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Abstract In order to utilise the varying properties of aetithin
films it is usually necessary to pattern them teate
Flat panel display manufacturing has recently been functional structures. The conventional industrial
revolutionized by the industrial uptake of laseredt method for doing this is to use wet-etch lithogiiaph
write techniques to replace lithography for pattgyn  techniques analogous to those used in the semi-
active thin films on glass. The use of diode pumped conductor industry. Such techniques require multipl
high average power, nanosecond pulsed, kilohertzprocess stages, large expensive machinery, employ
repetition rate infrared lasers to directly pattern toxic chemicals and are extremely costly.
electrically active thin films on glass substratess
eliminated as many as five production stages in the An alternative technique is to employ a high intgns
manufacture of flat panel displays. Such lasersave laser, which selectively removes the active thimfi
available in average powers nearing one kilowatt, without damaging the substrate. This technique has
which allows sufficient productivity to take this attracted a great deal of interest in academia and
process from the lab into industry. industry due to its enormous relative benefits. For
instance, it has been demonstrated for the
One key issue of concern is quantifying the contemporary manufacture of Plasma Display Panels
removal of the thin films and how that relates &aim (PDPs) that a single lithographic manufacturingysta
homogeneity and energy density on the workpiece. In will require a minimum of six processing statioaach
this paper the authors attempt to quantify the r&ho  capable of handling a Gen. 7 mother glass paned 216
of the thin films from glass by comparing advanced x 2460mm in size. Each processing station will cost
analytical techniques such as Atomic Force several million dollars — with the most expensithe
Microscopy (AFM) and Scanning Electron Microscopy wafer stepper, costing around $12M alone. Mask sets
(SEM) with optical microscopy for a range of laser are in the order of $1M each, and wet-etch lithphya
parameters. This analysis is put into context & th requires the use of toxic, acidic chemicals inagri
wider laser direct write technique of thin films on significant environmental disposal costs.
glass; particularly that of Indium Tin Oxide (IT@r

the manufacture of Plasma Display Panels (PDPs). By comparison a Rapid Laser Patterning (RLP)
manufacturing solution for PDP will require onlyaw
Introduction processing stations to accomplish the same task: on
. o ] ] for RLP and the second to rinse the glass substhate
The use of active thin films is an enabling techgyl  jnqustrial RLP station itself is estimated to ctess

for the manufacture of latest generation solarscafid than $6M - a significant capital cost saving. Other

flat panel displays (FPDs). Typically in the order  penefits are: a large footprint reduction - effeely
allow the creation of complex monolithic electronic thirds - plus RLP industrial masks cost only a few
structures on substrates like glass. It is possible  thoysand dollars at most. Furthermore RLP is a dry
and organic materials - and through the use ofipelt  empoys distilled water — so the use of toxic cheatsi
layers create intricate electrical structures sagthose  ang resulting disposal costs are avoided. It i als
found in Liquid Crystal Display - Thin Film  yeported that significantly improved yields are
Transistors (LCD-TFT). achieved over lithography due to difficulties in
achieving uniformity of wet etching over such large
glass panels [1, 2, 3, 4].



