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Abstract Metal nanowire networks are promising alterna-
tives for transparent conducting layers in flexible electron-
ics. However, the inverse relationship between transparency
and conductivity limits their viability in many critical appli-
cations. In this work, we demonstrate a direct-write refining
technique in which a solution-processed nanowire network,
deposited by spin coating, is exposed to monochromatic UV
pulsed laser processing near a plasmonic resonance. Our re-
sults exhibit a 75 % reduction in surface resistance along
with marginal improvements in optical transparency. The lo-
cal nature of the laser technique enables direct-write or large
area processing on a variety of substrates including flexible,
and organic materials.

1 Introduction

Materials that are simultaneously conductive and optically
transparent have enabled the success of many novel tech-
nologies. Devices such as flat panel displays, solar pho-
tovoltaics, and energy efficient building materials all rely
on transparent conductive materials. Typically, the impor-
tant figures of merit for evaluating a transparent conduc-
tor are its surface resistance and optical transparency. Solar
photovoltaics require low surface resistance and high trans-
parency throughout the optical regime. Transparent con-
ductive oxides, particularly indium-tin-oxide (ITO), are the
most commonly used transparent conductor for solar photo-
voltaics. However, ITO has major drawbacks, including dif-
ficult manufacturing and mechanical rigidity, which severely
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limit device architecture [1]. One emerging type of trans-
parent conductive material, the metallic nanowire network,
does not have these drawbacks and has received much recent
attention in the literature [2–6].

Specifically, silver nanowire networks have been reported
to have extremely low surface resistance (<10 �/sq) or very
high optical transparency (>90 %), although not simulta-
neously [7, 8]. The beneficial electrical and optical proper-
ties of the silver nanowire network are in competition over
the density of the wires in the network [2]. A dense coating
of silver nanowires will have low surface resistance, while
a sparse coating of silver nanowires will have high optical
transmission. It has been reported that fusing the wire-to-
wire junctions in the metallic network will allow for the op-
timal electrical and optical properties of the network to be
realized simultaneously [4].

There exist various methods in the literature for creating
metal nanowire transparent electrodes and fusing the wire-
to-wire junctions. For instance, coating the network with
a secondary metal, usually gold [7], annealing the metal-
lic network at sub-melting temperatures for long periods of
time [4, 7], or cold welding the wires with mechanical stress
have been shown to improve electric conductivity [9, 10].
Device performance can be further improved by embedding
the nanowire network in a polymer matrix [5, 11, 12]. These
thermal or mechanical approaches can be time consum-
ing, or incompatible with certain underlying substrates. Re-
cently, an all optical nanowire welding technique has been
described in the literature, wherein a broadband, continuous
wave light source is used [13]. This leverages plasmonic me-
diated absorption and intensity enhancement to rapidly weld
the wires together, leaving the metallic network and underly-
ing substrate unperturbed. However, in the case of patterned
electrodes, all of the aforementioned wide-area approaches
would require additional fabrication steps. Here, we intro-
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Fig. 1 (a) Parameters of the
FDTD simulation of optical
interaction with a silver
nanowire cross in 3-dimensional
space. (b) The optical intensity
in the plane between the silver
nanowires, the physical
dimension of the nanowires are
illustrated in the white dotted
line. (c) The optical intensity in
the plane normal to the top wire,
the silver nanowires are inside
the while lines in this view

duce a monochromatic pulsed laser approach for improving
wire-to-wire contact, which combines the substrate compat-
ibility advantages of an optical welding, the area selectivity
of a direct-write focused laser, and previously unmatched
time-scales for the nanowire welding process.

2 Experiments

Silver nanowires used in this work are purchased with an
average diameter of 90 nm and we dilute and disperse
the nanowires in a methanol suspension. This suspension
is then spin-coated onto glass microscope slides until an
optical transmittance of approximately 65 % is achieved.
Keeping the optical transparency of the samples roughly
equal, we can infer the density of wires in the sample will
be roughly equal. The spin-coating process effectively re-
moves all the background liquid, which allows for no down-
time between deposition and laser processing of the silver
nanowire networks. We characterize these samples for ini-
tial optical transmission and surface resistance of the pre-
pared nanowire film. We employ a four-point probe mea-
surement for surface resistance and use optical transmis-
sion at 600 nm as a proxy for optical transparency, which
is reasonable given previous UV–VIS spectrographs of sil-
ver nanowire networks [3]. Then, we process the electrodes
with a frequency tripled Nd:YVO4 laser, with 3 ns pulse du-
ration, using a fluence range of 0–65 mJ/cm2. We set the
slides on a translation stage, and defocus the laser to a spot
size of 0.5 mm2 and raster the stage while pulsing the laser.
The stage is rastered such that any given location experi-
ences approximately 1000 pulses, which corresponds to an
overall exposure time of approximately 30 µs. This is in con-
trast to the prior optical welding work, which uses a lamp

and an exposure of over 100 seconds. Additionally, in direct-
write fashion, we can choose to produce a user-defined pat-
tern or rapidly raster the beam over a large area [14]. The
nanowire networks are processed at different fluences over a
range where we observe changes in the electrical and optical
properties.

