Nanoscale

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Nanoscale

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

ROYAL SOCETY
&cuzmsmv

ROYAL SOCIETY
OF CHEMISTRY www.rsc.org/nanoscale


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 10

Nanoscale

Transparent Conductors Composed of Nanomaterials

Michael Layani, Alexander Kamyshny and Shlomo Magdassi

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX

DOI: 10.1039/b000000x

This is a review on recent developments in the field of transparent conductive coatings (TCCs) for ITO 5

replacement. The review describes the basic properties of conductive nanomaterials suitable for

fabrication of such TCCs (metallic nanoparticles and nanowires, carbon nanotubes and graphene sheets),

various methods of patterning the metal nanoparticles with formation of conductive transparent metallic

grids, honeycomb structures and 2D arrays of interconnected rings as well as fabrication of TCCs based

on graphene and carbon nanotubes. Applications of TCCs for electronic and optoelectronic devices, such 10

as solar cells, electroluminescent and electrochromic devices, touch screens and displays, and transparent

EMI shielders are presented.

1. Introduction

Nowadays, most people encounter optoelectronic devices, such as
touch screens and displays, on a daily basis. These devices is
contain a common component - TCC, which can be used, for
example, as a transparent counter electrode in a liquid crystal
display (LCD). In a typical LCD device, the liquid crystals are
aligned under an electrical potential generated between two
electrodes, and in order to see the colors, one of the electrodes 20
must be transparent. Another application of TCC is in touch
screen devices, which are generally divided into a resistive and a
capacitive types.' Furthermore, TCCs are used as electromagnetic
shielding layers which prevent electromagnetic interference
(EMI). This can be achieved by using materials with high 25
conductivity, such as metals or conductive polymers, as a
shielding package, yet allowing light transmittance.> >

Various electronic and optoelectronic devices have a similar
structure, where the TCC is one of the upper layers. Nowadays,
the most common materials used for the fabrication of TCCs are
metal oxides, while the most widely used oxide being indium tin
oxide (ITO), with a market share of more than 97% of transparent
conducting coatings.* ITO coatings are characterized by low
sheet resistance, down to 10 /o, at about 90% optical
transparency in the visible range.” However, ITO has several ss
disadvantages, such as high production cost, the need for special
etching processes in order to achieve patterning, and the need of
the relatively rare element, indium. Another disadvantage is the
brittleness of ITO thin films which prevents it's utilization for the
fabrication of flexible, stretchable, and bendable devices.* ° 4
Therefore, much effort is being made nowadays to find
alternatives for ITO, which are based on nanomaterials, and
which can be printed directly on various substrates. An ideal
replacement should be a low cost material that would enable to
obtain flexible thin transparent films by simple and low cost 4
processes, including direct patterning. Depending on the
application, the TCC replacement should have a sheet resistance
in the range of 10 to 10° Q/o at a transparency > 90%. %’

The emerging materials for ITO replacement can be divided into
three categories: carbon based materials, such as carbon s
nanotubes (CNTs) and graphenes; metallic nanoparticles (NPs)
and nanowires (NWs); and conductive polymers, such as

PEDOT:PSS.® In this review we will focus on the use of
conductive nanomaterials, such as metallic NPs, metallic NWs,
CNTs and graphene nanosheets for the fabrication of TCCs. 55

2. Metallic nanomaterials

Depending on the application, TCCs based on metallic
nanomaterials, such as nanowires and grids, should possess sheet
resistance in the range of 10 to 10° Q/o at a transparency of
>90%. 400-1000 Q/o is sufficient for many touch screen oo
applications, and ~10-50 Q/o is required for OLEDS and solar
cells. ® "The degree of transparency and conductivity can be tuned
by varying the coverage of the surface, e.g. density of the
deposited nanomaterial. While fabricating and patterning TCCs
on plastic substrates for use in flexible plastic electronics, the es
main requirements are low-temperature processing,
temperature post-patterning sintering (<150-200 °C) and strong

adhesion of the metallic nanomaterials to the flexible substrates.”
13

low-

2.1 Metal nanowires 70

Metal NWs can be defined as nano-sized rods with a high length-
to-diameter aspect ratio, typically larger than 20. The most
common metal NWs are made of silver. A typical method to
synthesize silver NWs is by reducing the silver nitrate in presence
of PVP, in ethylene glycol as reaction medium and reducer.'* '* 7
Various solution-based methods are suitable for the production of
TCCs which are composed of such metal NWs: drop casting,'®
spray-coating,'” rod-coating,'® spin-coating, "’ thermal
nanoimprint lithography,” and vacuum filtration followed by
transfer printing onto a proper substrate.’’ Due to the low s
intrinsic electrical resistivity of silver, the sheet resistance of
films that can be obtained by using silver NWs is low, usually in
the range of 10-100 /o, making it more favorable over carbon
based TCCs.'"” ** The films made of metallic NWs actually
contain many voids in between them. The contacts between the ss
individual wires provide the percolation paths to enable low
conductivity, while the nanometric diameter of each NW leads to
high transparency.