Research into RLP for the manufacture of thin film although smaller scale FPD applications such asDLE
solar cells has been reported with some success formay be viable.
materials as diverse as amorphous Silicon, CylnSe
Molybdenum and ZnO [5, 6]. However by far the most Q-switched diode pumped solid state lasers (DPSSL)
interest has been in patterning a family of mekades are amongst the most widely employed in high volume
described as Transparent Conducting Oxides (TCOs)production industry; being compact, low maintenance
for applications in FPD manufacture. TCOs are and robust. They offer nanosecond pulse durations,
generally deposited on glass, and are requiredeto b wavelengths in the near-IR and the option for oubpu
sufficiently conductive to act as active electrode the visible and UV through non-linear frequency
structures when patterned, whilst remaining conversion. Takai and Yavas et al report in a sesfe
transparent in the visible spectrum. The criteda d papers upon ITO ablation from glass using a lov M
practically useful TCO is to have a resistivity thie Nd:YLF laser with a 6ns pulse duration. Using sienpl
order of 10’ Wcm or less and an average transmittance Gaussian optics, the beam is focussed to a smetl sp
of > 80% in the visible range. Of the range of TCOs per pulse and the spots are overlapped to credke bu
available, Indium Tin Oxide (ITO) is easily the rhos patterning. The performance of the fundamental IR
widely used in industry today - offering optimum wavelength and all three harmonics (1047, 523.5, 34
performance in terms of conductivity and transpayen and 262nm, respectively) are compared [13, 14, 15,
[7. 16]. It is found that the near UV (349nm) and Misib
(532.5nm) wavelengths are least effective due & th
Given the commercial imperative for RLP virtually a  high transparency of both ITO and glass in thisaeg
commercially available short pulse lasers (nanasgétco Optimal quality is found at DUV, 262nm, where it is
or below) have been investigated for processing ITO demonstrated that absorption in the ITO layer dad a
ranging in wavelength from the Infrared (IR) to the at the glass-ITO interface results in uniform hegti
Deep Ultraviolet (DUV). and consistent evaporation of the thin film. Howeate
1047nm it is found that the ITO absorbs more stiypng
Excimer lasers offer nanosecond pulses at UV than the glass substrate — and although ablatiatitgu
wavelengths and are widely used for precision micro s not quite as uniform as in the DUV it is suféiot to
fabrication. It is reported that ITO and other TG@%  achieve electrical isolation. But the much highelsp
be successfully removed from glass using KrF excime energies available at the fundamental wavelengénme

Iaser_s at 248nm wavelength. However this requires that high-speed patterning is possible with kHz
precise process control to selectively remove t6©T repetition rates at an acceptable quality.

as the Excimer pulse can etch and damage the glass
beneath [6, 8, 9, 10]. Furthermore, Excimer lasges  The crucial element that has taken RLP from the
not favoured in industry due to high cost of owhgrs  |aboratory into volume industrial manufacture i€ th
and safety issues stemming from the use of comosiv recent advent of commercially available, industrial
halogen gases. quality, high average power Q-switched DPSS lasers.
Such lasers offer average power levels > 800W, at
) ] ) kilohertz repetition rates, with nanosecond pulse
Ultrafast lasers operating in the picosecond and 4,rations and pulse energies of >100mJ. Such high
femtosecond regime have also been investigated for pulse energies allow the use of beam delivery
variety of thin films on glass. High quality thitin techniques more commonly associated with Excimer
removal has been demonstrated without glass damaggasers. The beam is homogenized, imaged onto a mask
for both solar cell and FPD applications [5,1A. and reimaged on to the substrate. The high pulse
particularly interesting application is for ablaihTO energies allow sufficient energy density to ablatge
from glass with feature sizes of the order omtbfor pixels (>1mn) with a single pulse. Kilohertz
the manufacture of OLEDs. Researchers report arepetition rates mean that thousands of pixels an
promising ~ comparison  between test OLEDS gpjated per second — and by ‘stitching’ the pixels
manufactured using a femtosecond laser to patfén |  together large areas of active ITO electrode siract
and those employing purely lithographic means [12]. can be created very rapidly. To further improve

low pulse energies — in the order of 1mJ. Thus t0 |asers upon a single processing station, up toiBgbe
achieve thin film removal they are focused to fapet reported [1, 2, 3].

sizes in the order of hin to achieve sufficient energy

density (Fluence). This makes them unsuitable for This RLP strategy is particularly well suited toeth
creating large area TCO structures at the comniercia manufacture of PDPs, as described in the comparison
rates required for large area FPD manufacture, with lithography above. This is due to the design



requirement to have an ITO patterned glass fraatepl ~ scanner manufactured by Scanlab GmbH was used to
See figure 1 below. scan the beam across the sample. An image plane of
1mnt was achieved at the workpiece.
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Figure 1: PDP architecture schematic [4]

Required positional accuracy is of the order ofn5— Figure 2: Measured homogenised energy profile ef th
within the capabilities of modern laser scanners. beam

Whilst feature size is of the order of 1x1 mm wéh

resolution of 1é6m — all Ideally suited to RLP. Given Power measurements were made at the Workpiece
the large areas of PDPs, 42" and above, a highdspee ysing a Molectron power meter. Through the usdef t

manufacturing technique is needed. In previous work external Powerlase attenuator the pulse energy
the authors have demonstrated that using multiple reaching the workpiece is accurately controlledislt

lasers upon a single system it is possible to patte measure using the Molectron power meter at the
several square metres of ITO coated glass per &inut workpiece. Employing a simple square mask the
(1, 2]. energy transfer efficiency is measured to be around

i i 70% from laser output to the workpiece — this is in
In this paper the ITO removal achieved by RLP for oo agreement with published work [3]. More

PDP manufacture is investigated and analysed ”smgcomplex masks obviously reduce the energy transfer

techniques ,SUCh as optical microscopy,_ Scanning efficiency but the energy density at the workpiece
Electron Microscopy (SEM) and Atomic Force (fluence in J/crf) remains constant.

