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ABSTRACT: We describe a direct-write process for producing 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.
KEYWORDS: microplasma, direct write, electrodiﬀusion, printed electronics, ﬂexible electronics, sheet resistance

■

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 compounds.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 concentration. 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
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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 Unfortunately, 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 electronbeam 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 electrodiﬀusion 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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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.

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 microplasmareduced 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.

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 vacuumdried 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).

■

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 watersoluble, 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
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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

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.

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
3101
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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.

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 characterize 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

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.

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 approximately ∼12 μm, the sheet resistance of the microplasmareduced 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
3102
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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
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■

CONCLUSIONS
In summary, we have developed a room condition, direct-write
process based on a scanning, atmospheric-pressure microplasma 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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S1

1. Preparation of Ag/PAA films
0.255 g of PAA (Mw = 1.26 million, Sigma-Aldrich) was mixed with 25 ml DI water and
75 ml ethanol. The mixture was left to stir overnight at room temperature in a covered conical
flask. Complete dissolution of the polymer resulted in a colorless solution. A desired amount of
AgNO3 (Alfa-Aesar) was dissolved in a mixture of 5 ml DI water and 15 ml ethanol. The
mixture was stirred at room temperature in a dark room until all the salt has dissolved. This
mixture was added drop-wise to the conical flask while stirring vigorously. After all the AgNO3
was added, the clear solution turned colorless to milky white. The solution produced a white
precipitate which was assumed to be a Ag/PAA complex. Excess ethanol (~150 ml) was added
to ensure complete precipitation. The precipitate was recovered by centrifuging (model RC-5C,
Sorvall Instruments) at 10,000 rpm for 15 min, then decanting off the clear supernatant liquid.
The precipitate was re-dissolved in a solution of water and ethylene glycol (6:1 by volume). The
weight of this solution was varied depending on the concentration of the precursor.

For

precipitates containing a high Ag+:[COOH] (i.e., 0.64), a 20 wt% solution was used. The
solution was homogenized with a Cole Parmer LabGen 7 homogenizer to break up the
precipitate and obtain a low viscosity for film preparation. After homogenizing, the precipitate
was vacuum dried for ~1 min until all the bubbles were removed.
Films were cast by a doctor’s blade technique. The doctor’s blade consists of a vertical
blade that can be adjusted to a specific height from the base using two micrometers. We used a
commercially available doctor’s blade coater from MTI Corporation (Model EQ-Se-KTQ-150).
Si (100) wafers were fixed on top of a glass plate with a small piece of double-sided tape. The
homogenized precipitate was put on top of the wafers with a spatula. After setting the doctor’s
blade at a desired height, the blade was rapidly swept across the wafer. The film thicknesses
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could be varied by controlling the height of the doctor’s blade. This produced a homogeneously
covered thin film over the Si substrate (Figure S1). The casted films were dried overnight in the
dark and then vacuum dried for another 3-4 h before microplasma exposure.

Figure S1. (a) Optical image of a 150 mm wide doctor’s blade that was used to prepare thin
films of Ag/PAA, (b) as-cast undried films with Ag+:[COOH] = 0.32:1, (c) as-cast undried films
with Ag+:[COOH] = 0.64:1.

2. Microplasma exposure
A DC scanning microplasma was used to pattern the Ag/PAA thin films. Details of the
experimental setup have been previously reported.[1,2,3] Briefly, the microplasma jet was formed
in a flow of Ar gas using a stainless steel capillary tube (Restek Inc.). The Ar gas flow rate was
controlled at 60 sccm with a digital mass flow controller. A negative high voltage supply
(Keithley, Inc. Model 246) connected in series with a 500 kΩ ballast resistor was used to operate
the microplasma with the capillary tube as the cathode and the Si substrate as the anode
(ground).

The substrate was placed on a computer-controlled x-y stage with a maximum

scanning distance of 12 x 12 cm. The microplasma was ignited at ~1 kV by bringing the
capillary tube close to the surface of the casted Ag/PAA film. The voltage was then reduced to
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obtain a desired discharge current. All experiments in this study were carried out at a constant
voltage of 700 V and a discharge current of ~1–1.1 mA. The microplasma was scanned across
the film over a distance of 5 mm at a constant scan rate (discussed below).
In our experiments, we found from visual inspection that the patterned line width
depended on many of the process parameters including discharge current, electrode gap (distance
between the end of the capillary tube and the film surface), gas flow rate, Ag+:[COOH] ratio,
film thickness, and scan rate. Of these, the scan rate was found to be one of the most important
parameters. In order to more carefully assess the relationship between line width and scan rate
and ultimately determine the minimum line width that could be obtained from this process, we
carried out a systematic set of experiments. After patterning, the line widths were measured by
imaging the film surface with an optical microscope and analyzing the digital images with
ImageJ. Line widths were measured along the same line, on multiple lines drawn on the same
substrate, and on different lines on different substrates.
Representative optical images of lines produced by the scanning microplasma process on
20 µm thick films containing Ag+:[COOH] = 0.32 at various scan rates are shown in Figure S3.
The images indicate that narrower lines are produced as the scan rate is increased. In addition,
the edge acuity, i.e. the variation in line width along the line, is more significant at the lower scan
rates studied here (100 and 125 µm/sec). These measurements were repeated on approximately
10 lines for each scan rate. Figure S3 shows the average line width as a function of the scan rate.
The error bars indicate the variance in the line width at each scan rate. From these results, we
can more clearly conclude that increasing the scan rate leads to a decrease in the patterned line
width with a minimum line width of ~300 µm at scan rates > 250 µm/sec. The variation in line
width exhibits a minimum of ±15 µm at a scan rate of 250 µm/sec.
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Figure S2. Representative optical images of lines patterned on 20 µm thick films containing
Ag+:[COOH] = 0.32 by the scanning microplasma process at various scan rates.

