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Abstract. Transparent conductive electrodes are one of the essential components for organic
optoelectronic devices, including photovoltaic cells and light-emitting diodes. Indium-tin
oxide (ITO) is the most common transparent electrode in these devices due to its excellent optical
and electrical properties. However, the manufacturing of ITO film requires precious raw materi-
als and expensive processes, which limits their compatibility with mass production of large-area,
low-cost devices. The optical/electrical properties of ITO are strongly dependent on the depo-
sition processes and treatment conditions, whereas its brittleness and the potential damage to
underlying films during deposition also present challenges for its use in flexible devices.
Recently, several other transparent conductive materials, which have various degrees of success
relative to commercial applications have been developed to address these issues. Starting from
the basic properties of ITO and the effect of various ITO surface modification methods, here we
review four different groups of materials, doped metal oxides, thin metals, conducting polymers,
and nanomaterials (including carbon nanotubes, graphene, and metal nanowires), that have been
reported as transparent electrodes in organic optoelectronic materials. Particular emphasis is
given to their optical/electrical and other material properties, deposition techniques, and appli-
cations in organic optoelectronic devices. © 2014 Society of Photo-Optical Instrumentation Engineers
(SPIE) [DOI: 10.1117/1.JPE.4.040990]
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1 Introduction

Optoelectronic devices based on organic semiconductors, including conjugated small molecules
and polymers, have attracted tremendous academic and industrial attention, due to the many
technological advantages of organic materials, such as low material cost, great diversity, tunable
material properties, and compatibility with flexible substrates and low temperature/high through-
put manufacturing processes.'™ Over the last decade, the performance of optoelectronic devices
has rapidly advanced in terms of efficiency and lifetime, especially those of organic photovoltaic
(OPV) cells and organic light-emitting diodes (OLEDs). The state-of-the-art power conversion
efficiency of OPV devices has exceeded 10%, which is now approaching the proposed industry
required efficiency.>® The OLED technology has already reached commercial applications in
displays: Samsung’s active-matrix OLED displays in smart phones and LG’s 55-in. OLED
TV are some examples.

As shown in Fig. 1, the basic device architectures of most OPV and OLED devices can be
classified into three different groups according to the position of the light transmissive window,
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i.e., the transparent electrode (TE), which allows light into and out of the devices, which also
relates to the device fabrication sequence. Most commonly, as shown in Fig. 1(a), a TE is first
deposited on a transparent substrate, upon which organic layers and a reflective electrode are
subsequently deposited. This configuration corresponds to the superstrate type for OPV devices
or the bottom-emitting type for OLEDs, in which light travels through the bottom transparent
electrode and the substrate. When the positions of the transparent and reflective electrodes in the
devices are switched as shown in Fig. 1(b) such that light travels through the top electrode, we
have a substrate type OPV device or a top-emitting OLED. Here, an opaque substrate could be
used. In some other cases, transparent (or semitransparent) OPV or OLED devices can be
achieved when both electrodes are transparent (or semitransparent) such that light travels
through the bottom and top electrodes as shown in Fig. 1(c).

As a TE in optoelectronic devices, optical transparency and electrical conductivity are obvi-
ously two key parameters that are related to the device performance. Moreover, the electrode/
active layer interfaces, which can strongly influence the device performance, are closely related
to various material properties of the electrodes and the deposition methods used. Hence, other
properties, such as surface roughness, surface chemistry, work function, processibility, and
mechanical properties, are also important factors for evaluating a candidate material for use
as the TE in a particular type of device. Some of these parameters are especially important
when the transparent electrodes are deposited on top of the organic layers [see Figs. 1(b)
and 1(c)]. As organic materials are generally susceptible to high temperature, organic solvents,
and ion/atom bombardment, it is more challenging to find suitable top transparent electrodes and
related deposition techniques that can eliminate or minimize the damage to underlying active
materials.

So far, indium-tin oxide (ITO) has been the material of choice as the TE in most OPV and
OLED devices as a result of its excellent optoelectronic properties and environmental stability.’
Commercial ITO thin films usually have sheet resistances of 20 Q/[] or less for 100- to 300-nm-
thick films (corresponding to conductivity on the order of 10 S/cm) and a typical transmittance
of >80% in the visible spectral range. Although ITO is the dominant electrode for optoelectronic
devices, it still has several drawbacks for large-scale applications.'®"! First, the rising cost of
indium, associated with the scarcity of global indium resources and its large consumption, is one
of the greatest concerns for the boosted demand of ITO due to the popularity of liquid crystal
displays, solid-state lighting, solar panels, and other products.'*~'> The deposition techniques
and surface treatment processes also add to the cost of ITO.'® Generally, most of the commer-
cialized ITO thin films are deposited by magnetron sputtering, molecular beam epitaxy, thermal
evaporation, and pulse laser deposition. All these techniques require high treatment tempera-
tures, 400 to 500°C or higher, and high-vacuum related deposition tools, which further increases
the ITO price'”'® and makes it unsuitable for use as top electrodes in organic optoelectronic
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Fig. 1 Schematic illustration of three types of general organic photovoltaic (OPV) and organic
light-emitting diode (OLED) device architectures: (a) superstrate type OPV and bottom-emitting
OLED, where light transfers into or out of the device through bottom substrates and transparent
electrodes; (b) substrate type OPV and top-emitting OLED, where light travels through top trans-
parent electrodes; and (c) transparent OPV and OLED, where light travels through both bottom
and top transparent electrodes.
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devices or for use with plastic substrates. Furthermore, the inefficient material utilization for
these deposition techniques is another factor that increases the cost of ITOs. For example,
~30% of the ITO in the source targets can reach the substrates during the sputter deposition
process, and the remaining 70% of the sputtered ITO source material is left on the sidewalls
and masks of the sputtering chamber. ITO recycling, either from the deposition process or
from the scraped optoelectronic products containing ITO films, has become one of the critical
ways to minimize ITO manufacturing costs. Aside from the high cost of raw materials, the high
temperature-related deposition processes will damage the underlying organic materials when
being utilized as top TEs in OPV and OLED devices. Due to the intrinsic flexibility of organic
semiconductors, the next-generation organic optoelectronic devices are envisioned to be fabri-
cated on flexible substrates to realize flexible and lightweight optoelectronic products. However,
the high temperature deposition process and the brittle nature of ITO impede its applications in
flexible modules. Last but not least, the nonstoichiometry nature of ITO makes its properties very
variable and strongly dependent on the processing history (including source material composi-
tion, deposition method and conditions, postdeposition handling/treatment).’

