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Transparent Electrodes for Efficient Optoelectronics

Monica Morales-Masis,* Stefaan De Wolf, Rachel Woods-Robinson, Joel W. Ager,

and Christophe Ballif*

With the development of new generations of optoelectronic devices that
combine high performance and novel functionalities (e.g., flexibility/bend-
ability, adaptability, semi or full transparency), several classes of transparent
electrodes have been developed in recent years. These range from optimized
transparent conductive oxides (TCOs), which are historically the most com-
monly used transparent electrodes, to new electrodes made from nano- and
2D materials (e.g., metal nanowire networks and graphene), and to hybrid
electrodes that integrate TCOs or dielectrics with nanowires, metal grids, or
ultrathin metal films. Here, the most relevant transparent electrodes devel-
oped to date are introduced, their fundamental properties are described, and
their materials are classified according to specific application requirements in
high efficiency solar cells and flexible organic light-emitting diodes (OLEDs).
This information serves as a guideline for selecting and developing appro-
priate transparent electrodes according to intended application requirements

efficiency. Most such devices with these
attractive features require transparent elec-
trodes that enable these functionalities.
Sustainable fabrication of transparent elec-
trodes with readily available raw materials
and their recyclability are also important
criteria  for successful commercializa-
tion. This article reviews the status of the
development of transparent electrodes for
optoelectronic devices. In the first section,
we list the relevant properties that these
electrodes require for their intended appli-
cations, including transparency and con-
ductivity. We also describe other factors
that affect device operation or contribute
to device efficiency. As an example, highly
efficient silicon heterojunction solar cells
can generate short-circuit current densi-

and functionality.

1. Introduction

The past few years have witnessed an unprecedented entrance
in both variety and volume of optoelectronic devices into the
consumer-electronics market. With this growth, there has also
been a transition to devices that offer attractive features such as
semi-transparency, flexibility, stretchability, tactility, and energy
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ties higher than 40 mA cm™ that must be

laterally transported to the metal contacts

of the cells.l! Such large photogenerated
current densities require transparent electrodes that can carry
the current densities over large surface areas without excessive
power dissipation. The electrodes in some light-emitting diodes
(LEDs) must also transport similarly large current densities. In
the second part of this report, we describe the distinct mate-
rial systems that simultaneously enable transparency and con-
ductivity and that are available either at the laboratory or the
commercial scale. In the third section, we classify transparent
electrodes according to their applicability to various types of
highly efficient solar cells and to organic and inorganic LEDs
(OLEDs, LEDs). To this classification, we add the processing
compatibility requirements for actual device fabrication and
electrode integration. Because reviews on each class of trans-
parent electrodes are available (e.g., on metal oxide electrodes
for displays and thin-film transistors,>*l on properties of trans-
parent conductive oxides (TCOs);1*7] and on general properties
of graphene, carbon nanotubes and metallic nanostructures!®)),
the last section presents transparent electrodes by mostly
focusing on the technological development, applications, and
our perspective on future developments of inorganic electrodes.

2. Application Requirements of Transparent
Electrodes in Optoelectronic Devices

Typical optoelectronic devices that require transparent elec-
trodes include touchscreens, liquid-crystal displays (LCDs),
smart windows, most types of solar cells (e.g., thin-film sil-
icon, chalcopyrite, organic, perovskite, and silicon-wafer-based
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heterojunction solar cells), OLEDs, and LEDs. In general terms,
the electrodes in solar cells should simultaneously guarantee
unhindered current flow out of a large device area and effi-
cient light coupling into the active area of the cell.”) Displays
and OLEDs have very similar requirements for their electrodes:
current flow in and light coupling out. It is therefore tempting
to suggest that all optoelectronic devices have identical require-
ments in terms of optical transmittance-lateral conductivity
properties.'% However, optimal performance from each type of
device can be achieved only by specific optimization of its elec-
trodes, such as minimized contact resistance with the adjacent
active layer of the device (e.g., by work function matching),!!*-13l
low-damage deposition processing,['*-1% conformal film depo-
sition, stretchability and bendability,’”~1°! or temperature sta-
bility. In this context, we present the main requirements for
transparent electrodes in each type of device in Table 1.

We note that lateral conductivity is evaluated as sheet resist-
ance (Ry, = 1/0d, where o is the electrical conductivity of the
material and d is the thickness of the electrode). As a device-rel-
evant parameter, Ry, is used for comparison of the transparent
electrodes discussed in Section 4 rather than conductivity,
which is an intrinsic material property. Because of the broad-
ness of this topic, we hereafter narrow our focus to transparent
electrodes for high efficiency solar cells, LEDs and OLEDs.

3. Material Systems for Transparent Electrodes

Only a few material systems simultaneously offer optical trans-
parency and electrical conductivity. In fact, there is always a
trade-off between these properties, which fortunately can often
be tuned for specific applications. The first and most tradi-
tional strategy for developing a transparent conductor is to find
a material that intrinsically offers both characteristics, i.e., a
wide band-gap material with n- or p-type conduction. Classic
examples of n-type doped transparent conductors are Sn-doped
In,0; (ITO), F-doped SnO, (FTO), doped zinc oxide (ZnO),
and cadmium oxide (CdO).%2225] Conductive polymers such
as poly(3,4-ethylenedioxythiophene) doped with polystyrene
sulfonic acid (PEDOT:PSS) also partially offer both intrinsic
properties.?*28] A second strategy consists of dimensional
engineering using conductive, but not necessarily transparent
materials (e.g., metals or carbon-based materialsi?)) and their
arrangement in such a way that the system conducts in one
direction and is transparent in the other. This is achieved by
arranging the conductive material in either a very thin layer
or a mesh of (nano-)wires.[®3%32 The use of 2D materials can
be considered as a third approach, with graphene as the most
prominent material.>3-3° The latter material offers in theory in-
plane (ballistic) conductance, while being quite transparent due
to their limited thickness. Also available are hybrid approaches
that combine the properties of several material systems into
a single functional electrode,33 such as embedded metal
nanowire networks in a dielectric matrix. Below, we consider
three approaches that build on inorganic transparent electrodes
developed in recent years, their fundamental properties, their
fabrication processes, and their position in the market either as
raw materials or utilized in commercial devices. To classify the
electrodes based on its technology maturity we used the concept
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Table 1. General requirements of optoelectronic devices and their transparent electrodes.2%20.21]

Transparent Electrode
Requirements

Optoelectronic Device

Touch Screens LCDs Smart Windows LEDs/OLEDs Solar Cells

Sheet resistance (Qsq™) 300-500 (resistive touch panels)  100-300 (pixel, TFT) 10-100
100-1000 (capacitive touch 30-80 (common LCD)
panels)
Transmittance range (nm) Visible (380-700 nm) UV-vis-NIR Visible (380-700 nm) UV-vis-NIR
Other
Uniformity ++ ++ +++ ++ +++
Conformal coating ++ ++H+ + + +
Smooth surface +++ ++ + Bottom- emitting  Top-emitting -
+++ - (Haze beneficial for
light in-coupling)

Bendability +++ (for thin film devices fabricated on flexible substrates)
Low contact resistance with metal + +++ + +H+ +H+
Low contact resistance with active + + + ++ +++
layer
Work function match - - - ++ ++
Synthesis temperature (process and application specific)
Chemical/environmental stability +++ +++ +++ e+ +H+

of technology readiness level (TRL). The TRL are given in a
range from 1 to 9, with 1 being the lowest level of technology
readiness (at the scientific study stage, observation of basic
principles) and 9 the highest level (when a technology reaches
commercialization). As commented above, Table 2 focuses on
inorganic materials, extensive reviews of the conductive pol-
ymer approach have previously been published.[26:28:40]

