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Rapid developments in the organic LED technologyflerible foils promise to deliver thin,
lightweight and power-efficient light sources fatelligent lighting applications. Laser patterning
of OLEDs on glass for display applications has bedtely reported. However, fewer reports
discuss patterning of OLEDs on flexible substratekich presents a novel optical engineering
challenge. Our aim here is to quantify the potdrdaf picosecond lasers for this application and
determine a robust laser process window for larga aelective OLED electrode patterning. This
should involve the complete removal of (i) 130 rmck ITO anode on a barrier layer stack and (ii)
100 nm thick Ba/Al cathode on 180 nm thick LEP/PEDIESS active organic layers while leaving
intact all underlying layers. Detailed laser aiblatstudies at 532 and 355 nm reveal that ps lasers
uniquely facilitate roll-to-roll OLED manufacturindyy providing fine resolution. Damage
thresholds, process quality and process speedationis will be discussed. Careful crater
examination reveals that the choice of laser pdigation is more important than wavelength for a
given layer thickness. A photomechanical stredsided ablation mechanism is believed to be key
for this process and debris-free, low temperatatéeming can be achieved.

Keywords: OLED, ITO, thin-film patterning, picosecond laséilation, stress-assisted ablation

1. Introduction

Ba/Al (Cathode

Rapid developments in OLED technology are beginning LEP

to make significant inroads to the commercial woudl PEDOT:PSS

with OLED displays already available in certain hdc ITO (Anode ) ITO (Anode )

applications. Lasers are typically used in OLED Inorganic laye Inorganic laye
manufacturing for patterning the active layers be t _ ; ,

transparent oxide and metal thin-film electrodes3]j2 ~ Bamierlaver Organtc laye Organic laye

Research has even shown that lasers can be usegdsit Inorganic laye Inorganic laye

OLED layers on demand via a direct-write dry prigti PEN substrate PEN substrate

method called laser-induced forward transfer (LIF)

Commercial interest is now growing in producinggkar (@) (b)
area OLEDs on plastic foils for intelligent solitke ) _
lighting [5]. These roll-to-roll manufactured fsipromise ~ Fig-1 Multilayer O;_ED ita"k 03 PIEN SUbStr%te- 'Lér‘lz;;xd )
to deliver thin, lightweight and power-efficient glit Fhaettggt‘r'%%g Iéa)e: c?na;?]g “e h?’:;qﬁgna |:r2$ (LE:P)( )
sources for general, architectural or automotighting necessary. Y g g'ay
and signage applications. However, most flexibkestx '
substrates are permeable to water and oxygen amtbtca
provide adequate OLED encapsulation. To avoid reeve
device degradation, a transparent thin-film staickeweral
organic/inorganic barrier layers must be incorpeaat
between the OLED films and the plastic substratgufie
1) [6]. Manufacturing these barrier layers repnésea
great challenge. Selective laser patterning tbheeedf the
thermally thin _OLED films atop such ba_rrier layésseven Our aim [5] is to quantify the potential of picosed
more demanding, as an_y_laser structuring must Iﬂm lasers for patterning a 130 nm thick ITO film o tharrier
totally unharmed. Additionally any contaminatiororh layer and a 100 nm thick cathode bilayer (Ba/Al) tha
laser-generated debris is severely prohibited tidalong- dgrganic light emitting layer (LEP) and ideally detine a

ltﬁer}?mceiegradation of the OLED device performance an rocess window for large area selective OLED paittey.

In other words, laser ablation must proceed viawa |
temperature removal mechanism suppressing any gherm
characteristics that could potentially damage th&D or
its multilayered substrate. This is preferablyamplished
using ultrafast lasers via a stress-assisted fitmtdire and
ejection (spallation) ablation mechanism rather ntha
involving vaporization or other phase change.
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2. Selective laser patterning of OLEDs by stress
assisted ablation

For stress-assisted ablation to occur both thertaeand
stress confinement criteria must be fulfiled ineth
absorbing layers [7]. This means that (a) maximight|
absorption in the film is required with minimum theal
conduction losses away from the irradiated area (@nd
rapid heating to produce very high transient thesiastic
stress to exceed the film fracture limit before angrmal
expansion allows for stress relaxation. Therefbarth laser
wavelength and pulse duration seem critical.

