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Printing

Printing is a process for reproducing text and images, typically with ink on paper using
a printing press.

Source: Wikipedia

Printing press
Johannes Gutenberg ,1450
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Web-fed offset lithographic
press at speed
XXt century

Woodblock printing
China, 220 A.D.
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Solution Processable
Functional Materials

TIPS-pentacene

MEH-PPV
Semiconductors <
I
})5
O . I_ d O/—\O O/—\O O/—\O
rganic Ligands ., s /\ sy Y
Conductors \‘/ SO s s .
/ u Polymeric
Low sintering temperature n m conductors

metallic inks

Dielectrics % PNMIMA

* Possible to formulate ° functlonal mks , with specific electronics
properties
» Low temperature processing allow use of plastic substrates
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Highly conductive metallic inks

Colloidal gold nanoparticles :
R=C,H,
Particle size <5 nm
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Ph. Buffat and J-P. Borel, Phys. Rev. A, 13, 1976, 2287

Ligands

Ag-Organic
Complex

Transparent 2 ™ ™

Metal (Ag) Ink =, . ool 4

L —u—130°'C

i —e—150°C

- Silver ink based on

L %812 Ag_containing organic complex:
- Less susceptible to nozzle

- clogging

- Lower sintering temperature
_ 16.1 12.6

8.2 l—._\____\_‘_\_.. 104

BRI 53 1%
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Printed Electronics
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OE-A roadmap 2009

New mass markets for low cost, thin and flexible electronics
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Graphic Arts Printing Technigques

Rotating Squeegee Printed pattern
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Screen Squeegee N

Ink supply Ink inlet —

Ink / Paste screen
. N m TN
i

T

Printed pattern

—_—

Backup
roller

Meniscus

Rotary Screen Printing

Knife Coating l Slot-die Coating

Printed pattern

Ink supply\ S
Air I' N,
\4 Impression
Doctor___ cylinder
Ink = __| Piezo 2 ( blade
supply Printed pattern — )
ATUTUL . Nozzle:— Impressmn
- s dVv/dt waveform ' :3.'. Sravure cylinder A Printing plate cylinder
n — e * ) : — e
drops o Printed pattern cylinder o= Anilox roller
- / S Doctor — Fountain roller
" blade
— Ink bath — Ink bath
Inkjet Printing Spray Printing Gravure Printing Flexographic Printing

Krebs et al., JOURNAL OF POLYMER SCIENCE PART B: POLYMER PHYSICS 2013, 51, 16-34
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Graphic Arts Printing Technigques

Printing I Thickness Feature Throughput  Registration
Techniques Viscosity [Pas] [um] Size [um] [m2/s] [um] Features
Inexpensive plate pattern, high throughput,
FleEgE D] 0.05-0.5 0.04-2.5 80 3-30 <200 thick layer / low viscosity ink
Fast printing, high resolution, relatively high
ClRIE 0.01-0.2 <0.1-8 73 3-60 >20 plate cost, low dot gain
High quality, high throughput,
Qifet 5-100 052 10-50 3-30 >10 need for ink additives
0.015- Robust, simple, thick layer, large feature size,
S 0.5-50 100 20-100 2-3 >25 high ink viscosity, slow speed
Inkjet 0.001-0.04 0.01-20 20-50 0.01-0.5 5-20 Non-contact, small ink quantities, digital

printing, low viscosity ink, slow speed




ISTITUTO ITALIANO DI TECNOLOGIA
CENTER FOR NANO SCIENCE AND TECHNOLOGY

z
-
o)
o
®

Inkjet Printing
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Continuous mode Inkjet printin

Deflection Plates

Transducer Charge High Voltage Subsirate
E Electrode — Mation into

Page
= —

-

W Substrate

Character Data Catcher

 Water jet, 20kHz * High ink velocity: =50 m / s
l ' l * Typical droplet diameter: 150um
9 0 0 0 « Typical rate: 80-100kHz, up to 1MHz
T50Hm 100um « Industrial market applications, product

labeling — high throughput  microrab Technote 99-01
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Drop-On-Demand (DOD) mode

Drops produced by electromechanically induced pressure waves — Hansell 1950

Transducer _ Substrate
{piezo or heater) /Dnﬂce

o @ o Q &

¢Substrate

Mation
+ Data Fulse Train
Character Data Fluid at .
Ambient Pressure MicroFab Technote 99-01

» Simple system, no recirculation

» More energy to produce a droplet

* Typical rate: tens of kHz

PEDOT-PSS based ink 1kHz « Smaller drop size, higher placement accuracy

» Low-end printer market
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Surface Tension

For solids and more general: “Surface Energy”

*It is a force for unit length M/\.\&
(IN/m = 1000 dyne/cm)

or equivalently energy per area (J/m?) \ f

*It is caused by cohesive forces 7‘?

