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We report a new materials system for the fabrication of embedded silver grid electrodes with micron-sized
linewidth >10 times narrower than can be achieved using the conventional printing techniques of screen,
inject and flexographic printing. Using micro-contact printed thin films of the highly fluorinated polymer
poly(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluorodecyl methacrylate) together with low temperature
heating of the substrate during metal deposition by thermal evaporation, we have fabricated embedded
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silver transparent grid electrodes on flexible plastic substrates without the need for a metal etching step or a
separate grid-embedding step. This simplified approach to grid electrode fabrication is made possible by the
very low condensation coefficient of Ag on areas of the substrate covered with the printed organofluorine

layer, removing the need for harmful chemical etchants and slow chemical intensive electrochemical

rsc.li/materials-c deposition steps.

Introduction

Silver (Ag) is one of the most widely used current carrying
elements in photovoltaics and displays, and patterned films of
this metal are used for a variety of emerging applications
including flexible transparent electrodes and as platforms for
biological and chemical sensors for point-of-use healthcare and
environmental monitoring."”” For all of these applications this
metal is patterned either by printing from relatively costly
colloidal solutions of nanoparticles followed by sintering to
fuse the nanoparticles together,® or by selective removal of metal
by etching, which is a slow batch process and uses harmful
chemical etchants,” or by electrochemical deposition."”™" The
latter has the advantage that it enables selective deposition of
the metal only where it is needed, but is an inherently chemical
intensive and slow process.'®!

We have very recently reported a new way to fabricate
patterned Cu and Ag films based on local modulation of the
metal condensation coefficient, enabled by the finding that Ag
and Cu vapour have an extremely small condensation coeffi-
cient on films of trichloro(1H,1H,2H,2H-perfluorooctyl)silane
(FTS) (Fig. 1a) when the film thickness exceeds ~10 nm."?
When the FTS layer is printed as a patterned film, metal is
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deposited only where the highly fluorinated organic layer is not.
The beauty of this approach lies in its versatility and simplicity
since vacuum evaporation of metals is proven as a low cost
method for making thin metal films by the packaging industry,
and the shape and dimensions of the features deposited is
limited only by the printing method used to deposit the
patterned organofluorine layer. This novel approach has a
number of advantages: (i) it can be applied to both insulating
and conducting substrates; (ii) it uses tiny amounts of organic
compounds because the critical thickness (~10 nm) is two
orders of magnitude thinner than the photoresist layers typi-
cally used in conventional photolithography; (iii) it avoids the
use of harmful metal etchants; and (iv) it can be applied to the
top surface of semiconductor devices. Whilst in principle a
number of different printing techniques can be used to deposit
the organofluorine layer, micro-contact printing is our method
of choice for fabricating dense-arrays of micron-sized features
of these metals over macroscopic areas, because of its low cost
and ease of implementation. Micro-contact printing uses a
patterned stamp of polydimethylsiloxane (PDMS) dosed with
a thin film of the material to be printed, which is transferred to
the substrate when the stamp is brought into contact with the
receiving substrate.”®* PDMS is used because of its unique
elastomer properties, which enables it to make intimate con-
formal contact with the receiving substrate so that films as thin
as one molecular monolayer can be efficiently transferred to the
receiving substrate.™

Whilst our first report on this topic demonstrated proof-of-
concept, the small highly fluorinated organic molecule FTS has
two drawbacks for practical application: (i) the high sensitivity
of the chlorosilane moieties on FTS towards reaction with water
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Fig. 1 Organofluorine compounds with low condensation coefficient for
silver vapour and grid fabrication process. (a) Trichloro(1H,1H,2H,2H-
perfluorooctyl)silane (FTS); (b) poly(3,3,4,4,5,5.6,6,7,7,8,8,9,9,10,10,10-
heptadecafluorodecylmethacrylate) (PFDMA). (c) Grid fabrication proce-
dure: (i) a polydimethylsiloxane (PDMS) stamp having micron-sized pillars
is inked with a PFDMA solution and brought into contact with the poly-
ethylene terephthalate (PET) substrate; (ii) a printed pattern of PFDMA
~10 nm thicker than the target metal line thickness; (iii) metal deposition
over the whole substrate by thermal evaporation under high vacuum
(<107° mbar); (iv) formation of a thick metal layer on the uncoated substrate
and metal nanoparticles in the polymer layer; (v) removal of the metal
nanoparticles by brief UV/Os treatment followed by acetic acid rinse.