The characteristic times to consider further adethe
thermal relaxation timey, i.e. the time needed to dissipate
heat generated by the laser pulse, givenyby %4y and
(ii) the acoustic relaxation timg,, i.e. the time needed to
initiate a collective motion of atoms or moleculeghin
the absorbing volume, given hy, = 6/C.. Heres refers to
the smallest dimension of the heated volume, tylyiche
laser or thermal penetration depth assuming a narger
laser spot sizey is the film thermal diffusivity and ds the
sound speed in the film.

If the laser pulse durationis shorter than the thermal
relaxation timery, (t<ty,), the thermal confinement criterion
is fulfilled maximising the temperature in the exht
volume by restricting thermal diffusion to the swbge
layers and efficiently generating thermoelasticesdtr
Additionally, if the laser pulse duration is shorter
comparable to the characteristic acoustic relaratinet,.
(t<ta), laser heating of the target will proceed at hear
constant volume. The heated material will havielitime
to expand and the large temperature gradientscailse a
buildup of high compressive stresses. The intEnacf
the laser-induced compressive stresses with tieesfuieface
of the irradiated sample can then result in germradf
tensile stresses, sufficiently high, that can oesre the

efficiently generating thermoelastic stress in thiken.
However, as only a small fraction of the incidenemgy
will be deposited in the weakly absorbing ITO, caheuld
be taken to avoid optical damage from direct alktgmmgn
the underlying barrier layers by keeping the innide
intensity low below the barrier ablation threshold.

The metal cathode bilayer (Ba/Al) absorbs strorefly
UV, visible or IR wavelengths and hence irradiatairb32
nm (ass2 = 1.2x16 cm) is expected to remove the cathode
layer while leaving unharmed the transparent LEfrla
underneath. The laser heated volume estimati&pyisfor
determining the thermal and acoustic relaxatioresirhere.
The optical penetration depth is very short at 1838 and
laser heating of the film will thus be dictated thermal
diffusion during the laser pulse. Since the thémasponse
of metals to ultrafast excitation is a non-equilipn
process with different electron and lattice heatiaigs, the
classical square root dependence of heat diffusiofaser
pulse duration does not apply. Our estimate oflleemal
diffusion depth based on [9] is 72 nm using an tebec
phonon coupling constant for Al of 3.1X10V/m’K [10]
and a weaker dependence on laser pulse durgtfoivith
d = 72nm for a 10 ps laser pulse, both thermal aodistic
relaxation times are approximately equatyg# t,c = 13ps.

3. Experimental

Both laser sources used here are commerciallyablail
DPSS mode-locked Nd:YVQamplifiers emitting laser
pulses of 10 ps (FWHM) duration. For ITO pattegnam
Oxford Lasers Picolase 1000 micromachining systeas w
used at 355 nm. The laser repetition rate wasifaie10
kHz and the beam was focused with an f-theta tateice
lens (f = 100mm) to an estimated spot size ofu@20.
The focussed spot was translated across the IT@csur
using a galvanometer scanner with maximum tramsiati

dynamic strength of the material causing mechanicakpeed of 2 m/s. The sample consisted of a 130hick t

fracture or promote cavitation and fragmentation an
metastable liquid [8]. With this approach diffecen in

ITO layer sputtered on a multilayered barrier stadk
PECVD deposited SiN / organic planarisation lay&iM

thermal expansion between the stack layers can bfyers having thicknesses of 300nm /p#0/ 300nm

neglected as the strain is assumed negligible.

Since ITO absorbs weakly at 355 nm with a laserfojl.

penetration depth of ~ 24m (agss = 4100 cni), uniform
film heating is assumed through the entire filmnaldhe
beam propagation. Takirgy= 130 nm, results in thermal
and acoustic relaxation times of 2 ns and 43 pgseaively
as shown in Table 1. This means that a laser mlisger
than ~ 43 ps, will satisfy both the thermal andesdr
confinement criteria for stress-assisted ablatiénlT®D
restricting thermal diffusion to the barrier layarsd

Tablel Estimated thermal and acoustic relaxation times for
10 ps laser irradiated OLED thin-film electrodes
Material/ ) x Cs Tth Tac
thickness (nm) (cmf/sec) (m/s) (ps)  (ps)
Anode

130 0.0216 3045 1950 43
(130nm)
Cathode

72 0.9986 5300 13 13
(100nm)

respectively. These were deposited on autdthick PEN
All layers underneath the ITO were transpare
between 400-800 nm. The SiN absorption coefficint
355 nm is estimated as= 1.35x10 cm™.