3.1. Transparent Conductors
3.1.1. N-Type Transparent Conductors

Highly doped (degenerate) metal oxides, commonly known
as transparent conducting oxides (TCOs), are the most widely
used and studied transparent electrodes to date. Conventional
TCO materials are tin-, zinc-, cadmium- and indium-based
oxides (SnO,, ZnO, CdO, In,03). Other reported materials with
TCO properties include titanium oxide (TiO;) and calcium alu-
minate (12Ca0-7Al1,0;).4#43] Conventional TCOs are binary sys-
tems, mainly polycrystalline in nature and doped with halides,
group XIII, or XV elements,l® almost always forming n-type
semiconductors. Recently, multi-compound oxides (e.g., IGZO,
ZTO, 1Z0),* aiming at improved mechanical properties and
thermal stability due to their amorphous nature, have also been
widely studied and have electrical properties that are often on
par with their polycrystalline counterparts.[*+*!

The simultaneous ability of binary and multi-compound
metal oxides to offer high optical transmittance in a broad
photon-energy range and high electrical conductivity is attrib-
uted to their specific electronic structure. Conventional TCOs
are mainly formed by metal atoms with the (n — 1)d'%nsl?

Adv. Electron. Mater. 2017, 1600529
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electronic configuration.**® Interaction of the metal s states
(Ms) and oxygen p states (Op) results in the formation of a wide
band gap (E; > 3 eV), allowing the transmittance of photons in
the visible range and below.[*”! The valence band (VB) is com-
posed of occupied oxygen 2p states, whereas the conduction
band (CB) is formed by an overlapping Ms-Op-Ms network.
This Ms-Op-Ms network results in a highly dispersed band
(observed as a large curvature at the conduction band edge, see
figure in Table 2, column 2, row 2) which leads to a low effective
electron mass (m;) in the range of 0.2-0.3m,, where my is the
resting mass of the electron.*¥l The electron mobility () in dis-
persed bands in the relaxation time approximation depends on
m. and the average time between two scattering events (or car-
rier relaxation time) (1), according to the following expression:

eT

H=— (1)

me

7 is influenced by all possible scattering mechanisms relevant
to electron transport in the films: grain boundaries in poly-
crystalline materials,*)) microstructural defects such as voids or
stacking faults, point defects such as neutral or ionized impuri-
ties and lattice vibrations (i.e., phonon scattering). To increase
the free electron mobility in TCOs, a low m,, low free-carrier
density and low-defective material are thus required. Typical
TCO electron mobilities range from 10 up to 200 cm? V-1 s71.B!
The electron mobilities of polycrystalline and amorphous
TCOs can be very similar. This similarity is generally attrib-
uted to the spherical symmetry of the Ms orbitals, which has
a marginal effect on the angular variations in the Ms-Op-Ms-
network; this network forms the conduction band. The Ms-Op-
Ms overlap (the cation-oxide orbital hybridization) plays a key

(3 of 17) 1600529
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Table 2. Types of transparent conductive electrodes. The properties that allow simultaneous transmittance and conductivity, i.e., wide band gap and
degeneration conduction in n-type TCOs (first two rows in column 2), metallic conduction by percolation through sparse nanowire networks (first two
rows in column 3), and ballistic transport in the specific case of a monolayer of graphene, allowing transparency because of its 1-atom thickness (row
2, column 4).#11 The materials and deposition techniques used to fabricate these transparent electrodes are listed along with their market readiness
and estimated technology readiness level (TRL).

Metl NWs 2D materials

&
o
-
)
e
]
0
al
]
0
0o
[
o

Description
Band
structure
Metal nanowires k Jr—
TCO Metal: conductor (no E) - rapnene -
E, in CB: conductivity Sl diamstarand spgce Ball!s_tlc transport: conductivity
Band gap: transparency between nanowires: transparency AlsmmiGmenelayer: ransparoncy
In,O,, 8nO,, ZnO, CdO, TIO,. Ag, Cu, Au, Ni, Zn, C C (graphene)
Dopants: Hybrid electrodes: Proposed alternatives: P,Sn,Si,Ge
Materials Sn, Ga, Al, B, H, W, Mo, Ce, F, Ag NWs + PEDOT-PSS Hybrid electrodes:
Mg, 8b, In Ag NWs + metal oxides Graphene + PEDOT-PSS
Multicompounds Ag NWs + graphene Graphene + metal oxides
IGZ0O, 1ZO, ZTO, ...
Sputtering (DC, RF) Spray coating Mechanical exfoliation
ALD Drop-casting CVD on metal or BN
APCVD Slot Die on sheet or R2R substrates + exfoliation + film
- LPCVD transfer.
Deposition  ¢BD
PLD
Spray Pyrolysis
Spin Coating
Widely used in an extensive In market, mainly as raw In market, mainly as raw
Market number of devices. material. Limited number of material for R&D labs. Limited
devices. number of devices.
TRL 4-9 3-8 1-6
Note:

Eg: optical band gap

E_ Fermi level

CBM: conduction band minimum
VBM: valence band maximum

role in the electron transport in TCOs.[*485% For example, cad-  large mobility is attributed to the octahedral coordination of
mium oxide (CdO) features the largest electron mobility (in the  the oxygen atoms in the rocksalt structure of CdO. This octa-
range of 100-200 cm? V™! s71) in the TCO family.*>152 This  hedral coordination ensures a large Ms-Op overlap, which in

1600529 (4 of 17) wileyonlinelibrary.com © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Electron. Mater. 2017, 1600529
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turn gives rise to a large dispersion of the conduction band
and therefore a small m,. Various types of indium-oxide-based
TCOs also exhibit high electron mobilities, as discussed further
in Section 4.

The electrical conductivity (o) is proportional to u and the
free-carrier density (N.) as ¢ = euN.. N, can be increased in
TCOs by doping; typically used extrinsic dopants are halides,
group XIII and XV elements. Intrinsic dopants can also be
used, with oxygen vacancies the primary example.’! Intrinsi-
cally, the Fermi level (Eg) lies in most known TCOs close to
the conduction band facilitating extrinsic n-type doping. Such
doping shifts Ep inside the conduction band, forming a degen-
erate n-type semiconductor, which also leads to further wid-
ening of the optical band gap (E,) following the Burstein-Moss
relation: AE,~ N.?/ 5354 Free-carrier densities of TCOs range
from 10" up to 10*' cm™ (for comparison, metals have N, on
the order of 10%2 cm™). Although increasing N, can be ben-
eficial to the optical transmittance in the UV-vis range (wider
optical Eg), such an increase has negative effects in the NIR-TR
part of the spectrum due to parasitic optical absorption by free
carriers in the conduction band. This effect is called free car-
rier absorption (FCA), which is well described by the classical
Drude theory.’>%¢ The direct relation between the absorption
coefficient (¢) and N, for the case of highly doped semiconduc-
tors is given by:[>>7]

AN,
41, c’n (me )2 Hopt

(2)

where A is the photon wavelength, n is the refractive index, and
Ugp the optical mobility. It is important to note here that the
Uopy might differ from the Hall mobility (ty.y) since the former
is not affected by macroscopic scattering effects as grain-bound-
aries or film dislocations. Therefore, in polycrystalline films,
HUopt is often referred as in-grain mobility.¢8!

