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T
ransparent conductors are an inevitable
component for various optoelectronics1

such as LCDs,2 OLED lighting,3,4 photo-
voltaic cells,5,6 and touch screen panels,7,8 and
their need is constantly growing for large-
area flexible devices. To date, wide band gap
transparent conductive oxides (TCO), indium
tin oxide (ITO) in particular, have been the
most widely used materials for transparent
conductors due to their excellent optical
transparency and low sheet resistance.9

However, research on alternative materials
for transparent conductors has been continu-
ously increasing due to several drawbacks of
ITO including its high scarcity, huge waste of
target material,10 and fragile nature,11 which
are adverse to next-generation electronics.
Possible alternatives for ITO are conduct-

ing polymers and carbon-based materials
such as PEDOT:PSS,12 graphene,13 and
CNT;14 however, their performance highly
depends on the sample preparation and
often does not meet the requirements for

many applications in terms of conductivity
and stability.
Another class of transparent conductor

comes from a regular metal grid15,16 or
random metal nanowire mesh,5,17,18 which
can theoretically exhibit electrical and
optical properties even superior to ITO.19

Recently, a metallic nanowire percolation
network, using silver nanowires especially,
has been intensively studied and presented
excellent results in terms of transmittance
and electrical conductivity.8

However, several drawbacks are reported
for the nanowire-based transparent conduc-
tor. First, the performance of the resultant
conducting film is very much dependent on
the length of the nanowire, while the length
is generally limited to <50 μm.20 A method
to elongate the length of the silver nanowire
has been reported recently;21 however, it
makes the overall synthesis process more
complicated and time-consuming. Second,
the metallic nanowire percolation network
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ABSTRACT We introduce a facile approach to fabricate a metallic grid transparent

conductor on a flexible substrate using selective laser sintering of metal nanoparticle ink.

The metallic grid transparent conductors with high transmittance (>85%) and low sheet

resistance (30Ω/sq) are readily produced on glass and polymer substrates at large scale

without any vacuum or high-temperature environment. Being a maskless direct writing

method, the shape and the parameters of the grid can be easily changed by CAD data.

The resultant metallic grid also showed a superior stability in terms of adhesion and

bending. This transparent conductor is further applied to the touch screen panel, and it is

confirmed that the final device operates firmly under continuous mechanical stress.
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cannot be utilized as-prepared, but requires an anneal-
ing process, either by bulk heating17 or selective
welding,8 in order to remove the capping polymer
around the nanowire and reduce the resistance at
the junction. The metallic nanowire film is also vulner-
able to scratching and can be easily detached from the
substrate upon mild mechanical stress.18

In this paper, we introduce a novel approach to
fabricate a metallic grid based transparent conductor
without using any photolithography or metal vacuum
deposition by direct selective laser sintering23 of Ag
nanoparticle (NP) ink, which has low sheet resistance
and high transmittance on a large scale. By using a
focused laser as a localized heat source, consistent
silver conductor microlines are easily fabricated over
awafer-scale large area.Due to thedirectwritingmethod
nature of the nanoparticle selective laser-sintering
method,22 the transmittance and the electrical con-
ductivity can be easily tuned by changing the design
of the metallic mesh by simply changing the CAD
data without using any photomask for conventional
photolithography. The process speed, compared to the
inkjet-based process,24 has been increased by 2�3
orders of magnitude by using a fast, electrically driven
galvano-mirror. This process can be directly extended
to a large-area, flexible substrate since it is conducted

in a simple procedure without any vacuum environ-
ment, high temperature, or postprocessing, whereas
the resultant transparent conductor also showed
superior mechanical properties. A touch screen panel
(TSP) is fabricated as a device demonstration and
showed a stable performance under continuous me-
chanical stress.
Figure 1(a) illustrates the nonvacuum, maskless fab-