In the past few years, various alternative transparent conductive materials have been devel-
oped to address the above issues of ITO. In this review, we discuss four groups of materials that
have been utilized as TEs in organic optoelectronic devices, especially in OPV and OLED devi-
ces: doped metal oxides, thin metal layers, transparent conductive polymers, and nanoscale
materials [carbon nanotubes (CNTs), graphene, and metal nanowires (NWs)]. High optical trans-
parency in designated spectral regions and low sheet resistance are generally required to achieve
high optoelectronic device performance; however, there generally exists a trade-off between
these two key parameters. If we neglect any surface or interface effects and assume the material
is homogeneous, the sheet resistance of the electrode, Rgy,, should scale inversely with its thick-
ness, t, i.e., Ry, = (at)‘l, whereas the transparency, 7, follows an exponential decay behavior
with ¢ as T = exp(—ar) according to the Beer-Lambert law. Here ¢ and « are the electrical
conductivity and absorption coefficient (which is wavelength dependent), respectively. Hence
increasing the electrode thickness leads to lowering in both sheet resistance and transparency.
In addition to the thickness dependency, the transparency of these electrodes could have a weak
or strong wavelength dependence, and the surface/interface effects (roughness, patterning, opti-
cal interference, etc.) as well as material synthesis/processing conditions could also play impor-
tant roles in determining both transparency and resistance in many cases. The representative
transparency (in the visible spectral range) and sheet resistance values of the four groups of
transparent conductive materials in optimized (or near-optimized) conditions are summarized
in Fig. 2 and Table 1.""13°53 Table 1 also summarizes some other relevant factors for
using these materials as TEs in OPV and OLED devices/modules, which include compatibility

% ITO O Other doped metal oxide
@ Thin Ag layer O MoO,/Au/MoO, structure ® Metal grid
A PEDOT:PSS
@® Graphene Carbon nanotubes X Ag Nanowires
1.0 »
: ® [
®
o ¥ Xog Snbe s
0.8 LAY ZE o .2
> o & .
[¢) o L Y
S 06
o ° e ® e ®
(] [ ]
Q °®
@ 04t °
o
F o2
OO I L '
10° 10’ 10? 10°

Sheet Resistance (/0)

Fig. 2 Literature-reported transparency values in the visible spectral range as a function of the
sheet resistance for transparent conductive materials: indium-tin oxide (ITO),?>% other doped
metal oxides,2"®® thin metal layers,?%3+414¢ dielectric/metal/dielectric multilayers,** metal
grids,?®%2 poly(3,4-ethylene dioxythiophene):polystyrene sulfonic acid layers, 3153637454851 grg.
phene,?82931:3247 carhon nanotube films,19-20:26:30434553 gnd Ag nanowires, ':29:39,40:42,50
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Table 1 List of representative key parameters of different types of transparent conductive materi-
als for use as transparent electrodes in organic optoelectronic devices.

Sheet  Compatibility
Transparency? resistance® with flexible Use as top
Type Material (%) (©/00) substrate electrode Stability
Doped Indium-tin 80 to 95 10 to 50 No Difficult Good
metal oxide oxide (sputtering
damage, high
temperature
process)
ZnO:Al 80 to 95 10 to 100 No Difficult Poor stability
(sputtering when they are
damage, high ultrathin®
temperature
process)
Thin metal  Thin metal 40 to 60 11to 80 Yes Yes Depend on metal
layer layers material
Dielectric/metal/ 70 to 85 110 80 Yes Yes Unknown
dielectric
multilayers
Metal grids ~80 6 to 50 Yes Difficult Unknown
(patterning
issue)
Transparent Poly(3,4-ethylene 7510 90 50 to 1000 Yes Yes Degrade under
conductive dioxythiophene): humidity, high
polymer polystyrene temperature, and
sulfonic acid UV exposure®?’
Nanoscale Graphene 60 to 95 90, 100 to 3000 Yes Difficult Unknown
material 97.4% 30, 1254 (complicated
process)
Carbon nanotube 50t0 95 20 to 1000 Yes Difficult Unknown
(complicated
process)
Ag nanowire 70 to 90 5 to 200 Yes Yes Corrode through

chemical
reaction, such as
oxidation and
suffixation®®4°

aTransparency and sheet resistance values are obtained from the same references as listed in Fig. 2.

with flexible substrates and large-scale processes, the possibility of using them as top TEs, and
their environmental stability.

In the following sections, we will review the basic material/film properties for all four groups
of materials in detail, along with their compatibility with large-scale and low-cost fabrication
methods. We will also review their applications in OPV and OLED devices, and will especially
compare the device performance and device flexibility based on these alternatives with ITO-
reference devices then discuss their possibility as top TEs.

2 Transparent Conductive Oxides

Doped metal oxides are the most common transparent conductive oxide layers in organic opto-
electronic devices. Doped metal oxide thin films are usually highly transparent (>80% trans-
mittance) due to the wide bandgap of most metal oxides, while the doped elements can generate
oxygen vacancies, interstitial defects, and doped metal ions that assist the charge carrier transport
and enable the high conductivity of oxide films.**>> As mentioned above, ITO is the most widely
used TE material in OPV and OLED devices with its excellent electronic conductivity and optical
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transparency in the visible light range. In most OPV and OLED devices, ITO is usually deposited
on transparent substrates as the bottom electrode and light window; therefore, the physical prop-
erties of ITO films, including the surface roughness, film conductivity, work function, etc.,
strongly affect the device performance. Extensive work has been carried out to modify the
ITO surface with various treatments, such as mechanical polishing, ion-beam sputtering, oxygen
plasma, and UV-ozone or chemical treatments.”>%’

The work function (WF) of an electrode plays a critical role in determining the carrier
(electron or hole) injection barrier height into the active materials. The WF of as-received
ITO films is typically in the range from 4.3 to 4.7 eV, which is neither close to the lowest
unoccupied molecular orbital (LUMO) level nor to the highest occupied molecular orbital
level of most organic semiconductors used in OLED and OPV devices. Hence, the nonzero
potential barrier for the hole or electron states between the ITO electrodes and organic layers
may present a critical limit on the charge collection/injection efficiency for OPV and OLED
devices.’® %" Several surface treatments have been demonstrated to modify the work function
for achieving a better device performance. UV-ozone and O, plasma treatment are the most
simple and widely used methods to increase the work function of ITO films, normally up to 4.7
to 5.0 eV, which is generally attributed to the incorporation of oxygen onto the ITO electrode
surface.®!% The solution casted poly(3,4-ethylene dioxythiophene):polystyrene sulfonic acid
(PEDOT:PSS) layer (WF =~ 5.1 eV) is the most popular anode modification layer for OPV and
OLED devices with ITO as anodes.®*%* Alternatively, some transparent transition metal oxide
thin films have been demonstrated as good buffer layers between ITO and organic layers.
Normally, MoO,, NiO, and WO, are hole-selective materials in optoelectronic devices and
are used as anode modification materials,®® whereas ZnO and TiO, are electron-selective
layers that allow efficient electron collection and injection.®*~”* Self-assembling a monolayer
of organic molecules on the ITO surface has emerged as another effective routine to modify the
electronic and chemical properties of the ITO surface and engineer the ITO/organic interfaces.
In general, one end of these self-assembled molecules can spontaneously form tight bonds with
the surface atoms of ITO, whereas the other end of the molecular chain can be functionalized
with polar groups. The dipole moments of these molecules will affect the vacuum level outside
the ITO electrode and vary its effective work function.”*~"” Recently, Helander et al. reported
another novel method to significantly increase the ITO work function by functionalizing the
ITO surface with a monolayer of chlorine [named chlorinated ITO (CI-ITO)]. With a control-
lable number of electron-negative halogen atoms anchored on ITO surface, the ITO work func-
tion can be tuned from 4.7 eV to a maximum value of WF = 6.13 eV.”® Helander et al. also
demonstrated phosphorescent OLED devices with the CI-ITO anodes, where the high ITO
work function matched with the LUMO level of the host material, 4,4’-N,N’- dicarbazole-
biphenyl, and enabled the direct injection of holes from ITO to the host. Therefore, the
OLED device structure was simplified with no hole injection and transport layers and the
device efficiency was greatly improved with less charge transport barriers and exciton quench-
ing interfaces.”®