Equation (2) indicates that FCA (Apcy = 1 e, with A the
absorptance and d is the thickness of the film), will increase
with N, and d. To minimize FCA (a strict requirement for
application in efficient solar cells), N, should be reduced and p
maximized. The absorptance curves and their correlation with
the electrical and microstructural properties of distinct TCOs
are presented in Section 4 and Figure 2. A full derivation of
Equation (2) is given in the Supporting Information.

3.1.2. P-type Transparent Conductors

All high-performance TCOs used in commercial applications
are n-type. Comparable transparent p-type conductors have
yet to be developed. If made available, they could be used in a
number of applications, including as electrodes that could offer
carrier selectivity and enable carrier collection in photovoltaic
devices, as interconnect layers (i.e., recombination junctions)
in tandem photovoltaics and as electrodes for fully transparent
electronics. There have been some reports of transparent p-type
conductors in the literature but their conductivities and figures
of merit remain orders of magnitude lower than those of n-type
TCOs (Figure 1). The difficulty in finding optimal p-type TCOs
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stems largely from the specific electronic structure of candidate
wide-gap metal oxides, consisting of a highly localized oxygen
2p valence band with a large hole effective mass (m;, > 1my,
compared with 0.2-0.3m, for n-type) and thus a very low hole
mobility, cf. Equation (1).5”) In addition, the valence band max-
imum (VBM) of most oxides is energetically situated deeply
below the vacuum level, resulting in a high ionization potential.
This impedes p-type doping, mainly due to compensation (i.e.,
“hole killing”) by intrinsic defect generation of the intentionally
introduced p-dopants.[®¥l To improve the mobility by achieving
high crystal purity (and minimal scattering), most p-type TCOs,
like their n-type counterparts, require high synthesis tempera-
tures that jeopardize their use in devices with sensitive thermal
budgets.

Fortunately, there are material design principles that can
be employed to increase the mobility while maintaining wide
optical band gaps in p-type metal oxides. The first such prin-
ciple is to alloy a wide-gap metal oxide with Cu*! to create
Cu,M,0, and then to hybridize the Cu*' closed-shell 3d!"% elec-
trons with O2p orbitals. This approach, which delocalizes the
valence band and thus decreases m;, was used to demonstrate
the first p-TCO, delafossite CuAlO,, in 1997.111 With a free car-
rier density of holes of Nj, = 1.3 x 10" cm™ and a hole mobility
at =10 cm? V! 571, the conductivity (<1 S cm™) was much lower
than of n-type TCOs. Subsequently, other Cu-based delafossites
with Al replaced by other metal cations, such as Cr,ld Fe,®3]
Sc, and Y/ were investigated with oxygen intercalation
and various synthesis methods (and thus, various microstruc-
tures) with the aim of decreasing the dopant compensation
and increasing mobility (Figure 1). Recently, the CuCrO, has
been explored with promising results; Mg-doped CuCrO, has
the highest p-type conductivity reported for an oxide to date,
220 S cm™L. In related work cationic and anion substitution and
the role of Cr vacancies in this material has been studied.[0¢¢7]
High conductivity has also been shown experimentally in
non-Cu metal oxides, most notably spinel-structured TCOs,
such as NiCo,0,,%% perovskites-structured TCOs, such as
StIn,Ti;_yO; and Sr,La;_,CrO;,’*’1 and amorphous or com-
posite oxides, such as ZnO-Rh,0; and In:Mo05.">73 Other
oxides, such as doped Cr,0; and Ba,BiTaOg, have promise but
remain to be synthesized with high conductivities.’*”"]

A second, more recently employed approach is to look
beyond oxides. Interestingly, one of the first transparent con-
ductors, discovered by Karl Baedeker in 1907, was a non-
oxide, p-type degenerate semiconductor, Cul.”®’”l Non-oxide
wide-gap (direct and indirect) semiconductors with P, S, or
N anions are attractive candidates for p-type materials dis-
covery as their valence bands are more delocalized, leading to
a lower hole effective mass.>>’8 This approach has been dem-
onstrated experimentally with Cu-based p-type transparent
chalcogenides (S, Se, Te) and oxychalcogenides, most notably
CuAlS,, BaCu,S;, BaCu,(S, Se)F, and Cu-Zn-S, resolving
one of the issues with the localized O 2p orbital and, upon opti-
mization, reaching conductivities greater than 10 S cm™.79-82
The Cu-Zn-S system (also notated Cu,S:Cu,Zn;_,S) includes
films grown at temperatures lower than 100°C by pulsed
laser deposition (PLD) and chemical bath deposition (CBD),
achieving p-type conductivities approaching those of the n-type
TCOs (Figure 1).82 Additionally, Hosono and co-workers have
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Figure 1. Conductivity in relation to synthesis temperature (or annealing
temperature) for selected transparent n-type and p-type conductors
reported in literature. The color bar represents the absorption coefficient
(averaged from 400-700 nm), with white the lowest (most transparent)
and blue the highest (least transparent). The synthesis method is listed
above the compound name, where “Sp” is sputtered (DC or RF), “PLD”
is pulsed laser deposition, “CVD” is chemical bath deposition, “APCVD”
is atmospheric pressure CVD, “CBD” is chemical bath deposition, “SPS”
is spark plasma sintering, “SG” is sol-gel, “SprPy” is spray pyrolysis, “TF”
is tube furnace, and “+an” indicates an annealing step. Note that among
all the n-type TCOs listed, only the TiO,:Nb is not an s-band TCO, but a
d-band TCO. A table with the complete list of transparent n- and p-type
conductors and the respective references can be found in the Supporting
Information.

developed a new class of transparent layered oxychalcogenides
LnOCuCh (Ln: La, Pr, Nd, Sm, Gd, Y; Ch: S, Se), with conduc-
tivities up to 140 S cm1.[8334

The transparent conducting materials discussed above pre-
sent different challenges in terms of optimization and even-
tual device implementation. The majority of oxide-based p-type
conductors discussed have low carrier concentrations (10' to
10" cm™3) and conduct via an activated transport or hopping
mechanism. As a result, improving conductivity involves both
increasing the electron density and the mobility. In the non-
oxide chalcogenide-based systems, the band gap tends to be
smaller compared to oxides. Additionally, the chalcogenide-
based transparent p-type conductors are degenerately doped
semiconductors with temperature-independent conductivity,
limited by ionized impurity scattering. Compensation by
deep donors can reduce both the hole concentration and the
mobility, through the increase of ionized impurity scattering.
This trade-off has been explored computationally for some
specific oxide studies,®# but a more general approach tar-
geting non-oxides would be valuable. Phosphides and nitrides
in general have lower hole effective masses, but are less trans-
parent than oxides (phosphide band gaps are on the order of
2 eV).

To circumvent this trade-off, a third design principle, pro-
posed by Varley et al., among others,”®l is to explore systems
with a low my;, and a wide direct band gap. That is, materials
with small indirect gaps could still be transparent in the vis-
ible so long as their direct gap is larger than 3.1 eV. Their

wileyonlinelibrary.com
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study targeted and screened phosphides, suggesting further
exploration of BP and AlP, among others. This approach was
recently supported experimentally with pellets of CaCuP (with
weak absorption at 2.2 eV and stronger absorption at 2.7 eV),
showing conductivities up to 500 S cm™!, although thin films of
this material have yet to be synthesized.!®”]

Figure 1 compares the conductivity of various high-per-
forming transparent n-type and p-type conductors as a func-
tion of the synthesis temperature. It can be noted that at high
values of conductivity the non-oxides tend to be more strongly
absorbing due to their lower band gaps. Finally, as noted earlier,
while n-type TCOs can reach high conductivity even in their
amorphous state, p-type TCOs exhibit much lower conductivity
at high synthesis temperatures.