J/ UV/0, + acetic acid rinse

requires a high degree of control over the water levels both in
the solvent used to prepare the FTS solution and the ambient
air to ensure the critical film thickness can be achieved over
large area; (ii) the number of times the PDMS stamp can be re-used
is limited by the propensity of FTS to polymerise particularly when
the printed feature sizes are micron-sized. Herein we report a way
to circumvent both of these drawbacks based on the use of the
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highly fluorinated polymer poly(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-
heptadecafluorodecyl methacrylate) (PFDMA)™ (Fig. 1b) in place of
FTS, together with low temperature heating of the substrate during
metal deposition. To our knowledge this is only the second
literature report pertaining to Ag film patterning by condensation
coefficient modulation, an approach that removes the need for
harmful chemical etchants, or slow chemical intensive electroche-
mical deposition steps. Here we demonstrate an improved process
that not only circumvents the problems associated with
using FTS outlined above, but also enables the fabrication of
embedded transparent grid electrodes without the need for a
separate grid-embedding step. To demonstrate the power of
this approach we have fabricated a grid with a line-width of
1.7 £ 0.2 pm, which is > 10 times narrower than can be achieved
using industrially relevant printing techniques (e.g: screen, inject
and flexographic printing)."®

Results and discussion

PFDMA (Fig. 1b) was chosen because it has a high density of
perfluoroalkyl moieties along the polymer backbone with a
similar structure to the perfluoro tail group on FTS (Fig. 1a),
and is amenable to facile micro-contact printing as thin slab-
like films of uniform and tunable thickness on a range of
substrates."* Additionally, PFDMA has no highly reactive moi-
eties that could result in cross-linking and clogging of the
PDMS stamp during printing, which ensures the stamp can
be re-used. For the fabrication of flexible embedded Ag grid
electrodes with a metal thickness of 90 nm, a PFDMA film with
a thickness of ~100 nm was micro-contact printed directly
onto a flexible polyethylene terephthalate (PET) substrate
(Fig. 1c(i) and (ii)), or PET modified with an ultra-thin layer of
PEI (polyethylenimine) the latter of which is known to serve as
an effective seed layer for evaporated Ag film.'® The substrate was
then exposed to Ag vapour in a vacuum evaporator until a total
thickness of 90 nm was deposited onto PFDMA-free regions and
the adjacent quartz crystal microbalance (Fig. 1c(iii)). Without
substrate heating the condensation coefficient (C), determined
from the ratio of Ag peak area in the energy dispersive X-ray
spectroscopy (EDXS) spectra taken from regions with and without
PFDMA, is 0.17 when the metal is deposited at 0.1 nm s~ (Fig. 2
and Fig. S1, S2, ESIt). This value, which is more than three times
higher than previously reported for printed FTS films,'” can be
reduced to <0.05 by reducing the metal evaporation rate (Fig. S2,
ESIY) although this inevitably increases the time taken to deposit
the film. However, by heating the substrate up to 190 °C, which is
well below the melting point of PET (255 °C)"” but above the
melting point of PFDMA; ~98 °C (Fig. S3, ESIt), C could be
reduced to <0.03 without reducing the deposition rate. Indeed
it is evident from Fig. 2 that the deposition rate can be
increased by ~3x without incurring an increase in C when
this higher substrate temperature is used.

Whilst the factors affecting the process of spontaneous
desorption of metal atoms, and thus C, from polymer surfaces
are still to be fully elucidated,">"®" the early stage nucleation

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Condensation coefficient, C, of Ag evaporated onto micro-contact
printed PFDMA on a PET substrate as a function of the substrate tem-
perature during metal evaporation. Inset: EDXS spectra for the Ag region in
areas of the substrate with and without PFDMA. The three peaks refer to
X-ray transitions Loy (2.98 KeV), Lp; (3.15 KeV) and LB, (3.35 KeV). C is
determined from the ratio of the Loy Ag peak areas. Error bars indicate the
maximum error.

studies of Faupel et al.>>** have shown that even when C is very
low there is no direct reflection of the metal atoms from soft
surfaces, rather that all metal atoms are initially adsorbed.
Given that siloxane linkages are well known for their
flexibility,”* and perfluorinated chains interact only very weakly
with each other, it is tentatively suggested that the perfluori-
nated moieties in FTS films move more freely than at the
surface of PFDMA which has a more rigid carbon-carbon
backbone, and this movement (which is inevitably thermally
activated) facilitates the ejection of weakly adsorbed Ag atoms
from the polymer surface.