For cathode patterning a Coherent Talisker 532-8 wa
used at 532 nm. A similar beam delivery setup wdised
to focus the beam to a 3tm diameter spot. Single or
multiple pulse ablation tests were conducted bytrotimg
the incident number of laser pulses per area. CHtleode
sample consisted of a metal bilayer (thicknessi@0d nm,
Ba 5 nm) thermally evaporated on the OLED layefsr8
thick white emitting LEP and 100 nm thick conduetiv
Poly 3,4-ethylenedioxythiophene polystyrenesulfenat
(PEDOT: PSS)). The OLED layers were slot-die chate
the ITO anode. All layers underneath the cathodeew
transparent at 532 nm.

Ablation took place in air and the etched layergewe
vacuum extracted above the target. In both céisequlse
energy was varied using a half-waveplate and padari
attenuation setup. The ablated samples were igadst
with an optical microscope or white light interfereter.
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4. Resultsand discussion

4.1 Laser patterning of ITO on barrier layers

By varying the input pulse energy and scanner spaed
range of incident laser fluences at different puserlaps
were examined for ITO line scribing. The averalgerice
ablation threshold at 355 nm for single-pulse adtatvas
determined as 50-55 mJ/&émBelow this value no ablation
was recorded. At fluences between 75-130 nA/r®
ablation was also accompanied by surface roughesing
the underlying SiN barrier layer.

Fig. 2

High magnification (500x) optical images of 10psda
scribed ITO (grey) on barrier stack (purple) forEI.
fabrication. (355 nm, 62 mJ/@n(a) one pulse (300
mm/s) and (b) four pulses per area (75mm/s). The
ablated craters are a fraction of the illuminatigpr
spot on target. Bar denotegrd

Figure 2 shows scribed lines in ITO at 62 mJ/¢ust
above threshold, using one (fig.2a) or four (fig.2b
overlapping pulses per area. Non-continuous linés
discrete irregular shaped craters were obtainedath
cases, seemingly elongated in the direction of riogn
This implies that the ablation threshold was ontgez=ded
locally by a very narrow intensity part near the ¢if the
focused Gaussian beam. The ablated films appeaave
been removed intact with no damage to the undeyIgiiN.
There is also no evidence for melting or any offiesise-
change and by and large, no debris was found sedtte
or around the craters, suggesting that ITO andbtreer
layers have probably experienced very low tempegatu
rise.

The fractured morphology of the craters revealartje
the photomechanical character of ablation in thisec
This is particularly evident near the crater edgdwre
partially ablated ITO was found as lifted off flakkevhich
were still attached to the parent film and clearlgt
thermally decomposed.
unsuccessfully extracted ablated layers, were éakcat
nearby the craters as softened curled up flakggasting
this view further.

By adjusting the scribing speed the ablated cratars
be joined to form an uninterrupted continuous satitine
on ITO. Depth profile measurements of the scribiee |
(Fig.3) confirm clean ablation with smooth unifofimors,

0.03
-0.00
-0.03
-0.07
-0.10
-0.13

y

Fig.3  Optical image of scribed line in ITO using a 355nm
10ps focused Gaussian beam. Optical profiler depth
measurement of 355nm, 10ps ablated ITO crater;
scribed depth: 123nm, crater width: 9ub (Y) scale:

15nm/div

no raised edges in the adjacent unexposed areasrand
etched depth of 123 nm indicating that only ITO bagn
removed from the stack. Furthermore, electricaltticmity
measurements confirmed that such lines could bd tese
create electrically isolated OLED tiles.

Very similar ablation results, not reported herayée
been preliminary achieved with IR (1064 nm) andbls
(532 nm) picosecond laserg={0ps) incident, either
directly on the ITO surface or through the transpafoil,
suggesting that ITO patterning on a barrier staobws
limited wavelength dependence.

Although the adhesion strength between films in the
current stack was not measured, overcoming ITO sidhe
to the barrier layer is expected to be undemandintpe
order of few tens ofuJ/cnf [11]. In photomechanical
ablation, small fractions of the absorbed laserg@neo
into overcoming film adhesion to the substrate enmabtly
go into elastic stress energy. A portion thereafised into
plastic deformation of the target, generation ¢éiinal free
surfaces (fracture by generation of cracks or VJoidsd
kinetic energy of the ejected material. Negligieleergy
goes into a phase change, except some evaporation i
voids and cracks [7]. This is in contrast to ftmetdue to
an explosive phase change when the driving forchés
pressure in expanding vapor bubbles.