We interpret these results as the following. Based on our proposed electrophoretic model
for Ag+, the electric field created by the microplasma in the film should have an axial component
(normal to the film and along the axis of the microplasma jet), but also a radial component
(parallel to the film surface and perpendicular to the microplasma jet) since the microplasma acts
as a point source at the top of the film. We suggest that at low scan rates (<250 µm/sec), the Ag+
has more time to migrate to the surface (or more Ag+ is able to migrate to the surface) and the
radial component allows the Ag+ to migrate laterally or add to the growing Ag film at the
surface, resulting in wider lines. At higher scan rates (>250 µm/sec), there is less time for the
Ag+ to migrate to the surface (or less Ag+ migrates), and the Ag is primarily formed along the
axial direction, i.e., directly below the microplasma which is approximately 300 µm in diameter.
At very high scan rates (500 µm/sec), the variation in line width may be caused by fluctuations
and instabilities in the microplasma.

The Ag/PAA film is initially insulating and the

microplasma-induced electrophoresis of Ag+ to the surface of the film and reduction to metallic
Ag increases the local conductivity, thereby stabilizing the microplasma. This effect may be
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reduced when the microplasma is scanned too fast and there is insufficient time for the Ag+ to
migrate, react, and grow. Based on this analysis, 250 µm/sec was selected as the scan rate for all
experiments in this study.

Figure S3. Average width of lines patterned on 20 µm thick films containing Ag+:[COOH] =
0.32 by scanning microplasma process as a function of scan rate.

3. Characterization of microplasma-reduced lines
In order to perform electrical measurements on the microplasma-reduced lines, the films
were peeled off from the Si substrate and placed on top of a polymer sheet of poly(ethylene)
terephthalate (PET). Contact pads with Ag paste were made at the ends of the lines. Two-point
probe measurements were carried out with a Keithley 4200 SCS. Figure S4 shows a schematic
of the experimental setup. The samples were placed inside an EMI shielding chamber during
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current-voltage (I-V) measurements. More than 30 measurements were taken for a given sample
to obtain an average I-V curve.

Figure S4. Schematic of two-point probe measurement of microplasma-reduced lines by a
semiconductor measurement unit (SMU) that was connected to micromanipulator probes.

Figure S5 shows the average resistances obtained by two-point probe I-V measurements
of the backside of microplasma-reduced Ag/PAA films containing different ratios of
Ag+:[COOH]. Bulk resistivities of the microplasma-reduced lines were calculated assuming that
the Ag-rich surface layer was 5 µm thick. Figure S6 shows a summary of the estimated bulk
resistivities for lines patterned in Ag/PAA films containing different Ag+:[COOH] ratios. All
films had a total thickness of >20 µm to minimize the resistance based on our proposed Ag+
diffusion/reaction model.
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Figure S5. Average resistances obtained by two-point probe measurements on the back side of
microplasma-reduced Ag/PAA films containing different Ag+:[COOH] ratios.

Figure S6: Bulk resistivities of microplasma-reduced lines of Ag/PAA films containing different
Ag+:[COOH] ratios. A surface layer of Ag of 5 µm was assumed in all cases. The total
thickness of the films was >20 µm in all cases.
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SEM and EDX characterization were performed with an FEI NOVA scanning electron
microscope with a field emission gun and on-board EDS spectroscopy system.

The SEM

characterization was done at 5 kV and a working distance of 5 mm. The EDX analysis was done
at varying acceleration voltages ranging between 10-15 kV, depending on the count-rate and
minimization of the dead time. Figure S5 shows complementary false color EDX maps of the C
and O content within a FIB-etched microplasma-reduced line. The images show that the C and O
concentration increase from the film surface into the reduced feature.

Figure S7. EDX false color maps of (a) carbon (b) oxygen content along a microplasma-reduced
line of Ag/PAA. All scale bars are 100 µm. The FIB etched feature shows that the carbon and
oxygen concentration are lower at the film surface than within the film bulk as a result of Ag
precipitation and concomitant decrease in the PAA concentration.
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Figure S8 shows a SEM image at the edge of a microplasma reduced line which has been
cut to expose the cross-sectional area. An Ag-rich layer consisting of agglomerated Ag particles
is observed near the surface of the film.

Figure S8. SEM image of a sectioned microplasma-reduced line showing a Ag-rich layer at the
surface of the film.