There are few reports, which describe theoretically and
experimentally'® 2"+ > the main parameters that govern the o
transparency and sheet resistance of the films. Mutiso et al >

23, 24
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obtained. *’ Fig. 2 shows the effect of NWs length on sheet
resistance and transmittance.

200 -
A

presented a method that enabled computing of sheet resistance
and empirical expressions for optical transparency, thus providing
the first fully calculated plots of % T versus R,. The model could
predict the effect of the NW aspect ratio (length to diameter) and
network morphology (areal density, dispersion, orientation, etc.) s
on network properties. In another research, networks of silver
NWs with wire diameters in the range of 45—-110 nm and a pitch 150 -
of 500, 700 and 1000 nm, were evaluated. The optimal
transparency (91%) was obtained for the NWs network that had
thin wires and a small pitch. The sheet resistance was as low as 10
6.5 Q/o for the best conducting network. By combining
measurements and simulations, four distinct physical phenomena
were found to govern the transmission of light through the
networks, all related to localized surface plasmon and surface 50 -
plasmon polaritons.** 15

A novel approach to increase the conductivity of NW-based

TCCs is based on
NWs.? It has been shown that gold-decorated, reduced graphene
oxide nano-platelets can bridge the closely located, non-
contacting metal NWs. This can act as a protective and adhesive 2
layer for the underneath metal NWs, which resulted in better
performance of the TCC, compared to the untreated NWs.
Interestingly, this hybrid TCC possesses antibacterial properties.
25
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Fig. 2 Optical and electrical characteristics of Ag NWs-based TCCs: plots ss
of sheet resistance vs optical transmittance at 550 nm for networks of
various NWs. Adapted from reference 27.

A simple approach for obtaining TCCs by using silver NWs is 25 An interesting approach for obtaining TCCs based on in situ

based on vacuum filtration of NWs dispersion, followed by
transferring the NW film onto a PET substrate by heating and
applying pressure.”’ The obtained TCC showed sheet resistance
in the range of 1-100 Q/o, depending on coating density.
Recently, better results (sheet resistance <1
transparency) were reported for films that have been obtained by
combining mesoscale metal with the NWs. 2 An additional layer
of copper mesoscale wires (1-5 pm) was deposited (Fig. 1) over a
layer of NWs (50-300 nm in length). The optimal films, in view

of conductivity and transparency, as was found by simulations, 3s

should be composed of wires with diameter of 5 um and spacing
0f 100-500 pm.

Mesoscale wires
Macroscale wires

(~50 pm)

Fig. 1 Mesoscale metal-wire network, TCE concept. Scheme of mesoscale

design (not drawn to scale). The mesoscale metal-wire network between 40

the nanowire transparent electrode and the macroscale wires (metal
fingers), can shorten the distance of the carrier transport and enhance
the Rs—T performance. Adapted with permission from Macmillan
Publishers Ltd: Nature copyrights 2013.

45

Increasing the conductivity of the NW film by using longer wires
was also reported by Lee ef al.”” By combining a novel method of
synthesis of very long Ag NWs (>500 um) with low temperature,

Q/ at 92% 30

formation of NWs of two metals, was reported by Azulai ef al.*® ¢
Gold/silver nanowire meshes were formed after the reduction of
the metal ions was triggered, followed by spreading a thin growth
solution on the substrate. The reduction of the metal progressed
within a template of a highly concentrated, surfactant liquid
crystalline mesostructure, formed on the substrate during film es
drying, to form ordered bundles of ultrathin nanowires. Such
films were grown on silicon, quartz and PET, and were
characterized by sheet resistance in the range of 60-1000 /o and
transmittance comparable to the transmittance of ITO films.*®
Although the most widely studied NWs are made of silver, 7
copper NWs were also reported. Copper TCC films were formed
by filtering aqueous dispersion of NWs (average length and
diameter 10 um and 90 nm respectively) through polycarbonate
membrane, followed by imprinting onto a glass slide. The
obtained sheet resistance of such films was 15 Q/o with 7
transmittance of 65% at 500 nm.”’ Another type of Cu NWs-
based TCC was obtained by rod-coating a dispersion containing
nitrocellulose as a film former. The obtained coatings were
treated with H,/N, plasma and heated under H, atmosphere at 175
°C. The resulting sheet resistance was 30-185 /o and the so
transmittance was 85-90%, depending on the density of the
coating.”’

