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1. INTRODUCTION Recently, laser sintering of metal NP ink has been reported
to solve these drawbacks."'™ In a typical experiment, metal
NP ink is coated on a substrate first and a focused laser, as a
localized heat source, is scanned at an arbitrary pattern to
conduct patterning and annealing of metal NP ink in a single
step. Due to the small size of a focused laser spot and low
thermal conductivity of metal NP ink, the minimum feature size
of the laser sintered metal pattern easily reaches micrometer
scale, while the area subject to the laser sintering can be
extended to several centimeters by using a galvanomirror and
telecentric lens. However, laser scanning is only suitable for the
fabrication of line patterns. For an arbitrary 2D patterning, the

In various electronic devices, thin film electrode is an inevitable
component' > and the conventional photolithography process
together with vacuum metal deposition has been long used to
fabricate a patterned electrode layer. Despite great success, the
conventional metal patterning process suffers from numerous
problems including high-priced vacuum conditions, high
temperature environment, toxic chemicals, and multiple steps
which increase the cost and complexity of the overall process.
To overcome these problems, a number of alternative metal
patterning techniques have been developed, and the sintering of

metal nanoparticles (NPs) has attracted wide attention among laser spot has to go through a raster scanning at a fixed hatch
these techniques to acquire an electrode layer™ without any size, which can be very time-consuming for a dense pattern in
harsh environments or expensive equipment. particular.

For the general metal NP sintering process, metal NP ink is In this study, 2D laser sintering of metal NP ink at an
first printed on a substrate at a desired pattern by various arbitrary pattern is achieved without any scanning procedure by
printing techniques such as inkjet printing,” gravure printing,® using a digital micromirror device (DMD). Since each
screen printing,” and nanoimprinting'® followed by an micromirror in DMD can be controlled separately using digital
annealing process in a hot furnace for a certain time to signal, DMD has been widely applied to maskless lithog-
transform individual NPs into a continuous conducting film. raphy'*"7 to pattern the photoresist layer. Instead, we utilize
This process is much simpler compared to the conventional
photolithography process, but the resultant metal pattern Received: November 24, 2013
generally exhibits limited resolution and the annealing process Accepted: January 28, 2014
often requires considerable time and temperature. Published: January 28, 2014
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Figure 1. Schematic illustration of the optical system for Ag NP sintering by a DMD modulated laser beam.
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Figure 2. (a, b) Transmission electron microscopic images of the Ag nanoparticles with self-assembled monolayer. (c) Thermogravimetric analysis

profile. (d) Differential scanning calorimetric profile.

DMD for direct 2D sintering of metal NP ink through direct
imaging of DMD pattern on the silver (Ag) NP ink. By
focusing DMD modified laser beam on the Ag NP ink, 2D
sintering of Ag NP ink with fine edge sharpness and low
electrical resistivity is readily achieved with a single exposure.
The Ag NPs used for the sintering is characterized by
thermogravimetric analysis (TGA), differential scanning
calorimetry (DSC), and transmission electron microscopy
(TEM), while the temperature generated by DMD modified
laser beam is estimated by finite element (FE) calculation to
analyze the sintering condition. Furthermore, by fabricating the
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Ag micropattern array through a step-and-repeat scheme, we
confirm that this process has a potential for large-area high-
resolution metal patterning.

2. EXPERIMENTAL SECTION

Ag NPs are prepared from a two-phase reduction method with subtle
modification which was reported from Kogel et al.'® 02 M
tetroacylammonium bromide ((CgH,,),NBr) is added in 20.4 mL of
toluene. Pure water with 30 mM silver nitride is added to the toluene-
based solution. After vigorous stirring for 1 h, silver ions are
transferred to the organic solution from aqueous solution. Aqueous
solution is removed, and 0.16 mg of dodecanethiol is added with
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Figure 3. (a) Schematic diagram of photothermal characteristics of laser induced substrate. (b, c) Temperature distribution analyzed by FE analysis.

vigorous stirring for 15 min. 24 mL of pure water with 0.43 M sodium
borohydride is rapidly added in organic solution. A reducing reaction is
performed for 3 h and 30 min. Excess chloroform in the final product
is removed through rotary evaporation. The remnant is cleaned with
ethanol and acetone with centrifugation and ultrasonication.

