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Whilst copper and silver are the conductors of choice for myriad
current and emerging applications, patterning these metals is a
slow and costly process. We report the remarkable finding that an
extremely thin (~10 nm) printed layer of specific organofluorine
compounds enables selective deposition of copper and silver
vapour, with metal condensing only where the organofluorine layer
is not. This unconventional approach is fast, inexpensive, avoids
metal waste and the use of harmful chemical etchants, and leaves
the metal surface uncontaminated. We have used this approach to
fabricate thin films of these metals with 6 million apertures cm—2
and grids of ~1 pm lines, through to 10 cm diameter apertures. We
have also fabricated semi-transparent organic solar cells in which
the top silver electrode is patterned with a dense array of 2 pm
diameter apertures, which cannot be achieved by any other scalable
means directly on an organic electronic device.

Introduction

Silver (Ag) and copper (Cu) are the dominant current carrying
elements in modern electronics and solar cells, and also the
metals of choice for a diverse range of emerging applications
including flexible transparent electrodes and as platforms for
biological and chemical sensors for point-of-use healthcare and
environmental monitoring."” When structured on the sub-
wavelength scale the unique optical properties of these metals
also enables them to trap and channel visible light in the form of
surface plasmonic excitations,® rendering them ideal as active-
elements for a plethora of future optoelectronic applications’
and as a platform for the nascent field of plasmonic nano-
chemistry.® For all of these applications these metals are
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New concepts

Here we report the proof-of-principle of a new concept in the selective
deposition of copper and silver electrodes that completely avoids metal
waste and the use of harmful chemical etchants, and leaves the metal
surface uncontaminated, the latter being particularly important for
frontier applications in sensors and organic electronics. We show that
both silver and copper vapour do not condense on extremely thin
(~10 nm) printed layers of specific organofluorine compounds, so the
metal is deposited only where the organofluorine layer is not. The beauty
of this approach lies in its versatility and accessibility, since vacuum
evaporation of metals is proven as a low cost metal deposition method 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. Here we have used micro-contact printing
to demonstrate proof-of-principle, although the approach is not limited
to this printing method. We demonstrate the power of this approach by
fabricating semi-transparent organic solar cells in which the top silver
electrode is patterned with a 6 million 2 um diameter apertures cm >
which, to our knowledge, cannot be achieved by any other scalable means
directly on an organic electronic device.

patterned by printing from costly colloidal solutions of nano-
particles followed by sintering to fuse the nanoparticles
together," or by selective removal of metal by etching using
harmful chemicals,"* or by electrochemical deposition.'>*?
Whilst the latter has the advantage that it enables selective
metal deposition, it is an inherently chemical intensive and slow
solution based process.'>'® Additionally, using all of these
methods contamination of the metal surface by organic residues
is inevitable, which modifies the work function in an uncontrolled
way'* and impedes subsequent chemical derivatization of the
surface, which is limiting for frontier applications in sensors and
organic electronics.

Vacuum evaporation is a proven low cost method for the
large area deposition of metal films and so is widely used in
the food packaging industry, as well as being ubiquitous in
research laboratories. Due to the industrial importance of the
metallisation of insulating substrates a great deal of effort has
been directed at improving adhesion between evaporated metal
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films and glass and polymer substrates.'*'® Studies of the very
early stage nucleation of Ag and Cu on plastics, equivalent to a
metal thickness of 1-2 atoms,'”*® have shown that whilst all
metal atoms are initially adsorbed at the surface not all remain,
with the proportion remaining adsorbed quantified in terms of
the sticking or condensation coefficient, C. Whilst a great deal
of effort has been directed at maximising C, reports pertaining
to how C can be intentionally minimised, or how substrates
with very low C might be exploited for selective deposition of
metals are sparse'®* and the ‘Holy Grail’ of selective deposition
of Ag and Cu has remained elusive until now. In addition to the
obvious technological advantage for manufacturing industry, the
emergence of an accessible method for the selective deposition
of Ag and Cu opens the door to the accelerated research and
development of single use, disposable devices that would other-
wise be uneconomically viable due to the high cost of patterning
films of these metals over macroscopic areas.