Copper nanofibers (diameter: ~100 nm, length: >100 pm) were
also used to produce TCC. The coating on a glass slide was
performed by electrospinning, and resulted in sheet resistances of ss
200 and 50 /o, at transparencies of 96 and 90% (at 300-1100
nm), respectively.*’

As was already mentioned regarding rigidity of ITO films, an
important parameter for practical application of TCCs on flexible

substrates is their stability towards bending. NWs have been s
shown to be a promising candidate due to the inherent mechanical
stability of the individual NWs. For example, only <2% increase

laser nano-welding process, highly transparent and flexible
conductors with high transmittance (89-95%), high electrical so
conductivity (9-69 Q/o), and good mechanical strength, were
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in sheet resistance of silver and copper NWs-based thin film on
PET was observed, after 100-1000 cycles of bending®' as
compared with 400-time increase of sheet resistance of ITO
films, after only 250 bending cycles.'”” TCCs made of NWs have
been reported for various applications, such as solar cells, and
have already been incorporated in some optoelectronic devices.®'
Recently, it has been shown that a silver NWs layer can be
applied for electromagnetic shielding.> The silver NWs were
imbedded in between a PET substrate and a layer of transparent
polyethersulfone (PES), to decrease the shedding and corrosion 10
of silver NWs. Prior to the PES coating, the NWs were deposited
onto PET in presence of polyethylene oxide (PEO), which
provides a homogeneous distribution of the NWs layer. After
thermal removal of the PEO at 160 °C, the formed "sandwich"
film showed excellent EMI shielding performance. For films with 15
>80%, transmittance, the lowest sheet resistance was 14.7 Q/o,
and the EMI shielding was ~30 dB, which is better than the
minimum value of 20 dB required for commercial applications.’
It should be noted that the performance of conductive polymer
composites and carbon-based conductive films as EMI shielding, 2
is usually lower.*>*

To the best of our knowledge, silver NWs-based TCCs are the
only ones which have already been commercialized. Films with
sheet resistance in the range of 10-300 Q/o ("ClearOhm" product)
produced by Cambrios Technologies, have been successfully s
incorporated in touch screens and displays by LG Electronics
(Korea), in large area monitors of eTurbotouch Technology
(Taiwan), in mobile phones of NEC/NTT Docomo (Japan), and
in kiosk monitors of G-Vision (USA).

w

2.2 Patterning of metal nanoparticles 30

Typically, most TCCs are achieved by using materials that
possess intrinsic properties which enable transparency. This is
true for metal oxides and carbon-based materials at low thickness.
A major emerging concept for obtaining TCC which contain
metal nanoparticles is by fabricating various patterns such as ss
grids, arrays and honeycombs, with very narrow line features.

221 Grids

TCCs formed by a grid patterns are becoming commercially
available. Among the many companies that are utilizing this
aproach are: POLYIC, Toray and Rolith. Typical technologies to 4
achieve conductive transparent metal grids are based on
photolithography ***" direct printing,” ** embossing,* and self
assembly.*® All these methods enable obtaining narrow lines*!
(<10 pm) and low sheet resistance (<10 Ohm/o) of the whole
grid. 45
While performing the patterning process with metallic NPs (such
as in a printing process) a very important step for achieving
conductive patterns (not necessarily transparent) is required, the
sintering of the metallic particles to enable percolation path for
electrical conductivity. In order to obtain a stable dispersion of so
metal NPs (where the NPs do not aggregate or sediment over
time), organic stabilizing agents are usually used (polymers or
surfactants). The molecules of such insulating stabilizing agents
are adsorbed at the surface of the NPs, but they should be
removed after formation of forming the metallic films, in order to ss
obtain tightly packed, conductive layers with numerous
interconnections. Therefore, a very important step in obtaining
NPs-based TCCs is the sintering, which is a process of merging

the particles without their complete melting. There are various
approaches to sinter metal NPs: thermal,*’ chemical*® and plasma e
sintering”,  sintering under microwave radiation®’, light
flashing™, electrical® and laser sintering.*® It should be noted that
thermal sintering is usually performed at temperatures above
200°C, which is not suitable for plastic substrates, and therefore
non-destructive methods of sintering, such as, for example, light s
flashing, are preferrable.*’

