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Recent developments in additive manufacturing (AM) process have led us to fabricate many mechanical and electrical
components or devices into complex geometries. Within existing AM processes, laser is widely used as an energy source
to selectively sinter particles with a powder bed fusion (PBF) process or cure photopolymers with a vat photopolymerization
(VPP) process. This study investigated the applicability of the SLS process for silver nanoparticles (Ag NPs)-photopolymer
inks to fabricate micro-scale conductive patterns. With Ag NPs-photopolymer inks prepared with different mixture ratios and
pasted on a polyethylene terephthalate (PET) substrate, a pulse width modulation (PWM) signal-controlled 405 nm laser
was applied to these inks to selectively sinter and cure the Ag NPs and the photopolymer simultaneously. The final
conductive patterns were obtained after a rinse in ethanol to remove un-sintered and un-cured regions of the inks.
Microstructures, thickness profiles, pattern width, electrical resistance, and resistivity of the fabricated patterns were
investigated by varying the PWM duty and the laser exposure time. Effects of different numbers of scan lines in the pattern
and nanopatrticle mixture ratios were also investigated. The proposed method is cost effective and easy with fast patterning
capabilities. It will leverage practical advances in AM industries.
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Fig. 1 Schematic and setup of the patterning system
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Table 1 Specification of components in the patterning system

Component Specification
OSMS26-200, SIGMAKOKI
XY stage Resolution 2 pm

Travel 200 mm

NEIJE 3,500 mW Laser module
Optical output 500 mW
Wavelength 405 nm
Focal length 10-50 mm
PWM 3.3 Vpp at 20 kHz

UI-3860LE-C-HQ, IDS Imaging

Laser module

CCD camera Development systems GmbH
1,936 % 1,096 pixel
USB-6211, National instruments
DAQ board 16 AI (16-Bit, 250 kS/s),

2 AO (250 kS/s), 4 DI, 4 DO

Table 2 Mixture ratio of Ag NPs-photopolymer inks used for the
experiments

Ink Mixture ratio Nanoparticle loading

type  Photopolymer [g] Ag NPs [g] ratio (7) [%]
Ink 1 3 4.5 150
Ink 2 2 4.5 225
Ink 3 1 4.5 450

‘reative Manufacturi

“Laboratory for Creative Manufacturing System WCMS /v for Creative Manufacturing System \.C
Ink 1 Ink 2 Ink 3

Fig. 2 Ag NPs-photopolymer inks prepared for the experiments
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Fig. 6 Pattern geometries and generated scan paths for the
experiments

Table 3 Variations of process parameters for experiments

Process parameter Value
PWM duty, P [%)] 20, 40, 60, 80
Exposure time, A [ms] 10, 20, 40, 80
Number of scan 1ine§ in the pattern 1248
(50 pum spacing), N T
Nanoparticle loading ratio, y [%o] 150, 225, 450
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Fig. 7 Schematic of conductive patterning and in-situ monitoring of
the patterning process
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Fig. 10 Microstructures of cross section of the conductive patterns
(P=40%, A=10ms, y = 225%)

Fig. 11 Optical microscope and scanning electron microscope images
of the conductive patterns with varying P (N=2, A=10ms,

7 =225%)
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Fig. 12 Scanning electron microscope image of the conductive
pattern at P =20% (N=2, A=10 ms, y =225%)
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Fig. 13 Stylus surface profilometer measurements of the conductive
patterns with varying P (N=2, A=10ms, y =225%)
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Fig. 14 Electrical resistance and pattern width of the conductive
patterns with varying P (N=2, A= 10 ms, y=225%)

Table 4 Electrical resistivity of the conductive patterns with varying P
PWM duty, P [%]

Electrical resistivity, p [Q2'm]

40 2.70 x 107
60 1.83 x 10°¢
80 1.49 x 10
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Fig. 15 Scanning electron microscope images of the conductive
patterns with varying A (N=2, P =40%, y=225%)
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Fig. 16 Stylus surface profilometer measurements of the conductive
patterns with varying A (N=2, P =40%, y=225%)
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Fig. 17 Electrical resistance and pattern width of the conductive
patterns with varying A (N =2, P = 40%, y = 225%)
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Table 5 Electrical resistivity of the conductive pattern with varying A

Exposure time, A [ms] Electrical resistivity, p [QQ'm]

10 2.70 x 10°°
20 2.07 x 10
40 1.23 x 10
80 1.48 x 107

* PatternA PatternB Pattern C -
=1 ~=2) =4

LS ST o e S S

500 um

Fig. 18 Scanning electron microscope images of the conductive
patterns with varying N (P = 40%, A= 10 ms, y = 225%)
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Fig. 19 Electrical resistance and pattern width of the conductive
patterns with varying N (P =40%, A= 10 ms, y=225%)
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7=225%

Fig. 20 Optical microscope and scanning electron microscope
images of the conductive patterns with varying y (N =2, P

= 40%, A=10 ms)
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Fig. 21 Electrical resistance and pattern width of the conductive
patterns with varying ¥ (N = 2, P = 40%, A =10 ms)
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Fig. 22 Various conductive patterns fabricated using the proposed
technique

Table 6 Comparison of electrical resistivity'®*’ (Adapted from Refs.
16-20 on the basis of OA)

Reference Electrical resistivity, p [Q2'm]
Cheng, et. al.'® 2.01 x 107
Cheng, et. al."” 2.46 x 10°®
Lopes, et. al.' 1.05 x 106
Nobh, et. al."’ 7.07 x 10°®
Zhou, et. al.’ 4.18 x 10
This work 1.23 x 106
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