In this work we report an unconventional, inexpensive and
highly effective approach to the selective deposition of Ag and
Cu, based on the use of very small quantities of cheap, low
toxicity organofluorine compounds in the form of printed
thin films. We have identified that Ag and Cu vapours do not
condense on thin films of highly fluorinated organic com-
pounds, and demonstrate this for metal deposition equivalent
to 85 nm - a thickness sufficient to completely block visible
light. When Ag and Cu are evaporated onto printed organo-
fluorine layers with a pattern, metal is only deposited where the
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organofluorine layer is not, ensuring that metal is deposited
only where it is needed. Consequently, there is no metal
removal step, which avoids metal waste and eliminates the
adverse environmental impact associated with the use of
chemical etchants, leaving a pristinely clean metal surface.
The beauty of this method lies in its simplicity, since vacuum
evaporation of metals is a widely available technique and the
shape and dimensions of the features deposited is only limited
by the printing method used. The generality of this approach is
demonstrated using both polymeric and small molecule fluori-
nated compounds and by applying this approach to glass,
plastic and silicon substrates for both Ag and Cu. The versatility
is demonstrated by fabrication of metal films with features on
the micron scale through to a tenth of a meter, and semi-
transparent organic solar cells in which the top transparent
silver electrode is patterned with a dense array of 2 pm diameter
apertures per square cm.

Results & discussion

To demonstrate the power of this approach we have used
micro-contact printing (LCP) to print arrays of 2.5 um circles
of (1H,1H,2H,2H-perfluorooctyl)trichlorosilane (FTS) (Table S1,
ESIt) with a density of ~ 6 million apertures cm > onto high C
transparent substrates (Fig. 1 and Fig. S1, ESIt). nCP uses an
elastomer stamp with elevated features that make intimate
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Fig. 1 Selective deposition of Ag on various substrates using a micro-contact printed (perfluorooctyl)trichlorosilane (FTS) layer. In each case the
substrate surface is modified with a high C layer of MoOs_, (10 nm prior to FTS printing to guarantee the formation of a compact Ag film where the FTS
layer is not deposited). (a—c) Scanning electron microscope (SEM) images of an 85 nm thick Ag film on MoOs_,/glass with 2.5 pm diameter circular
apertures where FTS is printed. (d and e) Cross-sectional scanning transmission electron microscope (STEM) images of 50 nm thick Ag with 2.5 pm
diameter apertures on MoOs_,/silicon. (f) Atomic force microscope (AFM) topographic image of a MoOs_,/glass substrate with a micro-contact printed
array of FTS circles and a representative cross-section (g), along one row of features (h). AFM topographic image of an 85 nm thick Ag layer deposited
onto a MoOs_,/glass substrate patterned with FTS and associated cross-section (i), along one row of holes. The scale bars correspond to 1 pm.
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conformal contact with a substrate for the selective printing of
thin films on surfaces, and can be scaled to large areas®® as well
as being easily implementable on a laboratory scale.?® The
widely available fluorinated molecule FTS is identified as
offering an extremely low C for both Cu and Ag deposited by
thermal evaporation and is amenable to pCP. The materials
used to impart a high C to the different substrates used in this
study were molybdenum oxide (MoO;_,) and polyethylenimine
(PEI), which are deposited as very thin films by vacuum
evaporation and from dilute solution respectively.

Fig. 1 and ESIf Fig. S2-S5 show representative scanning
electron microscope (SEM) and cross-sectional scanning trans-
mission electron microscope (STEM) images of 15 nm, 50 nm
and 85 nm thick Ag films thermally evaporated onto FTS
printed films, from which it is evident that the metal selectively
deposits only in those areas where the substrate is not
covered with FTS. Spatially resolved energy dispersive X-ray
spectroscopy (EDXS) spectra acquired on metallized and non-
metallized areas for films with a nominal Ag thickness of 15 nm
and 85 nm (Fig. 2) confirm this conclusion. Analysis of the
cross-sectional STEM image (Fig. 1d and e) confirm that the
thickness of the metallized areas is equal to that which con-
denses on the quartz crystal microbalance. When the deposited
Ag thickness is increased to 85 nm (Fig. 1la-c, h, i, ¢, d and
Fig. S6, ESIT), the apertures are still largely free of Ag, which
demonstrates the broad range of metal thickness over which
this approach is applicable.