Obviously, in case of thermal sintering, local heating can be
utilized for both sintering and forming the grid. For example, a
top-down approach to obtain a transparent conductive grid (TCG)
by selective laser sintering was recently reported.”> ** By this 7
process (Fig. 3), the heat generated by the laser causes sintering
of the particles within predetermined narrow lines with required
shapes. The patterning process is followed by washing out the
remaining unsintered particles, and a transparent conductive grid
is obtained. The transparency and conductivity can be controlled s
by varying the dimensions of the grid and the width of the lines.
For grids composed of 300x300 pm squares with 10-15 um line
width, a TCC with sheet resistances of <30 /o and 85%
transparency was obtained. It is interesting to note that while
using laser sintering with short pulse time, it is possible to
produce the TCG without destroying the plastic substrates®’.
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Fig. 3 Schematic diagram of selective laser sintering of Ag NPs for the
fabrication of a transparent conductor. Bottom part, transparent
conductor fabricated on a flexible (PEN) substrate (metallic grid on a 5x5
cm region). Adapted with permission from S. Hong, J. Yeo, G. Kim, D.
Kim, H. Lee, J. Kwon, H. Lee, P. Lee and S. H. Ko, Acs Nano, 2013, 7, 5024-
5031. Copyright 2013 American Chemical Society. ¥/
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The main disadvantage of this approach is the large amount of
un-sintered, costly material which should be removed after the
grid formation sintering.

Ahn et al " used a direct patterning of concentrated ink
containing silver NPs (>70 wt%), by extrusion through a very
narrow cylindrical nozzle. The printed feature's dimensions are
determined by the ink rheology and printing parameters, with a os
typical line width of ~5 pm, a height of 280 nm and center-to-
center spacing of 100-400 pm, as shown in Fig. 4. The best
transparency, ~94%, was obtained for 400 pm spacing. The
resistivity was 3.64x107 Q-cm after annealing at 200 to 350 °C
for 2 hours'®. 100

©

0
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Fig. 4 Optical images of the TCGs with center-to-center line spacing of
200 mm, printed on (A) glass and (B) polyimide substrates. (C) SEM
micrographs of the conductive grids, printed with center-to-center

spacing of 100 um (top), 200 um (middle), and 400 um, respectively. (D)
Transmittance of the conductive grids of varying center-to-center
spacing patterned on glass substrates. Adapted from reference 10.

900

o

Nanoimprinting is another method for obtaining semi-transparent
grids’’, which utilizes imprinting molds fabricated by
photolithography, as presented in Fig. 5. The transparency and 10
sheet resistance can be controlled by changing the metal type and
layer thickness. For example, for layer thickness of 80 nm, all
metals (Au, Cu and Al) yielded sheet resistance of ~5 Q/o at 70%
transparency, while Cu and Au layers of 40 nm thickness, were
characterized by sheet resistance of ~15 Q/o and 11 Q/o, s
respectively *7, at 70% transparency.

ARn .‘ .1 | \ 1l
AR
111 |

Fig. 5 SEM images of |mpr|nt|ng molds with rectangular grids with line
widths of (a) 200 nm and (b) 120 nm, and the corresponding semi-
transparent metal electrodes (on glass) with line widths of (c) 200 nm 20

and (d) 120 nm. Data reproduced with permission of WILEY-VCH Verlag
GmbH & Co. ™

A very recent approach for the production of TCGs is by
combining inkjet printing and coffee stain effect’® **>'. The 2
coffee stain effect is a process in which particles within a sessile
drop move towards the periphery of the drop during evaporation.
Upon evaporation, the outer parts of the ring are composed of
closely packed particles. As will be described later, based on this
effect, a transparent conductive layer can be formed, composed of 3o
multiple interconnected rings.* Zhang et al.*® recently reported
on the formation of elongated ellipse-shaped patterns based on
this effect, while the nanoparticles are accumulated in narrow
parts of printed lines. The width of the line composed of silver
NPs was 5-10 um that resulted in a transparent pattern (Fig. 6). 35
These ellipse shaped patterns were interconnected in the form of
a grid. The resulting TCG on glass had a transparency of 92%
with line resistivity in the range of 2.61x107 — 5.76x10* Q-cm
when annealed at 160-200 °C for 2 hours.*®

Fig. 6 Left: Optical image of a reticular conductive pattern based on
printed coffee-ring lines of Ag NPs. Right: Schematic illustration of inkjet
printing of Ag-NPs patterns induced by the coffee-ring effect. (a) A single
line is fabricated by ink-jet printing of Ag NPs ink on the substrate. (b, c)

The Ag NPs migrate to the TCL during the solvent evaporation. (d) The 45
final deposited Ag NPs patterns. Data reproduced with permission of
WILEY-VCH Verlag GmbH & Co0.*

