active materials. The good
solution-processability of perovskite active materials also provides great possibilities for large-

scale R2R printing of perovskite solar modules.?”-743



Table 6. Examples of highly efficient PSCs with solution-processed TEs.

Active Voc J SC FF PCE
TE Method  yjoterial (V) (mA/emd) (%) (%)  Rek
PEDOT:PSS:CF  Slot-die I\C/[;zzi 1.07 21.96 78 18.4 %
. (1)
E coating serovskite (108 (2251)  (80) (194
i Spin Mixed-
PEEI]))%?}),SSSSZ P coating//Transf  cation  1.06 19.3 68  13.9¢ %
' er printing perovskite
) Spin Mixed-
PI;ZEI]))(())TFI;SSSS/!P coating//Transf  cation 1.07 18.7 78 15.61¢ %
' er printing perovskite
) Spin
P ED?HZ‘;ES/ A8 Coating/Nano- MAPbL  0.91 19.5 80 142¢ 0 ®
imprinting
CNT Transfer — \rappr, .81 18.3 66 9.8¢ 107
printing
) Spin
PEDOIE'TP SS/IC coating/Transf MAPbL,  0.98 19.9 78 153¢ 9
er printing
AuCls-doped Transfer MAPbl;  1.09 21.0 783  17.9° 764
Graphene prlntlng
TFSA-doped  Tramsfer  FAPbI, 105+ 2215+ 750+ 45
Graphene printing Brx 0.017 0.437 1.64 .
(18.9%
AgNW* Spray coating ~ MAPbI; 1.098 21.0 74.1 17.1¢ 754
AgNW? Transfer Mixed- 1.12 20.68 69.2  16.03 765
printing cation
Interface 0.985 + 2047+ 701+ 1413 % 757
Cu-BHT reaction 0.023 0.65 2.4 1.24

“Champion device PCE. *Semi-transparent PSC. ‘Stretchable PSC. “Flexible PSC.




7.4 Flexible Solar Cells

Lightweight and flexible solar cells are important energy harvesting devices for further wearable
and portable electronics, vehicles, and building-integrated energy harvesting systems.”®’7" The
thin-film solar cells are ideal candidates for flexible solar cells because of the solution
processability and intrinsic flexibility of the materials.””!"’”3 For flexible thin-film solar cells, the
commonly adopted substrates include polymeric thin films (PET, PEN, PDMS, and etc.), metal
foils, and natural or artificial textiles.”’*7%® Whereas most of the reported flexible solar cells
employ a planar thin-film configuration, there has been an increasing interest in non-planar textile-
based solar cells for their superior mechanical flexibility and good compatibility to wearable
applications.”®”783 This section reviews solution-processed flexible thin-film solar cells from both

material and mechanical design point-of-view.

For planar thin-film devices, the stress applied on each layer during bending is relevant to the
Young’s modulus of the material, the thickness of each layer, and the bending radius.”®* For
example, the relationship between stress ¢ and bending radius r for a bilayer system is described

by Stoney’s equation:
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where Es is Young’s modulus of the substrate, ts is the thickness of the substrate, and tr is the
thickness of the film.”®® For a multi-layer system, the outermost layer undertakes the largest tensile

strain during bending, while the innermost layer sustains the largest compressive strain.



Accordingly, there will be a mechanical neutral plane that sustains neither tensile strain nor
compressive strain inside the multi-layer system. Thus, one design principle for flexible thin-film
solar cells is applying the most brittle layer (e.g., metal oxides) nearest the mechanical neutral

plane.

Figure 44 illustrates the impact of mechanical design on the resistance change of ITO thin films
after bending at different curvature. There have been reports on employing a soft middle layer to
obtain multiple mechanical neutral planes for flexible electronics.”®*’®” Figure 44A and B show 2
symmetric structures with hard (E =255 MPa) and soft (E = 0.1 MPa) middle layers, respectively.
The neutral plane (N.P.) for A structure was inside the hard middle layer, which was far away from
the ITO film. As a result, the outer and inner ITO films sustained tensile and compressive strains,
respectively. The large tensile strain at <9 mm bending radius induced cracks on outer ITO film,
which led to a dramatic increase of the electrical resistance (Figure 44C). On the contrary, the B
structure had 2 neutral planes that are near ITO films, resulting in very low strain on ITO films
during bending. Hence, the resistance of both ITO films almost remained unchanged after the

