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High Performance Laser-based Additive Manufacturing
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Laser Printing of metal Nanoparticle
inks for flexible electronics

Laser Sintering of metal Nanoparticle
inks for flexible conductive patterns

SPI E PHOTONICE SAN FRANCISCO 1-6 FEB 2020
o WEST - ,




Additive Manufacturing Hiperﬁ

“Additive Manufacturing has the potential to revolutionize the way we make almost everything’ US President
Barack Obama, 2013, at National Additive Manufacturing Innovation Institute (NAMII) in Youngstown, Ohio

Total Metal Additive Manufacturing Revenue
Opportunities by Segment, 2018 vs. 2024(e) ($USM)
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Laser Induced Forward Transfer30 Hipew

0 Printing in solid and liquid phase

o Spatial resolution down to 10 um for liquid and
sub-micron for solid phase

o Printing of inorganic, organic, biological
materials

r -

Material to be deposited

Flexible substrate .
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LIFT advantages Hipew

Drop-on-demand printing, non-contact printing

Compatible with a wide range of materials Inkjet printing typically handles low

viscosity inks (1-15 mPa.s) and even
with piezoelectric actuation, inks up to
100 mPa.s viscosity can be processed.

No limitations in materials viscosity (0.4-500000cP)

No use of nozzles, no additives

O OO0 0 DO

Receiver substrate independent (flexible, polymer materials, etc.)

LIFT (0.4- 400000 cP)
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LIFT of metallic nanoparticles HiperkA

LIFT of Cu LIFT of high Tc Nanoscale droplets of Cr
R superconducting films =
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LIFT for device components and interconnects Hipew

Flip-chip bonding Interdigitated Ag electrodes Printing Silver Nanopastes for
QIS for OTFTs interconnect bonding of Au
pads

Kaur et al., Appl. Phys. Lett.
104, 061102 (2014)

H. Kim, R.C.Y. Auyeung, S.H. Lee, A.L.
Printing of electronic Huston and A. Pique, J. Phys. D: Appl. Phys.,

components

vol. 43, (2010)

Silver nanopaste for
microwave interconnects

16 um

C.B. Arnold, P. Serra, A. Pique, MRS
Bulletin, 32, (2007) E. Breckenfeld et al. Applied Surface Science 331,

254-261, (2015) Wang et al., Adv. Mater., 22, 4462-4466, (2010)
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Fingerprint sensor

| HIPERLAM Presentation |
Proprietary and Confidential

Applications Hipew

}}'a FlexEnable

Truly flexible electronics

00@ Fop The HIPERLAM Project is an initiative of the Photonics and
F’l—{OTONIOS21 " ’ Factories of the Future Public Private Partnerships and
STl o ) MR g e Factories ofthe uture received funding from the European Union’s Horizon 2020
Research and Innovation Programme under Grant Agreement
No. 723879
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Nanoparticle metal inks for Printed Electronics Hipew

IDTechEx [REE-0e0

Nano-silver ink/paste:
v High Conductivity

Nano-copper ink:
v High Conductivity
v" Cost effective

www.prometheanparticles.co.uk

EMI shielding in consumer electronics
Printed logic and memory
Sintered nano Ag die attach paste
0 J .

2018 2019 2028

Melting point vs. particle diameter
of gold nanoparticles

Tm (°K)

equirements and Challenges
Good Printability
Good adhesion to specific substrates
High resolution
Long shelf life

C. Yang et al. / J. Mater. Chem. C 1,
4052-4069 (2013)
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Experimental set-up for laser printing and sintering Hipew

b) Laser sintering

- /Q\%

a) Laser printing

Scanning

ns-laser

Substraté®, P

Camerd™,

iy |

» High power ns laser at 20 W, tunable up to 500 KHz, 20-
200ns

» Galvo scan lab: sub-micron step resolution, size, 5 m/sec
speed
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LIFT: Large area printing on flexible substrates Hipem

Lines’ width ~ 90 pm
Lines’ gap ~ 60 pm

Lines’ width ~ 90 pm
Lines’ gap ~ 20 um . -
) FlexEnable

Truly Hexible electronics
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On-chip Ag antennas on flexible integrated circuits Hipew

Laser printed and laser sintered RFID antennas with low overall resistance < 30 €, with from factors
designed for High Frequency band applications .