For a Ag thickness of 90 nm deposited onto PFDMA free
regions an equivalent of <2.7 nm of Ag condenses onto PFDMA
coated regions. Even this extremely small amount of Ag couples
strongly with the incident light because the Ag atoms aggregate
to form nanoparticles (Fig. S4-S7, ESIT), which have a large
absorption cross-section due to excitation of an intense local-
ised surface plasmon resonance in Ag.”> Consequently the
Ag grids have a coloured tinge, although this is easily removed
by brief oxidation with ozone generated using ultra-violet lamp
in air (UV/O3) followed by acetic acid treatment to remove
the thin silver oxide layer that forms at the surface of the
Ag grid. The grid sheet resistance is increased by <6% as a
result of this treatment. Crucially, this treatment also oxidizes
the PFDMA surface, reducing its thickness so that it can
be matched to that of the Ag gridline thickness (Fig. S8 and
S9, ESIT) whilst also increasing its surface energy so that is
can be wetted with solution processed materials typically used
to span the grid gaps for electrode applications from polar
solvents. To demonstrate the latter we have deposited a
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PED-
OT:PSS) and colloidal ZnO overlayers (Fig. S10, ESIT).

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Grid electrodes produced by printing a PFDMA pattern of squares
onto 2 x 2 cm? PET substrates and evaporating 90 nm Ag. The grid lines
are 1.7 um wide and 90 nm thick. The grid spacing is 24.2 pm, which
corresponds to 13% metal coverage. (a) Transmittance spectra. Solid lines
refer to total transmittance and dashed lines to scattered transmittance.
These electrodes have an average absolute transparency across the
wavelength range 400-1100 nm of ~77% although 11% of the incident
light is attenuated by the PET substrate due to reflection and absorption,
and so the transmittance of the grid alone is equivalent to 88%. (b)
Photographs of the 90 nm Ag grid embedded in PFDMA with 1.7 um
linewidth and 24.2 um grid line separation.

To demonstrate the application of this approach we have
fabricated embedded 90 nm Ag film grids on PET with an area
of 4 cm? offering an absolute far-field transparency across the
wavelength range 400-1100 nm of 77% (Fig. 3a) and sheet
resistance of 20 Q sq . It is clear from Fig. 3(a) that ~11% of
the incident light is actually attenuated by the PET substrate,
due to reflection and absorption, and so the total transmittance
of the grid alone is equivalent to 88%, which is consistent with
the 12.7% =+ 1.5% metal coverage. The metallized line-width of
1.7 £ 0.2 pm is > 10 times narrower than can be achieved using
industrially relevant printing techniques such as screen, inject
and flexographic printing. Given that the high surface rough-
ness of transparent electrodes based metal grids is widely
considered to be limiting for applications in optoelectronic
devices based on a thin semiconductor layer such as organic
photovoltaics,' the fact that the grid lines are embedded is a
useful feature for application in organic optoelectronics. To test
the mechanical strength cyclic bending testing and the Scotch tape
peel test were performed: the sheet resistance increased by 1-3%
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after Scotch tape peel testing and remained unchanged after 5040
bending cycles through 5 mm radius of curvature with the grid
under tension, which together provide compelling evidence that
the grid is strongly adhered to the supporting substrate.

Notably, for the same far-field transparency the sheet resis-
tance of this flexible, embedded Ag grid electrode is lower than
can be achieved using PEDOT:PSS,® carbon nanotube networks>’
or multi-layer graphene films,*® and is comparable to that
achievable using continuous thin metal films." However, there
is considerable scope for further optimization of the grid-line
spacing and height, as detailed in ref. 15 and 29, and no
fundamental reason why performance comparable to the best
metal grid electrodes reported to date cannot be achieved, with
the advantage that this new fabrication process does not
require chemical etchants, complex post-deposition transfer
step or a separate grid embedding step.

Conclusion

In summary, we have reported a new material system for the
fabrication of Ag grid electrodes by condensation coefficient
modulation. Using micro-contact printed thin films of the highly
fluorinated polymer poly(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-
heptadecafluorodecyl methacrylate) (PFDMA) together with low
temperature heating of the substrate during metal deposition,
we have fabricated embedded transparent grid electrodes on
flexible plastic substrates without the need for a separate grid-
embedding step and offering a line-width of 1.7 pm. This
approach to grid fabrication avoids the use of harmful chemical
etchants and slow chemical intensive electrochemical deposi-
tion steps. Additionally, PFDMA does not clog the elastomeric
stamp used to achieve high resolution grids by micro-contact
printing. Given that micro-contact printing is compatible with
roll-to-roll processing, and roll-to-roll vacuum evaporation of
metals is proven as a low cost method of thin metal film
deposition by the packaging industry, this work points the
way to a potentially low cost way to fabricate transparent silver
grid electrodes with narrow grid line-width and small grid
period for myriad potential applications.
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Abbreviations

FTS Trichloro(1H,1H,2H,2H-perfluorooctyl)silane
PFDMA Poly(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluo-
rodecylmethacrylate)

PDMS Polydimethylsiloxane
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PET Polyethylene terephthalate

SEM Scanning electron microscopy

AFM Atomic force microscopy

EDXS  Energy dispersive X-ray spectroscopy
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