Comparison of the STEM images for Ag films of 15 and
50 nm thickness (Fig. 1d, e and Fig. S2-S5, ESI{) reveal that
there are a few isolated Ag nanoparticles in FTS printed regions
which are larger when the metal thickness is increased. It is
also clear from the STEM images that where isolated Ag
nanoparticles are present in printed areas they are invariably
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Fig. 2 Comparison of Ag selective deposition for different metal thick-
nesses. (a) A single aperture in a 15 nm thick Ag film on MoOs,/glass. (b)
Spatially resolved energy dispersive X-ray spectroscopy (EDXS) analysis of
the region inside and outside the aperture shown in (a). (c) A single
aperture in a 85 nm thick Ag film on MoOs_,/glass. (d) Spatially resolved
energy dispersive X-ray spectroscopy (EDXS) analysis of the region inside
and outside the aperture shown in (c). The scale bars correspond to 1 pm.
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located at the interface between the MoO;_, layer and the
printed silane layer (Fig. 1d, e and Fig. S4, ESIf), which
indicates that nucleation occurs where Ag can diffuse through
the FTS layer reaching the underlying substrate. AFM images of
the micro-contact printed substrates before metal deposition
show that FTS printed regions have a mound shape with a
central peak height of several tens of nanometres that tapers to
zero thickness at the edges (Fig. 1f and g). Where Ag nano-
particles are present in FTS printed regions they are most
prevalent at the edges of the circular apertures where the
printed layer is thinnest (Fig. 1a, b and Fig. S6, ESIt). Addi-
tionally, a common artefact of the nCP process is a crescent
shaped trench at the outer edge of the printed circular area,
where the FTS is locally thinner (indicated with an arrow in
Fig. 1f and g), which correlates with a crescent shaped distribu-
tion of Ag nanoparticles after metal deposition (Fig. 1b and
Fig. S6, ESIT). Together these observations provide compelling
evidence that Ag nanoparticles form where the FTS layer is thin
enough for the Ag to diffuse through to the underlying
substrate. Diffusion of metals into polymer substrates is well
known,>*®® particularly during the initial stage of polymer
metallization where the system is far from equilibrium, and
is a consequence of the very weak intermolecular interactions
and open surface structure of most polymer surfaces at the
microscopic level.

To determine the minimum thickness of the FTS layer needed
to achieve selective Ag deposition, glass derivatized with the
monochlorosilane analogue of FTS, 1H,1H,2H,2H-perfluorooctyl-
dimethylchlorosilane (FMS) was prepared (Table S1, ESIT). Since
FMS has only one chlorosilane moiety polymerisation cannot
occur and so the chemisorbed layer is limited to one monolayer,
which is equivalent to ~ 1 nm thickness. It is evident from Fig. S7
(ESIf) that a monolayer of FMS is not sufficient to block Ag
deposition, because the sample is an intense dark green colour
typical of a dense array for Ag particles. To test the generality
of this finding a monolayer of the thiol analogue of FTS,
tridecafluoro-1-octanethiol, was formed on an ultra-smooth
semi-transparent Au film'® using a deposition method known
to result in a compact thiol monolayer on Au.?® Again, it is clear
from ESIT Fig. S8 that a monolayer was not sufficient to block
Ag condensation. EDXS analysis shows that the amount of Ag
deposited onto substrates derivatised with a monolayers of FMS
and the thiol analogue is the same as on the substrates without
a monolayer (Fig. S7 and S8, ESIt). Collectively these data are
consistent with Ag atoms being initially adsorbed at the surface
and diffusing sub-surface before either being ejected back into
the vapour phase, or nucleating at the substrate surface. Whilst
the extent of this sub-surface diffusion inevitably depends on the
composition and structure of the printed film (the latter depend-
ing on the deposition method) and the metal deposition rate,*
we find that an FTS layer with a thickness of >10 nm is needed
to achieve selective deposition: Fig. S9 and Table S2 (ESIf).

To demonstrate another deposition method for the FTS
layer, 3.2 cm? glass slides were coated with a 10-20 nm thick film
of FTS deposited by spin coating, followed by evaporation of Ag
equivalent to a nominal metal thickness of 15 nm. It is evident
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Fig. 3 Characterization of a 10 cm diameter hole in a silver film. Trans-
mittance spectra (referenced to air) of a 10 cm diameter hole in a 50 nm
thick silver film fabricated by printing an FTS layer using a PDMS stamp on
MoOs_, (15 nm)/glass substrate. The thin and thick dashed red lines are
respectively the highest and average transparency of that measured at
seven different locations in the aperture. (a) Sample after metal evapora-
tion. (b) Sample after washing with tetrabutylammonium fluoride/tetra-
hydrofuran solution and water.

from the EDXS analysis (Fig. S10 and Table S3, ESIt) and from
the photographs in Tables S1 and S2 (ESIt) that there is no
significant metal deposition over the entire FTS coated slide.
Conversely, Ag does deposit onto films of comparable thickness
of the hydrocarbon analogue of FTS; octyltrichlorosilane (OTS)
(Tables S1 and S2, ESIt), which shows that the fluorocarbon
backbone is the essential feature of the molecule for selective
deposition, rather than the silane moiety. This conclusion is
confirmed by the demonstration of selective deposition using
the polymeric organofluorine:poly(vinylidene fluoride-co-hexa-
fluoropropylene) (PVDF-HFP), which has no silane functionality
(Table S1, ESIt). To show that selective deposition can be
achieved over large areas we have increased the circular aperture
size from the micron-scale to a tenth of a metre (Fig. 3).

