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ABSTRACT: We describe a direct-write process for produc-
ing electrically conductive metal patterns at the surface of
polymers. Thin films of poly(acrylic acid) (PAA) loaded with
Ag ions are reduced by a scanning, atmospheric-pressure
microplasma to form crystalline Ag features with a line width
of 300 μm. Materials analysis reveals that the metallization
occurs in a thin layer of ∼5 μm near the film surface,
suggesting that the Ag ions diffuse to the surface. Sheet
resistances of 1−10 Ω/sq are obtained independent of film
thickness and Ag volume concentration, which is desirable for
producing surface conductivity on polymers while minimizing metal loading.
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■ INTRODUCTION

Patterning metal as a contact or interconnect is a critical
processing step for device fabrication in a wide range of
applications. Traditionally, physical vapor deposition (PVD) is
combined with lithography to first deposit a metal film such as
Ag, then remove the undesired areas to produce a pattern.
Although this subtractive approach has high fidelity and results
in an electrically conductive metal layer without any thermal
annealing, the low throughput, materials wastage, and need for
vacuum lead to high operating costs and limited scalability.1

Recently, the emergence of flexible electronic devices has
stimulated the desire for alternative, additive approaches for
fabricating patterned metal features. Some examples of
techniques that have been developed include inkjet printing,2,3

screen printing,4,5 aerosol printing,6,7 and nanoimprint
lithography.8,9 A common feature of these processes is the
inks, which typically comprise organic-ligand stabilized
dispersions of metal nanoparticles2 or metal−organic com-
pounds.3,10,11 An advantage of ink-based printing methods is
that the processes are carried out at ambient conditions and
therefore can be easily integrated with roll-to-roll systems for
large-scale manufacturing.1,12 However, the inks themselves are
usually expensive due to the number of processing steps
associated with synthesis, dispersion, purification, and concen-
tration. In addition, the as-deposited films often exhibit poor
conductivity requiring a postdeposition annealing step, which
may not be compatible with some polymer substrates.13 Highly
conductive films have been produced at room temperature by
electroless deposition where the metal is chemically reduced
onto a polymeric substrate from solution.14−16 Electroless
processes require an initial metal layer that is often prepared by

inkjet printing to serve as activation sites and obtain patterned
deposits.17,18 Alternatively, patterns of metallic features have
been directly written by exposing polymer films containing a
metal precursor to a laser19,20 or electron beam.21 Unfortu-
nately, these processes remain complex and in many cases
require annealing to produce reasonable conductivity.
Here, we present a direct-write process at ambient conditions

to produce electrically conductive metal patterns at the surface
of polymer films. The process bears similarities with electron-
beam assisted nanofabrication, but does not require vacuum,
postannealing, or complex equipment. Polymer films are first
prepared with a metal phase and then exposed to a scanning,
nonthermal, atmospheric-pressure microplasma. Localized
reactions between the electrons in the microplasma and metal
ions in the film result in reduction, nanoparticle nucleation and
growth, and aggregation of the nanoparticles into a percolating
network of electrically conductive metal particles. A particularly
unique aspect of the process is that the metallization occurs
near the film surface which we propose occurs via electro-
diffusion of the metal ions in the electric field created by the
microplasma. Thus, highly conductive films with a sheet
resistance as low as 1 Ω/sq are produced at relatively low metal
loading in the polymer film.

■ EXPERIMENTAL PROCEDURE
Thin films of poly(acrylic acid) (PAA) loaded with silver
cations (Ag+) were prepared by solution methods. PAA (Acros
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Organic, Mw = 1 260 000) was dissolved in 100 mL of 1:3 v/v
deionized water:ethanol at 0.255% w/v. Silver nitrate (AgNO3,
>99.9% purity, Alfa Aesar) dissolved in 20 mL of the same
solvent was added to the solution and stirred vigorously for 10
min. An additional 150 mL of ethanol was then added to this
mixture and left to stir for another 15 min. The resultant milky
white solution was centrifuged and a white precipitate
containing the PAA and Ag+ was collected after decanting the
clear supernatant. The precipitate was homogenized in 6:1 v/v
water:ethylene glycol at 10−20% w/w (Cole Parmer, LabGen
7). After homogenizing, the sample was kept in vacuum
(approximately −20 psi) for a minute to remove air bubbles.
The resulting fluid was cast with a doctor’s blade on n-type
silicon (Si) (100) wafers, dried overnight, and finally vacuum-
dried for 2 h before microplasma exposure. The Ag
concentration in the deposited film was calculated as the
molar ratio of Ag+ to repeat units of PAA, i.e., (CH(COOH)-
CH2), represented as [COOH], in the solution. For example, a
film containing Ag+:[COOH] = 1:1 indicates that 169.87 g of
AgNO3 was mixed with 72 g of PAA in solution.
Patterns of reduced Ag were fabricated by exposing the Ag/