A different approach, which is also derived from wetting and self
assembly processes, was presented by Higashitani et al,> who
produced a gold TCG using an evaporative lithography method. so
First, a stainless-steel mesh was placed on top of a glass
substrate. Next, a droplet containing gold NPs was placed on top
of the mesh, instantaneously spreading over the mesh and the
glass substrate. During evaporation, the liquid flowed towards the
metal wires of the mesh, leaving an empty area under every one ss
of its squares. After complete evaporation, the mesh was removed
from the glass substrate, and a transparent grid composed of the
gold NPs was obtained. At this stage, the gold grid was not
conductive, probably due to the presence of a polymeric stabilizer
around the nanoparticles. Hence, a thermal sintering was e
conducted (425 °C for 20 min). Then the conductive network was
transferred onto a polymeric film by pressing it into a thin layer
of UV hardening resin coated on a PET film. In the final step of
the process UV curing was performed, yielding a metallic grid on
a plastic substrate. 65
Obviously, the need to sinter the particles at high temperatures
prevents the possibility of obtaining a transparent grid directly on
a plastic substrate, and requires a complex transfer process of the
grid from the glass to a soft film forming material. Layani et a/>
used a similar evaporative lithography method, but it was 7
performed directly on a PET substrate.The sintering was

Page 4 of 10
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performed at low temperature, by a simple chemical sintering
process. This process resulted in TCG with a sheet resistance of
~9 Q/o and ~80% transparency.

One of the challenges of such transparent grids is that their
conductive layer is not continuous and contains voids which are s
not conductive. In order to turn the TCG into a fully and
continuous conductive layer, the voids should be filled with an
additional transparent conductive material, for example,
conductive polymer PEDOT:PSS. Zou et al*® used PDMS
stamping to fabricate silver grids with line width of 5, 10 and 20 1o
pm, with line separation of 50, 100, 200 um, respectively,
followed by coating with a layer of PEDOT:PSS. These coated
grids were then used in inverted polymeric solar cells as
transparent electrodes (structure presented in Fig. 7). When
comparing uncoated grids with coated grids of the same is
dimensions, the efficiencies of the solar cell composed of coated
grids were almost 3 times higher.*

(a) (b)
1111+ PES(g)T'PSS
pnn=sEnl P3HT'PACBM :
INEEEEEE T
e R
With or withoutge
(PEDOT:PSS)"
...-.l MUA SAM ||
R
ass
Fig. 7 (a) Optical microscope image of silver grid with 5 um width
separated by a distance of 50um. (b) Device configuration of the polymer 20
solar cell using Ag grid as the transparent electrode with or without
conductive PEDOT:PSS layer. Reproduced with permission from AIP
Publishing LLC.*®

Another material that was used to fill in the voids is graphene,* 2s
as schematically shown in Fig. 8. The sheet resistance of the
resulting hybrid transparent electrodes was as low as 3 /o with
transmittance of ~80%, and ~20 Q/o for films with 90%
transmittance. Due to the intrinsic properties of graphene, the
light absorbed by such thin layers is only 2.3% of the incident 30
light. The metal grid in this study was fabricated by
photolithography of thin sputtered layers of Cu, Au, or Al, while
graphene was deposited on top of the grid by either CVD or low
temperature growth techniques.*®

Transbarent
Substrate

35
Fig. 8 Metal grid/graphene hybrid transparent electrode. The yellow
lines in the figure represent the metal grid. The grid size and gridline

width in the figure are only illustrative and are not scaled with the

graphene molecular structure. Reprinted with permission from Y. Zhu, Z.

Z.Sun, Z. Yan, Z. Jin and J. M. Tour, Acs Nano, 2011, 5, 7686-7686. 40
Copyrights 2013 American Chemical Society.*®

2.2.2 Honeycomb structure

As mentioned earlier, when using nanomaterials to pattern a
transparent electrode, it is highly important that the morphology s
of the conductive pattern provides high transparency. Therefore,
it is also important to find the pattern that will not reduce the
charge collection over the whole layer. For example, in the
previously described TCG, the size of the squares (non-
conductive voids) should be tailored according to the electrical s
requirements of the device, so that the voids within the grid
should not be too large. Obviously, decreasing the voids'
dimensions will cause a reduction in transparency. Another way
to optimize the charge collection is to change the geometry of the
conductive lines from a grid pattern to a honeycomb structure ss
(Fig. 9). For example, Galagan et al>* 3 printed current
collecting grid in a honeycomb structure combined with solution-
processed conductive PEDOT:PSS. The semi-transparent
honeycomb grids were screen printed using a commercial nano-
silver paste (TEC-PA-010, Inktec). The active area of the TCC ¢
was 2x2 cm with a line width of 160 pm, and a sheet resistance of

1 Q/o. This TCC was integrated in an organic solar cell as the
anode. The efficiency of the device with an active area of 4 cm®
was about two times higher than that of a device with ITO as the
transparent electrode. 65

3

Fig. 9 A 2x2 cm solar cell with current collecting grid, free of ITO.
Reproduced with permission from Elsevier.”

