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Outllne

O Introduction: laser based material transfer

O Laser transfer of oxides for energy applications:

PLD (pulsed laser deposition)

O Laser transfer of sensitive and/or orgawnic
materials: LIFT (laser induced forward transfer)

O LBWE (lLaser-induced backside wet etching)

0 Cownclustons
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Thin Films
O Thwn fibms are for utilized in wmany applications as |
active components, but they are also often perfect model

systems to study fundamental aspects of the materials,
their properties, and functionality.

For applications the “cheapest” deposition methods will be
applied, but for fundamental studies the most “flextble”
methoo with the highest control is often used.

For achieving a high control over the films a
understanding of all processes are required, L.e. from the
deposition method to the fillm growth.
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Why laser “printing/
deposition for thin films?
or structuring by laser?

* Thin films of almost any wmaterial, “solvent”
and wozzle free, resoLu’ciow, speeol, and
qw.alitg.

* Structuring of any matertal (see talks
before)
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Thin films as model systems

Posstible to create well defined surfaces and materials on
Lnert substrates

Posstble to vary crgstaLLithg and ortentation

Possible to vary composition fast (e.9. out of ABO: +
ABO; all compositions of A A BOS)

Possible to obtain phases which are difficult to obtain with
other methods.

Dense to porous films (even micro- to mano-particles are
posstble)

Paul Scherrer Institut, 5232 Villigen-PSI, Switzerland Thomas Lippert, Materials Group

Dienstag, 26. Marz 2013



oS .
< 3YSZ film’ = .

4

' (fs-NIR, 1.7 J/cm? 60k

S o pulses) _

—— - = g— o i
R T P i T

Paul Scherrer Institut, 5232 Villigen-PSI, Switzerland Thomas Lippert, Materials Group

Dienstag, 26. Marz 2013



i i | i
| | 1
— —_— 4
i b - . ok ok

E __b _PAUL ;(HERRER I_N-ST_ITU_T
Pulsed Laser Deposition

O Oldest method: first report tn 1965, but “hot topie”
from 1987 (high T, films).

High power Laser interacts with material, resulting in

Laser ablation
Formation and expansion of a plasma

Deposition of material of plasma onto a substrate,
resulting tn thin film growth

=> Perfect method for tnorganie materials/complex oxioles
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PLD: setup

PLD specific hardware: conceptually

verg easy:
* Laser: most often pulsed WV laser (excimer).
Advantage: external energy sowrce, extreme clean
‘PYDGCSS.

HV to UHV chamber with pumpling system (most
common: turbo pumps)

Rotational and translational movement of targets
(computer controlled)

Heating system for the substrate: resistivity, Laser or
Lamp. -
variable target to substrate distance. .
Depositiom in both inert and reactive background gases.  °
Deposition rates ~100 A/min, thickness control in real
time by twrning the laser on and off.

Optical elements: mirror, lenses, optional: homogenizer \ /&

£

TﬁpiaaL depositiow parameters:

Fluence = 0.1 - 10 )/em>

Targets: mainly dises or rods
Distance target-substrate = 3- € em
Substrate temperature: RT - 900°C
Pressure: UHYV to ambient pressure.
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lon Conductors,
l.e. YSZ,
for
micro Solid Oxide Fuel Cells
(u-SOFQ)
as model system but also as test
for best deposition method

Thomas Lippert, Materials Group
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Solld oxide fuel cell (SOFC)

 direct electrochemical conversion
* chemical energy => electrical energy

oxidant
anode current % _solid electrolyte

collector
_ anode

cathode current
_— collector

— metallic interconnect

- )
J—/

exhaust
support

fuel =3 H,+20* — 2H,0+4¢

B _ anode
£ ..I'.II.- ,’ - i .
) ! i ceramic electrolyte

combustion |

T-O‘PCYQtLOV\I: 200-100000 * dewse/ gas tbgl"t CL€OtYDL5t€

° ‘PDYD'/LS CLCOtYDdCS metallic interconnect
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Micro-SOFC

A

20001 A Evans etal., J. Pow. Sour. 194 (2009)

Conventional SOFC:
* d of several hunodred um

Thin film
technology

enhanced performance i e e
reduced operational

temperature results in  Lless
degradation

Alm:

400 MW e =2 at 500 °C

WPEMEC | ll Zn-Air uSOFC*

-
>
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[} Primary batteries

L
-

50 100 500 1000 2000
Specific energy / Wh kg

optimization of the materials
novel cathode materials e20_Adaptive Materials
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> Ejection of um-sized fragments @

o the us-ms time scale, Vieax? Shadowgraphs

350 krmt/h 9.5YSZ (ArF, 4.0 J/cm?)