bending test (Figure 44D).”88
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PET and PEN are common substrates for flexible thin-film solar cells because of their high optical
transmittance, good mechanical flexibility, and good thermal stability.”*>’°° Figure 45A depicts
the structure of a solution-processed flexible OSC with PEDOT:PSS TE. The solar cell avoided
the use of brittle TCOs and metal oxide ETL/HTL materials, and thus resulted in good mechanical
flexibility on the PET substrate. The device maintained > 95% of their initial efficiency after 1,000
cycles of bending at a radius of 5.6 mm (Figure 45B). For comparison, the control devices with
ITO showed 50% degradation after repeated bending under the same condition. In the meantime,
the average initial efficiency of the PEDOT:PSS -based devices (10.03%) was higher than that of

the ITO-based control devices (7.80%).”



To obtain higher flexibility, Yoon et al. reported graphene-based PSCs on PEN substrates that
were mechanically stable at a very small bending radius (2 mm). The very high flexibility of
graphene TEs endorsed mechanical stability for the flexible PSCs that > 90% of the solar cell
efficiency was maintained after 10,000 cycles of bending at 4 mm-radius.%** For fully solution-
processed PSCs, the organometal halide perovskite active materials are the relatively brittle

components.”’!

Recently, Hu et al. reported mechanically optimized PSCs that were intrinsically stretchable. The
superb flexibility of perovskite films was obtained via both chemical and physical engineering. On
the one hand, poly(styrene-co-butadiene) (SBS) and polyurethane (PU) were doped in the
perovskite solution to obtain a “brick-mortar structure” during film formation. The polymer
mixture improved the crystalline quality of the perovskite film while suppressing the “cask effect”
that originated form the brittleness of perovskite film (Figure 45C). On the other hand, the
perovskite layer was sandwiched between two PDMS substrate, which shifted the mechanical
neutral plane inside the perovskite film (Figure 45D). As a result, the optimized flexible PSC with
polymer mixture showed superior mechanical stability during bending and stretching tests. As
shown in Figure 45E, the efficiency of PSCs based on SBS-PU mixture maintained stable at
different bending curvature, whereas the control devices showed different degrees of degradation
after bending. Moreover, the PSC survived from 5,000 cycles of stretching test at a strain of 20%,

maintaining ~ 80% of its initial efficiency (Figure 45F).%



Another approach to obtaining stretchable solar cells is introducing a “wavy” structure via a pre-
stretch strategy.””*7** Figure 45G to P show the application of pre-stretch strategy to ultrathin
OSCs and PSCs. In 2012, Kaltenbrunner et al. reported flexible OSCs that were fabricated on 1.4
pum thick ultrathin PET substrates (Figure 45G). Spin-coated PEDOT:PSS films were adopted for
avoiding strain-induced cracks under severe compression. The ultrathin OSCs were highly flexible
that they could be conformally attached on arbitrarily curved surfaces such as the surface of a
human hair (Figure 45H). When attached to a pre-stretched elastomer, buckles will form on the
surface of the OSCs once the strain has been released as shown in Figure 45I. Figure 45J and K
show the J-V curves and photovoltaic performance of the OSC under different compressive strain,
respectively. The output current of the OSC decreased under compression state because the actual
active area of the device was reduced. However, the stable Voc and FF indicated that the OSC was
functioning normally under compression.*® Later in 2015, the authors demonstrated ultrathin PSCs
with similar device configuration on ultrathin PET substrates. The PEDOT:PSS-based flexible
PSC exhibited a PCE of 12%, which was almost identical to that of the control device with ITO
TE. Meanwhile, the solution-processed PSC showed good mechanical stability even under radial
compressive strain. Figure 451 and M exhibit the schematic and photograph of stretchable PSC
on a radially pre-stretched elastomer. Figure 45N shows the photographs of the PSC before and
after 44% radial compression. The current of the PSC decreased as the active area shrunk, whereas
the Voc and FF maintained almost unchanged (Figure 450 and P). In addition, the PSC was high
power-per-weight (23 W/g) thanks to the lightweight and high-efficiency perovskite active
material and the ultrathin PET substrate. Such a feature made the ultrathin PSC very promising for

aircraft and spacecraft, which require high power and lightweight energy supplies.’
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Figure 45. (A) Schematic of solution-processed OSC with PEDOT:PSS TE, and (B) normalized
PCE of the flexible PSC and ITO-based control PSC under repeated bending at a radius of 5.6 mm.

