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ABSTRACT

Due to their combination of good electrical conductivity and optical transparency, Transparent Conducting Oxides
(TCOs) are the most common choice as transparent electrodes for optoelectronics applications. In particular, devices,
such as LEDs, LCDs, touch screens and solar cells typically employ indium tin oxide. However, indium has some
significant drawbacks, including toxicity issues (which are hampering manufacturing), an increasing rarefication (due to
a combination of relative scarcity and increasing demand [1]) and resulting price increases. Moreover, there is no
satisfactory option at the moment for use as a p-type transparent contact. Thus alternative materials solutions are actively
being sought. This review will compare the performance and perspectives of graphene with respect to TCOs for use in
transparent conductor applications.
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1. INTRODUCTION

Transparent, electrically conductive films can be made from a wide range of materials including titanium nitride,
semiconducting oxides and ultra-thin coatings of metals such as silver and gold. Transparent conducting oxides (TCO)
currently dominate for most industrial transparent electrode applications, however. Graphene is now being put forward
as a transparent conductor (TC) game changer only eight years after its’ isolation [1, 2] and the optical and electronic
properties of graphene have attracted enormous research interest of late [3]. In this article, the suitability of graphene for
transparent electrode applications is reviewed and contrasted to that of TCOs

2. TRANSPARENT ELECTRODES

The dominant industrial applications for transparent electrodes are flat panel displays (FPDs) and solar panels, which,
combined, constitute more than 90% of the market [4]. A cost breakdown reveals that TCs represent about 5 and 10% of
the overall manufacturing cost, respectively, for FPDs and solar cells [5-8].

Typical minimum requirements for transparent electrodes are an average transmittance of more than 80% over the whole
visible spectrum and a resistivity of about 10° Q.cm or less. To attain such performance, thin-film semiconductors
should have a bandgap of 3eV, or above, and a carrier concentration of the order of 10 cm™ or higher [7]. Historically,
most transparent electrodes employ n-type metal-oxide semiconductors (i.e. TCOs). TCO thin films that are in practical
use as transparent electrodes are usually crystalline, although adoption of amorphous oxide semiconductors [10] is
emerging.

2.1 Transparent Conducting Oxides (TCOs)

TCOs are often multifunctional (e.g. electrodes and/or templates/buffers and/or light management layers: e.g. anti-
reflection coatings & light trapping layers), and their properties, thickness, positioning & form are considered integral to
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overall device design. Generally TCOs are doped oxides of tin, zinc, cadmium and their alloys (e.g: ZnO:F, ZnO:Al,
CdO:Sn, CdO:In, In,05:F, InyO5:Sn, CdO-In,0s, etc). [9]

Figure 1 shows a plot of two key performance parameters (visible absorption coefficient vs sheet resistance) for
commonly used TCOs (adapted from [2]).
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Figures 1 Typical visible absorption coefficient vs sheet resistance data for commonly-used TCOs (adapted from [9]). It
should be noted that since the film thickness impacts both the visible absorption and the sheet resistance, thethicknesses
of the samples here were chosen to be typical of those needed for low-resistance applications such as solar cells.

2.2 Indium Tin Oxide

In spite of the various strengths and weaknesses of the many TCOs and the range of deposition methods adopted [9-15]
Indium-doped tin oxide (ITO) thin films, deposited by magnetron sputtering, are by far the most commonly used for
most transparent electrode applications. Figure 2 [adapted from 16 & 17] shows a market forecast for the sales volume
(in $US) of various TCOs. It can be seen that, in 2011, ITO constituted more than 90% of the transparent electrode
market. This is because of the large installed production capacity combined with an acceptable cost/performance ratio.
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Figure 2 Forecast of the transparent conductors market from 2011 to 2018. Adapted from [16 & 17]
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In 2018, the market share of ITO is forecast to drop to about 70%. This prediction is related to some drawbacks of ITO
and the expected improvement in the performance/cost ratio of alternative materials. In particular, the scarcity of indium
is projected to become a major problem. Indium is the 61st most abundant element in earth’s crust with an average
concentration of 0,24 ppm and it is used in more and more growing applications. This combination is making its’
(already high) price rise. [18]. Moreover, indium-based compounds are known to be both carcinogenic and cytotoxic
(they attack the heart, liver, kidneys...) [9] Furthermore, ITO is not suitable for all applications. Indeed, there is a huge
diversity of applications/requirements for TCs. When factors other than transparency or conductance are paramount,
other materials may offer superior solutions e.g. low cost (ITO, SnO,:F), best resistance to H plasmas (ZnO:F), greatest
thermal stability (TiN, SnO,:F, CdSnQOy), highest plasma frequency (SnO:F, ZnO:F), best biocompatibility (ZnO),
maximum durability (TiN, SnO,:F) and best suitability to etching (ZnO:F, TiN) (adapted from [9]).

Additionally, other downstream considerations have to be taken into account for the choice of TCO, such as chemical
stability & corrosion resistance (still a major issue for outdoor applications such as solar cells) [19]. Other potentially
important selection criteria include abrasion resistance, electron work function, compatibility with substrate (& other
components), appropriateness for the application, ease of manufacturability and the economics of the deposition method.
Thus selection of the optimal TCO, in terms of functionality and costs, is not always straightforward.