rication process of metal grid transparent conductor
based on selective laser sintering of metal nanoparti-
cles. For a typical experiment, Ag NP ink is first spin-
coated on a glass substrate or polymer substratewhere
a thin layer of PVP (∼100 nm) is coated in advance for
the glass substrate to improve the adhesion between
sintered Ag NPs and the substrate. An Nd:YAG laser
operating in continuous-wave mode at 532 nm wave-
length is then focused by a telecentric f-theta lens
(f = 100 mm, Linos) at the Ag NP layer as a localized
heat source to selectively convert the Ag NPs into a
continuous conducting layer. The focused laser spot is
rapidly scanned on the image plane by a laser scanner
(HurrySCAN II, Scanlab) consisting of two electrically
driven galvano-mirrors, where the detailed path and
scanning speed of the spot are adjusted by a commer-
cial computer-aided design (CAD) program (SAMLight)
connected to the laser scanner. The residual Ag

Figure 1. (a) Schematic diagram of selective laser sintering of Ag NPs for the fabrication of a transparent conductor. (b) TEM
image of synthesized Ag NPs (inset: optical photograph of Ag NP ink). (c) Photograph of a transparent conductor on a glass
substrate (metallic grid in the red-boxed region). (d) Optical stereoscope images of square-metallic grids at different grid sizes
(200 to 500 μm, increment 100 μm).
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NPs after the laser-sintering procedure can be easily
removed by a short cleaning with toluene.
The Ag NPs used throughout the process are synthe-

sized by following Korgel's method25 with subtle mod-
ification. The synthesized Ag NPs are encapsulated by
a self-assembled monolayer (SAM) to prevent further
agglomeration at an average diameter of less than
10 nm, as can be confirmed from the TEM image shown
in Figure 1(b). According to the Gibbs�Thomson
equation, the processing temperature can be greatly
reduced at such particle size due to the thermodynamic
size effect. The detailed synthesismethod can be found
in the Materials and Methods section. The inset is the
optical photograph of the resultant Ag NP ink, showing
a dark bluish color with slight metallic hue.

RESULTS AND DISCUSSION

An example of a transparent conductor fabricated
by this process is depicted in Figure 1(c), where the
metallic grid is formed in the red-boxed region. We
could observe that the sample after the cleaning
procedure retains its transparency. Figure 1(d) is the
microscope dark field images of square-shaped metal
grid transparent conductors at different grid para-
meters, which are obtained by a stereoscope under
the same magnification. The metal grids are success-
fully formed with continuous and consistent lines of
the conductor. It also can be verified that the Ag NP
layer subject to laser scanning recovers the properties
of its bulk counterpart to be reflective, while all other
Ag NPs are principally removed after washing from the
substrate.
Selective laser sintering is basically a photothermal

process, and thus the temperature distribution gener-
ated by the focused laser beam primarily determines
the properties of the resultant conductor line. Either
higher laser power or slower scanning speed naturally
produces a broader line width, as the maximum

temperature rise at the surface canbe approximated to26

Tmax(z� ¼ 0) =
θc

2
ffiffiffi
π

p
h�s

ln
16
ξv�2s
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for relatively small scanning velocities with CW laser
irradiation and surface absorption, where θc, hs

*, ξ, and
Vs
* correspond to the (normalized) laser power, thickness

of the film, a constant, and the scanning speed, respec-
tively. The line widths of the conducting line produced
by a single scanning at different scanning speeds
(1�1000 mm/s) and laser powers (33�83 mW) are
plotted in Figure 2(a). The measured line widths mostly
lie between10 and 15μm, and this range is reasonably in
accord with the laser beam diameter (1/e2) for Gaussian
illumination, which is estimated to be ∼10 μm for the
current optical settings.
The inset of Figure 2(a) is the optical image of the

laser-sintered NP conductor line set corresponding to
the 50 mW laser power in the graph. At low laser
scanning speeds, the lines are highly reflective but
with rather blurred edges. The edge profile becomes
sharper as the scanning speed increases, yet the
reflectance drops abruptly when the scanning speed
exceeds a certain threshold value, which is∼100mm/s
for this specific configuration.
These features can be explained in the conductor

cross-section profiles measured by atomic force micro-
scope (AFM) images, as shown in Figure 2(b). The
conductor line sidewall angle at 1 mm/s scanning
speed is considerably smaller than that of the line
scanned at 50 mm/s. This is probably due to increased
heat diffusion at lower laser scanning speed. This
smaller sidewall angle requires more transition width
from the conductor line, which contributes to a
wider blurred edge in the optical image. At the speed
of 1000 mm/s, the height is apparently lower than the
other ones mainly because of the insufficient laser