Reproduced with permission from Ref®’. Copyright 2018 WILEY-VCH Verlag GmbH & Co.

KGaA, Weinheim. (C) SEM image and schematics of the brick-mortar structure perovskite film
obtained via doping of SBS and PU. (D) Schematics of the semi-transparent stretchable PSC and
the chemical structure of SBS and PU. Normalized PCE of SBS+PU doped PSC, SBS doped PSC,
PU doped PSC and doping-free control PSC under (E) different bending curvature, and (F)

repeated stretching at a strain of 10% or 20%. Reproduced with permission from Ref*®. Copyright



2019 The Royal Society of Chemistry. (G) Schematics of ultrathin OSC on 1.4 um-thick PET
substrate. (H) Photograph of an ultrathin OSC wrapped on a human hair, the radius of which was
35 pm. (I) Photographs of the OSC during compression. The OSC was attached to a 50% pre-
stretched elastomer. (J) The I-V curves of the OSC under different degrees of compression from 0
(black line) to 80% (purple line). (K) Normalized Voc (upward triangle), Isc (circle), FF
(downward triangle), and PCE (diamond) of the OSC at different compressive strain. Reproduced
with permission from Ref*®. Copyright 2012 Springer Nature. (L) Schematics and (M) photograph
of a stretchable ultrathin PSC on a radially pre-stretched elastomer. (N) Top view and bottom view
photographs of the PSC at 0 strain and 44% areal compressive strain. (O) I-V curves of the ultrathin
PSC under radial compression from 0 strain (black line) to 44% strain (red line). (P) Voc
(downward triangle), Isc (upward triangle), and FF (circle) of the PSC under different compressive

strain. Reproduced with permission from Ref’. Copyright 2015 Springer Nature.

Textile-based electronics are promising for wearable applications because textile structures
accommodate the motions of the human body without inducing mechanical failure.”*7°¢ In 2007,
Liu et al. demonstrated optical fiber-based OSC with solution-processed ITO TE. The OSC
exhibited poor PCE due to non-perpendicular light incidence.”’ Later in 2008, O’Connor et al.
improved the OSC structure by employing semi-transparent metal top TE, which allowed light
incidence from the outer surface of the OSC. However, the fabrication of the solar cell required
vacuum deposition of metal on fiber substrate, which is technically complicated and high cost.”®
Figure 46A depicts the structure of an OSC fiber based on two wire electrodes and transparent

cladding. The primary electrode was a stainless steel wire on which the organic active layer was

coated. The secondary electrode was also a stainless steel wire but coated with Ag paste which



enhanced the conductivity of the electrode and smoothened the surface of stainless steel wire. The
secondary electrode was wrapped on the core wire to form close contact with the PEDOT:PSS
HTL. Since the secondary electrode was an opaque metal wire, the incident light would be partially
shaded by the secondary electrode as illustrated in Figure 46A. To address this issue, transparent
polymer cladding was employed to focus shaded light onto the active area of the OSC. Figure 46B
shows the dependence of power absorbed by the active layer on the light incident angle with and
without the transparent polymer cladding. The cladding provided significant light absorption
enhancement that light absorption has been observed even when the active layer was completely

shaded. As a result, the fiber-based OSCs exhibited decent PCE ranging from 2.79% to 3.27%.”°