Magnetron sputtering, molecular beam epitaxy, thermal evaporation, pulse laser deposition,
etc., are the major deposition techniques for achieving high-quality ITO films. Normally, these
techniques are suitable for ITO deposition on hard substrates that can withstand high temperature
processing as bottom electrodes in OPV and OLED devices; however, the high-energy ions or
atoms along with possible heat and radiations during these deposition processes may cause sig-
nificant damage to the underlying organic films, thus limiting the application of ITO electrodes
as top electrodes in organic-based optoelectronic devices.”* For example, sputtering ITO with-
out specifically heating the substrate often leads to lower electrical conductivity and/or lower
optical transparency than in commercially available ITO electrodes on glass substrates, which
generally require high substrate temperatures during deposition or high temperature postdepo-
sition annealing.” When using ITO as the top electrode, it is desirable to use some buffer layers or
sacrificial layers, such as organic protective layers [e.g., copper phthalocyanine (CuPc) layer],®!
thin metal layers (e.g., Mg/Ag layer),* or some transition metal oxide layers (e.g., MoO,),* to
protect the underlying organic active layer during ITO deposition, without negatively affecting
the charge injection/transport characteristics of the device. Low-energy magnetron sputtering
methods have also been developed to reduce the damages to organic layers.®**® There have
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been several successes in demonstrating OPV and OLED devices with sputtered top ITO electro-
des; however, the optical and electronic properties for these ITO films with low energy depo-
sition techniques are quite different from commercial ITO electrodes in addition to a very slow
deposition process with film growth rates as low as 0.1 A /s,”7 which need to be further studied
and improved for their large-scale applications.

Furthermore, the poor mechanical properties of ITO layers are another issue that affects their
application in flexible and portable electronic products. As reported in previous literature, micro-
cracks were observed in ITO thin layers after repeated flexing and large angle bending, leading to
a dramatic decrease in film conductance as well as device performance.***** Though there are
companies and research groups working on methods to engineer the ITO film quality, such as
varying the deposition methods and modifying the indium to tin ratio, it is still a great challenge
to fully solve this problem.

Zinc oxide (ZnO), which has a wide bandgap (>3 eV) and is transparent in the visible spec-
tral range, is one of the attractive ITO alternates due to the abundant material storage and its
environmental nontoxicity. Similar to that of ITO, some extrinsic dopants, such as Al and Ga, are
added into the ZnO films to improve the film conductivity by introducing ionic impurities.***>
Hence, these Al-doped ZnO (AZ0)***%°! and Ga-doped ZnO (GZ0)>!*? films show comparable
optical transparency and electrical conductivity as the ITO layers and have been developed as
TEs in optoelectronic devices. AZO and GZO have a work function range of 4.0 to 5.0 eV
depending on the surface treatments.”>** By selecting suitable interlayers as those described
for ITO modification, they can serve as either anodes or cathodes in OPV and OLED
cells. For example, Liu et al. reported an ~850-nm-thick-thick AZO electrode with a sheet re-
sistance of ~14 Q/[] and a transparency of ~80% in the visage spectral range. An ITO-free
inverted poly[[4,8-bis[(2-ethylhexyl)oxy]benzo-[1,2-b:4,5-b']dithiophene-2,6-diyl][3-fluoro-2-
[(2-ethylhexyl)-carbonyl]-thieno-[3,4-b]-thiophenediyl]]:[6,6]-phenyl-C;; -butyric acid methyl
ester OPV device was successfully demonstrated with such an AZO TE, which showed an opti-
mized power conversion efficiency (17p) of 6.15%, only slightly lower than the ITO-based devi-
ces (np = 6.57%).°" Other than AZO and GZO, many other doped metal oxides have been
investigated and utilized as TEs in optoelectronic devices. For example, fluorine-doped tin
oxide is another type of the doped metal oxide electrodes that are widely used as electron col-
lection electrodes in dye sensitized solar cells.”>® Most recently, they have also been broadly
used as bottom transparent cathodes in inverted planar heterojunction solar cells due to the
rapidly developing new photovoltaic active materials, perovskites, with a power conversion
efficiency of >15%.7%8

Though the material-related cost for these doped metal oxide is reduced by getting rid of
the scarce materials, similar costly deposition techniques, such as sputter, chemical vapor
deposition, atomic layer deposition, and pulse laser deposition, are still required for achiev-
ing high-quality films for such indium-free materials.’** More efforts are required to
develop cheaper processing methods (e.g., solution-process) to reduce the overall cost for
TE fabrication. As ceramics, they also have poor mechanical properties like ITO, which
is not compatible with flexible substrates and high-throughput roll-to-roll processes.
Additionally, some reports have shown that some of these materials like AZO have poor
environmental stability when they are ultrathin (<100 nm), further limiting their applications
in optoelectronic devices.”*

3 Metal-Based (Semi-)Transparent Electrodes

While thick metal layers (e.g., Al and Ag), with thicknesses on the order of 100 nm, have been
widely used as reflecting electrodes in most optoelectronic devices, ultrathin metal layers (nor-
mally <20 nm thick) are semitransparent to visible light due to the skin depth of the electro-
magnetic wave for these metals. Such ultrathin metal layers have emerged as a potential ITO
substitute in optoelectronic devices in laboratories.'?~'* Significant effort has been made to
improve the transparency of ultrathin metal layers while maintaining their high conductivity.'®
In this section, we will discuss the application of thin metal layers, dielectric/metal/dielectric
multilayer structures, and metal grids for improved transparency as TEs in OPV and OLED
devices.
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3.1 Ultrathin Metal Layers

There is a trade-off between the transparency and conductivity for ultrathin metal layers. Though
a sufficiently thin metal layer allows most of the light to be transmitted (high transparency), the
discontinuity in film morphology results in poor electrical conductivity for ultrathin metal
films.*!19%197 Wilken et al. measured the sheet resistance of Au thin films on glass substrates
with different nominal film thicknesses (from 10 to 60 nm). As shown in Fig. 3(a), while the
experimental data (open symbols) qualitatively follow the predicted trend from the Fuchs-
Sondheimer and Mayadas-Shatzkes models based on the scattering of free charge carriers,'™
the Au films with thicknesses >20 nm have low sheet resistances of <5 Q/[]; however, the
sheet resistance dramatically increases to >50 Q/[] for films <10 nm. Shown in the inset
of Fig. 3(a) is a comparison of transmittance of the Au films with different thicknesses. A maxi-
mum transmittance of ~70% at A = 500 nm was obtained for a 7-nm-thick Au film, which was
reduced to <60% for a 12-nm-thick film. In addition, the transmittance exhibits strong wave-
length dependence. For example, the transmittance is only 50% at 4 = 700 nm compared to the
peak of 70% at 1 = 500 nm for the 7-nm-thick Au film.