A nanometric honeycomb structure can be obtained by combining
self-assembly and nano-shpere lithography.®® The process 7
involves three main steps. First, polystyrene (PS) spheres are
arranged on a substrate to form a monolayer or multilayer
template. This can be done by various methods, such as
Langmuir-Blodgett films, spin coating, dip deposition or
floating—transferring techniques. Next, the voids among the PS s
spheres are filled with the required materials. Finally, the PS
sphere template is removed, leaving behind a nanostructured
pattern on the substrate.’” ** To fabricate a gold honeycomb
structure, once the PS monolayer is obtained, a gold layer is
formed on top of the spheres by thermal evaporation in vacuum, so
and the PS template is removed by rinsing with tetrahydrofuran.
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The voids between the PS spheres were expanded by reactive ion
etching, in order to obtain better continuity and electrical
conductivity of the metal network. The effect of the etching time
on the optical and electrical properties was evaluated.” To
construct a honeycomb structure composed of silver NPs (Fig. s
10), a droplet of silver ink was placed onto the monolayer of PS
spheres. The
NPs were thermally sintered, followed by removal of the PS
monolayer by sonication in toluene. The resulting TCC had a
transmittance and sheet resistance of 83% and 20 Q/o, 10
respectively.’’

silver

Transmittance (%)

Sheet resistance (ohnmv/sq)

1 1 1 1 1 1 1 1 1 1

200 300 400 500 600 700
Etching Time (Sec)

800 900

Fig. 10 FE-SEM images of (a) a 3 um PS sphere monolayer and (b) an Ag
honeycomb mesh. (c) Enlargement of the dotted box in (b). (d) Variation
in sheet resistance and transmittance of Ag honeycomb mesh 15
constructed by using 3 um PS with etching time and (f) FE-SEM images of
Ag honeycomb mesh before and after etching for 900 s, respectively. ©
IOP Publishing. Reproduced by permission of I0P Publishing.”’

2.2.3 Rings 20
TCC can be fabricated by printing multiple interconnected rings,
by the coffee stain effect.*” Each printed ink droplet (by inkjet
printing) form an individual ring composed of closely packed
metallic nanoparticles. At proper printing conditions, many rings
can be printed and connected spontaneously, and if sintered, the »s
formed transparent array of rings is also conductive.

More specifically, the conductive arrays were obtained by ink-jet
printing of picoliter droplets of a silver dispersion directly onto a
flexible substrate. After printing, each printed dot is self-
assembled into a ring by the well-known “coffee ring effect”.*’ 3
As reported by Deegan et al,”® once a millimeter-size droplet of
liquid containing solid particles is pinned to a substrate, upon
drying of the droplet, the solid particles assemble into a ring.
Such effect is usually undesirable since the typical high quality
ink-jet printed pattern is uniform.®* ® As shown by Perelaer et ss
al.%? and Kamyshny et al.,”' micrometric individual rings can be
obtained by ink-jet printing of dispersions of silica particles or
microemulsion droplets, respectively.

0

Fig. 11 Upper image: array of interconnected rings. (a) Light microscope 4o
image of a chain of rings. (b and c) SEM images showing a closer look at
the junction between two rings. Reprinted with permission from M.
Layani, M. Gruchko, O. Milo, I. Balberg, D. Azulay and S. Magdassi, Acs
Nano, 2009, 3, 3537-3542. Copyrigﬁgts 2013 American Chemical Society.
45

In our previous report,”® we have shown that in the case of
dispersions of metallic NPs, this "coffee stain" effect can lead to
the formation of conductive, millimeter size rings without the
need for sintering at high temperatures, due to the spontaneous
close packing of the silver NPs at the rim of the ring. In s
continuation of these findings, we utilized the coffee ring effect
to obtain 2D arrays composed of interconnected conductive rings
which possess high transparency and conductivity. Arrays of
silver rings were obtained by ink-jet printing of ink composed of
silver NPs, directly onto plastic substrate (Fig. 11), yielding a ss
TCC with 95% transparency and sheet resistance of 4 + 0.5
Q/0.* This type of 2D ring array enabled the fabrication of a
flexible, plastic electroluminescent device, in which the array
which is directly printed on a PET film and sintered at low
temperature, serves as transparent conductive which replaces the 6
typically used ITO in such devices.