3.2. Metal Nanowires, Nano- and Microgrids,
and Ultrathin Films

The use of metal nanowires (NWs) as transparent electrodes is
based on the high metallic conductivity of the wires. The nano-
to-micrometer-scale diameters of these wires allow the forma-
tion of microscale network grids that are sufficiently sparse to
avoid dramatic shadow losses in the transparency. As a conse-
quence, the conductivity of such transparent electrodes does
not depend on intrinsic materials properties, as is the case for
TCOs, but rather on the network density, quality of the nano-
wires and optimum welding of the network interconnects. In
detail, a high density of NWs limits transmittance by increased
reflection in the visible. A high aspect ratio (long, small diam-
eter) with good crystalline quality (defect-free to avoid elec-
tron scattering and no nanoparticle formation within the wire
to avoid plasmonic absorption) and a highly pure metal lead
to high-quality nanowires, and passage of electrical current
without contact barriers comes from optimum welding of the
network interconnects.®¥ Silver (Ag) is the most commonly
used metal for transparent electrodes due to its high conduc-
tivity. Cu and Zn, as well as carbon nanotube (CNT) networks,
have also been widely proposed.®%% Usually, these networks can
be deposited gently on underlying structures, which can be an
advantage for processing-sensitive devices, such as organicl®’
and perovskite solar cells.’!] Challenges common to all NW net-
work approaches are their poor chemical stability and tendency
to oxidize, their large surface roughness, their weak adhesion to
the substrate and high contact resistance to adjacent functional
layers in devices. To overcome some of these challenges, NWs
can be embedded in transparent dielectrics, conductive poly-
mers,?2 graphene oxide,”)l and metal oxides.™ Stability data
on NW electrodes are not widely reported, but recent efforts
indicate possibilities to improve the performance of transparent
NW electrodes. The properties of Ag NWs, CNTs, and several
other nanostructures for applications as transparent electrodes,
optimization approaches and performance have been exten-
sively reviewed in ref. [8,89,95]

In relation to metallic networks, it is important to mention
other recently proposed approaches. One consists of the forma-
tion of transparent conductive grid patterns by self-assembly
of Ag nanoparticles deposited by ink-jet printing.’®! Another
approach, closer to the standard one using macroscopic metal
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grids, consists of 3D designs for the metal lines. These designs
could redirect the light into the device avoiding shadow losses
and forming “effectively transparent contacts”.["’]

Ultrathin metal films have also been proposed as trans-
parent conductors. Although these metal films have excel-
lent electrical properties for thicknesses of only a few tens of
nanometers, reflectance losses reduce the amount of light that
couples effectively in devices, and the absence of a bandgap
limits the transparency of the electrodes. Placing these metal
films between two transparent, high-refractive-index layers
reduces the reflectance of the metal, leading to gains in trans-
mittance in the visible spectrum.?”! The optical absorptance
and electrical properties of this type of electrodes are discussed
in Section 4.

3.3. Graphene and Other 2D Materials

Two-dimensional (2D) materials have been widely proposed as
transparent electrodes, due to their atomic monolayer thick-
nesses (allowing high optical transmittance) and the possibility
of ballistic transport, i.e., non-scattering of electrons even at
room temperature. Of these materials, graphene is arguably
the leading 2D material, which, despite its lack of a bandgap,
was also quickly proposed as a potential transparent con-
ductor.’®) A monolayer of graphene can have carrier mobili-
ties above 10 000 cm? V! 571133 So far, such carrier mobility
was achievable only in nanometer-scale, free-standing graphene
flakes, obtained by mechanical exfoliation, and on films grown
by chemical vapor deposition (CVD) on boron nitride sub-
strates.'% When transferring to substrates or upscaling the
fabrication of graphene films, defects are introduced, thereby
lowering the carrier mobility. Batch-to-batch production of
high-quality graphene on large-area substrates, as well as the
availability of transfer methods to obtain defect-free, high-
quality graphene, remain major obstacles in the application of
graphene to commercial optoelectronic devices.'%Y Moreover,
despite its high mobility potential, the conductivity of graphene
is low compared with more conventional transparent electrodes,
largely because of its intrinsically low free carrier concentration
(<1013 cm™3).%8 This may be resolved by impurity doping,!%?!
intercalation doping!!®! and multilayer film growth,3’ all
approaches that have resulted in device-relevant Ry, values. A
clear advantage of graphene electrodes, like for metal NWs, is
their tolerance to bending and stretching.'% Therefore, for
applications in which flexibility and stretchability are the most
important requirements and a high Ry, is acceptable (e.g., fold-
able capacitive touch screens, see Table 1), graphene could be a
good material candidate.

In addition to graphene, other emerging 2D materials such
as phosphorenel'®! and stanene (a single layer of Sn, yet to be
experimentally realized) have been proposed as promising opto-
electronic materials because of their potential to be as trans-
parent and flexible as graphene.l'%! Further exploration in this
field could lead to 2D-layered materials with the performance
required for use as transparent electrodes in flexible, deform-
able, or even skin-like optoelectronic devices.

Table 2 summarizes the above-described transparent
electrodes, the property that allows both, conductivity and
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transmittance, the materials and methods used for fabrication,
as well as their general position in the market.

4. Classification of Transparent Electrodes
According to the Requirements for Solar Cells and
OLEDs

The two most important requirements of a high-performance
transparent electrode are low optical absorptance and high
lateral conductivity (low Ry,). When comparing transparent
electrodes, we should remember that optical properties are
dependent on wavelength. It is precisely this dependency of
the optical properties on wavelength that largely dictates which
transparent electrode is best suited to a specific application.
Materials that feature low absorptance in the wavelength range
at which the active part of the device absorbs or emits light
most efficiently should be explored. In this section, we classify
various transparent electrodes according to their Ry, and optical
absorptance using the following methodology: a) The optical
absorptance of different electrodes is compared instead of the
transmittance. The reason for this is that the often-used optical
transmittance is strongly linked to the reflectance of the trans-
parent electrode, which, in turn, is strongly influenced by the
optical properties of the substrate, the film thickness, and the
surface texture. In addition, while the transmittance is normally
measured on a flat glass substrate, several solar cell absorbers
feature textured surfaces (e.g., silicon heterojunction solar
cells!") or randomly oriented grains (e.g., CIGS and CZTS['%)),
which increase the roughness of the films and influence the
reflectance of the layered stacks. To make an accurate and fair
comparison of the amount of light that is parasitically absorbed
by a transparent electrode, independent of the substrate and
surface roughness, we therefore use the absorptance (A) value,
defined as A =1 — TT — TR, where TT is the total transmit-
tance and TR is the total reflectance. b) The spectrally weighted
absorptance (Ayeighted v, Where x is the solar cell or OLED) of the
electrodes is compared rather than the absorptance at a single
wavelength. The spectrally weighted absorptance takes into
account the relevant wavelength range and the intensity of the
light source that is absorbed or emitted by the device. This is
expressed by