With a 9-nm-thick Ag layer as the bottom TE, O’Connor et al. successfully demonstrated a
CuPc/Cq bilayer OPV device, which exhibited a similar PV performance to that with an ITO
electrode [Fig. 3(b)].'” Although there have been a few studies aimed toward increasing the
electrical conductivity without sacrificing the optical transparency,*®!®®!% such as applying
a seed layer to improve the continuity of thin metal layers,!'” the relatively low optical trans-
parency of thin metals is still one of the limitations in achieving high-performance devices with
them. 111112

3.2 Dielectric/Thin-Metal/Dielectric Electrodes

Since the first report by Fan et al. in 1974,''? dielectric/thin-metal/dielectric (DMD) multilayer
structures have been extensively studied for achieving highly transparent and conductive electro-
des.""*"7 In these DMD electrodes, the intermediate thin metal layer provides the electrical
conductance for the entire structure, whereas the two dielectric layers improve the overall trans-
parency due to optical interference within the multilayer structure and the surface plasmonic
effects at the two metal/dielectric interfaces.**!'®'?° As shown in Figs. 4(b) and 4(c), an
MoO, /Au/MoO, structure shows a maximum transmittance of 7= 80% at 1 = 650 nm
(the corresponding reflectance is R = 5%), which is about two times higher than that of the
bare Au layer (T = 40% and R = 25%). These experimental results qualitatively agree with

(a) 200 T T T T T T (b) [PV type| FF [jge, mA/cm? | Voo, V| 1, %
° ITO |0.60 6.97 0.48 |1.86
rg Ag 0.61 6.00 0.55 |1.88
o X E 4
2 150 o = 8 4 L,hv
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Fig. 3 (a) Sheet resistance of ultrathin Au films with various thicknesses (open dots are exper-
imental results and solid lines are the prediction based on Fuchs-Sondheimer and Mayadas-
Shatzkes mode). Inset: Transmittance of Au films with differet thicknesses. Reprinted with
permission from Ref. 104. Copyright 2012 Elsevier. (b) A comparison of J — V characteristics of
CuPc/C60 devices with ITO and Ag thin films as bottom transparent electrodes. Reprinted with
permission from Ref. 103. Copyright 2008 AIP Publishing LLC.
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Fig. 4 (a) Optical constants of thin layers of MoO, and Au for transfer-matix simulations.
(b) Comparison of the transmittance of MoO, /Au/MoOQ, trilayer electrode and a 15-nm-thick
Au thin layers. (c) Comparison of the reflectance of the trilayer and Au thin layers, where solid
symbols are experimental results and open symbols are calculated results. Reprinted with per-
mission from Ref. 44. Copyright 2012 Elsevier.

the calculated transmittance and reflectance [open symbols in Fig. 4(b)] based on the transfer-
matrix model with the optical constants listed in Fig. 4(a), which further confirms the transpar-
ency enhancement of the DMD structure as a result of the strong optical interference effects
within the multilayer structure.** In addition to MoO,,''>1?! other choices for the dielectric layers
include metal oxides (ZnO,'”> WO5,'>!>* etc.), metal sulfides [e.g., ZnS (Refs. 125 and 126],
and organic materials (bathocuproine).'?” For example, Cho et al. applied the ZnS/Ag/WO;
electrode in OLEDs with tris(8-hydroxyquinolinato) aluminum (Alqs) active layers, which
exhibited near-Lambertian emission with comparable current efficiency to ITO-based reference
devices.'” The inner dielectric layer in these DMD electrodes determines the carrier injection/
collection polarity of the whole structure. Other than the rare and noble metal materials (e.g., Au
and Ag), some other metals, such as Al and Cu, have also been utilized in the electrodes without
affecting their electrical properties, which can further reduce the material cost for the entire struc-
ture.'?® All the layers in the DMD structures are deposited by low-temperature deposition tech-
niques, such as thermal vacuum deposition and spin coating; hence, these DMD electrodes can
be utilized as top TEs with negligible damage to the underlying organic layers.'!>!16:129
Wrzesniewski et al. successfully demonstrated a top-emitting OLED (TE-OLED) with a thermal
evaporated MoO, /Au/MoO, trilayer structure as the top TE, which enabled a very high light
extraction efficiency.''® With transparent and close-packed microlens arrays attached to the
DMD electrode, the light extraction efficiency as well as the external quantum efficiency of
such TE-OLED devices was increased by up to 2.6 times compared to the ones without the
microlens arrays.'!

Furthermore, such DMD multilayer electrodes show excellent mechanical flexibility in com-
parison to ITO electrodes because of the good ductility of metal layers, enabling their application
in flexible optoelectronic devices.'?* Cao et al. successfully demonstrated a flexible poly(3-hex-
ylthiophene):phenyl-Cg¢,-butyric acid methyl ester (P3HT:PCBM) device with MoO,/Au/
MoO, electrodes on poly(ethylene terephthalate) (PET) substrates [Fig. 5(a)], which shows
a nearly identical photovoltaic performance as the similar device fabricated on a glass substrate
[Fig. 5(b)]. Cao et al. further studied the mechanical flexibility of the flexible device using
a simple bending test method.** Only an ~6% drop in efficiency was observed after bending
the device 500 times with a bending radius of 1.3 cm [Fig. 5(c)], which is far better than ITO
electrodes, which can only sustain a few bending cycles with large bending angles.**

In summary, the multilayer structure with a thin metal layer sandwiched between two dielec-
tric layers shows a similar electrical conductivity but an enhanced optical transparency compared
to the metal-only semitransparent electrodes. With some advantages over ITO electrodes, such as
better flexibility in flexible devices and less damage to organic layers when used as top TEs,
these multilayer electrodes have been investigated as potential ITO substitutes. So far, sputter
and thermal evaporation are the two major deposition methods for metal and dielectric layers in
these DMD electrodes. Achieving the desired thickness for each layer in DMD structures may
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Fig. 5 (a) A photograph of a flexible poly(3-hexylthiophene):phenyl-C61-butyric acid methyl ester
(P3HT:PCBM) device with an MoO, /Au/MoO, transparent electrode. (b) A comparison of J — V
characteristics of PBHT:PCBM devices on glass and plastic substrates. (c) J — V characteristics of
devices under different bending conditions. Reprinted with permission from Ref. 44. Copyright
2012 Elsevier.

present some cost issues for fabricating low-cost optoelectronic devices.'** Moreover, transpar-
ency and conductivity of the DMD layers are strongly dependent on the thickness of the multiple
thin layers, especially the intermediate metal layer, which is only ~10 nm thick. Therefore, the
uniformity of these ultrathin layers is vitally important for optimal properties; better deposition
methods are required to make them compatible with large-area OPV and OLED modules.

3.3 Metal Grids

Macroscopic metal grids have been widely utilized as the front contact in many inorganic-based
solar cells, such as silicon solar cells and copper indium gallium selenide photovoltaic cells,
where the metal fingers conduct away the generated current and the openings between the figures
become the light windows for light absorption.'*""!*> Here, microscopic metal grids composed
of ordered metal lines that are <1 ym wide are discussed and considered as a potential replace-
ment for semitransparent continuous metal films for use as TEs in organic optoelectronic
devices.'*¥1%% One of the advantages of metal grids is the increased transparency compared
to continuous metal layers, where the gaps between metal lines are blank (100% in transparency)
and contribute to the high transparency. The transmittance of metal grids is determined by the
percentage of the blank areas on the film, which is related to the metal line width, spacing
between lines, and the number of total lines within a unit area. The low sheet resistance of
the metal grids can be achieved by using thick metal lines, 100 nm or even thicker, although
this comes at the expense of film planarity.”> However, the openings in the metal grids result in
poor electrical contact with the organic materials, which typically have very low conductivity,
thus leading to very inefficient charge injection and/or collection at the electrode/organic inter-
face. Generally, a continuous conductive buffer layer (e.g., PEDOT:PSS) is required to planarize
the surface of the metal grids and improve electrode contact with the active materials when used
in optoelectronic devices.'¥