A detailed optical setup of the experiment is shown in Figure 1.
Nd:YAG continuous-wave laser at 532 nm wavelength (Millenia V,
Spectra Physics) is used for the sintering source. The laser beam passes
through a couple of lenses with different focal lengths, and the beam is
expanded S times to cover a digital micromirror device with 600 X 800
pixels. In this experiment, the total area used from DMD chip is ~1
mm X 1 mm in size to maintain uniform laser power over the whole
area. Each mirror of the DMD can be controlled by computer in real
time to modulate the projected beam. The modified beam, which is
reflected from DMD panel, is focused by a 10X long-working-distance
objective lens (Mitutoyo) onto the motorized stage which holds the
substrate. Ag NP thin film is first coated on a glass substrate using spin
coating. Spin coating is performed with 1500 rpm, and the thickness of
the Ag NP layer after the spin coating is measured to be 200 nm. Two
charge coupled devices (CCD) are placed at each side of the substrate
to focus the DMD modified laser beam onto the substrate while
monitoring both sides in real time. After the laser sintering process,
unsintered Ag NPs are simply removed by a washing of the substrate
with toluene.

3. RESULTS AND DISCUSSIONS

3.1. Thermochemical Characteristics of Ag NPs. The
size of Ag NP is measured by TEM, and the substrate for the
measurement is fabricated with a self-assembled monolayer of
Ag NPs. For the monolayer sample preparation, Ag NPs are
diluted with the ethanol and it is dispersed onto a carbon-
coated copper grid (FCF300-Cu, Electron Microscopy
Sciences). The manufactured sample is observed using TEM
equipment (Tecnai G2 F30, FEI company) at an accelerating
voltage of 300 kV. The measured sizes of Ag NPs are
distributed in a range of 4—6 nm (Figure 2a). TGA and DSC
are measured to analyze thermochemical properties of Ag NPs
and its thermal sintering behavior. Figure 2b,c shows the graphs
of TGA and DSC around 150 °C which are measured by
thermal analyzer (SETSYS 16/18) under Argon atmosphere
with 10 °C min~"."> In both graphs, dramatic changes can be
found at ~150 °C. From TGA, weight loss of the Ag NPs is
intensified from 150 °C, and this trend can be explained by the
evaporation of organic solvents and polymer molecules which
covers each Ag NP to sustain the shape of NP and prevent the
agglomeration.'” There is also a striking change at 150 °C of

the DSC curve which means that an exothermic reaction or a
phase change occurs at ~150 °C. Through these common
characteristics, it can be estimated that the melting and the
coalescence between Ag NPs occurs at ~150 °C, which is much
lower than its bulk melting point as anticipated theoretically
from the Gibbs—Thomson equation.

3.2. Finite Element (FE) Simulation for Temperature
Estimation. During the laser sintering process, the incoming
laser is absorbed by Ag NP film and transformed into the
thermal energy, and the resultant temperature distribution is
determined by heat generation and the diffusion properties of
the Ag NP film itself and the underlying substrate. In the case
of Ag NPs at a similar size, the thermal conductivity (0.39 W
mK™") is known to be extremely low, which is 3 orders of
magnitude lower than the thermal conductivity of bulk Ag (429
W mK™).* The thermal conductivity of the Ag NP film is
significantly poorer than that of its bulk counterpart because of
the surfactant that exists as thiol-stabilizer.”” ™' Also, thermal
conductivity of a nanostructure is determined by phonon
transport through the percolation inside the structure. For the
NPs at very small size, the mean free path of the phonon is
larger than the size of NP itself, so that the phonon scattering at
the interface of the particle contributes significantly’>** to the
macroscopic thermal conductivity.

The temperature distribution of the laser heated Ag NP layer
is simulated with finite element (FE) analysis. Figure 3a shows
a schematic diagram of the simulation and thermal character-
istics of the layer when the Ag NP layer is heated with a star-
shaped laser beam. The FE analysis software to simulate the
thermal effects was Comsol Multiphysics with a general heat
transfer module. A constant temperature at 300 K is assumed at
the outer boundary, while a constant heat flux is applied at the
star-shaped area. The lateral area under simulation is 0.1 mm X
0.1 mm, while the thicknesses of the glass substrate and the Ag
NP layer is 1 ym and 200 nm, respectively. Due to the low
thermal conductivity of the Ag NP layer, the temperature
gradient at constant heat generation is very steep, which
enables high resolution patterning. Figure 3b shows a diagram
with contour lines of equal temperatures whose maximum
temperature is similar to the estimated melting temperature of
Ag NPs.

