Week 1-14

Nanoimprint Patterning and Stamping
Roll-to-Roll Manufacturing
Device Packaging

Chapter 5.6.4, 5.7-5.9




Nanoimprint Patterning

Nanoimprinting proceeds by direct transfer of material by
pressing a “stamp” to a substrate

Completely based on dry processing — ideal for organics
since no concern for solvent degradation of deposited layers

Can have resolution in the nanometer range determined by
stamp patterning constraints, yet can be applied over very
large areas.

In some cases, pressures applied can be very (prohibitively)
large




Cold welding: A stamping method used through

the ages :

Bronze dagger blade with cold-welded gold
and silver decorations. From Mycena,
Greece; 2" or 15t millennium B.C.

J. Haisma and GACM Spierings, Materials Science &

Engineering R—Reports 37 1 (2002)

Bring 2 clean metal surfaces together under pressure
Atoms at surfaces eventually share outer shell electrons
once any surface barriers are penetrated by pressure
Bonding (i.e. complete sharing) of electrons occurs in ps
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* Adhesive-free bonding of similar metals
* Useful for attaching contacts to organics,
or even two organic films within a device.

do equilibrium bulk separation



CoId-WeIding Row and Column Electrodes
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enhancement/
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OLED Display with cold-welded
cathode contacts
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Two methods:
Subtractive (requires high pressure)

organic layer N
Additive (lower pressure)

500 nm

Nanoscale resolution C. Kim et al., Science 288 832 (2000)



Subtractive vs. Additive Printing Steps

Subtractive

Deposit thick, similar metal of similar
thickness on both hard stamp and
surface

Press stamp to substrate until cold-
welded

Apply greater pressure to fracture metal
at edges of hard stamp (>100 MPa)

Lift away metal from substrate surface

High pressure to conform to surface
defects and fracture metal at edges
Very high resolution (~10 -50 nm)
determined by stamp patterning

Additive

Deposit a very thin (~¥5 nm) metal “strike layer” on
the substrate surface

Deposit an “adhesion-reduction” layer on the soft
(e.g. PDMS) stamp surface

Deposit a metal layer to the desired thickness of
the final contact onto the stamp

Press stamp onto strike layer surface. Soft stamp
pressures of ~ 100kPa are needed.

Lift of stamp, leaving behind the metal cold-welded
to the strike layer.

Use light reactive ion (e.g. Ar+) plasma etch to
remove thin strike layer between thick metal
patterns

Only low pressure needed since soft stamp
can conform to surface defects

Lower resolution than subtractive method due
to soft stamp edge deformation under
pressure ics
Adhesion reduction layer ensures metal leaves .
stamp without pulling metal from substrate on W
stamp separation




Conforming to surface defects

Hard Stamps Used in Subtractive Printing
Particlulate Distortions Under Stamp Require High Pressure
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Stamp deformation required for contact: >100 MPa.

= soft stamp advantage

Particle
Classes

Particles < .1um
Increase In Size
Thru Agglomeration

Airborne
Migrating
Particles

Particle Size (um)

Effective Airborne

Particles > 10um
Settle Rapidly

100 1000
Visible
To —»

I
Naked Eye

Surface Migrating
Particles

B—]

Particle
Counter
Range
|
A
i




Fabrication of OLEDs Using PDMS stamps

1000x pressure reduction from hard stamps

stamp substrate

< pressure: 180kPa
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Surface roughness due to round soft stamp edges reproduced on transferred pattern

