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1. Technologies / Materials / Process Flow

Aerosol-Jet-Printing Deposition Technology for Nanoparticle inks

Equipment @ ENAS

* Customized Optomec AJ300 System
¢ 300 x 300 mm x-y-Vacuum stage

* Print Speed: max. 200 mm/s

* 2 Atomizer systems:

* 2 x Pneumatic Atomizer incl. Mixing option

®* [1cP -1000cP]
*  Ultrasonic Atomizer

®*  [1cP - 5cP, from 1ml Fluid]

®* 200°C Substrate heater

* Min. line width 10 pm to 20 um

* Laser-Curing-System included [IR Laser, 700mW,
830nm] and material mixing option

Fig 1: Aerosol-Jet 300 System @ Fraunhofer ENAS
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1. Technologies / Materials / Process Flow

Aerosol-Jet-Printing General Work Flow

Fig 2: General Workflow overview

A & B: Producing Aerosol by A: Ultrasonic or B: Pneumatic Atomizer Systeme
C: Focusing Material Beam in printhead and direct maskless deposition on substrate
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1. Technologies / Materials / Process Flow

Aerosol-Jet-Printing General Work Flow
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Fig 3: Focused material beam over several millimeters enables deposition on 3D substrates without moving z-axes, diagram shows
constant line width between 1mm to 3mm distance between printhead and substrate [Source: Optomec]

Fig 4: Examples for Ag deposition on 3D surfaces [deep etched cavities in Si Wafers]
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1. Technologies / Materials / Process Flow

Screen Printing General Work Flow

B Screen mask works as stencil

stencil
B Mesh made from polymers or

metalls

B Screen openings represent
printable pattern

frame B Squeege transfers paste

screen / stencil \ through screen openings
= onto substrate

~substrate
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Reprint

R29 Spectrum DEK Horizon 03iX
Screen frame: 736 x 736 mm (29”x 29") to 736 x 812 + Screen frame: 736 x 736mm
mm (29” x 32”) (29" x 29") standard

1. Technologies / Materials / Process Flow

Screen Printing Equipment

Camera alignment
Fully automated vision system
Registration +/- 10 um

Printable Area
(510mm x 508.5mm)

Modul for Via Filling
* Modul for Dispensing

* Vector Guard stencil printing
* Machine Alignment >2 Cpk @ +/- 12.5um, 6 Sigma
Process Alignment >2 Cpk @ +/- 25um, 6 Sigma #

Morphology: Lateral 50 pm - 150 mm; Vertical 10 pm - 1T mm
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1. Technologies / Materials / Process Flow

Metal Nanoparticle Inks Overview Sintering Process

Fig 3: Nanoparticle filled Ink, Drying out solvents, burning out
organic shells, sintering

Fig 5: SEM Investlgatlon - Smtermg of Ag Nanoparticles and grain size at 60°C 100°C, 200°C, 250°C, 300°C
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1. Technologies / Materials / Process Flow

Paste formulation for Screenprinting

Application test magnetic pastes
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1. Technologies / Materials / Process Flow

Paste formulation for Screen printing

Using magnetic paste for screen printing a MEMS speaker
(electromagnetic actuation) was demonstrated

Metallic glass membrane

Magnetic paste

2 Lo -
10 pm

005 mbar

Curing

Deposition Magnetization
P 120 °C, 30 min 9

Dispensing

[

@ 1mm
100...150 pmT

)

MEMS Speaker

Integrated permanent

magnet
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3. R&D Focus

1. Printed RDLs for polymer substrates

Concept

Printing conductive fine pitch multilayers
for a variety of substrates materials
enable smart systems

Needed:

*Fine pitch, 3D ready deposition process
for conductive materials

*Conformal dielectric coating technology
for 3D substrates

*Process for via fabrication to enable
multilayers

Low temperature processes < 150°C to
enable the usage of sensitive / polymer
/ low cost substrates

Conformal
dielectric
coating

Conductive
material
deposition

1st dielectric Layer 1st printed conductive Layer

2nd dielectric Layer J 2nd printed conductive Layer

|

Through polymer vias
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3. R&D Focus

1. Printed RDLs for polymer substrates

Motivation for Parylene:

= Deposition at ambient temperatures (no thermal stresses)

= Pinhole-free atd > 0,2um

= Uniform layer thickness, in particular at edges, excellent gap

Parylene = Poly(p-xylylene)

penetration

= No solvent or catalyst required

= Yield of 100% monomer above
550°C in vacuum
(using [2,2]p-cyclophane)

= No by-products
= Batch process for high throughput

= Bio compatible - medicine
products

cHa () ére
5 M
CHz \) CHz

Dimer . Monomer
gas gas

Dimer . Dimer
gas

Solid

{ CHz~-—<(_\}:r ot 1

Monomer . Polymer
gas (diX film)

Deposition
Pyrolizer - Chamber

Pyrolize
~180°C 650~700'C
~50m Torr

Room temp.