It develops at the interface between two
different immiscible fluids or at the interface between a
fluid and a gas

Young-Laplace Equation

Ap = y(R* + Ry™)

T

T dependent: v =7° (1 T

Ap: pressure difference; y: surface tension; R, and R,: principal curvature radii


http://upload.wikimedia.org/wikipedia/commons/6/66/CurvedSurfaceTension.png
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Piezoelectric DOD technology

 Suited to a variety of solvents
* Epson Stylus 800 (1993)

« Minimum internal diameter of the
nozzle: =10 ym (1pl)

» Susceptible to clogging

The deflection of a piezoelectric transducer generates an acoustic wave in the
printhead cavity, which causes the break off of a drop from the nozzle
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Research and Commercial Printers

diSrs e

Dimatix Materials
Printer

X -y positioning printhead

(4 100nm) X-y positioning stage

Development Printers | Production Printers

y printhead carriage

LITREX M-Series
Generation 8
LITREX 120L (2400 mm X 2400 mm)
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Jet stabilization

Viscous
pressure loss
(0.5-1.0 atm)

Key points

o Ink compatibility
cension e T (solvent, particles size < 1/100

pressure rise (~0.5 atm)

(<0.1 atm) nozzle diameter)
« Ink viscosity

. Ink boiling temperature

. INk surface tension

microdrop
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Ink Viscosity

water: 0.89 mPaess

Accepatable range: 0.5-20 mPa-s xylene: 0.93 mPa-s
ethanol: 1.07 mPa-s
(1 mPaes =1 cP) mercury: 1.53 mPass
olive oil: 81.x mPa-s
Higher the viscosity,
higher acoustic waves dampening Higher the viscosity,

less satellites formation

WVelocity & Weight vs. Temperature
2 liHz Operation

4.5 0.250
4 L
Ny L ‘\ + 0.200
3 \-\ "
£
) B g <+ 0150
E_ 25 '\‘*\\.\ gﬁ
g b £
w2 ;
2 1o B Ethylene glycol, 18 mPaes
w
& 15 : 2
—— isopropanol - velocity =
1 IS agueaus solution - velocity = ‘
—m-— isopropanal - weight = 0.050
05 1| agueous solution - weight -4 ‘ -
) >
?
a 0.000 ‘
1 15 2 25 & a5 4 4.5 5
“iscosity, cp

Isopropanol, 2 mPaes

MicroFab Technote 99-02
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Ink surface tension and boiling point

- ethanol: 22.3 mNem1
Surface Tension xylene: 28-30 mNem-

i _ —lI olive oil: 32 mNem1
Acceptable Range: 20-70 mN+em e M

mercury: 465 mNem

Solvent volatility, “sufficiently” low

| Chlorobenzene THF 0-Xylene
W W |
| - MEH-PPV, 2.5 mg/mL
l 1 M,, = 40k-70k g/mol
TU/e

Bp: 132°C 66°C 144°C
U.S. Schubert, TU/e
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Contact Angle

Interfacial tensions

Yiv

Young equation

Vsv — VsL— VvC0S6: =0

YsL Ysv

« Results of the interplay between adhesion and cohesion forces
* The higher the surface tension of the liquid, the higher the contact angle

* The higher the surface energy of the solid, the lower the contact angle
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Surface energy and line stabilit

e Substrate surface energy vs. ink surface tension:
“‘wettability”, line width, line stabillity...

(d)

Ag metallic ink on
perfluorinated
polymer

* Droplet ejection rate / substrate velocity hiingetal. APL 95 (2009) 253302

Duineveld, J. Fluid. Mech. 477 (2003) 175
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Surface energy and line stabilit

e Substrate surface energy vs. ink surface tension:
“‘wettability”, line width, line stabillity...

Ag metallic ink on
perfluorinated
polymer

> o 0@

2 mmes

Duineveld, J. Fluid. Mech. 477 (2003) 175
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Coffee stain effect

» “Coffee stain” effects lead to inhomogeneous thickness
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K:\\ R.D. Deegan et al., Nature 389 (1997)
foreocom Pinning of the line due to
surface imperfections /
Evaporating flux impurities or self-pinning
J=-D V(I) ¢(r) : vapour concentration profile
1 D: vapur diffusitivity in air
Joc (R-r1) R: radius

A= (75-290) / (275-29(:) r: distance from the edge
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Marangoni Flow

*Caused by a gradient in surface
tensions

@POLIMI

*Molecules of a liquid with higher
surface tensions pull stronger
than molecules of a liquid with
lower surface tension

Marangoni number M = AL/ nD

Schubert at al., Langmuir, 20 (2004) 7789
L: length scale
1. ViScosity

T _oeammeheh D: diffusion coefficient
239 ST
S X - “ o ”
L2 S =y /'j/(j “"\< E.g.: “wine tears