Kim & Forrest, Adv Mater. 15, 541, 2003



3D Hemisphere Patterning by Stamping

Step 1) Formation of 3D stamps

_photoresist

el - Rl -

Si master with photo- Pour PDMS prepolymer Remove PDMS
resist patterned on it & cure elastomer from master

metal pattern

‘ ‘ 1""""-v—--ﬁ__hLJﬂLJﬁ__ﬁ-—«*"""(\vacuum mold

vacuum

Deform PDMS + metal using
hemispherical mold

— r—

Evaporate metal
on PDMS stamp

Step 2) Transfer materials by stamping

substrate/ -/ strike
layer

biged Lppgd oy

Bring hemisphere to Release vacuum Withdraw stamp from X
stamp “snap the suspenders” substrate NN\

tronics




Organic Photodiode Array Contacts Stamped on

Hemispherical Substrate

“‘eye size”
imager

carbon tape ‘

Pattern
distortion at
edges

¢

strain field

“metal
contact 7

X. Xu, et al. Org. Electron., 9, 1122 (2008)
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Patterning Brittle ITO on Hemispherical Surface
requires additional mask transfer steps

PETg Substrate

|

2. Metal Strike Layer (150A)

3. Transfer of Au (500A)
Pattern via PDMS Stamp

After Step 5

4. Etching of Strike Layer

5. ITO Etching
0.05M Oxalic Acid (100A/min)

6. Au Removal

” M Patterned ITO |
After Step 6




R2
Ra

R Manufacturing Processes Useful for

0id, Large-scale OE Device Production

A% 338

Roll-to-roll Sheet-to-sheet

3

YRS

Sheet-to-carrier Roll-to-Sheet

* Roll-based production requires flexible substrates
* Solution or vapor deposition of films possible
* Requires very clean (i.e. inert) gas environment




Continuous Printing Methods

Roller

Printing

(a) (b) (c)
plate _ ,

Ink - I
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Slot dye coating




Low Resolution, Rapid Patterning

o Movable Printing plate
blade (squeegee)  (stencil) Frame

Stationary /
screen
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Substrate Base plate
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Stationary blade

Frame

(b)

. i

Movable /
screen
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Rotating
cylinder

Substrate

Kipphan Handbook of Print Media, Springer (2001)

Screen printing
Pattern on fine-mesh screen (silk) allows
penetration of “ink” on selective areas of

substrate
Resolution ~ 100 um

Speed ~ 2-3 m?/s




Low Resolution, Rapid Patterning

Printin Plate ovlind Printing substrate
plate : alE cinder '/InTpression cylinder (hard)
(soft) /

Elastic printing plate with
raised image elements

Ink supply
hambered doct
gazems:srtim) o Cells of the anilox roller Inked up
filled with ink image element

Flexographic printing
* Wells etched into anilox roller
* Ink spread onto roller from a supply chamber

* Roller transfers ink by contact with raised regions of substrate
e Resolution ~ 100 pum

* Speed~ 10 m?/s

Kipphan Handbook of Print Media, Springer (2001)



Moderate Resolution, Rapid Patterning

Inking unit

Pl linder
ate cylinde Ink-accepting area

(oleophilic)

Dampening unit
Printing pIatG/ Ink-repellant

Inking up (hydrophilic) area
/

Residual
~ ink layer

Blanket cylinder \

Impression cylinder with
substrate (sheet or web)

Kipphan Handbook of Print Media, Springer (2001)

Dampening
[ ]

Offset printing
Pattern etched into roller with
selective oliophilic and hydrophilic
regions
Ink spread onto roller from a second
roller to fill wells
Roller transfers ink by contact with
substrate
Resolution ~ 10-50 pum
Speed ~ 5-30 m?/s




High Resolution, Rapid Patterning

Impression cylinder/roller

7 cylinder

Image elements are equally
spaced but differ in area and
volume (variable depth and
variable area) Ink fountain

Blade

Gravure printing
* Wells engraved into gravure cylinder
* Ink picked up for a trough (ink fountain)
* Excess ink removed using doctor blade
* Substrate pressed between gravure and soft impression cylinder transfers i)
e Resolution ~ 1 um Rqrrest
* Speed ~ 50 m?/s

Kipphan Handbook of Print Media, Springer (2001)



Combination VTE and OVPD Deposition in R2R Environment

Translation chamber

OVPD chamber

OVPD pusher position .‘.’.,;"‘.77;:. position

<
Coolant

~ Wind roller
Glass barrel ‘

!

Masks

Carrier gas inlet

Source boat

!