Conventional photolithography has been one of the predominant patterning methods used to
fabricate such ordered metal grids, although it is somewhat complicated, costly, and incompat-
ible with flexible substrates.'*”'*® In 2007, Kang and Guo demonstrated a nanoimprint lithog-
raphy (NIL) technique to achieve these electrodes on both rigid and flexible substrates.'*'4? As
schematically illustrated in Fig. 6(a), a soft mold (e.g., polydimethylsiloxane) is first created with
the replication of desired features from a hard template patterned using conventional photoli-
thography. The soft mold is a reusable transfer media or stamp which transfers a thin metal layer
deposited on its surface to the substrates by applying proper pressure and heat.'*>'*! Different
metal grids, such as Au, Cu, and Ag, have been successfully fabricated with this NIL method.”
These printed grids with 70-nm line width and 700 nm periods [Fig. 6(b)] showed an average
transmittance of 84, 83, and 78% in the visible spectral range and sheet resistances of 24, 28, and
23 Q/[] for Au, Cu, and Ag electrodes, respectively [Fig. 6(c)]. With these metal grids as TEs,
both ITO-free OPVs and OLEDs were successfully demonstrated with comparable device per-
formance as the ITO-reference cells.!*®13714%:142 For example, an 5p of ~2.0% was achieved
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Fig. 6 (a) Schematic illustration of a nanoimprint lithography (NIL) technique to produce metal
grids. (b) SEM images of Cu grids fabricated by the NIL method. (c) Optical transmittance of
Au, Cu, and Ag grid electrodes and a conventional ITO electrode. Reprinted with permission
from Ref. 23. Copyright 2008 John Wiley and Sons.

by using the above metal grids as the transparent anodes in P3HT:PCBM devices, which is
comparable to the ITO-based devices fabricated under the same conditions.”’

Although the development of the NIL technique presents a great opportunity for using metal
grids as TEs in electronic devices, there are still several factors that influence the large-scale
applications. The extremely rough surfaces (generally in the range of tens of nanometers)
limit their application in devices with thin organic layers. It is also difficult to use such
metal grids as top TEs in OPVs and OLEDs since the transfer processes (heat or pressure)
may cause damage to the underlying organic layers. Moreover, more effort is needed to integrate
the NIL techniques with roll-to-roll processing, which is another significant challenge for
utilizing metal grids as TEs in large-scale devices.

4 Polymeric Transparent Conductors

Due to the high transparency, easy solution processability, and good compatibility with flexible
applications, transparent conductive polymers have also been investigated as alternative low-cost
TEs.!217:36.143.144 T4 achieve high electrical conductivities, some conductive polymers, such as
polyaniline, polypyrrole, and polythiophene, have been developed with the addition of suitable
chemical dopants. Among these, PEDOT:PSS is one of the most successful and widely used
conducting polymers for optoelectronic applications, especially for those in organic-based
devices.?1143

Since its discovery in the 1990s, PEDOT:PSS has been widely used as an interlayer in
organic-based electronic devices, such as polymer PVs and LEDs, to reduce the ITO roughness
and facilitate the hole collection/injection between the polymers and the ITO.'*® Low conduc-
tivity PEDOT:PSS was first developed with a conductivity of 1to 10 S/cm, about three orders of
magnitude lower than that of ITO (>4000 S/cm). While the electrical conductivity is not the
most critical factor for a thin interlayer between ITO and organic active layer(s), the relatively
high resistivity of PEDOT:PSS severely limits its application as a stand-alone electrode. Several
methods have been successfully developed to improve the electrical conductivity of commer-
cialized PEDOT:PSS. Some polar organic molecules with a high boiling temperature, such
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as dimethylsulfoxide (DMSO),!>!47148 ethylene glycol (EG),'*!3" diethylene glycol,'! and
sorbitol,'”!5? have been mixed into the PEDOT:PSS aqueous solutions, which can enhance
the film conductivity by more than one order of magnitude without affecting the transparency
and high work function. For example, Na et al. reported highly conductive PEDOT:PSS layers
with an average conductivity of ~470 S/cm by adding 5% DMSO to Baytron PH500 solution,
compared to a film conductivity of <1 S/cm without DMSO."® Using such a modified PEDOT:
PSS layer to replace the bottom ITO electrode, the ITO-free P3BHT:PCBM device showed an
open-circuit voltage (V,.) of 0.63 V, short-circuit current density (Ji) of 9.73 mA /cm?, fill
factor (FF) of 53.5%, and 5p of 3.27% under 1 sun simulated AMI1.5 solar illumination, which
was comparable with the ITO-based reference cell (7, = 3.66%) [see Fig. 7(a)]. The authors also
explored the flexibility of the PEDOT:PSS films and its based device on PET substrates: as
shown in Fig. 7(b), the resistance of the PEDOT:PSS film on a PET substrate remained nearly
constant after 2500 bending cycles, while the resistance of conventional ITO films on PET sub-
strate increased >10 times after the bending, which led to a dramatic degradation in device
efficiency. The ITO-based cell almost completely degraded after 75 cycles of bending, while
the PEDOT:PSS-based devices showed nearly the same efficiency after 300 bending cycles.'?
Similarly, flexible OLEDs with PEDOT:PSS as the anodes have been reported by several
research groups.'>!515* Wang et al. successfully demonstrated a flexible white OLED using
a PEDOT:PSS anode with good device performance (power efficiency of 10.8 Im/W at the
brightness of 1000 cd/m? was achieved) and mechanical flexibility (power efficiency reached
5.0 Im/W after 100 bending cycles).'>> Some other techniques have also been demonstrated to
further increase the PEDOT:PSS film conductivity. Kim et al. reported conductivities of
>700 S/cm for PEDOT:PSS films with the addition of 6 vol% EG, which were further increased
to 1418 S/cm with solvent post-treatment (immerse the PEDOT:PSS films into EG and dry
afterward).?” Formic acid was also used to treat PEDOT:PSS for high conductivities: the highest
conductivity of up to 2050 S/m was successfully achieved with the formic acid treatment,
approaching that of ITO.">® According to these reports, the OPV cells based on the highly
conductive PEDOT:PSS TEs exhibited the same efficiency as their ITO counterparts, which
suggests their promising applications in optoelectronic devices.

Furthermore, polymer electrodes can be utilized as the top TEs in OPV cells, either deposited
directly onto the organic active materials using solution processing, such as spin coating, spray,
or ink-jet printing, or indirectly using a stamp-transfer lamination process.'>!*3157-160 Gypta
et al. applied a high conductivity PEDOT:PSS layer as a top TE in OPVs using a stamp-transfer
method. Top-illuminated P3BHT:PCBM devices were successfully fabricated on glass and opaque
stainless steel substrates, which had maximum 7, of 2.1 and 3.1% for normal and inverted polar-
ity configurations, respectively.!> For direct solution deposition, it is important to improve
the wetting of the aqueous PEDOT:PSS solution on organic materials, which are typically
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Fig. 7 (a) J — V characteristics of P3HT:PCBM devices with modified PH500 and ITO transparent
electrodes. Insert: J —V characteristics of P3HT:PCBM devices with four different anodes:
VPAL4083, PH500, modified PH500, and ITO. (b) Relative resistance of ITO and PEDOT:PSS
films on PET substrates as a function of number of bending cycles. Reprinted with permission
from Ref. 13. Copyright 2008 John Wiley and Sons.
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hydrophobic. Several methods have been developed to solve this problem.**!*1®! For example,
Hau et al. demonstrated uniform PEDOT:PSS top electrodes on P3BHT:PCBM active layers from
diluted PEDOT:PSS solutions with isopropyl alcohol and n-butyl alcohol.'***'®> Some fluoro-
surfactants, such as Zonyl-FS300, are also used as additives to improve the wetting property of
PEDOT:PSS solutions on organic films, which have negligible effects on the electrical and
optical properties of PEDOT:PSS films but enables their deposition on most hydrophobic
surfaces, *:163.164

In summary, transparent polymers, especially the highly conductive PEDOT:PSS, are pos-
sible ITO substitutes for TEs, due to their high flexibility and excellent compatibility with large-
area, solution-processed coating techniques.'*!®>1% The conductivity of PEDOT:PSS film is
approaching that of ITO in certain cases, but further improvement may still be needed, especially
when used in large-size, commercial scale devices. Other than doping, in sifu polymerization of
EDOT without adding in PSS components that significantly increase the film conductivity is one
other possible method to reduce the PEDOT layer resistance.'*!®’~!7% Although there have been
only a few reported examples on this topic, these attempts open up new routes to improve the
electrical properties of polymer electrodes. Moreover, these polymers are known to degrade
under humidity, high temperature, and UV exposure.?>*’ Last but not least, the environmental
and operational stability of polymer TEs and their related devices must be improved before their
extensive usage.