Figure 2. (a) Line width variation according to different laser scanning speed and laser power (inset, from left to right: optical
image at 50 mW laser power at scanning speeds of 1, 2, 5, 10, 20, 50, 100, 200, 500, and 1000 mm/s, respectively). (b) Cross-
section AFM profile at 50 mW laser power at different scanning speeds. (c) 3D profile by AFM of a single line at 50 mW laser
power and 50 mm/s scanning speed.
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irradiation for complete NP sintering. Therefore, the
scanning speed around 50 mm/s is supposed to be
the most favorable for the current application, yet the
lasing parameters such as wavelength, spot size,
power, and scanning speed have to be reoptimized
for different NP sintering conditions including NP ink
composition and coating thickness.
In addition, it is noticeable that the cross-section

profile at 1000 mm/s has a volcano-like shape with a
rimof∼7μmdiameter, which is supposed to arise from
theMarangoni flowof theNP ink from the center to the
ridge through the temperature gradient or thermoca-
pillarity. This rim structure is quite uniformly created
along the scanned line at high scanning speed and
responsible for the highly sharp edge in the optical
image. Such thorny structures around the rim gener-
ated in the NP sintering process can be found in the
previous research as well.27

Figure 2(c) shows a typical AFM 3D profile of a laser-
sintered NP conductor at 50 mW and 50mm/s that has
a nearly rectangular shapewith a height of∼130 nm at
∼11 μmwidth. Its cross-section is uniform throughout
the line except for some defects such as dust from
uncontrolled environments. The resistivity of the laser-
sintered NP conductor is found to be∼7 μΩ cm, which
is calculated from R = Fl/Awhere l and A are the length
and the cross-section of a single line. This resistivity is
only a few times higher than the resistivity of bulk silver
(F = 1.59 μΩ cm)28 probably due to the nanopores
generated in the sintered metal conductor due to
residual solvent and SAM trapped inside, but still low
enough to be applied as a fine electrical conductor.

As a directwriting process, an arbitrarymetal pattern
can be fabricated by selective laser sintering without
any premade conventional photomask or vacuum
deposition. The maskless nature of the current process
could allow easy pattern designmodification by simple
CAD data change. Therefore, a systematic parametric
design study to find the optimum transparent grid
conductor could be easily performed without making
so many sets of photomasks. Three types of grids
(triangular, square, and hexagonal) with 3- or 4-fold
rotation symmetry are considered as grid shapes for a
transparent conductor whose geometry is character-
ized by the apothem h/2 of the holes, as shown in the
optical images in Figure 3(a). The width w has been
fixed to ∼12 μm, as all lines are drawn at the same
sintering condition (50 mW, 20 mm/s), while h is
changed from 200 to 500 μm with 100 μm increment.
For themeasurement of sheet resistance and transmit-
tance, five distinct samples are fabricated for each
combination of grid shape and size on a 2 cm �
2 cm area. Its sheet resistance and transmittance are
measured by the two-terminal method and a UV�vis
spectrophotometer (Jasco V530), respectively, and
plotted in Figure 3(b), where each error bar covers
five different values measured from separate samples.
The transmittance at 550 nm wavelength is indicated
as representative data for transparency.
Although the criteria for choosing transparent con-

ductors vary among different applications,9 sheet re-
sistance lower than 30Ω/sq and transmittance higher
than 85% are repeatedly achieved by this process for
the grid size beyond 300 μm. Different grid shapes