[t ) AR 42
J.::Z Ilight,x da’ (3)

Aweighted, x =

where A(4) is the absorptance of the transparent electrode as a
function of wavelength, I, . is the intensity of the light source
spectrum, and 4, , and 4, , are the wavelength’s range as defined
by the application. Tn solar cells, Ijgps golar is the 1 sun air mass
1.5 global (AM1.5G) solar spectrum. The wavelength range
(A to A;) depends on the type of solar cell. Here, we use
the wavelength range from A; = 320 to A, = 1200 nm
(Figure 2a), which covers the range of most of the solar cells
analyzed here. In OLEDS, ljgno1ep is the emission spectrum
of a white OLED in the wavelength range from A, = 380 to A, =
780 nm (Figure 3a). For display applications, the human optical
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Figure 2. a) AM1.5G 1 sun irradiance spectra and b) quantum efficiency of a perovskite,'% CdTe,*l CIGS,[°®] perovskite-SH) tandem,[% and SH)"¥
solar cells as a function of wavelength. The absorptance curve of different transparent electrodes measured on glass is also shown for comparison of
the relevant wavelength range to be taken into account when developing transparent electrodes for solar cells. c) Weighted absorptance (calculated for
the wavelength range from 320-1200 nm) in relation to sheet resistance for the compared transparent electrodes. The dashed lines indicate constant
figure of merit (FOM) curves. d) FOM of transparent electrodes (Equation (4)) as a function of the thickness of the transparent electrodes. All the
compared TCOs were deposited by sputtering deposition, with the exception of ZnO:B and FTO, which were deposited by CVD, and AZOgp, which
was deposited by chemical bath deposition (CBD). All transparent electrodes were fabricated at temperatures lower than 200 °C to match the thermal

budget of the solar cells.

sensitivity spectrum (Figure 3b) should also be taken into
account. ¢) To compare different transparent electrodes, we use
the following figure of merit (FOM):

FOM S S (4)

Aweighted X Rsh

As a result, high-quality transparent electrodes are charac-
terized by high FOM values. d) Finally, with the exception of
graphene, we compare transparent electrodes only for which
transmittance and reflectance data have been reported.

4.1. Transparent Electrodes as Front Contacts in Solar Cells

Figure 2 shows the standardized terrestrial solar irradiance
spectrum (AM1.5) under 1 sun intensity (a) and the external
quantum efficiencies (QE) (left axis, b) for a range of arche-
typical high-efficiency solar cells that employ transparent elec-
trodes, namely perovskite, copper indium gallium diselenide
(CIGS), cadmium telluride (CdTe), silicon heterojunction (SHJ),
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and perovskite-SH]J tandem solar cells. The absorptance curves
of various transparent electrodes are presented in Figure 2b
(right axis).

Figure 2b shows that the front transparent electrode in any
solar cell should have a sufficiently large (>3 eV) optical band
gap to avoid absorption losses in the visible range of the spec-
trum. This requirement is already fulfilled by several TCOs.[*!
For example, the optical band gap (E,) of sputtered ITO, IZO
and I0:H films are between 3.5 and 3.8 eV.''"!] Transparent
electrodes with low absorptance in the NIR-IR part of the spec-
trum (transparent electrodes with low FCA) are required for
CIGS, SHJ and multi-junction devices, such as perovskite-on-
silicon!'%112 and perovskite-on-CIGS!!"3! tandem solar cells, as
these devices employ optical absorbers that are active in this
range of the spectrum. These tandem approaches are new high-
efficiency photovoltaic technologies, with a potential to reach
about 30% efficiency,''*1°] clearly underscoring the critical
importance and urgency of designing transparent electrodes
with exceptionally large broadband transparency.

By comparing the absorptance curves of the TCOs in
Figure 2b, we observe that hydrogen-doped In,0; (10:H)!®
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Figure 3. a) White OLED spectrum simulated with SETFOS (Fluxim AG)['*l as a function of emitted wavelength. b) Absorptance curves of different
transparent electrodes (as measured on glass substrates) and the eye luminosity spectrum as an example of a relevant transmittance wavelength range
for displays. c) Weighted absorptance (calculated from 380-780 nm) in relation to sheet resistance for the different transparent electrodes compared.
The dashed lines indicate curves of constant figure of merit (FOM). d) FOM of transparent electrodes (Equation (4)) as a function of the thickness
of the electrodes compared. All TCOs were deposited by sputtering deposition, with the exception of ZnO:B and FTO, which were deposited by CVD,
and AZOcgp, which was deposited by chemical bath deposition (CBD). All transparent electrodes were fabricated at temperatures lower than 200 °C,

matching the thermal budget of flexible OLEDs.

and cerium/hydrogen or tungsten/hydrogen co-doped In,0;
(ICO:H, IWO:H, respectively)!”] offer the best optical proper-
ties, with an absorptance below 2% from 400 up to 1200 nm.
Another notable TCO with minimal absorptance in the NIR-IR
range is doped CdOP? (not shown here). These TCOs have
an excellent optical-electrical trade-off, potentially from
their exceptionally high electron mobilities, on the order of
100-200 cm? V-1 571, combined with their relatively low free
carrier densities. More specifically, in the case of I0:H, ICO:H,
and IWO:H, the free carrier densities are usually below
3 x 10?° cm™. Their electron mobilities are about 100 cm?
V1 s7! for IO:H and IWO:H and 140 cm? V! 57! for ICO:H,
resulting in Ry, in the range of 3040 Q sq~! (Figure 2c), which
are excellent values for high-efficiency solar cell applications.
The high free electron mobilities in these polycrystalline
hydrogenated In,0;-based materials are explained by the for-
mation of large grains, together with possible grain-boundary
passivation by hydrogen, as well as the fact that H atoms in the
film do not contribute significantly to ionized or neutral impu-
rity scattering 1181191 JO:H, ICO:H, and IWO:H have been suc-
cessfully applied in SHJ,'17120-122 CIGS 23] and perovskite
solar cells.['?4
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Amorphous indium zinc oxide (IZO) is another TCO with
low FCA and good electrical properties. Even with an amor-
phous structure (different from polycrystalline IO:H and
ICO:H), IZO can have electron mobilities up to 60 cm? V-1 s71
for free carrier densities between 1-3 x 1020 cm™3.11125.126] Ap
attractive feature of these TCOs is that they already have excel-
lent optoelectronic properties in their as-deposited state; these
properties are not much affected by post-deposition annealing
and offer opportunities for temperature-sensitive applications.
A possible drawback is their relatively high absorption in the
UV-vis range due to optical band gap narrowing.''!l This is a
common effect in amorphous materials caused by exponential
subgap tails due to disorder (also called Urbach tails)!!?7:128]
and the presence of defects that introduce subgap absorption
centers.l'?l The application of 1ZO in solar cells has been dem-
onstrated in SHJI!'! and perovskite solar cells.*3!

A vparticularly attractive feature of all indium-oxide-based
electrodes (including ITO) is the fact that their refractive index
is close to 2. This is approximately the geometric mean of the
refractive indices of air and typical solar cell absorbers (such as
silicon), which gives these materials very good anti-reflective
coating (ARC) properties. To fulfill ARC conditions, the optically
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ideal thickness is dictated by quarter wave-length conditions,
corresponding to about 75 nm for the AM1.5G spectrum,
ensuring a reflection minimum at 600 nm.