» Extensive laser-tnoduced formation of surface cracks
ow the target

» Particles on surface of the films and volds i the
film

8YSZ films |
(KrF, 4.0 J/em? |
36k pulses)

S. Heiroth et al. J. Appl. Phys. 107, 014908 (2010).
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~ Problem: Particles for 8YSZ
The particles are due to the structure and properties of YSZ.

it wmay therefore be Lmpossible to avord theme completely (we
tested wavelengths, pulse lengths, sintered polycrystalline
vs. stingle erystal, pressure ete.)

Two possible solutions: wodification of PLD or different

YSZ, e.9. 3YSZ.

» Prevention of particle transfer to film possible by PLD modifications:

Example: Crossed synchronized supersonic gas pulse (N,O) / \

5 \ /é
sapphire
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@ Shadowgraphs
500 nm 3YSZ film 3YSZ (AF, 4.0 Jicm?)

(KrF, 1.5 J/lcm?)
» No fragmentation )  Particle-free films

I T T T T T 1 T | T T
3YSZ target (ArF,~250k pulses)

; m-ZrO,
I d ] \/
» Enhanced '(:mcture toughness bg Laser-induced : LL w, Ub
partial phase transition: /\ £-3YSZ target (initial) -
ij 2

y. Y

\__/\\J/L

200 400 600 800
wavenumber [cm’ ]

strcss ﬁeLal generated arouu/wl transforming grains counteracts crack propagation
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in collaboration with:
L. Gauckler and group

ETH

Eidgendssische Technische Hochschule Zarich
Swiss Federal Institute of Technology Zurich

Low temperatures extreme 'meortam,’c to minlmize
strawn on freestanding thin layers

oxidant

‘ ‘ O,+4e — 20°

anode current % " solid electrolyte

_cathode

collector y
AN LIPS LS %o.'.ob- ’ 300(19

PRy P a P ey,

~ mml ~ ¢ ' cathode current
collector

—— ~ 700 nm thin
® oxhaust 8YSZ membrane
fuel

wppbrt
207 — 2H Ou,e
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Crystallization of amorphous 3 and 8YSZ layers by

annealing

» Crystallization of a-YSZ PLD layers requires Low thermal activation (T,

Y . ~230°C)

Comparison: T, . : ~400°C (a-8YSZ films by spray pyrolysis), >900°C (a-2YSZ films by r.f. sputtering)

L | Tiﬂ‘l] LA ERRLL 1 7L TTIUU“ Wm @ TTTT"‘[

350°C

A 200nm
1.2um

crystallinity [%]

‘[Y]"'l'["’rl’r]r'l“

20 [deg.]

100 1000
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500°C (20h)

U T T i T P /S

» Large grains (dimensions: ~250 nim for 8YSz
[3YSZ =2-4 tumes larger], no texture)
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In-plane conductivity

T [°C] 3YSZ films:
TDSg S0y * 0 higher or comparable to the

state of art material, L.e.
gYsZ, at lLow T (up to
~550°C = T-range of
mlero-SOFC)

i Bl * particle-free YSZ films can

—— 8YSZ film (t:~150nm)

| ; | ; ; be Obtaifl/\zed at V%Dderate

1.1 1.2 1.3 -11.4 1.5 ﬂl/LCV\zOeS
1000/T [K™

3YSZ eligible thin fibm electrolyte in LT-SOFC

=
o
L
~—
ok
O
L2
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New Approach: Tilted PLD

PLD setup for tilted growth conventional PLD zlgzag structure
target

heated
substrate

* Standard PLD with plasma plume perpendicular to the substrate surface yields a
columnar structure.