PAA film to a scanning, nonthermal, atmospheric-pressure
microplasma. Details of the microplasma setup are described
elsewhere.22,23 Here, we formed a microplasma in a flow of
argon (Ar) gas at 700 V and 1 mA with a cathode to anode gap
of 500 μm. The microplasma was scanned across the film by
moving the substrate in two dimensions with a pair of
computer-controlled stepper motors. A minimum average line
width of 300 μm was obtained at a scan rate of 250 μm/s (see
the Supporting Information).

After microplasma exposure, the processed film was peeled
off from the Si substrate and placed on an insulating substrate
such as glass or polyethylene terephthalate (PET). Conductive
Ag paste was used to deposit contact pads on the microplasma-
reduced features for current−voltage (I−V) measurements.
Electrical characterization was performed inside a Faraday
chamber with a two-point probe setup using a Keithley 4200
SCS source which can precisely measure resistances ranging
from 1 × 10−6 to 1 × 1012 Ω.
Scanning electron microscopy (SEM), focused ion beam

(FIB) etching, and energy dispersive spectroscopy (EDX) were
performed with a FEI Nova Nanolab 200 field-emission gun
SEM. The polymer samples were sputter coated with 5 nm Pd
prior to SEM.

■ RESULTS AND DISCUSSION

A key part of this study was the selection of the metal (and
corresponding metal precursor) and polymer to be exposed to
the scanning microplasma process to obtain electrically
conductive patterns. We focused on water-soluble metal salts
and polymers that are widely used, safe, low cost, and easy to
solution process. We chose Ag as the metal because it is an
excellent conductor, easy to reduce [standard reduction
potential = 0.799 V vs standard hydrogen electrode (SHE)],
is significantly less expensive than other metals such as Au, and
has a readily available water-soluble salt, AgNO3. Polyacrylic
acid (PAA) was selected as the polymer because it is also water-
soluble, and has been previously reported to electrostatically
bind with different metal cations, including Ag+, through its
carboxylic acid (−COOH) side chains.24−26 After loading, the

Figure 1. (a) Optical image of Ag/PAA after formation of gel precipitate (Ag+:[COOH] = 0.64:1). (b) Optical images of Ag/PAA films on a PET
sheet with the letters “CWRU” behind on paper, before and after microplasma exposure. The films were transferred by peeling off the Si substrate.
(c) SEM image of microstructure of Ag/PAA film (Ag+:[COOH] = 0.64:1) showing network of Ag particles after microplasma reduction. (d) XRD
of Ag/PAA films (Ag+:[COOH] = 0.64:1) showing the formation of crystalline Ag after microplasma exposure. (e) Current−voltage characteristics
of microplasma-reduced lines, each 300 μm × 5 mm, on 8 μm thick films as a function of the Ag+:[COOH] ratio.
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solubility in polar solvents is reduced, facilitating recovery of
the metal ion-polymer mixture. Figure 1a shows an image of the
Ag/PAA gel precipitate after separation from the supernatant.
Casting using a doctor’s blade produces a semitransparent film
containing only the polymer and Ag+ (Figure 1b). Exposing to
the microplasma results in a clear color change attributed to the
formation of metallic Ag at the surface of the film (Figure 1b).
A representative scanning electron microscope (SEM) image of
a patterned line on a film containing Ag+:[COOH] = 0.64
reveals the presence of particles within the feature, presumably
Ag, forming a relatively uniform and continuous network
(Figure 1c). X-ray diffraction (XRD) confirmed that the
patterned line consisted of crystalline Ag [Figure 1(d)]. We
similarly prepared 5 μm thick Ag/PAA films containing
different ratios of Ag+:[COOH] ranging from 0.32:1 to
0.64:1. Figure 1e shows I−V characteristics of the 5 mm long
patterned lines produced upon exposure to plasma. With
increasing concentration of Ag+ in the polymer, the resistances
determined from the average slope were found to decrease
from 32 MΩ to 3 kΩ, consistent with higher Ag+:[COOH]
ratios leading to more conductive networks.
To further examine the microplasma-reduced lines and