In some cases also, very few That agrees well with the experimental findingsehand

is in line with energy balance considerations. Titngut
energy load E= (1-RFp at threshold in ITO is estimated
as 436 J/crhusing a thin-film stack reflectivity R = 3.2% at
355 nm,a = 4100 crit and peak fluencep= 0.11 Jlcrh
Neglecting any heat losses and with an input loagthm
lower than the melting or vaporisation enthalpied,
absorbed energy will be used to raise the film emaure
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Fig. 4 Schematic representation of stress-assisted ITO fil
ablation on barrier substrate layer; (a) t=0, light
absorption, (b) rapid laser heating under thermdl a
stress confinement, maximum compressive thermaelast
stress (c) thermal expansion relaxation with tersiitess
generation, (d) tensile strength exceeded, filroténee and
ejection

by AT = E/pC. With ITO densityp = 7.1 g/cm and
specific heat C = 340 J/kgK, this is estimated @y AT =
181K, well below the melting point of 2100 KSince ITO
is weakly absorbing at 355 nm, it is reasonablagsume
the film is uniformly heated across its entire kmess
along the beam propagation.The maximum uniaxial
thermoelastic compressive stress a&EAT generated in the
film under stress confinement (no strain during timga

contributing to the overlying ITO ablation. Thegsiility
of expanding vapour originating at the SiN surfazd®low
off the ITO layer cannot be excluded, although msible
surface changes were detected on the barrier laslem
75 mJ/cri.  Also, as mentioned above, very similar ITO
ablation results were recorded with laser irradiatiat
532nm and 1064nm where the SiN is totally trangpare
Further experimental evidence investigating thisedf
microscopically is necessary to clarify the process
Essentially, since ablation is based on singleeuls
removal, process speed limitations are likely tseafrom
the maximum available laser output and the abitiy
separate the delivered laser pulses at the work@ebigh
repetition rates with an appropriate beam delivand
motion control setup. Also the stress profile ie film is
directly related to the gradient of the incidergdaintensity
profile. Sharper gradients at the spot edges fram
reshaped Gaussian beam are expected to provideeclea
boundaries with less delamination. Ca tests areeptly in
progress to examine the barrier layer integritynfro
picosecond laser ablation of ITO before proceeélintper.

4.2 Laser patterning of Ba/Al cathode on light emitting
polymer (LEP)

Single-pulse ablation of the Ba/Al cathode bilayer
active OLED layers was investigated using picosdcaBR
nm laser irradiation. The aim was to cleanly reendie
cathode while leaving intact all underlayers. 8Simn 80
nm thick white light emitting polymer (LEP) layeras in
direct contact below the cathode, a visible wavgier{532
nm) was chosen where both organic layers (LEP and
PEDOT:PSS) as well as the ITO and barrier layeswvsh
negligible absorption, in contrast to the cathod&he
cathode reflectivity is almost constant between-5000
nm.

A series of single-pulse ablated craters with iasheg
pulse energy Ep on target was measured. Bothrdterc
diameter and depth increased with Ep, as expedtes to

can then be estimated as 150 MPa with linear thHermathe almost Gaussian intensity profile of the foedgsspot.

expansion coefficient a = 7x2&™ and Young’s modulus
E = 118 GPa. Although a definite ablation routenat

By plotting therefore the measured crater squaracheter
against the pulse energy (Fig.5), a single-pulsiatiab

entirely clear in the absence of more experimentalthreshold for cathode removal was estimated as 95

information, it is feasible that a large enoughstienstress

component can subsequently develop in the film upon

relaxation, which can exceed the ITO tensile stiersgd
cause film fracture and ejection. Reported valioedTO
tensile strength of 125 MPa [12] could support tiosion.

The role of the substrate cannot be ignored [18 ©iu
the weak ITO absorption, as the SiN layer will abspart
of the transmitted energy. No ablation of the 3ikes
place though below 75 mJ/ém Although difficult to
approximate the exact input load on that film doehin-
film interference [14], a significant temperaturéser
estimated as ~2300 K could be present at the ITD-Si
interface which is probably approaching the currgiit
film melting point. For the present film stack,lwes of
R(SiN) = 26.6%0 = 1.35<10" cm® and a peak fluence of
0.1 Jlcm were used. Such high temperature would
certainly cause transient interface displacementl an
although the thermal expansion of the current Silet
matches well that of ITO, it cannot be excludedrfnpartly
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532nm, 10ps single pulse ablation of Ba/Al cathode o
OLED layers. The fitted curve slope reveals antadia
threshold of 9% 9 mJ/crd
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Fig.6 (a) Optical microscope image of ps laser ablated

cathode crater on LEP. Single pulse ablation, 532nm
10ps, 2.1J; Bar 5¢um, (b) Depth profile of the ablated
crater, depth~140nm. Scale (X):@rb/div, (Y):25nm/div.

mJd/cnt from the slope of the fitted curve.