5 Nanomaterials as Transparent Electrodes

Nanoscale materials have been widely studied in the past 20 years in terms of their controllable
synthesis and attractive applications in many areas. Some nanomaterials are also being inves-
tigated as TEs, such as CNTs, graphene, and metal NWs. The attractive optoelectronic properties
of these materials, combined with their high compatibility with solution-processed and large-
scale manufacturing, make them very promising candidates as transparent conductive electrodes.

5.1 Carbon Nanotubes

Since the first report on CNTs in the early 1990s by Tijima,'”" CNTs have attracted extensive
academic and industrial attention due to their unique and promising mechanical and electrical
properties. Individual single-walled CNTs (SWCNTs) have charge mobilities of 10° cm?/Vs
and electrical conductivities in the 1 to 3 x 10° S/m range.'®!”? Despite the excellent electrical
properties of individual tubes, thin films with a network of CNTs show more than three orders of
magnitude lower conductivity and mobility (the highest reported conductivity was ~6000 S/m
and mobility was ~10 cm?/Vs) as a result of the large contact resistance between two CNTs. '
Since the early 2000 s, there have been extensive discussions regarding the potential applications
of CNTs as TEs in optoelectronic devices;'>~'”> however, several impediments including CNT
synthesis, purification, and film processes have hindered their commercial use.

Solution processibility is one of the great advantages for nanoscale materials, which can be
integrated with fast, large-scale, and high-throughput manufacturing methods. Therefore, dis-
persing the CNTs in compatible solvents or obtaining printable inks of CNTs is required for
most solution-based deposition techniques.'’® Several studies have shown that unfunctionalized
CNTs can be dispersed in some organic solvents, such as chloroform, dichlorobenzene, dime-
thylformamide, and cyclohexylpyrrolidone. However, the concentration of these CNT solutions
has only reached 0.1 to 2 mg/mL, which limits their application for large-scale manufactur-
ing.!”"'"? Some dispersion agents or surfactants have been utilized to better promote the sus-
pension of CNTs in organic solvents or even some aqueous media.'®*"'®* However, most
surfactants in CNT solutions become impurities after forming solid films, leading to a significant
decrease in film conductivity.'®> Some research groups have demonstrated that it is possible to
achieve high concentration and well-dispersed CNT solutions by chemically modifying the CNT
surface with covalently bonded functional groups.'”®!¥¢ Though such chemical modification
assists the dispersion of CNTs and prevents the possible rebundling mechanisms, the anchored
small molecules break up the ordered sp? bonding structures and become defects in single CNTs,
affecting the conductivity of films made from these solutions. Therefore, it is necessary to deeply
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understand the relationship between conductivity, surfactants, and molecular structures, which
will provide guidance for achieving stable CNT solutions with controllable concentrations while
maintaining the good electrical properties of single CNTs and CNT films.

Several solution process techniques, including spin coating,'®”!'®® spray coating,*'® dip
coating,'”® and solution-related soft lithography methods,'*!~!>> have been demonstrated to
fabricate uniform transparent conductive CNT films. For example, Wu et al. reported a simple
filtration technique to deposit uniform SWCNT films on various substrates. An SWCNT film
was first vacuum-filtered on a filtration membrane from a dilute suspension of nanotubes, fol-
lowed by purification processes to remove possible surfactants and impurities. The SWCNT film
was then transferred onto any required substrates after dissolving the membrane in solvent.
Benefiting from the vacuum filtration process, this method can provide homogeneous SWCNT
films with precisely controllable thicknesses by varying the solution concentration and vol-
ume.'” However, these deposition techniques are only effective for producing films on
small area substrates and there are still many challenges to develop cheap and fast deposition
techniques for large-scale and uniform CNT films.'**!%

Besides the processing challenges, the rough surfaces of CNT films combined with the high
sheet resistance (>200 Q/[]) as a result of the possible defects and the poor interconnection
between CNTs limit their applications in optoelectronic devices. In early reports, OPV devices
with CNT films as TEs had #p of only <1%, compared to 3 to 5% in standard ITO-based devi-
ces.'”!?® Many film treatment methods were developed for achieving CNT electrodes with
higher electrical conductivity and smoother film surface.?*?%3%19719 Tenent et al. reported uni-
form SWCNT films by using an ultrasonic spray method [see the photograph in Fig. 8(a)] with
the sheet resistance of ~150 Q/[], which was reduced to <50 Q/[] after nitric acid treatment.
As shown in Fig. 8(b), an #p of 3.1% was achieved for a P3BHT:PCBM device with the CNT
electrode, which was only slightly lower than the ITO-based cells (17, = 3.6%)."*° Ou et al.
demonstrated surface-modified nanotube films with a surface roughness <6.0 nm and sheet re-
sistance of ~100 Q/[] using PEDOT:PSS modification, HNO; acid soaking, and polymer coat-
ing. With the modified CNT anodes, a maximum current efficiency of ~10 cd/A was achieved
for an Alq3-based OLED, similar to the ITO-based reference devices.'”

Although there are a few laboratory demonstrations using CNT networks as TEs in OPVs and
OLED:s, it is still a long journey for their application in large-scale optoelectronic modules. First,
achieving high-quality and low-cost CNTs over a large scale has been one of the challenges in
the past 20 years, and will continue to be the research focus of this field in the future.!”® Though
some scale-up technologies have been demonstrated by different research groups that have the
potential for CNT mass productions, complicated purification processes, such as routes to
remove remained impurities after synthesis and methods to distinguish the semiconducting
and metallic components, still impede the scalability of high-quality CNTs and, hence, a reduc-
tion of the cost.??>?°! In terms of CNT thin films, the relatively low conductivity and transpar-
ency are still the two major factors that limit the device performance. The current deposition
techniques for CNT films still need to be improved in their compatibility with large-scale
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Fig. 8 (a) A photograph of single-walled carbon nanotube (SWNT) films (6 x 6 in.?) by a spray
deposition method. (b) J — V characteristics of P3HT:PCBM devices with ITO and SWNT trans-
parent electrodes. Reprinted with permission from Ref. 189. Copyright 2009 John Wiley and
Sons.
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roll-to-roll processing. Moreover, there is very limited study of the mechanical flexibility and
environmental stability of devices with CNT electrodes.