Boron-doped ZnO (BZO) has attractive properties for cer-
tain photovoltaic devices as well.l'31-133] A BZO electrode with
a sheet resistance of 30 Q sq~! essentially shows the same low
NIR-IR absorptance as 10:H (30 Q sq7!), even though much
thicker BZO films are required to obtain such results. Regard-
less of the thickness, BZO maintains its excellent optical prop-
erties for two reasons: low free carrier densities (in the order
of 101 cm™) and a particular increase of electron mobility
with increasing film thickness (due to its pyramidal shaped
grains).'313] Electron mobilities up to 58 cm? V' s have
been achieved in BZO films post-treated with H, plasma.[!3¢
The red curve in Figure 2b shows the absorptance of a BZO
electrode with 10 Q sq! Rg,. This very low Ry, is achieved by
increasing the thickness of the film by 1 to 5 pm. Given the
required thickness to obtain sufficiently conductive films, BZO
films are not used as antireflective coatings. However, due to
their self-texturing tendency during CVD, they offer excellent
light-trapping conditions for thin-film photovoltaics, as evi-
denced by their successful application in thin-film silicon!'37138
and CIGS solar cells.'3]

The absorptances of Sn-doped In,0; (ITO) with 30 Q sq11!!
and fluorine-doped SnO, (FTO) with 15 Q sq 1'% are already
much higher than those of IO:H, IWO:H, ICO:H, IZO,
and BZO. The high parasitic absorption in the NIR range of
these materials originates from their high free carrier densi-
ties, required because their electron mobilities are lower than
40 cm? V! s71. Current losses linked to parasitic absorption in
the front ITO in SHJ cells or in the front FTO in perovskite-
SHJ tandem cells have been analyzed in ref. [140] and ref. [141],
respectively. The popularity of both TCOs for application as
window layers in solar cells is partly due to their chemical and
environmental stability, as well as their demonstrated large-
scale production.*>143] Tt is important to note that while 10:H
and ICO:H are excellent electrodes for photovoltaic cells, they
are still relatively new materials and their fabrication at pro-
duction-relevant scales is yet to be demonstrated. One of the
challenges for upscaling hydrogenated indium oxides is to con-
trol the introduction of water molecules during deposition (to
include the H dopants). Approaches such as the use of atomic
layer deposition (ALD) would be, for example, a controlled way
to grow high mobility 10:H.['*81 With the obvious efforts to
replace ITO with high-mobility TCOs, we expect the develop-
ment of industry-relevant techniques for their fabrication.

Aluminium-doped ZnO (AZO) electrodes have also been
widely used in PV devices.'*146l AZO, like BZO, is attrac-
tive due to its non-toxicity and the abundance of Zn in the
Earth's crust. The low FOM value compared to, e.g., BZO, is
due to the higher FCA in AZO. AZO is polycrystalline, with a
columnar-like structure, forming grain boundaries that limit
its mobility (typically on the order of 10-20 cm? V-! s71). Post-
thermal treatments are known to improve the resistivity of
AZO by increasing its free carrier density."¥”] The electron
mobility of sputtered AZO has been successfully increased
up to 40-67 cm? V7! s7! by incorporating a capping layer and
applying a high-temperature (650°C) annealing step.'*8] Con-
sidering the temperature restriction of several devices, low Ry,
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values are therefore mainly achieved by increasing N, at the
cost of an inflated FCA. Although the FOM values for sputtered
and chemical-bath-deposited (CBD) AZO are similar, depo-
sition from solution presents some advantages: it is a simple
and low-cost process,!'*) and it is gentle, preventing physical
damage to the substrates or active device layers where the mate-
rial is deposited. Next to CBD, ALD and CVD are gentle deposi-
tion techniques as well and used for fabrication of several of the
transparent electrodes discussed here.

The ITO/Ag/AZO layer stack suffers the highest absorptance,
from 500 to 800 nm, of all the curves compared. This is related
to large reflectance and absorption losses in the thin metal film
that provides the very low Ry, values. The shown absorptance
is from!™%; however, approaches to improve the optical prop-
erties, e.g., by oxidizing the intermediate Ag film, have been
demonstrated in subsequent reports.'>!) While these films are
not optimal for high efficiency solar cells, the possibility of
sputtering these layers at room temperature, the limited total
thickness of the trilayer-stack (<100 nm) and the ductility of
the intermediate metal layer, with a thickness between 8 and
12 nm, make these electrodes interesting for flexible optoelec-
tronic devices. Additionally, the high reflectance of these layers
has been used to create a resonant optical cavity to trap the light
in organic solar cells and, as a consequence, to increase their
quantum efficiencies.l'>?l A summary of the approaches to opti-
mize these types of dielectric/metal/dielectric layers for applica-
tion in organic photovoltaic devices is found in ref. [153].

Finally, the absorptance curve of a monolayer of graphene, as
reported in ref. [41], indicates that the use of such a material can
be beneficial for applications in the NIR-IR range. However, in
the visible range, the absorptance is already much higher than
several of the other shown transparent electrodes. This is also
reflected by the fact that a realistic Ry, value of 1000 Q sq~'%*
results in the lowest solar-cell FOM of all transparent elec-
trodes, as shown in Figure 2d, casting doubt on whether mono-
layer graphene will ever find applications in highly efficient
solar cells. As noted earlier, doping approaches and multilayers
of graphene reduce the Ry, to more device-relevant values, but
this is at the expense of increased absorptance.*!]

Figure 2c shows normalized weighted absorptance as a func-
tion of Ry, for the various transparent electrodes compared here.
Dashed lines of constant FOM are given for reference. These
dashed lines highlight the observation that FOM converges for
cases of very large Ry, values with very low absorptance or vice
versa. Therefore, in Figure 2c we restricted the comparison of
FOM values for transparent electrodes to a maximum of Ry, =
100 Q sq7!, which is a relevant value for applications in photo-
voltaic devices.

Figure 2d compares the FOM of transparent electrodes
classified by thickness. The electrodes are sorted from left to
right with the thickest electrodes, poorly suited for flexible
applications on the left, and thinner electrodes, which present
higher resistance to mechanical bending and stretching, on the
right.18]

Note that Figure 2 considers a very general case by using only
the AM1.5G solar irradiance spectrum under a 1 Sun intensity
to evaluate transparent electrodes for any solar cell. To calculate
the FOM for a specific solar cell, Equation (3) can be modified
to include the quantum efficiency of the device:
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4.2. Transparent Electrodes as Front Electrodes in OLEDs

To evaluate FOM of transparent electrodes geared towards
applications in OLEDs (a similar case would apply for bottom-
emitting LEDs), we use a white OLED spectrum simulated with
SETFOS.' Figure 3 shows the white OLED spectrum used as
Iiight (4) in Equation (4) to evaluate the weighted absorptance
of transparent electrodes. Contrary to solar cells, applications
in LEDs, or OLEDs for lighting, displays or touch screens fea-
ture a narrower wavelength range at which the transparent
electrode should have minimum absorptance, relaxing the
optical requirements as compared with solar cells. In fact,
effects such as the Burstein-Moss shift or FCA in TCOs have
only a minimal influence on the parasitic absorption for these
applications. Nevertheless, we can observe in Figure 3b that
the absorptance of the TCOs still follows a similar trend as in
Figure 2b,c, with ZnO:B, ICO:H, and IWO:H the transparent
electrodes with the lowest absorptance and highest conductivity,
and therefore exhibiting the highest FOMs. In this comparison,
we have also included the case of a zinc tin oxide (ZTO) com-
bined with metal grids embedded on a polymer matrix.'>®l ZTO
is an amorphous TCO, with sufficient conductivity to be uti-
lized in combination with metal grids as the anode in large-area
flexible OLEDs. In fact, it was demonstrated that with the same
type of metal grids, ZTO devices performed better than the ref-
erence ITO OLEDs.[*/]