Microscopy (AFM) to further understanding of the
mechanisms and characteristics of this emerging
industrial process.

Experimental

All substrates were 100nm thick ITO coated on PDP
grade glass 2.8mm thick. The laser used was a 400W
Starlase AO4 Q-switched DPPSL at the Nd:YAG
fundamental wavelength of 1064m. At 6kHz repetition
rate, output pulse energy is 53J with pulse dunatib
35ns. The Starlase range of lasers is manufactured
exclusively by Powerlase Ltd, UK. The laser was
attenuated externally using a proprietary Powerlase
unit. The beam was collimated using a Galilean
telescope and homogenized by an integrated
orthogonal lens array manufactured by LIMO GmbH.
Figure 2 shows measured beam homogeneity from the
unit.

Figure 3: Aluminium test mask

The beam was imaged on to an empirical test mask _

(see figure 3). This mask plane was relayed to the The use of the homogeniser and mask creates a
substrate and demagnified using a Rodenstock &thet nominal flat top energy profile, therefore the fice
163m focal length lens. A HurryScan 25 galvanoroetri Vvalues measured are much more accurate and



representative than in cases where Gaussian beam

profiles with complex spatial energy profiles are
approximated to uniform energy density.

ITO ablation was assessed using a Nikon LM1500|

optical microscope with a PC interface via a 12 Meg
pixel camera into Lucia G software. This software

allowed microscopic measurements to be made againg *

a Nikon calibrated standard. Further assessmettiteof

ITO ablation was done using a Scanning Electron
Microscope (SEM) at 20kV and 5kV and an Atomic
Force Microscope (AFM).

Results and Discussion

To maximize the throughput of an RLP process it is
desirable to ablate the ITO film with a single lase

pulse. Each pulse therefore needs to have enoug
energy to pattern a single display pixel. The diive
PDP manufacture is increasing dimensions with
corresponding increase in pixel size. Thereforerder

to achieve maximum potential pixel size, the Stmla
AO4 is run at 6kHz repetition rate, which provides
maximum available pulse energy, 53J at 35ns pulse

duration. Nominal pixel dimensions are 1x1mm, and
the empirical mask used creates an electrode stauct
on the ITO that is illustrative of that in prodwsti The
pixels are ‘stitched’ together to create large area
electrode structures by careful control of the
galvanometric scanner.

A range of trials is conducted in which the fluerate
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the workpiece is increased from 1.2-3.4/dm 0.2
Jient increments in order to determine ITO ablation
threshold. The results are then analysed and cadpar
using optical microscopy, SEM, AFM and electrical
testing.

ITO Ablation Threshold

a) 1.2J/cr? b) 1.4J/cr?

c) 1.6J/cr? d) 1.8J/cr?

Figure 4: Increasing fluence vs. ITO ablatio

Figure 4 above shows images from the optical
microscope of ITO ablation with increasing fluenge.
marked trend emerges from the images: at low fleenc
the ITO is barely affected, but from 1.6Jfcemwards
structure appears that corresponds with the firegyn
variations on the top of the homogenised beam lprofi
(see figure 2). It is clear that more ITO is renmve
with increasing fluence. As the energy density neac
2.6J/cm the ITO removal becomes very uniform and
from 2.8J/cmh to maximum fluence there is no
discernable change in the ablated ITO region. This
suggests that above a certain threshold all the iETO
removed and that the process effectively saturates.
Using this optical appraisal alone it suggestsaztral
ablation threshold of 2.8J/ém- allowing sufficient
margin to ensure a rugged industrial process. It is
encouraging that above 2.6Jfcthe process appears to
saturate and become reasonably tolerant of energy
variations. This suggests that the RLP processahas
wide operational window — making it ideal for high
volume manufacturing.