5.2 Graphene

Graphene is a two-dimensional material of close-packed carbon atoms with a honeycomb crystal
lattice, which can be considered as a single atomic layer of graphite.”’> Since the great break-
through from its theoretical study to experimental studies in 2004, which led to the Nobel Prize
in physics in 2010,%% graphene has attracted tremendous attention and presented many possible
applications in different areas.’**?%> Similar to CNTs where all carbon atoms are connected with
sp-bonds, a single graphene sheet exhibits high in-plane conductance since all valence electrons
are delocalized over the entire sheet. Moreover, graphene shows excellent optical properties: a
single graphene layer has a theoretical transmittance of 97.7% (with a reflectance of <0.1% and
absorbance of ~2.3%).>*?% Besides the excellent optical transparency and electrical conduc-
tivity, graphene also exhibits other impressive properties, such as great thermal and chemical
stability, excellent mechanical properties (high flexibility and stretchability), and good interfacial
contact with organic materials, which enables its potential application as TE in optoelectronic
devices, 14207210

Despite the promising properties of graphene as a TE, there are still several challenges
remaining for its utilization in actual devices. Achieving high-quality graphene thin films
and depositing graphene on required substrates is one of the biggest challenges. Since the pio-
neering report by Novoselov et al. in 2004,?!" mechanical exfoliation from bulk graphite materi-
als is the basic technique to obtain high-quality graphene sheets for fundamental studies and
small device demonstrations.’">*'>213 However, it is not suitable for high-throughput and
large-scale industrial production lines. Chemical vapor deposition (CVD) is another successful
technique for achieving graphene films,***7?!*-21% which, despite its relatively high-cost depo-
sition method with high treatment temperature, is still the most widely used fabrication method
to obtain large graphene sheets. As shown in Figs. 9(a) and 9(b), Bae et al demonstrated large-
scale (30-in.) CVD-grown graphene films with good flexibility and transparency. A monolayer
of graphene film was first synthesized on copper foil using a CVD system, followed by some
thermal and gas treatments for achieving high-quality films. A thermal-release tape was then
attached with the graphene/copper foil for film transfer. After etching away the copper foil
with copper etchant and cleaning the graphene surface with deionized water, the high-quality
graphene film standing on the tape can be transferred to any target substrate.”'> Some solution-
based deposition methods, such as liquid phase exfoliation and chemical reduction of graphene
oxide, have also been developed to produce graphene films in the past several years. Direct
exfoliation of graphite in specific solvents by sonication is the simple and low-cost method
for graphene inks so far.’?!” However, the concentration of graphene dispersed in these sol-
vents, up to 1.5 mg/mL, is not high enough for some solution processes. Moreover, the mean
flake size, generally on the order of 1 to 10 um, is relatively small due to the sonication; there-
fore, films prepared from these solutions exhibit higher resistance as a result of significant junc-
tion resistances.’'® This approach can be further improved by adding volatile agents (e.g., alkali
salt) and organic surfactants into the original graphite dispersions, where the ions or organic
molecules can intercalate between graphite layers and expand the interlayer spacing, leading
to improved exfoliation and a more stabilized and better-dispersed graphene solution with a
higher concentration (up to 10 mg/mL).>!*>*! Another alternative low-cost method is to reduce
graphene oxide to graphene as demonstrated by several groups in the past few years, which
provides a great opportunity to fabricate graphene inks or films on a large scale.’?*%
However, these solution methods, either exfoliation with metal ions and organic molecules
or chemical reduction from oxides, induce a number of defects into the graphene sheets and
interfaces, leading to a dramatic increase in the sheet resistance of the related graphene films.

Although a single graphene sheet exhibits a low sheet resistance of <100 €/[], most gra-
phene films produced by the above methods show a high sheet resistance on the order of a
1 k€/[] range as a result of the possible structural defects and contact resistances between gra-
phene flakes.'*?""?>2 De Arco et al. reported high-quality graphene films synthesized by CVD
with a sheet resistance of 230 Q/[] and transmittance of 72% at A = 550 nm. With such
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Fig. 9 (a) and (b) Photographs of flexible graphene layers grown by a chemical vapor deposition
technique. Reprinted with permission from Ref. 215. Copyright 2010 Nature Publishing Group.
(c) Device structure of flexible phosphorescent OLED with a graphene electrode. (d) Current effi-
ciency and luminance (insert) of phosphorescent OLEDs with ITO and graphene as transparent
electrodes. Reprinted with permission from Ref. 47. Copyright 2012 Nature Publishing Group.

graphene films as TEs, a small molecule CuPc/Cgy PV device with an 7 of 1.18% was dem-
onstrated, which was slightly lower than the ITO-reference cell (37, = 1.27%).*'* Some chem-
icals, such as AuCly,*"* HNO;,?"® and thionyl chloride,””® have shown doping effects to
improve the conductivity of graphene layers while maintaining the high levels of transmittance.
For example, a CVD-grown, four-layer graphene film doped with HNO; was demonstrated with
a sheet resistance as low as 30 Q/[] at ~90% transparency.”'® Han et al. used HNO5 and AuCl,
as p-dopants in CVD-grown graphene films and applied similar highly conductive graphene
films to replace ITO in flexible OLEDs,*” resulting in a decrease in sheet resistance from 87 to
54 and 34 Q/[], respectively. These resistance values are now approaching that of ITO and thin
metal layers, and are much higher than that of PEDOT:PSS and CNT layers. Using such highly
conductive graphene to replace ITO in a green phosphorescent OLED [see Figs. 9(c) and 9(d)],
a very high current efficiency phosphorescent OLED of up to 98.1 cd/A was achieved, which
was appreciably higher than the ITO-reference cells (81.8 cd/A).*

Apart from improving the conductivity of graphene films, interfacial modification between
graphene electrodes and active layers is another challenge in efficient optoelectronic devices.
Similar to other possible TE candidates, polymers, such as PEDOT:PSS, and metal oxides,
such as MoOj, TiO,, and ZnO, are widely utilized to modify graphene interface and minimize
the possible energy barriers for efficient injection/extraction of electrons and holes. In some
cases, some interfacial layers are required to improve the surface wettability for solution-proc-
essed transport/active layers. For instance, Zhang et al. introduced a layer of Al nanoclusters on a
single-layer graphene to overcome its hydrophobic properties for TiO, deposition. As a result of
such surface modification, the P3BHT:PCBM devices with graphene as TE showed an 7p of
~2.6%, which was better than those without the modification and was close to that of the
ITO-based references (7, = 3.45%).*” These results suggest the great potential of using gra-
phene as the TE in flexible organic optoelectronics. Moreover, graphene electrodes also possess
outstanding mechanical flexibility.'**! De Arco et al. compared the graphene and ITO
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conductance under different bending conditions: only minor changes in the film morphology
and conductance were observed for graphene films after bending the films to 160 deg,
whereas ITO films exhibited irreversible cracks and a decrease in conductance under 60 deg
of bending.

Nevertheless, for large-area commercial applications, the resistance of the graphene layers
needs to be further reduced, along with simplifying the graphene fabrication/transfer processes.
Therefore, more effort is needed to obtain highly conductive graphene films with low-cost and
large-scale deposition methods to enable its industrial application.

5.3 Metal Nanowires

Besides the carbon-based nanomaterials, films with random networks of metal NWs are also
attractive candidates for transparent conductive electrodes.'®?*%?* Although many metal nano-
structures, such as copper,”**! gold,”**** and cupronickel,”** have been demonstrated with
promising properties and possibility as electrodes, Ag NWs have been the focus of research
in this area due to the excellent electrical properties of bulk Ag materials and the synthesis scal-
ability of Ag NWs. Ag NWs with a typical diameter of 20 to 40 nm and length of >20 ym
dispersed in water or organic solvents are now commercially available.