3.3. 2D Metal Patterns Fabricated with DMD
Modulated Focused Laser Beam. FE simulation is verified
through fabricating various shapes of Ag electrode pattern on
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Figure 4. Transmitted microscope images of sintered pattern over glass substrate with various trump shapes. (a) Spade, (b) diamond, (c) heart, and

(d) clover.
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Figure 5. (a) 10 X 10 array of star-shaped pattern array on the 500 ym sized substrate. (b) 3D image of the AFM image of one pattern. (c) Cross

sectional view of the AFM image.

the substrate. The sample is prepared on the glass substrate, so
that it can be observed by transmitted light microscopy. Various
patterns can be obtained by changing the input signals to
DMD. Figure 4 shows the transmitted microscope image of the
Ag NP ink after the 2D laser sintering of various trump shapes.
It can be confirmed from Figure 4 that the transmittance of
light is evidently different in the sintered and unsintered region,
since the sintered Ag NPs immediately recover its bulk
properties and becomes more reflective. From Figure 4, it is
verified that the precision of the patterns for the current optical
configuration is ~2 ym. The resolution, as well as the overall
size of the pattern, can be further controlled by changing the
optics. In the current optical setting, the laser exposure is
controlled by a mechanical shutter. Its minimum on/off time is
~100 ms and so is the processing time for a single patterning.
The characteristic time for a similar laser sintering process was
measured to be 5—10 ms in our previous study.'' Therefore, it
is expected that the processing time can be further shortened by
using a different scheme such as acousto-optic modulator
(AOM) for the laser exposure step. We estimated that the laser
power reflected back from DMD can reach ~1 W at maximum,
while the objective lens focuses the DMD-modulated laser
beam on the area of ~30 pm X 30 ym size. The intensity at the
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sample is calculated to be ~1.1 X 10° W/cm?, and this is
comparable to the previously reported value.''

Together with the movement of stage, the metal pattern
array can be fabricated on the substrate by step-and-repeat
scheme, as confirmed by the 10 X 10 star-shaped silver
electrode shown in Figure 5. The size of one star-shape pattern
is ~25 pm while the gap is fixed to be 30 ym so that the total
area is ~500 ym. Each pattern is fabricated with a single
exposure, and a regular metal pattern is continuously fabricated
as if DMD modulated focused laser beam is acting as an optical
stamp. The uniformity and accuracy of this process on the large
area patterning can be confirmed from Figure 5a. The profile of
laser sintered 2D metal pattern is further analyzed by atomic
force microscopy (AFM). Figure Sb shows a 3D AFM image of
a single star-shaped pattern. Its height is about 160 nm, and it
shows a very flat surface except at the edge. The rim at the edge
of the pattern might be caused by the thermocapillary effect at
the early stage of the sintering process. The flat surface and thin
thickness of the laser sintered metal pattern has an advantage in
the extensive areas of thin film technology.

The electrical resistivity obtained from I-V curve in Figure 6
with laser sintering of Ag NPs is ~10.8 uQ2 - cm, which is about
7 times higher than that of bulk silver. The sintering of NPs
allows locking between NPs to enhance the overall conductivity
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Figure 6. Electrical characteristic of the fabricated silver micropattern.

of the electrode, yet the conductivity is not fully recovered to
the bulk one because of electron scattering between the
interfaces of the nanopores inside the electrode. Even so, the
conductivity of the resultant Ag pattern is low enough to be
utilized as an efficient electrode in various applications.

4. CONCLUSIONS

We have demonstrated metal pattern fabrication by 2D laser
sintering of Ag NP ink using a DMD modulated focused laser
beam. By a simple optical setting with DMD, the beam is
modulated to an intended image at the Ag NP ink layer which
can be controlled by pixel-addressable input data. The Ag NP
layer immediately turns into conductive Ag electrode upon the
laser exposure, whereas the resultant Ag pattern shows fine
edge sharpness and low electrical resistivity.

The herein proposed selective laser sintering process using
DMD successfully eliminated the need of a time-consuming
raster scanning procedure for 2D patterns, while including all
the advantages of the conventional laser sintering process. This
process is also useful for fabricating extensive arrays of thin
layered metal patterns, as confirmed by 10 X 10 micro-
electrodes produced with uniform size and gap distance
through the step-and-repeat scheme.
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