The results shown in figure 4 are simply a change i
visual contrast between the processed and unpextess d) 2.2J/erf 2.43fert
regions. The analysis above is therefore only an
interpretation of these images, so to ensure that t
ITO thin film really is being removed it is necessto
corroborate these results using other analytical
methods — in this case SEM and AFM.
a) 1.6J/crh 1.8J/cr
10Crm
e) 2.4J/crh 2.6J/cm
10Crm
b) 1.8J/crA 2.0J/cm
10Crm
e) 2.6J/crh 2.8J/cm
10Cnm
c) 2.0J/crf 2.2J/cM
10Cnm
Figure 5: SEM images of ITO removal vs. fluence
SEM has two possible operational modes, in figure 5
above high energy SEM is used; operating at 20kV
produces direct electron backscatter. The backsaatt
greatest from regions of high electron density —
10Crm therefore conductive materials such as ITO stand ou

against insulating materials like glass.



Figure 5 above shows SEM images of adjacent lifies o
pixels with increasing fluence; the full energy digyn
range is from 1.6J/cfrto 2.8J/crh The unprocessed
ITO shows up clearly as a bright uniform region
relative to the darker areas of clear glass. Theges
from figure 5 correlate well with previous optical
images shown in figure 4. With increasing fluenessl
and less conductive ITO remains. As for the optical
analysis, at lower fluences the residual regionBT &f
appear to be a function of the fine structure & th

homogenised beam, diminishing as the energy density
rises. From this SEM sequence the fluence threshold

for full ITO ablation can again be determined as
2.8J/chd. This strongly corroborates the optical
assessment.

The next stage of analysis is to employ Atomic Eorc
Microscopy. AFM employs a fine silicon carbide

needle mounted upon a piezo-electric actuator. The

needle is rapidly scanned across a 100rt®@quare
area and a 15nA nominal current maintained by heigh
control between tip and substrate. By use of arlase
interferometer measuring the position of the tip,
surfaces can be mapped with nanoscale resolution. |
the following results the AFM is scanned across an
ITO edge to highlight topographic variation. Figuie
below provides a great deal of insight into the ITO
removal. At 1.8J/cfthe majority of the ITO remains
but it shows signs of localised damage. The voloime
residual ITO decreases with increasing fluence.

a) 1.8J/crh

b) 2.0J/crh

c) 2.2J/crA

d) 2.4J/crh

e) 2.6J/crh

Figure 6: 3D AFM scans across an unprocessed ITO
boundary with increasing fluence

The residual ITO at 2.0 and 2.2Jfis not uniform

but has variable structure. This confirms that the
optical and SEM images showing mottled regions of
ITO residue are correct. It is not possible to datee
from figure 6(a-c) whether this residual structure
corresponds to the fine structure of the homogenise
beam, due to the limited area coverage — however it
does support this hypothesis.

There is no evidence of ITO residue from 2.43/cm
onwards from the AFM. Figure 6e also serves to
demonstrate the precision and quality of this psece
The edge between the virgin ITO and glass is gfearl
defined, the ITO a consistent 100nm above the glass
There is a regularim interface between processed



and unprocessed regions, and the ablated aredl& as Figure 7 shows a selective line analysis at thiete
and smooth as the virgin ITO. All of which are across the ITO boundary at a fluence of 2.63/dn
indicative of a precise and accurate processing shows a cross section of the sharp edge of theeabla
technique. One further point of note is that the region. It also shows a consistent proud peak ithat
interface between the unprocessed and ablated 4TO i approximately 50% higher that the thickness of the

proud of the virgin ITO.

Figure 7: AFM line analysis at 2.6J/eém

virgin ITO at that interface. The reason for the
formation of this ridge around the edge of the
processed ITO is unclear. The authors speculatdttha
may be that at the edge of the image plane there is
lateral energy transfer causing local melting risgl

in the formation of this ridge. In any case, beeaitiss

of the order of a few tens of nanometres in thickne
and will subsequently be coated with a protectivgOM
layer, it is highly unlikely that it will have angffect

on the functionality of a PDP [2].

When all this corroboratory data is considered it
strongly supports the opinion that the ITO is
completely removed by the RLP process. In terms of
establishing an ablation threshold for this example
substrate: the optimum figure is 2.8Jfcrmas
determined by both SEM and optical microscopy. The
AFM threshold for ablation is less at 2.4Jfcrbut
given the desire to be conservative to achievebasto
industrial process, we suggest the higher valualsti
suggests that the SEM is capable of resolving ITO
residue of the order of a few nanometres thickness,
this is around the practical resolution limit oétAFM.
Furthermore the corroboration of the AFM and SEM
also enable optical microscopy to be used with more
confidence to assess the threshold for ITO removal
future.