understand the nature of particle formation and conductivity,
we carried out additional SEM and energy-dispersive
spectroscopic (EDX) analyses. Images a and b in Figure 2
show SEM images and corresponding EDX maps of lines
patterned in a relatively low Ag concentration (Ag+:[COOH] =
0.32:1) film by the microplasma. The EDX maps are false
colored with the intensity corresponding to the Ag content in
the film. The high intensity of Ag confirms that Ag ions are
reduced, leading to particle nucleation and growth in the
patterned region [Figure 2(b)]. In order to analyze the
concentration of Ag within the film, a 5 μm deep trench was
created across the patterned line by focused ion beam (FIB).
The EDX map suggests that the Ag concentration is higher
near the surface [Figure 2(b)]. To more carefully characterize
the concentration depth profile, films were cut and SEM images
and corresponding EDX false color intensity maps were
obtained (Figure 2c−h). The cross-sectional analysis shows
high surface concentration of Ag, confirming that the reduction
and formation of Ag particles is localized near the surface
(Figure 2c, d). This is further supported by images near the
edge of a patterned line that show the nonuniform Ag
concentration only occurs in the exposed part of the film
(Figure 2e, f). Images of the unexposed region of the same film
show that without plasma exposure, the Ag ion concentration is
homogeneous throughout the film depth (Figure 2g, h). The
cross-sectional images were semiquantitatively analyzed by
plotting the intensity of the EDX line scan as a function of film
depth (Figure 3). SEM images of the EDX scan areas are also
shown in Figure 3 for reference. We find that in the native film,
the Ag and C concentrations are constant throughout the film
at an atomic percent of 25 at % Ag and 50 at % C. The Ag
concentration rapidly increases after microplasma exposure at
the film surface to ∼75 at %, and, simultaneously, the C
concentration decreases to ∼25 at %. Moving down from the
film surface, the Ag concentration rapidly decreases from 75 at
% at ∼5 μm and reaches its original value of 25 at % at a depth
of ∼10 μm. Near the base of the film, the C concentration
increases to ∼75 at % and the Ag concentration is depleted to
∼10 at %.
The enrichment of Ag at the surface and simultaneous

depletion of Ag at the base of the film after microplasma

exposure suggest that surface reduction alone cannot explain
the formation of an Ag-rich surface layer. We propose that Ag
ions within the bulk of the film diffuse to the surface during
microplasma exposure to supply metal precursor for continued
growth. The DC microplasma process produces an electric field
within the film oriented with a negative pole at the surface and
a positive pole at the base. This electric field may drive diffusion
of the positively charged Ag+ to the film surface, termed
electrodiffusion.27 The coordination of Ag+ to PAA is
reversible25 and the electric field should present a strong
enough force to pull the Ag+ ions to the film surface where they
can undergo reduction by electrons from the microplasma. It is
possible that the polymer may undergo some morphological
changes during this process; however it still acts as a supporting

Figure 2. (a) The center of the Ag line was etched by FIB. The center
of the line was etched by FIB. (b) EDX false color map of Ag in a. (c)
Cross-sectional SEM image of microplasma-reduced region. (d) EDX
false color map of Ag in c showing higher concentration of Ag at the
surface. (e) Cross-sectional SEM image at the boundary of a
microplasma-reduced line. (f) EDX false color map of Ag in (e)
showing higher surface concentration of Ag only in the microplasma
exposed region. (g) Cross-sectional SEM image of an unexposed
region of the same sample analyzed in c−f. (h) EDX false color map of
Ag in g showing uniform distribution of Ag.
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backbone to the Ag layer on the surface. To validate this
qualitative picture, we processed films of varying thickness with
a low Ag content (Ag+:[COOH] = 0.32:1). If electrodiffusion
of Ag ions occurs during microplasma exposure, thicker films
should provide a larger reservoir for particle growth, and thus
form Ag lines with lower resistance. Figure 4(a) shows that by
increasing the thickness from 3 to 20 μm, the resistance of a
constant line shape of 300 μm x 5 mm decreases from
approximately 30 MΩ to 200 Ω, supporting the electrodiffusion
model. Consistent with this picture, the resistance on the back
of the films remains high (see the Supporting Information). We
also carried out several control experiments and found that
neither UV light from the microplasma nor other UV sources
could produce the same reduced metallic films (see the
Supporting Information). This further underscores the
importance of electrodiffusion which we believe is critical to
the precipitation of a metallic, conductive Ag layer in our films.
The figure of merit for electrical conductivity is bulk