Laser irradiation at fluences between 137-360 mfl/cm

removed the cathode layer only, resulting in aamif flat
floor and an intact LEP surface, allowing a relelyvwide
process window for cathode removal. A typical egbenof

such laser patterned Ba/Al cathode layer on the @@L

stack is shown in figure 6. The average fluencs 280
mJ/cnf irradiated with an estimated spot diameter at dfe
35um. This resulted in a crater diameter of 2An% One
drawback with the current optical setup is the tretdy

rough crater boundaries obtained during rupturiognfthe
non-uniform spatial irradiation. These irreguldraped

edges are typically folded back towards the adjacen

unirradiated surface, contributing to a rim elevatof 500
nm or more, which can be detrimental to furthercpasing
steps.
comparing to the present Gaussian beam, might eethis
effect. Interestingly, there is hardly any newhproduced
laser —induced microdroplets or other “thermal atgre”
debris redeposited around the crater. That is geitence

Introducing a more uniform beam profile,

by removing the underlying organic layers also. bbth
cases the stepped ablation craters point to threrrdetistic
character of the removal process. The craters ineta
sharp with clean edges even at the highest examined
fluence of 825 mJ/cfn

Laser removal of metal films on polymer substrates
generally considered challenging, metal ablationnde
energetically more expensive with the potentialetsily
damage a sensitive underlayer. Unlike nanosecovd U
ablation of metals [15] where the ablated films Bl@wn
off in a liquid phase via a substrate assisted cesipd
removal, picosecond laser patterning can permitigee
metal removal with little, if any, melting involvednd
generally limited thermal characteristics dependimgthe
chosen laser parameters [16] and quality of filmtaot.

An exact mechanism for the clean metal removahis t
case still remains unclear. When the laser pulsatibn is
of the order or shorter than the electron-phonon
thermalisation time, laser matter interaction isva-step,
non-equilibrium heating process. The incidentiasesrgy
is absorbed by electrons during excitation and sater a
portion is transferred to the lattice through el@ctphonon
coupling. Meanwhile the hot electrons diffuse deem
the material extending the heated depth. Bothrhkand
stress confinement criteria will be satisfied usad.0 ps
laser pulse and the metal layer will therefore beso
highly compressed upon laser heating. At low faes) a
strong shock wave is generated by a hot-electr@st bl
force early on that weakens the material. This is
compounded by the thermal load from the subsequent
lattice heating after the laser pulse which coutshegate
enough thermoelastic stress to exceed upon retexatn
expected tensile strength for Al of 450 MPa andilteis
film fracture [17]. Such a qualitative explanati@an
support the observed lack of cathode melting dutawg
power picosecond laser patterning.

It can also be argued though that diffusing heanfthe

g irradiated cathode can raise the LEP temperature.

Assuming a slow “heat leaking” rate from the LERfio

the further underlying PEDOT:PSS film, it is plaulsithat
this temperature rise could cause thermal expardidhe
LEP surface or even some degassing of hot escaping
products from a non-decomposed LEP film and geeerat
enough pressure behind the metal film that couldrdmute

to the detachment of the anyway softer cathode trear
melting point. Permanent damage from swelling olex

on the LEP surface upon cathode ablation at slidfiher
fluences could point to such an ablation route. rtHeax
experimental evidence exploring the timescale dhade
ablation on a multilayered OLED could clarify trenroval
mechanism further.

of a low temperature removal process and quite> Summary

encouraging for OLED manufacturing as the presesfce ) ) )

surface microparticles is linked to the introduntiaf black Experimental evidence suggests that selective laser
spots and faster degradation of the OLED devicePatterning of multiayered OLED stacks is enableihg

performance and lifetime. picosecond lasers at visible and UV wavelengths.
Transparent ITO anode films on inorganic barrigeta or
metal cathode on organic OLED layers can be cleanly
removed without damage to the underlying layers tmos
likely by a stress-assisted low temperature abigtimcess.

At higher fluences (F>360 mJ/&ntwo or more layers
were ablated simultaneously and the craters wespeteat
the centre, due to the higher Gaussian intensitgalliyp
Similarly, multiple pulse irradiation created deepeaters
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