Pulsed laser processing of nanowire networks is depen-
dent upon on the nanometer scale metallic structures acting
as antennas, which direct the optical power only into regions
of nanowire-to-nanowire junctions. The high curvature and
low surface area make the very points that are detrimental
to surface resistance, attractive points to concentrate optical
power [15]. To analytically test this notion, we performed a
finite-difference time-domain (FDTD) simulation at 355 nm
with uniform laser excitation upon a cross structure of two
silver cylinders. Here we employ a modified FDTD Yee al-
gorithm with the silver parameters obtained from the litera-
ture [16] and use the optical properties of air (n = 1.0003)
and glass substrate (n = 1.5125). In the simulation, the wires
are 100 nm in diameter, 2 µm in length, and overlap at a sin-
gle point.

3 Results

Figure 1 shows the results of the FDTD simulation display-
ing the cross structure acting as an antenna for the inci-
dent ultraviolet radiation. The simulation predicts up to a
12-fold enhancement in the optical intensity at the junc-
tion of the silver nanowires. In the planar view between
the two nanowires (see Fig. 1(b)), we see the four lobes of
highly concentrated optical intensity, while this concentra-
tion length is far subwavelength, the melting of that area
would greatly increase the contact area between the two
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nanowires. While there is some optical intensity concen-
trated along the wires, as seen in the side and planar view,
this intensity is 3- to 4-fold smaller then observed at the
junction, this allows the macroscopic network to remain
connected.

On the prepared samples, we have characterized the wire-
to-wire junction using an environmental scanning electron
microscope (ESEM). Figure 2 shows four micrographs of
metal nanowire networks at different stages in process-
ing. Figure 2(a) is an unprocessed sample, which displays
the randomly arranged silver nanowires with mostly pris-

Fig. 2 SEM micrographs, all scale bars represent 2 microns: (a) Un-
processed nanowires, (b) Laser processed nanowires showing fusion
(circled) and balling of silver at the ends of wires, (c) Close up of
fused wires, (d) Over processing with the laser leads to degradation of
electrodes

tine shape. As we process the films with sufficient fluence,
ESEM micrographs show balling of silver at the ends of
wires and fusion of the wire-to-wire junctions (Fig. 2(b)
and 2(c)). However, if the laser fluence too large, we can ir-
revocably damage the electrode by both ejecting silver from
the network and melting the silver into conglomerations.
This over-processing damage is illustrated in Fig. 2(d).

While ESEM micrographs show that we have fusion of
the nanowire-to-nanowire junctions, the usefulness of the
macroscopic electrode is dependent upon the measurements
of the two key figures of merit, the surface resistance and
the optical transparency. Monitoring the surface resistance
of the electrode we show in Fig. 3 the change, given by
the ratio of final to initial surface resistance, as a function
of the laser fluence of the processing step. Error bars in
Fig. 3 are created by measuring different parts of samples
processed with the same fluence. For samples processed at
30–50 mJ/cm2, we see a dramatic drop in surface resistance,
which is correlated to an increase in contact area between
nanowires shown in Fig. 2. However, as the laser fluence
increases past 50 mJ/cm2 the laser processing damages the
electrode by breaking connections and ejecting silver from
the surface.

Also plotted in Fig. 3 are spectroscopic measurements,
which detail the change in optical transmission at 600 nm.
We find that for laser fluences below roughly 35 mJ/cm2 we
see no change in solar transmission while the surface resis-
tance exhibits a dramatic decrease. We measure an upward
trend in optical transmission at higher fluences, indicative of
the ejection of silver from the electrode. Ideally, in the 35–
50 mJ/cm2 range of processing, we can both dramatically
decrease surface resistance while increasing optical trans-
mission; this benefit is unique to our process, and not appar-
ent in the pressing, baking, or coating techniques.

If we now examine the absolute measured values of the
samples characterized in Fig. 3 we can observe the tradeoff

Fig. 3 Changes in both
electrical and optical properties
of the electrode before and after
laser processing
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Fig. 4 Tradespace of surface resistance and optical transmission (not
inclusive of the glass substrate) before and after processing with the
laser. Different laser fluence regimes have been highlighted

between the sheet resistance and optical transparency. We
plot in Fig. 4 this ‘tradespace’ for the electrodes both before
and after pulsed laser processing. This figure shows how the
optimal laser fluences will push the tradespace of resistance
and transparency further towards the ideal transparent con-
ductor.

4 Conclusions

Direct comparison of the presented method of direct-write
pulsed-laser optical processing of the silver nanowire net-
work electrodes to other methods of fusing the nanowire-
to-nanowire junctions is difficult, owing to differences in
the nanowire dimensions, lengths and width, and other ex-
perimental conditions. However, the relative changes in
nanowire-to-nanowire junction fusing is applicable to initial
unprocessed nanowire networks over the full range of trans-
parencies and resistance values, as we have demonstrated
from a range of initial electrodes. As a comparison to flexi-
ble ITO options (ITO coated PET) our nanowire electrodes
have surface resistances between 3–6 �/sq and transparen-
cies of 55–70 % which is superior to commercially available
flexible ITO [17].

Through ESEM, optical, and electrical measurements,
we have shown that pulsed laser plasmonic fusion of the
wire-to-wire junctions in a silver nanowire network dra-
matically decreases the network’s surface resistance, and

improves the optical transmission. For a 355 nm laser the
35–50 mJ/cm2 range of fluences provides the ideal mixture
of conductivity and transparency improvements in the sil-
ver nanowire networks. Congruent with the other nanowire
welding techniques which do not use a long time thermal
annealing, this method allows for a great range of sub-
strates. Compared to other methods of fusing the junctions
in nanowire mesh electrodes, this method is not at all time
intensive, and pulsed laser processing can be implemented in
a direct-write fashion to create a user-specified microstruc-
ture or patten for numerous applications.
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