<N 1 | |Pulled toward this way
o) bt et



http://en.wikipedia.org/wiki/File:Wine_legs_shadow.jpg
http://iss.jaxa.jp/utiliz/en/field/utiliz_mg.html
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Controlling Flows
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_ Major solvent Minor solvent added at 25 vol%
Solvent properties Chlorobenzene Hexane  o-Dichlorobenzene p,decane
Boiling point [°C] 131.1 68.8 180 216
Surface tension (y) [dyn r_m']] 336 CB 18.4 Hex 36.6 DCB 253 Dod

}_

s

TIPS-pentacene

i //r—\ at+e : 100% CB
o T)’ﬁ -» evaporation ofsolvent b+f : 75% CB + 25% Hex
g

—» oiiward conveetive Sow ctg . 75% CB + 250% DCB

<0 _ — Marangoni flow

| N d: 75% CB + 25% Dod

g
O
&
e
S

400!

Height {(nm)

Height (nm)
Height (nm)

-
o
o
-
=
o

e
o -
\
o
—

0 20 4 60 80 100 120 140 @ s 100 150 200 0 20 40 & 80 100

Distance (um) Distance (um) Distance (um) K. Cho, Adv. Funct. Mater. 19 (2009) 1515

g
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Inkjet Printed Single Crystals

0' 0 ’- <>

u =16 cm?/Vs

C,-BTBT film

antisolvent Drain
Source  Gate Parylene C :
1402
04 g
| £
| b/ 106 T
Polanzer

Source 1078

D i
-60 40 -20 0 20
Vy (V)

Drain

Minemawari et al., Nature 475 (2011) 364
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Inkjet Printing of “Graphene”
(b)

9000000000
o0000O0COOOO
8000000000
9000000 c

« Exfoliation of graphite flakes in DMF
 Addition of ethyl cellulose

» Solvent exchange: terpineol

* Polymer can be removed at 300 — 400 °C, 1 h
* Resistivity down to 30 kQ/o

Jiantong Li, et |. Adv. Mater. 2013, DOI: 10.1002/adma.201300361




Other Printing Techniques
and Applications
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Bar-coating
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1:10 ratio between the wet film
thickness and

* Very simple technique WeteIZmeter
* Precise control of thickness
down to few tens of nm
 Large range of viscosities

* Deposition of ink stripes

Limitations:

0 to 1 dimensional patterning

» strong influence of process and fluid
parameters

Y.Y. Noh et all., Adv. Mater. 2013, DOI:10.1002/adma.201205330

rdspecialties.com



http://rdspecialties.com/
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All-Printed, All-Organic FET

0 [oe] 0O O 0
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Gate Electrode

s 's'f,_’

SO.H SO SO,H SO SO.H

Semiconductor

PEDOT:PSS
PEN \ /
AV
Nat“(r:e ﬂ57 (2009) 679 Source/Drain Electrodes
10" 721

H,,C3 Adv. Mater. 24 (2012) 647

O..N_O CyoHas CgHy7r

X )

fo) n

CgHy7

C1oHo;

DPPT-TT

P(NDI20OD-T2) [Polyera N2200]
N-type co-polymer
Mobility (spin coated): 0.1 — 1 cm?/Vs

P-type (ambipolar) co-polymer
Mobility (spin coated): 0.1 - 1 cm?/Vs
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All-Printed, All-Organic FET
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Source
Drain

Gate
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p-type OFETS
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'100[.1 - T T T |
— 10V
— 0V
-8.0u
< 6.0
€
v
55 -4.0[.1
© ' :
-2.0p ::g—
0.0 P W S ——— _Is,
0 10 -20 -30 -40 -50 -60 10 -20 -30 -40 -50 -60 -70

VplV] VGS [V]

L=115 um, W = 1200 um
Mobility(sat)= 0.2 cm?/Vs, Threshold Voltage =-7.3V




L X
I I t ISTITUTO ITALIANO DI TECNOLOGIA
CENTER FOR NANO SCIENCE AND TECHNOLOGY

n-type OFETS

R. down to 30 kQQcm
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60.01L

40.0 -

Current [A]

20.0p 4

Current [A]

v, [V]

L =50 um, W = 1200 um
Mobility(sat)= 0.2 cm?/Vs, Threshold Voltage = 4.7V
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V

CgHqp
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P(NDI20D-T2)
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Complementary Inverter

@POLIMI

50+
T Voo 40 I
e < -
p-type DPPT-TT = 30}
Vin ] 3 |
—® Vout > 20+
n-type P(NDI20OD-T2) -
—> 10

0
0 10 20 30 40 50 60
v [Vl

20

[EEY

-

o
I

o
o
—

VouTlV]