Figure 3. (a) Optical images of (i) square, (ii) triangle, and (iii) hexagonal shaped grids (h = 300 μm). (b) Transmission at
550 nm and sheet resistance at different grid sizes (the shape of each point on the graph corresponds to the grid shape).
(c) Transmission spectrum at different square-shaped grid sizes.
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appear to yield different sheet resistance and transmit-
tance; however, they are supposed to be the same
regardless of the grid shape for w , h theoretically.29

A potential reason for these variances is the galvano-
mirror, which rotates mechanically and is subject to
different acceleration and deceleration according to
the grid shape and the scanning path. The stability of
this process can be further improved by controlling
the environment including the temperature, humidity,
and neglected parameters such as solvent drying
conditions after the spin-coating procedure. The effect
of line width and height on the transmittance and the
sheet resistance is shown in the Supporting Informa-
tion (see Supporting Figure S1).
Figure 3(c) is the transmittance spectrum of a

square-shaped grid measured from 380 to 850 nm,
where the dotted line represents a commercial high-
transmittance ITO for comparison. We can verify that
the transmittance of a metallic grid fabricated by this
process can be as high as an ITO-based transparent
conductor, for the UV region in particular. Further
improvement in the transmittance is yet achievable

by focusing the laser beam more tightly with a lens
having a higher NA.
Basically selective laser sintering is a low-tempera-

ture metal patterning process, and it can be directly
applied to a flexible substrate because the area subject
to the elevated temperature is highly localized due
to the reduced heat-affected zone. Figure 4(a) shows
a square-shaped metal transparent conductor grid
of 300 μm size fabricated at the scanning speed of
100 mm/s on a PEN substrate (Teonex, 125 μm thick,
DuPont), whose glass transition temperature (Tg) is as
low as 120 �C. No observable damage on the substrate
is found after a complete process (see Supporting
Figure S2). The sheet resistance is measured to be
36.6 Ω/sq for a 5 cm � 5 cm sample and 23.3 Ω/sq
for a 2 cm � 2 cm sample, showing that the resistivity
of the Ag electrode on a polymer substrate can closely
approach the one fabricated on a glass substrate
through careful alignment of the optical system.
It is also noteworthy that the total processing time
required for the scanning of ametallic grid on a 5 cm�
5 cm area is less than 3 min, demonstrating that this

Figure 4. (a) Transparent conductor fabricated on a flexible (PEN) substrate (metallic grid on a 5 cm � 5 cm region). (b) Test
setup of cyclic bending, photograph of minimum and maximum bending deformation of the sample carrier of a flexible
substrate, and resistance change according to the number of cyclic bending. (c) Optical image of a transparent conductor
made of Ag NW mesh (left column) and Ag NP sintering (right column) as-prepared (first row), after first adhesive tape test
(second row), and after second adhesive tape test (third row).
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process is applicable for large-area, fast fabrication
as well.
The electrical andmechanical stability of theNP laser

sintered grid transparent conductor is further tested
under cyclic bending deformation and the adhesive
tape test. The experimental setup for the cyclic bend-
ing deformation is shown in Figure 4(b). The bending
of the flexible substrate is created by moving one
end at the frequency of 1 Hz while the other end is
fixed, yielding a radius of curvature r = 15 mm at the
maximum bending deformation. Fifty conductor lines
with 1 = 30 mm are fabricated on the PI substrate
(Upilex, 125μmthick, Ube Industries) and connected to
two copper electrodes with silver paste for the in situ

measurement of resistance (see Supporting Figure S3
for a detailed outline of the sample used for the
bending test). Throughout 5000 bending cycles, the
change in resistance was within 3% of its original value
(from 26.2 Ω to 27.0 Ω), where the increase probably
arises from the contact resistance between the sin-
tered lines and the electrode.
A usual adhesive tape test is performed on a square-

shaped grid, whereas the same test is conducted on a
Ag nanowire based transparent conductor for compar-
ison. The left column in Figure 4(c) shows that a large
part of Ag NW mesh is removed from the substrate
after two consecutive adhesive tape tests. On the
contrary, the Ag NP based metal grid transparent
conductor in the right column shows almost negligible
change in its morphology, showing that the NP laser
sintering process enhances not only the adhesion
between individual Ag NPs but also the adhesion
between sintered Ag pattern and the substrate. The
improvement in adhesion is confirmed on the polymer