*  With a tilt between plasma plume and the substrate surface a tilted growth of
columns Ls achieved.
*  Zigzag structures are obtained by in-plane rotations of the sample during deposition
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High Resolution TEM of Kink

why zig zag?

* grain boundaries way be
zownes to collect tmpurtities
whieh may form a
conductive pass (struceture
different to columnar).

* Defects wmay be important
for conduction (zig zag
could have been howmo-
defects, at the “cormners”).

* Improved wmechawnical
properties (spring Like
behavior)

Crystalline growth “arownd the corner” (no defects there)
(TEM:). Martywnchuk, ETH)
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Mechanical Testing

free standing membrane of
0 5ttr£a stabilized zirconia

(ysz)

Sti-substrate

cut beam from the membrane

2A-2 3700x p———6 ym ————

Beams were cut from free standing membranes with a FIB-SEM (EMEZ, ETHZ).
ndentation (bemding) was observed in-sttu bg SEM (EBmpa Thun).

Strong bending was posstble even for a ceramic thin film (e.g9. YSZ).

The Load-displacement curve is used to caleulate a spring constant from which the

matertals hardwness and elastie modulus are determined.

More elastic and may be Lower activation energy for conduction
Paul Scherrer Institut, 5232 Villigen-PSI, Switzerland Thomas Lippert, Materials Group
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What about organic, polymeric

or bio-materials?
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Organic/Sensitive Materials

O PLD using WV lasers ts difficult:
decomposition of material

O PLD using resonance mid-tnfrared PLD
can work

0 MAPLE: can also work
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MAPLE and PLD: shortcomings

O ®Both techniques regquire vacuum: expensive!

O Both techwnigues 5ieL0l only complete layers

with wno Llateral vesolutiomn (or wmasks arve
needed).

0O sStiull “problems” with quaLLtg) and/or
decomposi‘ciow.

O Alternative technigues!
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Transfer of layers with lasers

First papers: Laser Writing (LR) tn 1969 and Material

Tra VbeBY RCGOVOQLW@ (MTR) n 1970 (R. S. Braudy in Proceedings of
(EEE Oct. 1969, p. L#71, and M. Levene et al. in Appl.Optics 9, 2260 (1970). Thew
Laser Induced Forward Transfer (LIFT), L.e. transfer of Cu, in

:!_.386. Q. Bohandy et al., ). Appl. Phys. 60, 1532 (1926)).

Also called Laser direct write methods (seee.q.: c.B. Arnold, P. Serva,
and A. Plgué, MRS Bull. 32, 23 (2007)).

Advantages: High lateral resolution, defined by laser spot,
“solvent—free”, higth flexible, multila yer oapabititg, ete.

O Many variations of the original process of have been suggested.
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Many arlatlons

LMI: Laser molecular meLa wtation

LITT: Laser induced thermal tmaging

MAPLE-DW: Matrix asststed pulsed Laser

e\/apomtiow: direct write

LAT: Laser ablation tra wsfer

LIFT (Laser-induced forward transfer) with
variation BA-UIFT, PRL-UIFT, ALA-UIFT

O DECAL Transfer

Paul Scherrer Institut, 5232 Villigen-PSI, Switzerland Thomas Lippert, Materials Group
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Laser-induced forward transfer

Target
(any material

— upon which the
/— material is to

_ be deposited)

/ Thin film of
source material
(e.g., copper)

Source support
(fused silica or
other transparent

material) 1

To
vacuum pump

Figure 9.5. A schematic description of the apparatus for metal deposition from a solid-

phased precursor. The source material and target are in contact during an actual experi-
ment (from Bohandy er /. 1986).