Trap

Plasma Parylene LC 300
RW

(Plasma Parylene
Systems — PPS)

Gorham Process
= 3 step deposition

=  Polymerization @
Roomtemperature
(condensation)
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3. R&D Focus

1. Printed RDLs for polymer substrates

Parylene Properties Layer thickness for
' 2um Parylene layer

= Conformal coating on Waferlevel < 10%

thickness variation developed o Inhomogeneity
= Conformal coating for high aspect ratio %

patterns g er]

. 3 o, Forthicker layers

= Highly transparent £ 18%
= Ar plasma pretreatment enables printing 8% |F°r2“'“thic'<

process { JI Il -.l :. l.'u ; é 'l‘ Il-f] :Il II) l‘l II4 ll" aye s

Position [cm]

= Good moisture barrier

Properties of Parylene C Bottom

Melting point 290°C !
Temperature stability 125°C i
Peak Temperature 200°C
Water absorption in 24h 0,06% L
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3. R&D Focus

1. Printed RDLs for polymer substrates

Laser-Workstation with two laser sources

Scan head

Picosecond Laser with four wavelengths
- for micro-structuring

F-Theta
— objective
I \ | (optional)

A v\
Power: 10W I\ Beam movement
| '-.,'\II
-llll| \\ z
Thulium-Fiber-Laser (CW) A
9 fOI’ Weldlﬂg working volume
1908 nm
Power: 20W
e |
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3. R&D Focus

1. Printed RDLs for polymer substrates

v ° Substra‘te Cleanlng 21 layer of Parylone Silver (aerosol jet printed)
o " - 7 PPS
« 15t layer Parylene deposition (optional) 15 layer of Parylens
g —
« pretreatment to enable printability on Parylene + Schematic cross section
1%t layer Ag deposition and sintering )
« 2" Jayer Parylene deposition
4 — Laser ablation
N -
« Laser ablation / via drilling for interconnects I
S 1st layer Ag
. i N - 1st layer Parylene
* pretreatment to enable printability on Parylene +
2" layer Ag deposition ) PPS
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3. R&D Focus

1. Printed RDLs for polymer substrates
Laser Ablation of Parylene on top of printed Ag

FIB Cross Section
R Al s

AR

Parylene

R
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FIB Cross Section Investigation

H4=1.980 pm H1=2.099 pm

Conformal Parylene Coating
No Ag ablation visible

] Sidewall effects of laser
ablation visible

-  Parylene thickness

Increasing
9 So me d efeCtS near Mag= 750KX 1pm WD = 5.0 mm EHT = 5.00 kv Tilt Angle = 36.0° 9 Sep 2015
H ici Auriga 603941 |——— Signal A= InLens  Tilt Corrn. = On 3.FIB-Schnitt/50pA
Paryl ene si d ewa” VISl b I € Line Int. Done FIB Probe = 30kV:50pA PPS-Laser-P-1-St1_27.tif
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3. R&D Focus

1. Printed RDLs for polymer substrates

Via Results

2"d Jayer Ag printing to fill vias,

sintering

+

Electrical Testing

B Viaresistance [50umx200um] < 10 Q
after fabrication

B Thermal cycling (-55/125°C,30min)

performed

—> After >300cycles resistance is stable
with around 5 Q / Interconnect due to

additional sintering

Mag 6.00 K X
Auriga 60-39-41

g Ay

WD = 5.0 mm EHT = 5.00 kV
Signal A= SEZ?

Line Int. Done

Substrate

Tilt Angle = 36.0
Tilt Corrn.,
FIB Probe = 30kV:50p

Fraunhofer ENAS
Kowol

p
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3. R&D Focus

1. Low temperature Wafer level Bonding using metal nanoparticles

AJ Printing of Ag Nanoparticles[2]

Goal: Bondframes with less than 100pum in width

Wafer level Bonding [3]

2
Adhesion promoter deposition (PVD) Au or Cu [1] .

Siber Nano Partiked

¢
53

Si Wafer with Au adhesion promoter and printed Ag Bondframes schematic process flow
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3. R&D Focus

1. Low temperature Wafer level Bonding using metal nanoparticles

250°C, 60min

Tilt Angle = 36.0 ° 22 Apr 2015 Fraunhofer ENAS
Tilt Corrn. = On 2.FIB-Schnitt/600pA Kowol
FIB Probe = 30kV:50pA  500.674-17+18-Pr2_06.tif