N
o
—




/-stag

[V]

ouT

ISTITUTO ITALIANO DI TECNOLOGIA
CENTER FOR NANO SCIENCE AND TECHNOLOGY

z
-
o)
o
®

| W R AR S s Vel .«‘;@w 5 TR
-3 5 A o
2 B3N 5 Bl PR N R g B
i 8 A
) 4 )
LT ety P 2

Ring Oscillator
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160 200 360 460 560
Scan length (um)

S. Mandal et al., Organic Electronics 20 (2015) 132-141
10"

V,,=100V
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30 -
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Time [s]
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0.008

20 40 60 80 100

Supply Voltage [V]
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Bendablllty and Transparency
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Process compatible
with ultra-thin
substrates
~1 um
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Slot-die coating

ink inlet — * Pre-metered coating (pumping speed,
meniscus width, coating speed)
* Viscosity range: 1 — 1000 cps
* Very precise control of thickness from
Meniseus 100 um down to 20 nm
_,\ » Uniformity 3 %
» Deposition of ink stripes
* Very low material waste
l  Flat bed and R2R compatible

Slot-die Coating

LIMITATIONS

0 to 1 dimensional patterning

» strong influence of process and fluid
parameters

Krebs et al., JOURNAL OF POLYMER SCIENCE PART B: POLYMER PHYSICS 2013, 51, 16-34
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Screen Printing
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Screen Squeegee Rotating Squeegee Printed pattern

Ink / Paste

screen
! \\ \ﬁr\
T L R /
Printed pattern i

Ink / Paste T >1OO m/m|n

- ¥

Rotary Screen Printing

Backup

0—-35 m/min
(in R2R)

Screen Printing

e Thick films

 High viscosity inks (> 1000 cps)
 Feature size 20 — 100 um

* e.g. TIO, pastes for DSSCs

Krebs et al., JOURNAL OF POLYMER SCIENCE PART B: POLYMER PHYSICS 2013, 51, 16-34
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Printing Equipment
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Gravure Printing

E—
Impression

eylinder « 2D patterning
* Low viscosity inks (10 — 200 cps)
* Fast printing (15 m/s !)

— Doctor e Feature size: < 100 um
blade

Printed pattern —

Gravure

cylinder s

Limitations:
» expensive engraved rolls
« fine tuning of ink rheology

Gravure Printing

Krebs et al., JOURNAL OF POLYMER SCIENCE PART B: POLYMER PHYSICS 2013, 51, 16-34
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Gravure coated conductive tatoos

b
=
(@]
a
®

c) o~ PEDOT:PSS ——
o Pristine

PDLLA in EtOAC o + DM30

o +BG
- PPorPET .
‘f Y Roll-to-Roall L
i i

.

Paper Tape

PEDOT:PSS

—
Roli-to-Roll

—
Substrate ‘ Mesh
; Detachment Recollection s
v v Vi

S
Frame
Cutting

= R On-Skin
Vil Vil Release

Francesco Greco, Virgilio Mattoli, IT@SSSA, Pontedera
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S 2 i
£ : ‘PEDOT:PSS/PDLLA NSs
< :
w 0
8 4 |
g“ 5 »SNB: 3697dBi o 7
D 0 10 20 30 40 5 60 70
:g : iPre—gelIedelectrcides f
©) ‘ :
= 0
w '
8-1r '
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Francesco Greco, Virgilio Mattoli, IT@SSSA, Pontedera
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Flexography

" Printed pattern

« 2D patterning
meression ® LOW Viscosity inks (50 — 1000 cps)
oinder e Fast printing (10 - 15 m/s)
* Feature size: ~ 50 um
Printing plate cylinder ° Cheap printing pla’[es
> Anilox roller (phOtOpOIymer)

Doctor
blade

—— Fountain roller e Soft contact with the substrate
(“kiss”)

—— Ink bath
Limitations:

* solvent compatibility
» fine tuning of ink rheology

Krebs et al., JOURNAL OF POLYMER SCIENCE PART B: POLYMER PHYSICS 2013, 51, 16-34
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Viscous fingering

Instability occurring when a less viscous medium
(e.g. air) rapidly displaces a more viscous medium

constant V

B(t) I

“‘Hele-Shaw” cell
Amar et al., Physica D 209 (2005) 1-16

2
B YN e
Wilson, Physics Today October 2012 A= 7 7

Miller et al. J. Vac. Sci. Technol. B 20.6., 2002
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Flexo printed Ag on PET

Fingers height = 500 nm

low volumes (3.3 cm3/m?)

® larger finger- lower
pitch resistivity

high volumes (21.5 cm3/m?)

printing direction

;'III'L: 0

Miller et al. J. Vac. Sci. Technol. B 20.6., 2002
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Integrated Plastic Systems
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