). Bohawda et al., ). Appl. Phys. 60, 1538 (19g6)
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Our approach:

Development of a
variation of LIFT
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Our approach: Laser-induced forward

transfer using a photodynamic release
layer :

(@)
Me
N N N
Ve

* Use of a UV-sensttive dynamice release Layer,

destgned for 208 nm ; -

triazene polymer
Quartz substrate A e nt

\ acceptor substrate

Advantages :
o Bry transfer technique > not Limited by the solvent
o Three-dimensional structuring alloweo
o Low thermal impact

Paul Scherrer Institut, 5232 Villigen-PSI, Switzerland Thomas Lippert, Materials Group
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rinting of solids or liquids

261 line 2-3 FrameO,t=0ns

Wno YCOC(:\/CY, triazewne with DRL, 10 micron film
150 wim, AL 20 nim. and 60 wy om? (193 )

= |
2’? 0 VM.:) cm = aluminum
40 um
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Experlments at various pressures and gaps

s — . - ——

at atwmospheric pressure: large gap at Low pressure (102 mbar) *'
: ; . ® X : ‘
; 2 .7 .
- { .
: , ,30.0 o 200 Hm 300 um

259 line 2 Frame 0,t=0ns

Large distance: flyer falls apart; short No shock wave, but the flyer LS

distance: shock wave destroys ﬂger, destroyed wpon Lpact with 7
which never reaches the substrate e et ate /-
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Sensor Contact
SiO,
Membrane

Si

Heater

SnO, from Sn,(acac), exposed to CH,

(8

= e i
(7] fu]

o5,
(N

Log-Resistance [()]

PN

w
fu]

| I

T= 515°C+2°C

~70 ppm

ppm 300 150
S= 45 33

] |

L
L

2000 2500

MICROSENS
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=]

4
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SN0, sensors

=

O New approach: starting material decomposes during LIFT
and during thermal annealing after LIFT.

60

Ia
o

Resistance Change [%]
&
I

N
o
T

—4— Ratio CH /EtOH

B -5 ppom EtOH
- ~15 ppm CH,

SnCl,(acac), SnCl (acac), SnCl (acac),  SnCl,(acac),

TP Pd TP, Pd

-4

35

3

s
o

— )
o
Ratio CH4IEtOH

N

©
o

* LIFT printed Sno, gas sensors
show an up to 4 times Dbetter
sewsitlvit5 towards €etoH (5
ppm) and CH, (15 ppwm)
compared to commercial gas
cencors (Microsens Gas Sensors,
MSGsS), which were printed by
Lwl@jet.

* Basy to aod co—catatgs’c to Sno,
(Pd) using acac-compounds

* Not necessary to develop new ink.

4
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Introduction to organic light- em|tt|ngwsmwemw

OoLED advantages:
o Thin films
Electroluminescent, brilliant colors
No bacleLLghtiwg, Large \/Lewiwg angle
High gquantum efficlencies Sony XEL-L (11 ineh, 3 mm
thick display) for ~2500 $

High electrical response timees ;. orer dviven oLed Tv: Sony (May 2010

Tra nspare nt

cawn be deposited from solution (mainly just K Synaptics comcept

phone “FUSE” with a

polymers)
3.7 inch OLED display

EMLLSSLON spectrum can easitg be adjusted

ba GVIBVMiOaL SgV\/tl’le.SLS oY dO‘PLI/\Ig r August 2009: Lg 15”7 OLED TV
P d available at the moment only in
South Korea (~26004)

Mitsubishi shows 155 tnch OLED TV (10*10 e units, February 2010)
Paul Scherrer Institut, 5232 Villigen-PSI, Switzerland

Thomas Lippert, Materials Group
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Transfer with gap

v Transfer works without gap
(contact)

But gap better for the process :
e easler to control
e allows muLtL—steps olepositiow

- MEH-PPV

DN triazene

Mused silca Need to understand the parameters
for good transfer with gap
UV laser pulse » tLVM,E—Ve.SOL\/ed LMQ@LW@

1
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Dienstag, 26. Marz 2013



D --PA-UL _S“(HERR-EMR I-N.ST-I.TU-T
Progress

Time resolved tmaging was used to find condition for transfer with gap a reduced
Préssure. Donor Substrate

Receiver Substrate [ sonmpProcdye
tba

’, ’, 3 | 4onm PVK \
AppratLow and tra wsfer o-(: multLla yers | 60nm PEDOT:PSS \ | 80 nm Al

140 nm ITO 190 nm TP

Glass substrate Qz substrate

Transtfer of 3 different colors

* Different transfer conditions yield different emission, but effictency and luminance
ls similar (sLLghtLa lower for green awnd red, but even higher for blue) thawn for

classical prepared pixels.