resistivity. Bulk resistivity can be calculated from the geometry
of the microplasma drawn line. The thickness of our reduced
lines is not the original film thickness, but some surface layer
that is on the order of ∼5 μm thick, based on cross-sectional
EDX analysis (see Figure 3). Assuming this thickness, we
estimated a bulk conductivity of 4.5 mΩ cm for films containing
a Ag+:[COOH] ratio of 0.32. However, the concentration of Ag
in this layer is not constant and decreases moving away from
the surface into the bulk of the film. Because the Ag
concentration is significantly higher in this near surface region
than the rest of the film, we can assume that the surface layer is
the primary contributor to electrical conduction and character-
ize the film conductivity by the sheet resistance. Figure 4b
shows sheet resistances as a function of the original film
thickness after microplasma exposure for two difference ratios

of Ag+:[COOH]. For thin films (<10 μm), the Ag loading in
the film volume or the exposure time (scanning rate) is too low
for the Ag to diffuse to the surface and react to form a
percolated network. Beyond a critical thickness of approx-
imately ∼12 μm, the sheet resistance of the microplasma-
reduced lines decreases dramatically and becomes independent
of the film thickness (∼10 Ω/sq), indicating that the Ag
loading is high enough to diffuse within the time scale of
microplasma exposure to form a percolated network. These
results indicate that the sheet resistance reaches a maximum at

Figure 3. Cross-sectional SEM images of Ag/PAA films before (top)
and after (bottom) microplasma reduction and corresponding
normalized atomic weight of Ag and C through the film depth, as
obtained by EDX line scans. Scale bar is 20 μm.

Figure 4. (a) Current−voltage characteristics of 5000 × 300 μm2

microplasma-reduced lines in Ag+:[COOH] = 0.32:1 films of varying
thickness. The data were fitted by linear regression with a y-intercept
of 0 to yield ohmic resistances of 35 MΩ, 4 kΩ, 671 Ω, 238 Ω, and
167 Ω for original film thicknesses of 3, 5, 9, 12, and 19 μm
respectively. (b) Average sheet resistance as a function of original film
thickness at two concentrations of Ag+:[COOH]. (c) Maximum
average sheet resistance for films of different Ag+:[COOH]
concentrations. All films had original thicknesses >20 μm.
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a sufficiently large film thickness, independent of the initial Ag+:
[COOH] concentration. Thus, the sheet resistance can be
optimized for any given Ag+:[COOH] concentration. Figure 4c
shows the maximum sheet resistance obtained on films with
Ag+:[COOH] ratios of 0.32:1, 0.48:1, 0.57:1 and 0.64:1,
respectively, and thicknesses >20 μm. The sheet resistances are
found to be between 1 and 10 Ω/sq, independent of Ag
loading. These values are comparable to Ag features obtained
by inkjet printing (38 Ω/sq), screen printing (∼50 mΩ/
sq),12,28 spray deposition (∼50 Ω/sq),29 and electroless
deposition (∼0.1 mΩ/sq).30

■ CONCLUSIONS
In summary, we have developed a room condition, direct-write
process based on a scanning, atmospheric-pressure micro-
plasma to produce electrically conductive lines at the surface of
polymer films. Our study suggests that the metallization occurs
via electrodiffusion of Ag ions to the film surface and reduction
by the microplasma. The surface conductivity is maximized
independent of metal loading, which may be desirable to reduce
overall metal content while producing conductivity where it is
desirable for many flexible conductor applications, at the
surface of the film.
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