Fabricating a TCC as a 2D ring array may have several additional
advantages. Simulations show that at the same periodicity and
line width, ring mesh has better transmissivity in the visible range
because of its higher obscuration ratio, stronger electromagnetic os
shielding performance due to smaller maximum aperture, and less
degradation of imaging quality because of lower ratio and
uniform distribution of high order diffraction®. Nevertheless, to
the best of our knowledge, there is only one report on the

fabrication of a TCC as a ring array pattern.*’ 70

3 Carbon based nanomaterials
3.1 Graphene

Page 6 of 10
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Graphene is the most recently discovered allotrope of carbon.®* A
typical graphene flake has a width of up to 50 pm and thickness
of 0.34 nm.* It is characterized by very high Fermi velocity (106
m/s) and high intrinsic in-plane conductivity.” ® As predicted, the
sheet resistance of graphene TCC varies with the number of s
layers, N, as Ry~ 62.4/N o’

Graphene and its derivatives are produced by several methods:
from graphite by mechanical® and liquid phase® ® exfoliation,
by chemical vapor deposition (CVD),* " by synthesis from
various organic compounds,”' by chemical cross-linking of 1o
polycyclic  aromatic  hydrocarbons,”! and by  thermal
decomposition of SiC.”* The most often used nanomaterial for the
formation of graphene coatings is graphene oxide (GO), because
of it's good dispersibility in water and it's high electrical
conductivity, which can be achieved by a reduction process after
forming the coating by wet deposition. The latter can be
performed by chemical or thermal treatment.”” GO is usually
obtained by oxidation of graphite powder in presence of strong
acids and oxidants.” ™

There are several reports on the production of TCCs using 20
graphenes.®*’*”" The typical sheet resistance of a graphene-based
TCCs is in the range of 200-1000 Q/o with transparency lower
than 90%.™ 7® Improving the sheet resistance of graphene can be
achieved by increasing the number of graphene sheet layers,” but
obviously, this would cause a decrease in transparency. 25
A recent report by Yuan et al.¥® showed how tailoring of the
electrical and optical properties can be performed by exposing the
graphene TCC to ozone for various time periods at various
temperatures. Initially, ozone exposure dramatically decreases the
electrical resistance of the graphene films by p-doping, but this is 30
followed by increase in the resistance and optical transmittance as
a result of surface oxidation. The rate of resistance increase can
be significantly increased by raising the treatment temperature.
By this approach, the sheet resistance decreased from 1300 to 320
Q/o at 20 °C after 60 sec exposure.xo To date, the best reported 3
graphene-based TCC has a sheet resistance of 8.8 Q/o, at 84%
transparency.®' These graphene films were obtained by
intercalating few-layer graphene with ferric chloride. It should be
noted that graphene-based materials offer good electromagnetic

@

oy

shielding®* and might be a good candidate for EMI shielding 4
TCCs.
3.2 Carbon nanotubes

CNTs are formed by folding a graphene sheets into a cylindrical

hollow structure, in which the walls are constructed by carbon

atoms. The graphene sheets can differ in their chirality, and s
depending on that, the CNT can have either a semiconductor or

metallic properties. They can be both as single-walled CNTs

(SWCNTSs) and as multi-walled CNTs (MWCNTs), and have a

typical length of several to tens of microns. The diameter of

SWCNTs is usually in the range of 0.4-4 nm, while the outer s
diameter of MWCNTs is in the range of several to tens of
nanometers.*

The electrical resistivity of an individual CNT can be as low as
1-10° Qem for SWCNT* and 3-10° Q-cm for MWCNT.*
However, in most cases, due to the presence of various defects or
impurities, the resistivities of individual CNTs, as well as the
resistivities of their assemblies, are much higher. ¥’

Due to the superior mechanical properties of individual CNTs,*

o

o
a

thin films made of CNTs are promising candidates for the
production of flexible electronic devices. There are three major o
methods for the production of CNTs: electric arc discharge, laser
ablation, and chemical vapor deposition (CVD). ¥°' The arc
discharge method usually requires high temperatures (above 1700
°C). Although the most often used method is DC discharge
between two graphite water-cooled electrodes with helium at sub- 65
atmospheric pressure, hydrogen and methane gases are also
used.”’ CNTs are attracted to the cathode, while the anode is
consumed. Usually MWCNTs are produced by this method, if no
catalyst is used. On the other hand, the method used to produce
SWCNTs normally requires a metal catalyst (Fe, Ni, Co, Mo, 7
Y).?" If high quality and purity SWCNTs are desired, laser-
induced evaporation/ablation of pure graphite (by Nd:YAG or
CO, lasers) is used.’’ Catalytic CVD, thermal or plasma
enhanced, which is the catalytic decomposition of hydrocarbons
or carbon monoxide, is also a common method for obtaining high 7
purity CNTs. It was previously shown that CNTs can also be
fabricated by flame pyrolysis, using carbon monoxide as a carbon
source.”> An organic synthesis method was also demonstrated to
form homogeneous CNTs with well defined structures. The
synthesis is performed by utilizing hoop-shaped carbon s
macrocycles (small fragments of CNTs that retain information
regarding chirality and diameter), which are used as templates for
polymerization reactions to produce long CNTs.” Another
bottom-up approach to produce MWCNTs is the hydrothermal
processing of a mixtures of polyethylene and water, or ethylene ss
glycol and water with an Ni catalyst at 700-800 °C, under
pressure of 60-100 MPa,”* and by the electrolytic process, which
involves graphite cathode immersed in molten chlorides of alkali,
or alkaline-earth metals.”
There are various methods that can be used for the preparation of
CNT transparent films by wet deposition: rod-coating,” spin-
coating,”® spray-coating,”” dip-coating,”® drop-casting,” vacuum
filtration followed by transfer onto a proper substrate,'®
electrophoretic deposition followed by hot pressing transfer,'®!
and inkjet printing.'” '® The best approach to increase the os
conductivity of the film, is by stacking more and more CNT
layers. However, increasing the amount of material will lead to a
decrease in transparency. CNT films with a transparency suitable
for most electronic applications have a typical thickness of < 50