substrates aswell (see Supporting Figure S4). The varia-
tion in the resistance is also measured to be insignif-
icant for a number of adhesion tests for both rigid
and flexible substrates. Such mechanical robustness
is particularly beneficial for the device that operates
under continuous mechanical stress.
As a device demonstration, a square-shapedmetallic

grid is applied for the rigid transparent conductor in a
four-wire analogue resistive touch panel, whose struc-
ture is shown in Figure 5(a). The size of each grid is
300 μm, where the total area covered by the grid is
6.5 cm � 5 cm. A thin layer of PEDOT:PSS is deposited
on top of the metallic grid as a protecting conductor
layer. For the other side, ITO-PEN film (Peccell, PECF-IP,
15 Ω/sq) is selected to be used as a counter electrode
with a comparable sheet resistance. A commercial
copper tape is used as the electrical lines that apply
the voltage across each conductor. Figure 5(b) shows
the corresponding TSP on the LCD screen, and its
active area is denoted by the red dotted box. We can
verify that the TSP preserves the transparency so that
the image on the LCD screen is apparent through the
device. The TSP is connected to a commercial control-
ler, and its performance is confirmed by writing the
letters “KAIST” on the screen, as shown in Figure 5(c).
(For a video of the TSP operating, see the Supporting
Information.)

CONCLUSION

In summary, we have demonstrated a metallic grid
based transparent conductor that is fabricated by
selective laser sintering of Ag NP ink that is conducted
without vacuum deposition or conventional photo-
masks at plastic-compatible low temperature. As a

Figure 5. (a) Schematic diagram of a touch screen panel (TSP) fabricated on a metallic grid. (b) TSP on an LCD screen.
(c) Demonstration of applying ametallic grid transparent conductor for a touch panel by writing the letters “KAIST” using the
fabricated TSP.
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local heat source to convert NPs into conductor grid
lines, the focused laser beam is scanned over the
wafer scale and conductor lines of ∼130 nm height
and ∼11 μm width are readily produced. As a direct
writing method, the transparent grid conductor pattern
can be easily adjusted by a CAD program, and three
different types of metal grids (triangle, square, and
hexagonal) of 200 to 500 μm size are fabricated without
any premade mask. Their performance is comparable
to ITO, yielding a transmittance higher than 85% and

a sheet resistance of less than 30 Ω/sq at a grid size of
>300 μm. This process can be directly extended to a
large-area flexible substrate, as confirmed by the me-
tallic grid fabricated on a PEN substrate over a 5 cm �
5 cm area. The conductor lines produced by the laser
sintering on the glass and flexible substrate also showed
an excellent stability in terms of adhesion and bending.
The resultant transparent conductor is applied to TSP as
the device demonstration, and thefinal device operated
steadily under continuous mechanical stress.

MATERIALS AND METHODS
Ag NP Ink Preparation for SLS Process. The synthesis of Ag NPs

is based on the method reported by Korgel et al.25 A 0.20 M
tetroactylammonium bromide ((C8H17)4NBr) solution is mixed
with 20.4 mL of chloroform and added to 30 mM AgNO3 in
30 mL of DI water in order to form a two-phase system. The
solution is stirred vigorously for 1 h, and 0.16 mg of long-chain
thiol (dodecanethiol (C12H25SH)) is added to the solution while
stirring. After 15 min, 0.43 M aqueous sodium borohydride
(NaBH4) in 24 mL of DI water is added into the organic phase
as a reducing agent to nucleate nanocrystals. The solution is
kept at room temperature for 3.5 h. Chloroform is then removed
with a rotary evaporator, and the remaining particles are
washed with ethanol and acetone to remove phase transfer
catalyst, excessive thiol, and other byproducts. The resultant Ag
NPs are suspended in toluene or alphaterpineol at 10 wt %.
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