Whereas most of the solution-based coating and printing techniques are not applicable to curved
fiber substrates, solution-based chemical and electrochemical deposition show less dependence on
surface morphology. Figure 46C shows the schematics and SEM image of fiber-shaped DSSC
with electrochemically deposited TiO2 nanotube photoanode on Ti wire. The counter electrode
which was twisted on TiO2/Ti core consisted of wet-spun graphene and electrochemical-deposited
Pt. The twisted structure of the fiber-shaped DSSC exhibited a very high efficiency of 8.45%,
which was independent from the light incident angle.’® Previous researches have demonstrated
that highly oriented CNT sheet can be obtained by drawing from a CNT forest.3°!%2 Figure 46D
illustrates the fabrication process of fiber-shaped PSC using wrapped CNT sheet as TE. The PSC
employed solution-deposited TiO2 on Ti wire, which was similar to the photoanode of the fiber-
shaped DSSC. The perovskite active layer was deposited via a cathodic deposition process, which
provided uniform surface coverage on TiO2 nanotube. Instead of the wrapped opaque metal

counter electrode, a transparent CNT sheet was wrapped onto the perovskite layer directly. The



CNT sheet functioned as TE as well as HTL, resulting in a 7.1% efficiency PSC without an
additional layer of HTL. Whereas the efficiency of the fiber-shaped PSC was lower than that of
DSSC, the PSC was free from liquid electrolyte which is more desirable for wearable
applications.®* For wearable applications, the fiber-based solar cells should be assembled on cloth

via weaving, knitting, embroidery, and etc.*0-804-806

Figure 46E shows a simple approach to fabricate fabric-based DSSC by stacking of CNT and
Ti02/Ti fabrics. Instead of weaving the fabricated fiber-shaped DSSCs, the researchers stacked the
woven fabrics of the photoanode and counter electrode, followed by the injecting of the liquid
electrolyte. An additional sealing process was necessary for such liquid-state DSSC to prevent
leaking of electrolyte. The sealed device (Figure 46F inset) exhibited a decent PCE of 3.67%, and
the solar cell performance was very stable under bending. The DSSC textiles were further
integrated on fabrics as shown in Figure 46G, demonstrating good compatibility with conventional

textiles and cloths.””®

As flexible energy harvesters, the textile-based solar cells are supposed to combine with other
textile-based energy harvesting and storage devices for real-world practice. For example, Chai et
al. combined fiber-based DSSCs and supercapacitors together for energy harvesting textiles, which
was fully charged to 1.2 V in 17 s under AM1.5 solar simulator.*”” Same year in 2016, Wen et al.
demonstrated self-powered textile that integrated DSSC, nanogenerator, and supercapacitor
together. The textile-based device collected solar energy and mechanical energy with DSSC and

nanogenerator, respectively. Thus, the hybridized device was rechargeable under both indoor and



outdoor conditions.”® The fabric construction such as weaving structure and thread counts impacts
on the performance of these textile-integrated devices. Figure 46H and I show the structure of the
textile-based triboelectric nanogenerator (TENG) and DSSC, respectively. For DSSCs, the
photoanode was fabricated via a full-solution process on polybutylene terephthalate (PBT)
substrate. The Mn/Cu conductor was deposited on the fiber substrate via chemical and
electrochemical deposition, followed by the chemical growth of ZnO nanowire arrays. Meanwhile,
the Cu counter electrode was also fabricated via chemical deposition of Cu on PBT wire. Instead
of liquid electrolytes, the DSSC adopted solid Cul HTL which avoided the risk of electrolyte
leaking and contamination. The weaving structure of fabric was found relevant to the efficiency
of the DSSC textile, as shown in Figure 46J. The highest current density was achieved with
conventional plain weave structure. Figure 46K shows a photograph of the energy harvesting
textile integrated on a colored fabric. The flexibility of the device was demonstrated to be

satisfactory for wearable applications.’8!
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Figure 46. (A) Schematics of fiber-shaped OSC using stainless steel wires as electrodes. A
transparent polymer cladding was employed as encapsulation and solar concentrator. (B)
Estimated power absorbed by the active layer-coated primary electrode versus light incident angle.