E chamber

-

Plug valve )
VTE source

R2R can be done in vacuum as well as with solution
System used for organic solar cells and OLEDs

Qu & Forrest, Appl. Phys. Lett., 113, 053302 (2018)




Comparison of R2R
Deposition/Printing Methods

Printing method  Viscosity (MP) Layer thickness (um)  Feature size (um)  Throughput (m%/s)  Feature registration (xm)

Screen 500-50,000 30-100 20-100 2-3 >25
Offset 40,000-100,000  0.5-1.5 10-50 5-30 >10
Flexography 50-500 08-2.5 80 10 <200
Gravure 50-200 0.8-8 75 60 >10
Inkjet 1-30 <0.5 20-50 0.01-0.5 5-20

ovJpP 0 >0.01 1.5 1-2 5




Packaging: Keeping the Device
Safe from its Environment

“Advanced” “Traditional”
Barriers Barriers Available
R B B e < Materials
106 104 102 100 102
| | I | | | | | |
+— | | | | | | | —> WVIR [g/m?/day]
P | B _
OLEDs, TFTs ‘m <— DVice
OPVs L CDs Requirements

Electrophoretic

Water vapor transfer rate determines package quality and use

Lewis, Mater. Today, 9, 38 (2006)



The Best Package Substrate and Lid are
Impermeable to Moisture and Oxygen

* Glass, metal ideal but they are not flexible
* Photonic devices require at least one transparent package surface

light emission surface
T & T £ £ 1

| Glass, Plastic or Thin Film Encapsulation
N Cathode | f

l" \l‘ ETL 'l |‘
| '
l

HTL Epaxy seal

HIL I
| ,‘ Anode ‘. ,'

\/ Thin Film Encapsulation Barrier (for plastic) \/

Substrate (glass, plastic or metal foil)

348 4 3 38 4 3
light emission surface

Common OLED epoxy sealed packaging scheme




Multlayer Inorganic/polymer barrier
layer substrates provide flexibility

Flexible
(b) : _/ overcoat
Device layers L * Plastic alone is very permeable to oxygen, water
Polymer * Layering a thin inorganic glassy layer between polymer to form
= Oxide | laminate
Substrate * Can delay ingress of contaminants into device cavity in package
» Small defects in inorganic layers not aligned, so molecules

diffuse in long, circuitous paths to reach device layers
» Glassy layers deposited using plasma, atomic layer dep. (ALD)
* Laminate layer thicknesses 10s — 100s nm
* Pairs of polymer/glass called dyads

No. of dyads WVTR (g/m?/day)

o
:::.
~J

Dyad: 0.3 um PMMA/37 nm AIO,

e W N —
A :
o
o
o
o

Lewis, Mater. Today, 9, 38 (2006)

Graff et al. J. Appl. Phys. 96, 1849 (2004)



Encapsulation Can Be Adapted to
R2R Manufacturing

‘ Device sheet
@ @

Bonding by adhesive or cold-

‘ . ‘ welding of metal stripes at
RS W

Encapsulation sheet




What we learned

Purity must be at the highest level to assure optimum device
performance and lifetime

» Purity obtained by distillation of materials according to their molecular
weights

» Small molecules more easily purified due to weight monodispersity
Crystal growth in the bulk and thin film possible for materials by growth
process and/or by post-growth annealing

» Controlled, uniform growth by solution and vapor phase possible

Patterning methods developed that can provide nanoscale features but
avoid exposure of layers to destructive wet chemistry
» Many patterning process adapted from the print industry (inkjet, screen,
gravure, etc.)

Rapid R2R manufacturing of very large areas of devices a nearly unique.
advantage of organic electronics
Organia,Elsctronics

» But manufacturing must be done in clean, oxygen and contaminant-free ~"gnes g Yorrest
environment

Devices must be packaged to be protected from the environment



Organic Electronics: Where we’ve been
(and what’s next)

You now have learned about
* structure

 growth and layering
e optical properties
* electronic properties of organic materials

These are all the basics needed to fully understand
and analyze all OE devices and phenomena