As observed in Figure 3¢, the combination of the exception-
ally low absorptance and a Ry, of 10 Q sq! for ZnO:B, or even
alower Ry, (1 Q sq7!) provided by the metal grids in the case of
the hybrid ZTO + metal grid electrode, gives the highest FOM to
these two transparent electrodes. The large thickness of ZnO:B,
required to achieve low Ry, values, may prevent its application
in flexible devices, however, as indicated in Figure 3d. For such
applications, hybrid electrodes based on ZTO and metal grids
may offer a better alternative.'>®l However, in rigid top-emit-
ting LEDs, ZnO:B, when grown by LPCVD, has the additional
advantage of an intrinsic pyramidal surface texture with known
light scattering properties,'*” improving light out coupling./>®l

TCO/metal/TCO stacks and Ag NWs are on par in our FOM
comparison. Although neither features simultaneously optimal
Ry, and absorptance, these transparent electrodes offer proper-
ties that are interesting for flexible devices. For our comparison,
we use representative absorptance and Ry, data of Ag NWs
taken from the current literature.l$>15%160] However, we note
that intensive research efforts are ongoing on Ag NWs, prom-
ising further performance improvements. Such improvements
will mainly be achieved by increased fabrication control and
deposition of metal grids with submicron-width lines,'6! devel-
opment of hybrid approaches to improve stability under corro-
sive and oxidation conditions, as well as improved adhesion to
the substrates.

A monolayer of graphene with a sheet resistivity of
1000 Q sq! gives, by far, the lowest FOM for photovoltaics.
We note that for the case of OLEDs, the FOM is reaching a
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comparable value relative to other transparent electrodes in
the list. This is because the absorptance values of the various
transparent electrodes are comparably low in the relevant wave-
length range for these devices (the visible light spectrum).
Nevertheless, the 1000 Q sq Ry, associated with a monolayer
of graphene raises the concern of high resistive losses when
applied in devices. Hybrid approaches offer help in such cases.
As an example, several laboratory-scale OLEDs and LEDs have
used graphene-based electrodes, i.e., hybrid nanowires and gra-
phene, conductive polymer and graphene and graphene oxide
layers.13>12l However, only a few groups have demonstrated
the use of a single layer of graphene as the anode in small-area
OLED devices.!'®’]

5. Other Specific Requirements of Transparent
Electrodes for Solar Cells and OLEDs

5.1. Fabrication Compatibility

As listed in Table 1, fabrication compatibility, i.e., processing
temperature, chemical inertness, and non-damaging methods,
is also an important selection criterion for transparent elec-
trodes to be used in specific devices. For example, the thermal
budget of OLEDs, SHJ, CIGS, CdTe, and perovskite-based solar
cells is below 200 °C.1'64165] Clearly, fabrication of transparent
electrodes on plastic flexible substrates also requires strict fab-
rication temperatures below approximately 150 °C. In this con-
text, all electrodes depicted in Figure 2 and 3 were fabricated
at temperatures lower than 200 °C, during both deposition and
post-deposition annealing (when applicable). The only excep-
tion is FTO, which is normally deposited or post-treated at
temperatures well above 200 °C.[16-168] Amorphous TCOs such
as 1ZO, offer the greatest flexibility, as they can be deposited
nominally at room temperature and do not require post-depo-
sition annealing. Such TCOs have demonstrated their value in
SH]J and perovskite solar cell fabrication.['11130]

As mentioned earlier, gentle deposition on underlying layers
can also be a critical factor in electrode choice and raises ques-
tions about the use of well-established physical vapor deposi-
tion (PVD) techniques, such as sputtering or pulsed laser
deposition for certain applications. Sputter damage, caused
by UV radiation and particle bombardment, is a known phe-
nomenon in organic,'® SHJ,"l and perovskitel’®! solar cells as
well as flexible displays. Solutions to overcome such damage
include the use of remote plasma sources,['”% the use of gently
deposited buffer layers!'’!l or further improvements to solu-
tion-based deposition processes to improve the density and
purity of TCO films to achieve high electron mobilities at low
temperatures.*>172

5.2. Interfaces with the Transparent Electrodes

Good electrical and chemical matching at the interface between
transparent electrodes and their adjacent layers in a device is
another criterion for electrode selection and optimization.
This interface can be shared with the carrier-collection or car-
rier-injection layers, but also with the metal grid of the device.
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Large-area optoelectronic devices often require a metal grid,
which is normally deposited on the transparent electrode, to
minimize the lateral resistance and, thus, voltage loss over large
areas. As an example, we present a sketch of a cross section
of a SHJ solar cell in Figure 4 to highlight the hydrogenated
amorphous silicon (a-Si:H)/TCO/metal interfaces with the cor-
responding band diagram. Transversely, minimizing electrical
losses is equally important. Again, in SHJ solar cells, the main
contributors to such transverse resistance are the contact resist-
ances (p.) at the metal/TCO interface (label 1 in Figure 4b) and,
even more so, at the TCO/a-Si:H interface (label 3 in Figure 4b);
the intrinsic resistance of the TCO in the transverse direction
(label 2 in Figure 4b) is usually sufficiently low to be neglected.

Across the metal/TCO interface, the dominant carrier trans-
port mechanism is field emission, for which the contact resis-
tivity (p) is expressed as

Pe o< exp(@) with E= ar L (field emission) (6)
E 4\ m &¢..

where ¢y is the barrier height and E is the tunneling
energy.'’l This equation makes evident the improvement in

(a) (b)
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pc from the increased carrier density, N,, of the transparent
electrode, which suggests the use of bilayer TCOs that fea-
ture high surface but low bulk N, to minimize p. and FCA
simultaneously.'2!

Practically, the TCO/metal contact resistance is commonly
characterized by the transfer length method (TLM).l'73! In terms
of metallization, screen-printed, low-temperature Ag pastes
are commonly used, especially in industry. In such a case, p,
values on the order of 10~ Q cml? are typical, as is the case of
the ITO/Ag and a-1Z0/Ag interfaces, commonly used in solar
cells.''V176] Flectroplated Cu can offer advantages in terms of
line resistivity and material cost compared with printed Ag elec-
trodes. However, due to the ease of diffusing electroplated Cu
into silicon, where it can act as a carrier lifetime killer, its appli-
cation to photovoltaics is not evident. Interestingly, ITO forms
an excellent Cu diffusion barrier. The low measuredp,. value for
the Cu/ITO interface (p. < 10 cm™) validates this combina-
tion for high-efficiency silicon solar cells.'7%l Contrary to the
case of TCOs, achievement of sufficiently low p. between the
metal and Ag NWs or graphene electrodes is still an unresolved
challenge.!*%]

To extract or inject carriers efficiently in solar cells or OLEDs,
respectively, the interface between the trans-
parent electrode and the active layer of the
device (absorber or emitter) should have a
negligible contact resistance (p.) as well.l'””]
A main cause of this resistance is the com-
bined effect of Fermi-level pinning at the
interface and work function mismatch
between adjacent materials.'’”! This causes
the formation of an interfacial energy bar-
rier, characterized by a certain height and
depletion width penetrating both materials.
Such barriers can in principle be overcome
by thermionic (field) emission, evidenced by
lowered p. values with increasing operating
temperatures.l'”® The barrier width can also
be narrowed by increasing surface doping to
increase field emission across the interface,
similar to the metal/TCO case. As an alter-