Reproduced with permission from Ref’

. Copyright 2009 American Association for the
Advancement of Science. (C) Schematics and SEM image of fiber-shaped DSSC with solution-

processed Pt/graphene counter electrode and TiO2 photoanode. Reproduced with permission from

Ref®. Copyright 2013 WILEY -VCH Verlag GmbH & Co. KGaA, Weinheim. (D) Schematics of

the fabrication process for fiber-based PSC with CNT sheet TE. Reproduced with permission from

Ref*®, Copyright 2016 WILEY -VCH Verlag GmbH & Co. KGaA, Weinheim. (E) Illustration of

the fabrication process for stacked DSSC textile. The liquid electrolyte was filled and encapsulated
between CNT and Ti fabrics. (F) J-V curve and photograph (inset) of the DSSC textile, and (G)
photograph of the DSSC textile integrated on a large size fabric. Reproduced with permission from

Ref’”. Copyright 2014 WILEY - VCH Verlag GmbH & Co. KGaA, Weinheim. (H) and (I)

Schematics of woven TENG and DSSC, respectively. The conductive Cu-coated yarns were
obtained via chemical and electrochemical metal plating. (J) J-V curves of woven DSSC fabric
with plain (black), twill (red) and satin (blue) structure. (K) Photograph of the energy harvesting
textile woven on colored fabrics. Reproduced with permission from Ref’®!. Copyright 2016

Springer Nature.

Table 7 lists some of the best-reported flexible thin-film solar cells on different substrates in recent
years. For planar devices on flexible thin-film substrates, the state-of-the-art OSCs and PSCs

exhibited > 12% PCE while maintaining good mechanical robustness. Noting that the performance



of the solar cells is also closely related to other factors such as active materials, ETLs/HTLs,
processing methods, active area, and etc., the performance of solution-processed TEs should not
be evaluated by comparing efficiencies of solar cells with different configurations. For example,
the PEDOT:PSS/Ag mesh-based PSC exhibited 14.2% efficiency, which was not the highest
among all reported solar cells with solution-processed TEs. However, such efficiency was slightly
higher than that of the ITO-based control device with the same configuration, indicating a better
performance of PEDOT:PSS/Ag mesh than that of ITO in this case.*” The substrate’s impact on
solar cell efficiencies should also be considered for flexible solar cells. For example, the average
efficiency of PEDOT:PSS:CFE-based PSCs on PET substrates (18.0%) was significantly higher
than that of ITO-based control devices on PET (14.7%). However, the opposite situation happened
on rigid devices with the same device structures (18.4% and 19.5% for PEDOT:PSS:CFE and ITO
devices, respectively).”® Bi et al. suggested that the significant mismatch between ITO/PET and
ITO glass for PSCs could be attributed from the poor coverage of perovskite films on ITO/PET,
which could be improved by tailoring the composition of perovskite precursor solutions.’%
Whereas PET and PEN films are eligible for low temperature-processed solar cells, some metal
oxide-based TE, ETL or HTL requires > 200 °C annealing temperature. Thus, PI or very thin glass
films that can sustain high temperature are adopted as alternatives for those polyesters.®*® In brief,
using high performance TE is only a necessary condition for high efficiency flexible solar cells,
because other factors such as active materials, processing methods, and substrates also play an

important role.



Table 7. Typical flexible thin-film solar cells with solution-processed TEs on different substrates.

Device V()c Jsc FF PCE
TE Substrate Type V) (mA/em?) (%) (%) Ref.
ZnO/AgNW PET film 0sC 0.84 22.26 64.66 12.02¢ 684
PEDOT:PSS PET film 0SC 0.885 19.13 7292  12.35° 630
PEDOT:PSS 1.4 pm PET film 0SC 0.58 11.9 61 4.2° 46
Transter Colorless PI film 0SC 0.821 8.90 68.99  5.04° 810
printed ITO
, 0.86+ 142 + 63.6+ 77+04 ¢
PEDOT:PSS 100 pm glass film OSC 0.01 05 0.02 (8.0%
CuS Ti foil DSSC 0.66 18.10 53.4 6.38¢ 710
AgNW/TiO," PEN film DSSC 0.74 6.88 66 3.36° 702
18.0 06
PEDOT:PSS PET PSC 1.07 21.79 77 (19.0%
PEDOT-PSS/ PET film PSC 0.91 19.5 80 14.2¢ 49
Ag mesh
. 0.95+ ;
PEDOT:PSS 1.4 pm PET film PSC 0.02 1740.5 75 1241
PEDOT:PSS// a 98
PEDOT-PSS? PDMS film PSC 1.07 18.7 78 15.61
AZO/AgNW/ PES film PSC 0.99 18.9 59.7 11.23¢ 1o
AZO
16.9 +
1.05 + 2145+ 747+ 109
Graphene PDMS film PSC 0.014 0.682 131 O.96a
(18.3%)
0978+ 1926+ 64.1+ 1207+ 15
Cu-BHT PI film PSC 0043 1.13 3.6 1.44
Graphene Stainless steel 0OSC 0.570 8.14 54.5 2.53¢ 812
PEDOT:PSS Cu-coated PET fabric OSC 0.58 12.1 41 2.90¢ 40
TiO; nanotube Ti wire/Pt wire DSSC 0.66 18.8 73 9.1 813
arrays
TiO, Stainless steel-Ti DSSC 0.69 19.70 43 5.83¢ 814