Dimensions o _ _

10x10 cm2 REID total area The laser printing & sintering process
Line width= 350 pm window spans across a vast range of
Line height ~ 4.5 um conditions yielding functional antennas

SPI E PHOTONICE SAN FRANCISCO 1-6 FEB 2020
e WEST - 12



.;.-:::Ei: pvnanocell : : i _ *‘@
. Laser printed & laser sintered Cu micro-electrodes HiperkA
2x Bulk resistivity achieved Raman study
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On-chip Cu antennas on flexible integrated circuits Hipew

Near Field RFID system

-
o

[=-]
1

Cu patterns produced by laser printed and laser sintering are
a low cost alternative to Ag patterns. The reported work
demonstrates that in terms of resistivity, laser printed Cu
patterns may be even superior to similar Ag patterns
fabricated by laser processing.

[ ] .
44 Total resistance R

24 $43Q

Total deposited energy per RFID (J)

RFID antennas design for HF band

1 1 T T 1
10 20 30 40 50

o

y-scanning step (um) Printed pattern After sintering
10 mm

10 mm

“Copper micro-electrode fabrication using laser printing and
laser sintering processes for on-chip antennas on flexible
integrated circuits”, O. Koritsoglou et al., Optical Materials
Express, 9(7) 3046-3058 (2019).
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TWO SETUPS - Time-resolved Imaging setup Hipew

High-Speed
Lens System ':""'"‘
Light Source {LED]
! ' EARLY-STAGE (ns to ps)
bjective lens
Laser Beam i E A ‘
e
High speed visualisation 500kfs iy,

(DAQ) - National
Instruments

h@:n /

Objective 50X
CCD camera

Laser:
DPSS Nd:YAG
A=532nm,t=0.6ns
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Visualization using high speed camera Hipew

a) S ns-pulsed
Laser @ 532 nm
Xy mirror
scanning head
F-theta lens
Viscosity @ 1 s! [cP]: 550 7400 170000
High speed camera
LED light
source

Simulation with ANSYS Fluent

xyz translational stage
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Simulation: Initialization & Methods Hipew

0 » 2-D Axisymmetric, transient model
0 * \olume of Fluid (VOF) model to track the ink-air interface
5 » Solving the Navier- Stokes equation for
- incompressible flow
« Simulating the laser pulse effect with a deforming boundary
031 | 009 | © 0 | O « Deformation rate based on experimental time-resolved data
0 0 0 o | o (spatial and temporal evolution of ink bubble)

Example of VOF interface tracking

Cropped image Ag NP |nk,
1 >50000 cP

280 mJ/cm?

Image with Boundaries Detected of Polynomial 4th degree Fit
7 - - - ! ;

0.2 ps 0.5 ps 0.9 ps

12us 56 us 14.8 us Detection and extraction of ink bubble’s spatial profile.
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Newtonian ink: Correlation between *@
simulation & experimental printing results HiperkA

103_ = Copper NP ink: ~500cp\""""' oo
. . y . . dv .._-'.f
Newtonian fluids follow Newton’s law of viscosity: 7 = —Hy, | r
g 10 - ..f.
T: shear stress, u: viscosity of fluid,, dv/dy: shear rate (rate of strain) T -..__.-"'..
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Newtonian Ink: Correlation between *@
simulation & experimental printing results HiperkA

140 ns

30 N,

10.5 us
o SiO2 Receiver
25 +
20 +
30 ps .
—
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5| ) .
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150 200 250 300 350 400
150 ps Fluence (mJ/cm?)

Droplet Volume ~14pL
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Simulation of non-Newtonian inks HIDEVLA%

If Non-Newtonian fluids are

assumed to have constant

viscosity during LIFT

4

Simulation not successful

T=DUS
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Non-Newtonian fluids Hipew

Shear Thinning Behavior e

Non-Newtonian ‘zf.m.sb.,a, 1o3i ) _+ Ag NP Ink > 150 000 cP
(shear-thinning) g s |
- 2 S 1025—

behavior for our 2

Ag NP inks exhibit b o

Log (shear rate) - e * Shtleoaor ratelfll/s) i v o

DURING LIFT Viscosity dependent on shear rate:

Negligible temperature effect

R uy) = axy",
High velocity gradients 10-100 m/s
Result in high shear rates ~ 105- 106 s2 a. measure of the average viscosity,

y: shear rate, n: Power Law exponent
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Non-Newtonian ink: Correlation between *@
simulation & experimental results HiperkA

Ag NP ink: >50000 cP
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In Conclusion... H;peruﬁ

High spatial resolution and high speed printing, potential for 3D processing
Large area printing on flexible substrates

DRL-free LIFT printing, employing inks of both Newtonian and non-Newtonian
character

Ejection mechanism for both type of inks: imaging with time-resolved and high-
speed experiments.

Building the simulation tool to predict printing quality.
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