For specific applications it may be necessary to remove the
printed organofluorine layer and metal nucleation layer from
those areas not covered with metal in order to minimise
unnecessary parasitic light absorption, as shown in Fig. 3 for
a 10 cm diameter aperture in a 50 nm thick Ag film. It is evident
from the transmittance spectra in Fig. 3 that in this case
the MoO;_, metal nucleation layer contributes substantially
to parasitic absorption for wavelengths below 450 nm. Due to
the very low thickness of the organofluorine layer needed to
achieve selective deposition, it is easily and quickly removed by
rising with a solvent that dissolves it, or in the case of a cross-
linked silane layer such as FTS, by rinsing using 0.2 M tetrabutyl-
ammonium fluoride/tetrahydrofuran solution, to realise arrays of
apertures of well-defined depth (Fig. S11, ESIt). The MoOj;_, metal
nucleation layer can then be removed by briefly rinsing in water.

To deposit optically thin metal films with well-defined
thickness we have used a relatively low metal deposition rate
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of ~1 Angstrom per second. Increasing the deposition rate by
a factor of 5-6 times (and the deposited metal thickness
to 70 nm) resulted in more nanoparticle deposition, although
only at the edges of the printed area: Fig. S12 (ESI{). Away from
the edges, where the FTS layer is thicker, apertures are essen-
tially free of metal. Increasing the metal deposition rate requires
the temperature of the metal source to be raised, which increases
the mean kinetic energy of the incident metal atoms. It is
therefore reasonable to expect that the propensity of the metal
atoms to diffuse into the printed layer will be higher when the
metal deposition rate is increased. Consequently, to accommo-
date higher metal deposition rate the thickness of the printed
organofluorine layer must be increased.

We have found that this approach to the selective deposition
of Ag is also applicable to the lighter group 11 metal; Cu
(Fig. S13, S14 and Table S3, ESIt). Cu does not bind strongly
to MoO;_, and so forms isolated particles for a nominal metal
thickness of 15 nm (Fig. S13a and b, ESI}). For this reason a
solution processed PEI layer was used in place of MoO;_, to
achieve compact Cu films on metallized areas (Fig. S13c-e,
ESIt). This method can be translated to flexible transparent
plastic polyethylene terephthalate (PET) substrates for both Cu
and Ag, using MoO;_, as an adhesion layer for Ag and PEI for
Cu (Fig. 4 and Fig. S13 and S15, ESI}).

Transparent flexible electrodes

To demonstrate an important application, we have fabricated
transparent electrodes on flexible substrates based on a grid of
Ag lines ~1 um wide and 50 nm thick, suitable as transparent
electrodes in flexible optoelectronics (Fig. 4d and e). In this
case the grid spacing is 18.5 pm which corresponds to 10%

%%/

-
A

Fig. 4 Silver grids. (a—d) SEM images of Ag grids on a MoOs_,/polyethylene
terephthalate (PET) substrate, fabricated by thermal evaporating 40 nm Ag
onto a MoOs_,/PET substrate patterned with a micro-contact printed FTS
layer. (e) Photograph of a 3.2 cm? transparent electrode fabricated by
thermal evaporating 50 nm Ag onto a MoOs_,/PET substrate patterned
with a micro-contact printed FTS layer forming a grid as shown in panel (d).
The scale bars correspond to 5 pm.

This journal is © The Royal Society of Chemistry 2020
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metal coverage (Fig. 4d). These electrodes have an average abso-
lute transparency across the wavelength range 400-1100 nm of
~78% although 12% of the incident light is attenuated by the
PET substrate and MoO;_, adhesion layer due to reflection and
absorption (Fig. S16, ESIt). Of the light transmitted through the
substrate, only 11% is attenuated by the metal grid, which
correlates closely with the Ag metal coverage. Brief rinsing with
tetrabutylammonium fluoride/tetrahydrofuran followed by water
increases the absolute transparency to 80% due to the removal of
the FTS and MoO;_, layer together with any Ag nanoparticles at
defect sites in the FTS printed regions. The very small improve-
ment in transparency, which is in large part due to removal of the
MoO;_, adhesion layer, demonstrates the effectiveness of the
selective deposition approach. In this case the sheet resistance of
this electrode is ~30 Ohm sq ™, although this can be reduced by
increasing the thickness of the Ag grid lines without increasing
the area of the electrode obscured by the metal.