fabric



CNT Ti wire PSC 0.85 14.5 56

“Champion device PCE. ”Solid-state cell. “Stretchable. “Stretchable and semitransparent.
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8. Conclusions and Outlook

The progress of the development of solution-processed TEs for thin-film solar cells in recent years
has been encouraging. Various categories of materials including conducting polymers, metals and
metal oxides, and carbon materials have been incorporated with multiple coating and printing
techniques such as spin coating, spray coating, slot-die coating, inkjet printing, screen printing,
and transfer printing. In this article, we have reviewed the synthesis and properties of each material,
and compared some typical solution-based fabrication processes for TEs with examples. The use
of solution-processed TEs for solar cells has the following advantages. 1) The solution-based
coating and printing techniques are usually much more cost-effective than traditional vacuum
deposition processes because of higher material utilization, higher throughput, and lower energy
consumption. 2) The solution-based techniques enable the uniform deposition of TEs on flexible

and curved substrates with good adhesion and high mechanical robustness.

From the materials point-of-view, transparent conducting polymers, especially PEDOT and its
derivatives, are well-balanced candidates for solution-processed TEs. The state-of-the-art
PEDOT-based TEs exhibit comparable FoM to vacuum-deposited ITO on flexible substrates but
a notably superior mechanical flexibility. Meanwhile, many cost analyses have suggested a
significant lower cost of the solar cells once replacing vacuum-deposited TCOs with solution-
processed PEDOT:PSS films. Some other conducting polymers such as PANI and PPy are
particularly suitable for semi-transparent DSSCs because of their high electrochemical activity.

The conducting polymer can be synthesized as printable inks easily, and thus is versatile for most



of the solution processes. In addition, the conducting polymer based TEs require no high
temperature (> 150 °C) post-treatment. These advantages make conducting polymers very
promising for large scale R2R fabrication of fully solution-processed thin-film solar cells.
However, current conducting polymer based TEs cannot meet the requirements (> 90% optical
transmittance and < 10 /0 Rsn) for large area commercial solar modules due to the limited
conductivity of the polymers. The high electrical conductivity of metals is a huge advantage for
electrodes. The solution-processed metal nanomeshes/grids address the issue of poor optical
transmittance of conventional vacuum-deposited metal thin films, and provide better electrical
conductivity than conventional TCOs for large area applications. As a result, metal-based TEs now
become competitive candidates for optoelectronic applications such as solar cells, OLEDs, and
touch screens.!* A remaining issue for most metal/metal oxide nanomaterial based TEs is the
requirement of a post-treating process to sinter nanomaterials or to remove the non-conductive
residuals. Carbon materials are potentially very high-performance candidates for solution-
processed TEs. Whereas a substantial gap between the theoretical values and the experimental
performance still exist, the development of large-scale CVD and solution-based synthesis has
made it possible for large-area and low-cost carbon-based TEs. It is also worth noting that the
combination of two or more materials could further improve the performance of solution-
processed TEs. For example, incorporating metal nanowires with conducting polymers or metal
oxides reduces the surface roughness of metal nanomeshes/grids while maintaining high electrical
conductivity. For large-area solar modules (e.g., 88 m? organic solar modules), composite TEs

have been proved to be very effective.