3. TCs: NEW DEVELOPMENTS

It has been over a hundred years since K. Baedeker, [20] reported the first TCO: CdO. With the rapid development since
the 1970s of ZnO, SnO, and In,O3 based TCc, [21] TCOs have become a mature technology with relatively little
advance in recent years. In order for transparent electrode performance to make significant further improvements, a new
paradigm is probably needed. Some possible candidates for this are conductive polymers, new hybrids/composites,
superconductors, nanostructures and (the subject of this paper) graphene

According to the pioneers (A.K Geim and K.S. Novoselov [22]), graphene is “the mother of all graphitic forms” Indeed,
graphene is a like 2D building material for carbon materials of all other dimensionalities. For instance, it can be wrapped
up into 0D buckyballs, rolled into 1D nanotubes or stacked into 3D graphite. Since 2004, the interest for this new
material has skyrocketed, with a compound annual growth rate (CAGR) of related publications in excess of 36% from
2004 to 2012 (based on data from Wiley Publications, ACS Publications, Nature, AIP & Springer Link).

Table 1 summarizes some of the key properties of state-of-the-art graphene:

Hexagonal structure  [EYESIESRLYN

Transmittance 97.7% in visible spectrum

Low resistivity ~30 Q/o

Mobility 200 000 eV s
Thermal Conductivity ‘ 5000 W-m—1-K-1
Melting Point 3948.15 K

Band gap engineering ‘ Metallic / Semiconductor

Table 1 Some key properties of state-of-the-art graphene (Adapted from [3, 22])

Graphene, however, is not limited to such fixed properties, however. One of the most interesting aspects of graphene is
its’ highly tuneable bandgap, which provides it with the flexibility to be either metallic or semiconducting. Indeed, the
number of publications related to “doped graphene” has increased rapidly over the last 4 years, outstripping the CAGR
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for graphene as a whole .[23] There is still much work to be done, though. Some current graphene issues are the non-
availability of a wide-area uniform production tool, the tendency to form Multi Layer Graphene (MLG) or incomplete
layers (rather than Single Layer Graphene (SLG)) , “wrinkles” (which severely impact the properties), wear resistance
and oxidation.

3.1 Graphene growth processes

3 main categories of fabrication process have emerged for graphene: dry exfoliation, direct deposition and chemical
exfoliation. [24] According to Nanotech Insights [25], 13 mains growth tools for graphene have been patented. The
survey records 241 patents among which, 94 are for exfoliation and 92 are for Chemical Vapor Deposition (CVD).
Together, these two techniques represent almost 80% of the patented processes.
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Figure 3 Number of graphene synthesis method patents (adapted from [25]).

3.1.1 Dry exfoliation:

“Scotch tape” fabrication (illustrated in figures 4 and 5) was the first technique used for graphene isolation It is an
example of dry mechanical exfoliation (or Micromechanical Highly Oriented Pyrolytic Graphite cleavage). This
relatively simple process allowed the first synthesis of SLG. Excellent crystalline quality can be obtained with this
method and fundamental study of graphene can thus easily be made in laboratory. The approach has proven to be of
limited scalability, however, and it is generally considered to be unsuitable for industrial production [24]

3.1.2 Chemical Vapor Deposition (CVD)

The most studied process for obtaining wide area samples of graphene is CVD. In this approach (Figure 5c) a
hydrocarbon precursor is direct towards a copper substrate.

The growth mechanism is based on the decomposition of the incident hydrocarbons when they arrive at the heated
substrate such that carbon nucleates on the Cu and the nuclei then grow into relatively large domains [25-26]. The
nucleation density has been found to be a function of pressure and temperature [25-26]. At relatively high temperature
(T>1000°C) and low precursor pressure (mTorr range), relatively large (~0.5 mm) single crystal domains form. Once the
Cu surface is fully covered, the films become polycrystalline, since the nuclei are not coherently registered [25-26] i.e.
they are mis-oriented with respect to each other (even if nucleated on the same Cu grain). It has been suggested that this
could be ascribed to a relatively low Cu-C binding energy. [27]. The compatibility of CVD with current chip fabrication
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and the self-limiting nature of the process [24] (i.e. CVD growth practically ceases when the Cu surface is fully covered
with graphene) are very promising for CVD mass production. The main drawbacks, currently, are the expensive copper
substrate and the relatively poor crystalline quality that is generally obtained. [24]

3.1.3 Wet exfoliation

A wet chemical dispersion of graphene flakes can be produced by ultrasonication of graphite in water [28-29] or organic
solvents [30-31] (Figure 5b). Such “wet exfoliation” functions via the formation, growth, and collapse of bubbles (or
voids) in the liquid due to pressure fluctuations: “Cavitation”. Hydrodynamic shear-forces associated with cavitation
cause the graphite to exfoliate into flakes. The solvent-graphene interaction needs to be adapted so as to balance the
inter-sheet attractive forces. This process is low cost, but the relatively small size of the graphene flakes is not adapted

for the mass electronic market.