Top-electrode for semi-transparent organic solar cells

To further demonstrate the power of this approach for applica-
tions, we have fabricated semi-transparent organic photovoltaic

C PDMS

Zn0O

patterned Ag

u-contact printed FTS features
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PEDOT:PSS

ITO coated glass
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Fig. 5 Semi-transparent organic photovoltaic devices. (a and b) SEM images
of the patterned Ag electrode after coating with a ZnO layer. (c) Schematic of
the device architecture: glass/ITO/PEDOT:PSS/PCE-12:ITIC-m:PC;,BM/ZnO/
p-contact printed FTS/Ag (17 nm)/ZnO/PDMS. (d) Representative current
density—voltage characteristics for devices with the structure shown in (c).
(e) Total transmittance (referenced to air) of the semitransparent devices with
the structure shown in (c). Inset, photograph of one device.
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devices in which the top Ag electrode has a dense array of
~2 pum diameter apertures (Fig. 5) fabricated using the afore-
mentioned method. To our knowledge there is no other scalable
means of realising a metal electrode patterned with this density
of features directly on top of an organic optoelectronic device.

Conclusions

The power of the approach reported herein for the fabrication
of patterned Ag and Cu films lies in its versatility and simpli-
city, since vacuum evaporation of metals is a widely available
technique and the shape and dimensions of the features
deposited is only limited by the printing method used. In this
study we have used micro-contact printing and spin-coating of
the organofluorine layer to demonstrate proof-of principle.
However, for practical applications we see no insurmountable
obstacle to using printing methods compatible with roll-to-roll
processing for the organofluorine layer such as flexographic
printing or rotary screen printing. This, together with the fact
that roll-to-roll vacuum evaporation of metal films is a long
established industrial process for low cost metallization of
flexible substrates, opens the door to high throughput produc-
tion of patterned Ag and Cu films on insulating and conducting
substrates. Additionally, since there is no metal removal step,
there is no metal waste or use of toxic chemical etchants, which
are critically important advantages in terms of the materials
and environmental sustainability of the approach. For many
emerging applications it is also extremely useful that the metal
surface is uncontaminated by lithographic resist residue, since
organic residues modify the work function in an uncontrolled
way and can impede subsequent chemical derivatization of the
surface, which is limiting for frontier applications in sensors
and organic electronics.

Whilst the factors affecting the process of spontaneous
desorption of metal atoms (and thus C) from soft surfaces are
still to be fully elucidated,'®* the early stage nucleation
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 and so all metal atoms are initially adsorbed. The
body of evidence presented here is consistent with an extremely
weak interaction between Ag/Cu atoms and the organofluorine
surfaces in question, so Ag and Cu adatoms quickly desorb
from the surface before metal nucleation occurs. We have
shown that condensation of these metals can be inhibited on
the scale of centimetres, so lateral diffusion of adsorbed metal
atoms across the organofluorine surface is not considered to be
an important process. Also, it is evident from ESI{ Table S1 that
there is no correlation between the surface energy of the
organofluorine layer and the extent of Ag deposition, since
the surface energy of the PVDF-HFP film and OTS films are
comparable, but metal is only deposited on the latter. Conse-
quently the surface energy of the substrate is only a useful
indicator of whether the metal that remains on the surface
forms nanoparticles or compact thin film at low metal thickness.
What is distinct about highly fluorinated organic molecules and
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polymers as compared to their hydrocarbon analogues, is the
exceptional weakness of the intermolecular attractive forces
(or cohesive energies),*! which stems from the low polarizabil-
ity and high ionization potential of the carbon-fluorine bond
combined with the relatively large intermolecular separation
that results from steric repulsion between fluorine atoms.>?
Consequently, fluorinated molecules exhibit exceptionally low
boiling points* together with low surface energies compared to
their hydrocarbon analogues (OTS (27.1 & 0.5 mJ m>) vs. FTS
(13.2 + 0.9 mJ] m?) Table S1, ESIf) and increased chemical
stability. It seems likely that the combination of weak inter-
molecular interactions together with a very weak metal-molecule
interaction enables facile diffusion of Cu and Ag atoms into and
out of the surface of highly fluorinated hydrocarbon film, such
that the metal atom flux adsorbed at the surface is balanced
by that of desorbing adatoms. Whilst computational studies
providing further fundamental insight into the molecule-metal
vapour interaction are underway, the findings reported herein
enable immediate practical implementation of this approach to
patterning silver and copper thin films for numerous current
and emerging applications.
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