From the fabrication point-of-view, the choice of solution-based coating and printing techniques
is determined by the application scenarios. Spin coating is widely adopted for the deposition of
high-quality TEs with small areas, and thus is ubiquitous in lab-scale fabrication. Among all the
solution-based coating and printing techniques mentioned above, the R2R-compatible slot-die
coating and screen printing techniques are very promising for the large-scale fabrication of TEs
and solar modules.®!® Inkjet printing is a versatile technique for depositing both uniform films and
high-resolution meshes/grids. Such advantage lowers the cost of patterned TEs by avoiding
additional lithographic processes. In addition, some other R2R techniques such as flexographic
printing and gravure printing have also been reported for the deposition of TEs in recent years.
Whereas more efforts are required for optimized equipment design and ink formulation, both

techniques have revealed promising features®!®8!7

In the device part, we have summarized the state-of-the-art OSCs, DSSCs, and PSCs fabricated
with solution-processed TEs. The best-performing thin-film solar cells showed comparable
efficiency (e.g., > 19% PCE PSCs with PEDOT:PSS) to conventional lab-scale devices fabricated
with vacuum-deposited TCOs. The R2R-processability of the solution-processed TEs also
generates possibilities for large-scale direct printing of thin-film solar modules. In addition,
solution-processed polymer, carbon, and metal TEs show unique advantages for flexible solar cells
because of their mechanical robustness and good adhesion to substrates. State-of-the-art flexible
solar cells with solution-processed TEs maintain > 90% of their initial PCE after thousands of
cycles of bending at small bending radii. Some solution-based coating techniques are compatible
with complicated curved surfaces such as textile fabrics, and thus are ideal for the fabrication of

textile-based wearable solar cells. Although the development of the solution-processed emerging



thin-film solar cells is still in early stage, we see efforts from both the research community and the
industry to commercialize these emerging energy harvesting devices. Up till now, organic solar
modules fabricated via these techniques have been available on market, and commercially

available perovskite solar modules are believed to be realized very soon.’!

However, there are still quite a few of challenges of these solution-processed TEs toward large-
scale solar modules. The first challenge is the long-term stability of the electrode materials and the
devices. For example. the lifetime of commercial Si solar cells is 25 years, which is much longer
than that of the best-reported PSC.3!1*-82% It is estimated that a 30-year lifetime is necessary for 15%
PCE perovskite solar modules to meet the target levelized cost of energy (LCOE) of 0.06
USD/kWh (Sunshot 2020 utility-scale solar cost target).%?! For the polymeric TEs, the long-term
stability has always been the weakness. The instability may attribute to either the intrinsic property
of the TE material itself or the interface between the TE and other layers of the solar cells. For
example, the degradation of PEDOT:PSS may be caused by the moisture absorption of
PEDOT:PSS, or the interfacial corrosion of the active materials by the acidic PEDOT.5>7:822:823
Although the issue can be partially addressed by post treatment and surface modification of the
electrodes, the long-term stability of the polymer electrodes still requires comprehensive and
detailed studies in the future.®?*%26 Similar issue also occurs on metal nanomaterials which show
higher chemical reactivity than their bulks. A study of the failure mechanism of AgNW TEs found
that the Joule heating generated by the current flow in solar cells could lead to the electrode
failure.®?” Another study suggested that light and humidity also have a significant impact on the
stability of AgNW TEs.%?® Whereas some research indicated that mixing carbon materials such as

graphene and CNTs with AgNWs improves the stability of AgNW, long term study of these



composite TEs remains to be studied.®*3° Another challenge is the uniformity of solution-
processed TEs over large areas. The uniformity, issue which is not important for small-area devices,
can be profound for large-area devices. Although there have been some reports demonstrating
R2R-processed films with good uniformity, the impact of materials, solvents, coating/printing
methods, and the environment on the uniformity of large-area solution-processed TE films remains

to be studied.?31:832

Despite all these challenges, we remain optimistic that the solution-processed TEs shall play
important roles in solar cell and optoelectronic industries in the future. In 2013, TEs made of
vacuum-deposited ITO dominated 93% of the transparent conductor market.®>*> However, this
market is changing rapidly as the demand for flexible and wearable optoelectronics keeps
increasing. A report from IDTechEx claimed that 25.6% of the manufactured OLED displays were
based on plastic substrates in 2017, and this proportion would increase to 35.3% in 2020.%** The
commercialization of flexible solar cells and OLEDs will create more opportunities for the
solution-processed flexible TEs. AgNW-based TEs will become a very large market that is
comparable to ITO-based TEs in 2028 according to another research report from the same

company.’®
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