) ) :
a-Si:H
i Vs

o native to doping, the work function of TCOs

TCO can be modified by surface treatments (UV,
ozone, oxygen plasma),’””! or by the applica-
tion of specific interfacial buffer layers with
optimized work functions. The work func-
tion and band alignment of various TCOs
for selected devices have been studied by
Kelvin probe microscopy (KPM) and X-ray
photoelectron spectroscopy (XPS).1112180 A
selected list of TCOs and metals with their

Ve Ve
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Figure 4. a) Silicon heterojunction (SHJ) solar cell structure and b) zoom-in of the front TCO
layer indicating the 1. metal/TCO interface, 2. bulk and 3. TCO/a-Si:H(p) interface. c) Energy
band diagram of a complete SH| solar cell in equilibrium, showing the band structure between
the c-Si/a-Si:H(p)/TCO at the front and c-Si/a-Si:H(n)/TCO at the back of the cell, acting as
the hole and electron contact, respectively. In either case, collected carriers need to overcome
in principle several barriers, namely at the c-Si/a-Si:H, the a-Si:H/TCO, and the TCO/metal
interface (not drawn). The first barrier is caused by band offsets. The second one can be caused
by Fermi-level pinning at the interface and insufficient doping of a-Si:H and TCO. Because the
TCO is normally n-type, an Ohmic contact for electrons is in principle guaranteed on the rear
side. Transport at the TCO(n)/a-Si:H (p) interface occurs by band-to-band tunneling with photo-
generated holes efficiently recombining with electrons from the TCO.['3l
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respective work function values as reported
in literature is found in the Supporting Infor-
mation (Table S2).

In metal NWs and graphene electrodes,
the work function cannot be intrinsically
modified; however, a common approach is
the application of a capping layer or creating
hybrid electrodes with high or low work func-
tion polymers!!””l or metal oxide films.181:182]
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5.3. Stability Under Thermal and Humid Environments

Environmental stability of transparent electrodes is also of crit-
ical importance when integrating them in devices. Damp heat
tests performed under standard conditions of 85% humidity
at 85°C for prolonged time (1000 h) were used to demonstrate
the high environmental stability of ITO and 1ZO electrodes.['8]
IO:H and AZO, on the contrary, showed poorer electrical sta-
bility under damp heat conditions mainly due to the introduc-
tion of water at grain boundaries.['#3184 In the case of IO:H it
has been recently demonstrated that damp heat degradation is
strongly linked to the hydrogen content in the films. IO:H films
with hydrogen content lower than 5 at.% exhibit stable elec-
trical properties after exposure to DH conditions.["® The appli-
cation of capping layers, e.g., capping 10:H with a very thin and
dense layer of ITO, improves the environmental stability of the
electrodes.!'®3]

In terms of thermal stability, full-device fabrication might
require temperature steps that could modify the carrier density
or microstructure in TCOs, degrading the optoelectronic prop-
erties. TCOs with good temperature stability are mainly multi-
compound amorphous materials, such as 1ZO and ZTO.[12>186]
In nanowire networks, clustering of the network due to a tem-
perature step would increase the roughness of the electrode and
induce the formation of shorts in e.g. organic devices. In addi-
tion to temperature, UV exposure may also detrimentally affect
some transparent electrodes. Conductive polymers used in
organic devices and hybrid electrodes, such as nanowire-based
and metal grids embedded in a conductive polymer, yellow
with exposure to UV and temperature.l'®”! In terms of chemical
stability, cleaning of the substrate before OLED or perovskite
cell deposition can cause damage to the transparent electrodes.
Sn0O,, ITO, and a-ZnSnO are among the TCOs with the highest
chemical stabilities*%l and therefore are fully compatible with
industry-based processes to fabricate, e.g., OLED devices.['*”]

6. Perspectives

The continuous drive to increase solar cell efficiency, as well as
the push for improved performance of several other optoelec-
tronic devices, requires the development of transparent elec-
trodes with next-generation requirements, including ultrahigh
broadband transparency, high conductivity, adaptability, and
composition mainly from abundant elements. The best example
of a device that requires premium broadband transparent elec-
trodes on its front is the perovskite-silicon multi-junction solar
cell, which, as indicated in Figure 2, aims at active absorption
of the broadest photon-energy range. The electrodes in this
type of solar cell need to feature a wide band gap, low FCA,
and relatively low sheet resistivity. In addition, they should be
deposited without damaging the carrier-selective contacts in the
silicon cell, or the perovskite layers, and cannot be annealed.
The best solution for this is a very high mobility TCO, depos-
ited at room-temperature using a gentle deposition technique.
Amorphous indium-based TCOs are the best candidates; how-
ever, widening of their band gap remains a challenge. Further
exploration of materials to find the right dopants or compounds
that open up the band gap or of new material systems with
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tuned compositions and microstructures is just one path to the
discovery of amorphous low-temperature and gently-deposited
high mobility broadband transparent electrodes.

In terms of deposition, further development of high-end
deposition techniques, such as ALD, low-temperature solu-
tion-based deposition processes, or new PVD system designs
that avoid the direct exposure of the substrate to the plasma
during deposition (e.g., high-density plasma-enhanced evapora-
tion, 188189 or facing target sputtering!!®”), is just one path to
the development of ultra-high performance TCOs and TCOs/
device interfaces.

Material design is also expected to play a decisive role in
the development of Earth-abundant transparent electrodes, as
well as for the discovery of high-performance transparent and
conductive materials especially with p-type conductivity. Much
is expected from high-throughput screenings using the com-
bination of computational and experimental methods, looking
for new design principles and experimenting with various syn-
thesis approaches.

On the p-type TCO side, recent investigations of metal-based
oxysulfides or non-oxide chalcogenides (S, Se, Te) or pnic-
tides (N, P) as potential p-type transparent conducting candi-
dates show promise in reducing the hole effective mass and to
increase conductivity. Recent progress on sulfide-based p-type
transparent conductors has enabled device demonstrations that
employ p-type transparent contacts. For example, low-tempera-
ture synthesized Cu-Zn-S has been applied as a hole-selective
contact in solar cells with n-type absorbers.B!l The scalability
and low processing temperature of these p-type transparent
conductors merits further material and device exploration.

Aside from transparency and conductivity, other specific
properties (stretchability, self-healing, antibacterial properties)
of transparent electrodes are becoming increasingly impor-
tant as they are being implemented into thin, lightweight and
wearable devices that require both ease-of-use and robustness.
Examples of these are fiber-like electrodes, 192 consisting
of fully integrated conductive fibers with a transparent matrix
or skin-integrated circuits and optoelectronics that require
transparent electrodes fabricated with non-toxic and biocom-
patible materials. The combination of optoelectronic and
environmental or mechanical requirements is in many cases
best achieved by hybrid approaches that integrate polymers and
high-performance inorganic semiconductors. Lastly, in addi-
tion to the three different approaches to create transparent elec-
trodes presented earlier in the manuscript, a largely unexplored
area is the use of photonic crystals and metamaterials. In this
case, light management through structures with metallic con-
ductivity could simultaneously provide transparency and charge
transport, creating transparent conductive structures.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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