Figure 4 Cleaving graphite with scotch tape in order to obtain graphene.
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Figure 5 Schematics of the a) scotch tape technique used to transfer graphene onto a substrate b) CVD process ¢)
ultrasonication of graphite.
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4. GRAPHENE VS TCOs FOR N-TYPE TRANSPARENT CONDUCTOR APPLICATIONS

Recently there has been a lot of research targeted at replacing TCOs by graphene for transparent electrode applications.
A comparison of some key properties of state-of-the-art graphene and ITO TCs is given in table 2.

Material Resistance Visible Sp.ectrum : Production Robustness
= Transparency Data
Continuous
- 0, 2 9
Graphene 30-280 97.7% $5000/m* | oo wide sheet * © O ©1
14 000 ksqm
- 0 2
ITO 30-80 90% $ 7/m In 2012 ©

* not really yet

Table 2 Properties comparison between ITO and state-of-the-art graphene for n-type transparent electrode applications
(adapted from [3, 9, 24, 32]). Of particular note is that graphene has a distinct intrinsic transparency advantage over
ITO (and TCOs in general).

Figure 6 shows a plot comparing two key parameters (Transmittance vs Sheet resistance) for state-of-the-art graphene
and ITO (adapted from the data of [3, 9, 24, 32]). The graphene shows a continually improving conductivity and an
already superior transmittance compared to ITO. The exorbitant current cost of graphene per m> compared to ITO is
expected to decrease dramatically due to the huge research effort currently targeting improved mass production. [30-31].
The ITO price, on the other hand, will remain stable or increase due to the aforementioned indium scarcity and
increasing demand. [1]
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Figure 6 Transmittance vs sheet resistance for state-of-the-art Graphene & ITO (adapted from [3, 9, 24, 32]).

Highly flexible and transparent graphene films obtained by CVD have already been successfully demonstrated for use as
transparent electrodes in organic photovoltaic cell prototypes. [32] Moreover, Gomez de Arco et al. [33] demonstrated
the outstanding capacity of CVD graphene solar cells to operate reproducibly after repeated bending at angles of up to
138° (as compared to ITO-based devices which displayed cracks and irreversible failure under bending of 60°). This
indicates a great potential of CVD graphene films for flexible PV applications. Bae et al. demonstrated the successful
adoption of graphene as a replacement for ITO electrodes in FPDs. [32] Moreover they developed this using a roll-to-roll
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process which shows much promise for low cost mass production of graphene. A 30 inch diameter graphene foil was
obtained via a process which included transfer to a host substrate (after the CVD) via chemical dissolution of the Cu and
dry transfer-printing.

5. P-TYPE GRAPHENE

The first p-type TCO emerged relatively recently, with the synthesis of p-type CuAlO, in 1997 [34]. Subsequently, a
wide range of p-type TCOs has been developed (for instance Cu,O, SnO, CuAlO,, CuGaO,, SrCu,0,, NiO, Spinels,
MoOQ; etc. can all be p-type) but they are at a fairly early stage of development (i.e. mobility, carrier concentration and
conductivity are still way too low for most transparent conductor applications) compared with n-type TCOs and the
perspectives remain unclear. One of the most interesting contributions expected from graphene is the emergence of a
new candidate for use as a p-type transparent conductor. Indeed, it has already been shown that transparent graphene can
be doped so as to exhibit p-type behaviour. [23] For instance, graphene is p-doped by simply oxidizing with a strong
acid. [35] Moreover, it is possible that such chemical-based p-type doping could be integrated into the roll-to-roll
fabrication process in order to mass produce p-type transparent electrodes.

6. INDUSTRIAL ADOPTION OF GRAPHENE

The pie charts in figure 7 show a forecast of the evolution of the various graphene market sectors (adapted from [16]).
From 2015 to 2020 the value of the graphene market as a whole is projected to grow by a factor of 10. According to
BBC research, transparent electrodes (in both PVs and FPDs) will be key early markets for graphene. The PV market for
graphene transparent electrodes is already predicted to be worth $ 7.37 million in 2 years from now and the FPD
application will be a strong emerging sector for graphene-based electrodes.
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Figure 7 Graphene market evolution 2015-2020 (adapted from [16]).

7. CONCLUSION

Among the various TCOs, ITO is still considered to offer the best optical/electrical/cost compromise for transparent
electrode applications and dominates the market. Other materials are emerging, however, as toxicity legislation & a
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continually degrading supply/demand ratio for indium turn the screw on ITO. Graphene is a relatively new arrival on the
transparent electrode scene but it already shows superior transparency & adequate conductivity. Graphene currently has
significant production issues, however, & the cost levels are too high. Both of these are evolving rapidly though and
functioning PV/FPD prototypes suggest that roll-to-roll CVD could well rise to the challenge. Thus graphene is
considered a very promising candidate for ITO replacement in the medium term. For p-type TC applications, it would
also seem that graphene is a top contender and that future development may well be based on wet chemical oxidation.
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