Paul Scherrer Institut, 5232 Villigen-PSI, Switzerland Thomas Lippert, Materials Group
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LIFT

=T can be used to transter:

e Metals (solids and pastes)
Cells
Proteins
Polymers (PLEPS, chemoselective polymers for sensors)
Orgawnics (SMOLED)
Oxioes

o Semlconductors (NCRDs)

0 -{-‘uLLg intact with full fuwctiowalitg and high resolution

Paul Scherrer Institut, 5232 Villigen-PSI, Switzerland Thomas Lippert, Materials Group
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Transfer through transparent
substrate with high lateral
resolutiow Ls one way to obtain a

structure. The other approach is
direct structuring, here for
transparent materials on the
backstde (thin films would
correspondl to LIFT without
“collecting” the removed material)

Paul Scherrer Institut, 5232 Villigen-PSI, Switzerland Thomas Lippert, Materials Group
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Dlrect Structuring of Band Gap Materials

Band-qap Materials: important materials for optics, e.g9. SLO,, CaFs,
BaF, ete., but this brings up the guestion:

How do we structure a transparent matertal with a laser?
with a fs laser...but we do not have one....and it has a too small
beam anyhow and we want to do 3 dimensional structuring

Diffractive grey

tone phase mask +1 order

DGTPM LS IQ,C%:
‘Pre'Pared bH Excimer

laser beam

ELCOtVDW beam N Pyrene. |n

0 order

acetone

lithography and
RIE
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Diffractive Gray Tone Phase Mask

+1 order

1.0p

g Structure heigth h= 300nm

0 order 0.8F °
Excimer .
laser beam

E\ — =193 nm mportant for mask deston
0rF %2248 nm / P I 9

sk \ =266 nm (25000-50000 lines) by €-
- \ - i:ggg o beam Lithography and RIE:
- *  Threshold fluence

ol *  Now-linear etch rates

Diffractive grey
tone phase mask

-1 order
+1 order

Zero order transmission, a.u.

0.2F

0.1f

0 order 00: L L e L e P e L e e L et L
0.0 : : : 04 0.5 0.6
laser beam

Duty cycle, a.u.

Diffractive grey

tone phase mask -1 order Li ne Wid t h
+1 order Dl/tt:y Cycle — : .
Grating Pitch

me—

i s e i
g

st
L et

e P A5
prutte————

Excimer

0 order
laser beam

— ——

Diffractive grey

tone phase mask -1 order By C DaV|d, PSI
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Time-resolved Studies

Nd:YAG laser \
Dye

Delay generator \ <] -
A

XeCl excimer laser

>acetone

—I_ Coom

Pinhole

Quartz
I N — :
Q Pyrene in

. N
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How does it work?

Quartz Tewmperature jump at solio Ligquid interface

(may be reaching the melting T), shock

~ wave, bubble expansion and collapse....not

UV Laser |  directly related to thermodynamic

beam ~ waterial properties (melting temperature,

~ thermal conductivity ete.)...may be
...but it works!!!!

NN e
. BRI "M N <.

~ LY, : e 1 g ol =
0 % ‘~' - . \

500 pm
400 pm
300 pm
200 um

500 um 100 pm

0 o 50 2 .
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Microlenses in Quartz

Application as beam
homogenizer (ns beams also |
for Gaussian beams) and DOE  ° = o s
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Roughwness for etching:
o SLO, = 5nm,

o BAF; = 200 nm

o M'wroprism L
quartz, tmage
and Line scan
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Conclusions

» PLD cawn be used to Dleposit oxLde La Yyers, even possibLe LWL MALCYD
devices

» New approaches may merove materital proper’cies and
performance

» Laser direct write techniques are possible alternatives to
printing technigues.

» A wide variety of materials can be transferred

» The application of a dynawic release layer (absorbing Layer)
increases the possibilities for Laser direct write methods.

» It Ls possible to depostt even functional Layers tn “devices”

» BEven “transparent” wmaterials can be structured with shaped
beawms to yield, e.g. functional micro-opties
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