‘Stitching’ Line Between Pixels
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Figure 8: Image of ‘stitched’ pixels at 2.8Jfcm

Figure 8 shows RLP pixels that have been ‘stitched’
together to create a regular patterned structure.
Concern has been raised that the lines (ringeddrirr
Fig. 8) at these interfaces may be residual ITG¢clvh



could have a deleterious effect on the long-term of analysis is indicated in blue upon figure 8).idt

operation of a PDP.

Figure 9: SEM pictures of the ‘Stitch’ interface at
increasing magnification at 2.8J/gm

The above figure 9 shows SEM images created at low

clear that even under the highest magnificatiort tha
there is no evidence of any ITO residue along the
‘stitch-line’ illustrated in figure 8. The prouddge at
the pixel edge is, by comparison, clearly visible.

Figure 10: AFM analysis across the ‘Stitch’ inteda
at a fluence of 2.8J/cm

Figure 10 further corroborates this finding, shayvin
100x100m AFM scan across the ‘stitch’ interface at
optimal fluence (the region of analysis is indicata
green upon figure 8). We see no evidence of any
surface topography indicating the presence of ITO
residue.

It is clear therefore that the ‘stitch’ line seesteen
joined pixels for RLP is not a product of residiiBO

or indeed any surface damage. It does not explaat w
is causing this phenomenon, but if it is a material
effect, then it must be beneath the surface ofgthss
substrate, otherwise it would be apparent.

Electrical Isolation

2.8J/cm
Ablation Threshold

i

Figure 11: Conductance vs. fluence for ablated ITO

voltage (5kV) for secondary electron backscatter, t The function of the RLP process is to create ITO

allow the imaging of micron scale features (thearg

electrode structures upon the glass substrateITihe



must therefore be removed sufficiently to achieve Figure 12 above shows SEM fine images at 1.8)/cm
electrical isolation in the patterned regions. From which show that the ITO thin film has been damaged
figure 11 we see that electrical isolation is achgk by the laser pulse despite not being removed. iBhis
well before the 2.8J/cfluence threshold identified  corroborated by figure 6a, an AFM scan at the same
previously. Conductance is measured acrossfluence. This suggests that electrical isolation is
continuous lines of stitched pixels (measurement achieved before ITO removal due to damage to time th
distance o 20mm.) film. Furthermore, on inspection of figure 12, wees
that the ITO film may appear to have a remelted
composition at this fluence level. Features indveabf
a frozen melt region are: localised ripples andepor
and micro cracking. This strongly suggests that the
removal mechanism for ITO from glass by RLP is
thermal — insufficient energy density melting tfAel
and sufficient energy density vaporising it. This
supports the findings of Yavas and Takai and refute
suggestions that the material removal mechanism

Irradiated Unprocesse might be spallation [16].

Reqi ITO .
egion Conclusion

Employing three analytical techniques; optical
microscopy, SEM and AFM; it is demonstrated that
Rapid Laser Patterning (RLP) of ITO on glass can
completely remove all the ITO without any substrate
damage. An optimum ablation threshold is identified
as a fluence of 2.8J/érfor the example substrate. It is
found that the process is tolerant of energy viariat
and has a wide operating window. It is also cléat t
the quality of the process is very high, with suignon
edge definition and no dross. It is noted thatdgeiis
created around the edge of the ablated region, but
given that this ridge is <100nm proud of the
unprocessed ITO it is concluded that this will not
affect the function of a PDP in practice.

A ‘stitch’ line is visible upon optical micrographs
where pixels are overlapped to create a large ectiv
area. Using SEM and AFM it is proven that this lise
neither residual ITO nor glass surface damage.

Electrical isolation is achieved at a significanitbyver
fluence than for full ITO removal, approximately
1.8J/cm. Using SEM and AFM it is demonstrated that
electrical isolation is achieved at lower energnsity

by damage to the thin film, which appears to besedu
by melting. The presence of remelted material
confirms that the primary material removal mechamis
for RLP of ITO on glass is thermal vaporisation.
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