EHT = 5.00 kV
Signal A= InLens
Line Int. Done

Mag= 1500KX 2pm WD = 5.0 mm

Auriga 60-39-41

FIB&SEM investigations at the Interface Au-Ag-Au, 250°C: Ag layer is
fully wetting the Au adhesion promoter, porous interface

200°C, 60min Bond

Tilt Angle = 36.0 ° 8 Apr 2015 Fraunhofer ENAS
Tilt Corrn. = On 2.FIB-Schnitt’240pA Kowol
FIB Probe = 30kV:50pA  500.674-19+20-Pr2_09.tif

EHT = 5.00 kV
Signal A= InLens
Line Int. Done

:
Mag= 2500KX 1pm WD = 5.0 mm

Auriga 60-39-41

FIB&SEM investigations at the Interface Au-Ag-Au, 250°C: Ag layer is
fully wetting the Au adhesion promoter, pore size increasing, diffusion Au
— Ag visible using EDX

Conclusion for all bonds (for all temperatures 350°C to 200°C and Au / Cu adhesion layer) today—> hermetic sealing using Ag
Nanoparticle intermediate layer not possible but mechanical bond is succesful

Reasons: porous interface and inhomogeneous thickness of Bondframe due to printing process at start and endpoint of printed

microstructures
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3. R&D Focus

1. Low temperature Wafer level Bonding using metal nanoparticles

Analogue process was developed for screen printing technology using Au Nanoparticles:

* Applied bond pressure 6.5kN
* Bonding Temperature 200°C

Mag= 600 X 20 pm WD = 6.9 mm EHT = 10.00 k¥ 8 Dec 2015 Fraunhofer ENAS

SUPRABG0-32-10 — Signal A= CZ BSD
Pizel Avy. 500.651-K1
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- - G Printed AROFUSE Frames

Gold layer —

Gold layer —
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4. Further Application Scenarios
using 3D suitable deposition technology for Nanoparticle Inks

y 7 1 PSRN 'l‘.’;'a'u\;‘ O\
Printed Interconnects for stacked
components

Printed Sensors (Au Nanoparticles) High density 3D MID Substrates by
on low cost substrates additive manufacturing

Ki nwater
A . ... crschich

A AN

Temperatur

Flexible Electronics

Joining (WLB and CLP) using Nanoparticle intermediate layers — low sintering
temperature enables Bonding < 250°C

\
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4. Further printing capabilities
upscaling and R2R manufacturing (i.e. printed RFID Antennas)

Printing Technology: Fab Scale

Fraunhofer ENAS web fed printing machine
,»microFLEX* (3D-Micromac, Germany)

PulseForge 3200
(Novacentrix)

baumann
printing

research

S-creen
Printing

ScanPAQ

-l)

RSI Compact (Stork) (Dimatix)
e », y
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4. Further printing capabilities
Institute for print and media technologies TUC

...this is what we do: Printing beyond color
— printed functionalities e

research

[OPLS} sunsoe ingh layer (ESL) sanser
[51-54) is5-58)

Printed antennas — planar and 3D Printed batteries Printed sensors Printed transistors

-

Printed SAM Printed photonics Printed microsieves Printed pillars

7".5 > \\3 a
- R -

[a) Hammerschmidt et al., Langmuir 28, 2012; b) Belgardt et al., Phys. Chem. Chem. Phys. 15, 2013; c¢) Sowade et al., Adv. Eng. Mat. 14, 2012;

Sowade et al., Cryst. Growth Des. 16, 2016; d) Zichner et al., Jpn. J. Appl. Phys. 53, 2014; Kang et al., Appl. Mater. Interfaces 6, 2014; Sowade

etal., J. Mater. Chem. C. 3, 2015; d) Marjanovic et al., J. Mater. Chem. 21, 2011; e) Lorwongtragool et al., Sensors 14, 2014; Dinh et al., Carbon
96, 2016; f) Castro et al., Journal of Electronic Materials 7, 2014; g) Sowade et al., Organic Electronics 30, 2016]
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Thank you for the kind
attention

Contact:

Frank Roscher

Fraunhofer ENAS

Department System Packaging
Technologie Campus 3

09126 Chemnitz

Germany

We would be pleased to cooperate with you in European or
German national projects as well as direct cooperation and
technology transfer

Service offers:

Paste/lnk formulation screen printing and Aerosol-Jet

Testing of inks/pastes (printability, electricaly, reliability, adhesion,..)
Design and feasibility studies

Workshops and training to enable technology transfer
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