Film thicknesses were obtained with a K-6 KLA Tencor stylus profilometer. On each Si
substrate, half of the film was cut from the center and peeled off to use the bare substrate as a
baseline. The profiler was scanned across the edge of the film over a distance of 5 mm that was
equally distributed between the film and the substrate in order to measure the step-height. The
step-height was measured at 5 regions of each substrate and averaged to get the average film
thickness.
X-ray diffraction (XRD) was performed with a Scintag X-1 XRD. Scans were carried
out in normal mode from 20o-80o in 0.05o steps. The peaks were analyzed by comparing to
reference data for Ag (JCPDS file #87-0717).
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4. Control experiments
AgNO3 is known to be photosensitive. Argon plasmas produce UV light, in addition to
the charged species (ions, electrons, etc.). In order to understand the possible effect of UV light
on the reduction of Ag+ in our films, the following control experiments were performed:
a. Grounded mesh to block electrons
A grounded stainless steel mesh was placed between the microplasma and the Ag/PAA
film to remove electrons, but still allow UV light to transmit. A photograph of the setup is
shown in Figure S9. After exposing the film to the microplasma with a grounded mesh, the film
was characterized by XRD. As shown in Figure S10, no peaks corresponding to crystalline Ag
were visible.

This confirms that the UV from the microplasma is not responsible for the

reduction of the Ag+ ions in the Ag/PAA films.

(a)

(b)

Figure S9. (a) Photograph of stainless steel wire mesh with 52% open area used to ground out
electrons from the microplasma.

(b) Photograph of microplasma scanning across a film

containing Ag+:[COOH] = 0.32 with the grounded mesh in place.
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Figure S10. XRD characterization of a film containing Ag+:[COOH] = 0.32 with a grounded
mesh. A XRD scan of the unexposed film is also shown for comparison.

b. Characterization of UV light from microplasma
To further assess the UV light present in the microplasma, we collected and measured the
optical emission with a light meter. To maximize the collection of light, the microplasma was
formed in a closed chamber and the light was collected through a 3 mm diameter hole at the
anode side of the microplasma jet with a 0.5 cm2 detector (Coherent, Inc. Model OP-2 VIS)
connected to a power meter (Coherent Inc, Fieldmate ) (Figure S11a). The intensity at 405 nm
was estimated to be 15 µW at a discharge voltage of 1.5 kV and discharge current of 3 mA
(Figure S11b).
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(a)

(b)

Figure S11. (a) Schematic of experimental setup for characterization of UV light emission from
the microplasma. (b) Intensity of the 405 nm line in µW measured by a light meter which had an
effective detector area of 0.5 cm2.

c. Exposure of Ag/PAA films to 405 nm diode laser
To further assess whether the Ag+ in the films could be reduced by UV light, we exposed
the films to a solid-state laser. Our setup consisted of a 405 nm diode laser source mounted on a
microscope with a 10x and 50x objective. The incident power at the film surface was measured
to be 1.5 mW – we note that this is much higher than that measured in the microplasma. Films
containing Ag+:[COOH] = 0.32 were scanned by a motorized stage at rates similar to the
microplasma process to create 5 mm x 1 µm lines. We initially characterized the lines by
electrical measurements. I-V characteristics in Figure S12 show resistances of ~1012 Ω and
indicate that no appreciable increase in conductivity was obtained after laser exposure. We also
carried out XRD characterization on these films and found no evidence of crystalline material
(Figure S13).
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Figure S12. I-V characteristics of 5 mm x 1 µm lines fabricated in Ag+:[COOH] = 0.32 films by
scanning a 405 nm diode laser at an incident power of 1.5 mW. The I-V characteristic of the
native film is shown for comparison.

Figure S13. XRD characterization of Ag+:[COOH] = 0.32 films exposed to a 405 nm diode laser
at an incident power of 1.5 mW at different scan rates and through different microscope
objectives.
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d. Exposure of Ag/PAA films to UV lamp
As an alternative source of UV light, we exposed the Ag/PAA films to a UV lamp (Honle
UV America, Inc.). We could vary the intensity and wavelength of the UV lamp; here, we used
a bandpass filter to select the 320-500 nm wavelength range which overlaps with the laser
experiments and the light measured from the microplasma. Films containing Ag+:[COOH] =
0.32 were exposed at intensities of 10, 34, and 100 mW/cm2 for 5 min. Figure S14 shows optical
images of the samples after UV exposure. Although some color changes could be observed at
higher powers indicating Ag+ reduction, the films did not show any visual evidence of metallic
Ag as in the case of microplasma reduction. This was confirmed by XRD which did not show
any peaks corresponding to crystalline Ag (Figure S15).

(a)

(b)

(c)

Figure S14. Optical images of Ag+:[COOH] = 0.32 films exposed to a UV lamp between 320
and 500 nm at intensities of (a) 10 mW/cm2, (b) 34 mW/cm2, and (c) 100 mW/cm2 for 5 min.
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Figure S15. XRD characterization of Ag+:[COOH] = 0.32 films exposed to a UV lamp between
320 and 500 nm at different intensities for 5 min. The XRD spectrum of the native film is shown
for comparison.
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