Since metal NWs with proper surface treatment can be well dispersed in many solvents, many
solution-based processing techniques, such as spin coating,” spray coating,”*>** drop casting,*
doctor blade coating,''**” Mayer rod coating,*’ brush painting,”*® etc., have been reported by
different reach groups to achieve films with random NW networks. Similar to the discussion in
CNTs, electrical and optical properties of the random NW networks are strongly dependent
on the electrical properties of individual NWs, the interconnection between NWs, and the
NW density in the resulting films. In general, the conductivity of NW networks increases as
the length and diameter of an individual wire increases.”®® However, it is difficult to achieve
NWs with an extremely long length and the typical reported length of Ag NWs is in the
range of 1 to 50 ym. It is also challenging to maintain the integrity of very long NWs in
the solid-state film, as they tend to break during the dispersion and deposition processes.
Controlling the diameter of metal NWs is also critical for achieving high-quality films. NWs
in thin films provide the conductive pathways for charge carrier transport, but they also function
as scatter centers to incident light affecting the optical properties of the films. Therefore, the
diameter of metal NWs should be minimized in order to achieve high optical transparency.
Moreover, the diameter of individual NWs determines the surface roughness of films with ran-
dom NW networks, which should also be reduced for most optoelectronic devices. Furthermore,
an optimized wire density is required to balance between the electrical and optical properties for
specific applications.

The junction resistance between the jointed wires is another dominant factor that affects the
film resistance, which is similar to that for CNTs.!%* Several modification methods, such as
thermal annealing,*>**® optical sintering,’** mechanical pressing,”*' and fusing with other mate-
rials,*” have been demonstrated to reduce the junction resistance and improve the film conduc-
tivity. For example, Tokuno et al. applied a mechanical pressure of 25 MPa on as-deposited
Ag NW films for 5 s at room temperature, which leads to a dramatic decrease in sheet resistance
from >10* to 8.6 Q/[1.**

Several research groups have reported metal NW films with transmittance >85% and sheet
resistance <20 Q/[] [Figs. 10(a) and 10(b)], which are comparable with standard ITO electro-
des, and explored them as TEs in organic optoelectronic devices.!!****? Since the first appli-
cation in small molecule OPVs that had an #p only <0.5%, the overall performance of metal
NW-based devices has been steadily advancing. Generally, a buffer layer (e.g., PEDOT:PSS,
ZnO, or TiO,) is required to flatten the surface of metal NW networks and to improve the contact
with the active material so that they can serve as either anodes (collect/inject holes) or cathodes
(collect/inject electrons) with proper buffer layers.>*”>*-243 For instance, Leem et al. fabricated
P3HT:PCBM cells with Ag NWs to replace the bottom ITO TE. With PEDOT:PSS and TiO, as
buffer layers, normal and inverted device architectures were achieved, respectively, which had
comparable 5p of 2.0 and 3.5% compared to those of ITO-based reference cells.** Gaynor et al.
successfully fabricated ITO-free white OLEDs with Ag NWs/poly (methyl methacrylate)
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Fig. 10 (a) SEM image of a layer of Ag nanowires (NWSs). (b) Transmittance and sheet resistance
(insert) of Ag NW films with various thicknesses (different spin-speeds). Reprinted with permission
from Ref. 39. Copyright 2011 John Wiley and Sons. (c) and (d) Experimental setup for measuring
the flexibility of OPV devices with Ag NWs. (e) J — V characteristics of a flexible OPV device under
different bending conditions. Reprinted with permission from Ref. 40. Copyright 2011 American
Chemical Society.

composites as TEs, which showed a luminous efficiency >30 Im/W and were close to that of the
ITO-based devices (35.8 Im/W).>*¢ The solution-processibility of metal NWs also offers a great
opportunity to make them as transparent top electrodes for organic optoelectronic devices. For
example, Chen et al. successfully applied Ag NW electrodes in a high-performance polymer
solar cell to achieve a visibly transparent device, where the ITO and ITO-nanoparticles-
fused Ag NW layers serve as the bottom and top TEs, respectively. Such transparent devices
showed efficiencies of #p = 4.0 and 3.8% when illuminated from ITO and Ag NW electrodes,
respectively, and a maximum transmittance of ~60% in the visible light range.’*’ Great
mechanical properties are also the advantages of metal NW networks compared to ITO sub-
strates.*088:248:249 A5 shown in Figs. 10(c) to 10(e), Yang et al. demonstrated the flexibility
of Ag NW electrode based OPV devices on flexible substrates, which exhibited a recoverable
efficiency under a bending angle of 120 deg.*’ Akter and Kim also studied the stretchability of
Ag NW films, where the conductivity of the electrode remained unchanged with ~20%
elongation.”*®

The above great device performance and excellent mechanical stability suggest the strong
potential of using random metal NW networks as transparent conductive electrodes. However,
several challenges still remain to be solved. For instance, the poor adhesion between the metal
NWs and substrates limits their compatibility with different substrates. Adding some adhesive
layers at the NW/substrate interface or treating metal NW surface with proper ligands to make
them better anchored on substrates are some possible approaches to promote the adhesion.*”®
The long-term stability of metal NW electrodes is another concern for their application in elec-
tronic devices. There has been some evidence suggesting that electromigration of metal atoms
along the NWs causes failure of the wires and the entire network. This is especially important for
devices that require high operation current, in which case the film conductivity keeps decreasing
until their full breakdown.”**!' Moreover, some metal NWs (e.g., Ag NWs) can be corroded
through chemical reactions, such as oxidation and suffixation, which also cause the degradation
of metal NWs and their related devices.
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6 Conclusion

To date, ITO has been the most widely used material as transparent conductive electrodes in
organic optoelectronic devices (OPVs and OLEDs). However, the rising cost of ITO, as a result
of the scarcity of indium along with the increased demands, competes with the low-cost nature of
organic-based devices. Therefore, searching for ITO alternatives becomes critical for the com-
mercialization of low-cost OPVs and OLEDs. Various emerging materials have been reported as
transparent conductive electrodes in optoelectronic devices, though not all of them show better
properties than ITO. Thin metals are one of the alternatives to ITO, where their excellent ductility
makes them suitable for flexible applications. However, the relatively low transparency of ultra-
thin metal layers limits the performance of their related devices. Conductive transparent poly-
mers have emerged as low-cost electrodes over the last 10 years due to the great solution
compatibility and large-scale processibility, but suffer from poor electrical properties and envi-
ronmental stability. Nanomaterials, such as CNTs, graphenes, and metal NWs, have emerged as
other attractive candidates as ITO alternatives. CNTs and graphenes have been studied exten-
sively; however, they are still a long way from commercial applications as transparent conductive
electrodes because of their low film conductivities and limited large-scale process techniques.
Metal NWs, with their promising optoelectronic properties and good compatibility with most
solution-based processes, are another top-rated material as transparent conductors, though sev-
eral issues remain to be solved. The high surface roughness and poor electrical and environmen-
tal stability impede their applications in devices with ultrathin layers.

Other than the focusing on one single material, the combination of two or more different
materials, such as metal grid/polymer, metal NWs/polymer, graphene/metal grids, thin metal/
graphene, etc., shows improved performance as transparent electrodes by complementing
the good properties of each material.>*>*>* This also open up more routes for searching TEs in
optoelectronic devices. Overall, with cheap raw materials and good compatibility with environ-
ment-friendly deposition processes, we believe that these attractive materials will be adapted for
application as TEs in optoelectronic devices.
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