7 Since SWCNTs have higher conductivity compared to 100

©
S

nm.
MWCNTs, they are preferable for the fabrication of conductive
transparent films. Typical sheet resistance and transparency of
such films, on glass and plastic substrates, are usually in the
range of 60-870 /o and 70-90% (usually measured at 550 nm),
respectively, depending on the film thickness and method of ios
preparation.”” '® For example, deposition of CNTs onto PET
from chlorosulfonic superacid resulted in TCC sheet resistance of
60 Q/o with a 90.9% transmittance.'” Even lower sheet
resistance, 4-24 Q/o, for hybrid films with up to 82%
transparency, was recently reported.'® This result was achieved i
by combining silver NWs with CNTs. The hybrid film was
prepared by performing vacuum filtration through a cellulose
ester membrane of a mixed dispersion of Ag NWs and SWCNTs,
followed by transferring the film to a glass substrate. It was
shown that the SWCNTs wrapped the Ag NWs, resulting in a 1
conductive interconnect, as well as a mechanical support,

0
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providing structural integrity of the films.'*

Application of the CNT-based TCCs in solar cells and touch
screens was already reported.'”'” For example, low roughness
SWNT films were fabricated by combining dip-coating with
nitric acid treatment. These TCCs were than incorporated as an
anode in an organic solar cell. The metallic-enriched SWNT
anodes are found to yield power conversion efficiency that is 50
times greater than that for semiconducting SWNT anodes. It has
found that for the SWCNT-based organic photovoltaic (OPV)
cells, the efficiency was ~2% compared to 3.1% for ITO -based
OPV.'%

CNT films on plastic substrates were also incorporated as the
touch electrode in a four-wire resistive touch panel. Single-point
actuation tests showed superior mechanical performance
compared to ITO touch electrodes, with no loss of device
functionality up to 3 million actuations. Sliding stylus-pen tests
showed no loss of device linearity after 1 million stylus cycles.
The CNT films on PET gave an 86% total transmission
(including the PET) over the visible range and 600 /0 sheet
resistance.'"’

In addition, there are several reports showing that CNTs and
carbon nanofibers (CNF) can serve as good transparent EMI
shielders. ** ' For example, for a composite 40 wt%
MWCNT/PMMA, the EMI shielding was 27 dB.**> A very recent
study showed that EMI shielding was 25 dB when using (CNF)-
reinforced syntactic foam (CNFRSF) as the functional layer,**
which is better than to 20 dB as the minimum value typically
required for commercial applications.’

It should be mentioned that CNTs can form both non transparent
electrodes and a TCC, depending on the amount of CNTs and the
film thickness. Therefore, we fabricated recently a flexible,
plastic electroluminescent device, in which the transparent back
electrode was formed by spray coating of a CNT dispersion, and
the counter electrode was patterned by inkjet printing a CNT
dispersion.'®

Currently, only very few commercial CNT films are available as
competitors for ITO,* but more can be expected in the near
future, since there are many research activities on this subject.

4 Outlook

As follows from the above overview, a number of nanomaterials
of various chemical origins (metals, carbon) and morphologies
(NPs, NWs, nanosheets, nanotubes) can be utilized for the
fabrication of TCCs. In spite of the remarkable scientific progress
in preparation processes and applications of conductive
nanomaterials, they are still not widely used in the industry.

We expect that replacing the traditional metal oxides (mainly
ITO), which are used as transparent electrodes in many displays,
by TCCs made of conductive nanomaterials (metals, CNTs, and
graphene), can make a revolutionary impact on modern
optoelectronics. Among the transparent conductive coatings,
currently the metal NWs-based TCCs are probably the most
mature. CNT-based TCCs are also available commercially, and
we expect that graphene will play a more significant role once
suitable wet deposition methods will be developed. Furthermore,
we also expect that, combining several types of methods and
materials would result in efficient hybrid TCCs with superior
properties.
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