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Abstract 

Rapid Laser Patterning (RLP) of ITO thin films on 
glass offers a credible industrial alternative to wet-etch 
lithography for the manufacture of Flat Panel Displays 
– particularly for Plasma Displays. For any disruptive 
technology it is necessary to compare and contrast it 
with the existing manufacturing technique so that end 
users can make an informed decision as to its relative 
merits – both technical and commercial.  

Both processes are compared empirically and it is 
demonstrated that RLP offers benefits in terms of edge 
resolution, taper and is less prone to residue. 
Furthermore a commercial cost model is generated 
based on real capital and operational cost data. This 
model suggests that RLP can offer cost savings in the 
order of tens of millions of dollars for a single 
production line over a three year depreciation period. 

Introduction 

Until relatively recently the standard industrial method 
for patterning thin films on glass or other substrates 
has been wet-etch lithography. The primary 
applications for this have been in manufacturing Flat 
Panel Displays (FPDs) and more recently the new 
generation of thin film solar cells. Wet-etch 
lithography has many benefits in terms of achievable 
feature size and quality and its development has been 
largely driven by the semiconductor market where it is 
used to pattern nanoscale transistors on silicon chips.  

For the semiconductor market the astonishing 
resolution possible using wet-etch lithography drives 
forward the development of ever more powerful chip 
sets. However the technology also has serious 
disadvantages: it employs toxic chemicals, creates 
contaminated effluent, requires multiple process 
stations per manufacturing step, has a large footprint, 
significant capital cost and employs expensive 
chemicals resulting in high running costs. 

In semiconductor manufacturing it is the enabling 
technology – at the time of writing there are no 
alternative techniques used in mass production.  

 

However the achievable resolutions – a few tens of 
nanometres in recent nodes – are well in excess of that 
required for patterning thin films for FPDs – which are 
in the order of a few microns. Consequently the 
displays industry is constantly investigating new 
techniques for patterning thin films which are more 
cost effective, have a smaller footprint and do not 
suffer the environmental problems associated with 
wet-etch lithography. 

One such technique is to use a laser to directly pattern 
a thin film on a transparent substrate by selective 
vaporisation. This technique has become known as 
Rapid Laser Patterning (RLP) [1]. Most types of 
commercially available pulsed laser have been 
investigated for this process: Excimer, ultra-fast, solid 
state (at infrared plus all accessible frequency 
conversions through visible and ultraviolet) and fibre 
lasers [2-10]. Publications start to appear in the early 
1990s [11]. However it is not until recent years that 
there has been industrial uptake of RLP in the 
manufacture of FPDs. 

This uptake has coincided with the commercial 
availability of high average power, Q-switched, 
nanosecond pulse duration, diode-pumped solid-state 
lasers (DPSSL). Typically fundamental output 
Nd:YAG lasers at 1064nm, they are now available at 
average power levels exceeding 1kW, with nanosecond 
pulse durations at kilohertz repetition rates. It has been 
widely reported that such lasers offer the best 
industrial compromise for thin film patterning – 
achieving high process rates at consistent 
manufacturing quality [12, 13, 14]. 

The largest industrial uptake for this process has been 
in patterning Indium Tin Oxide (ITO) thin films on the 
glass front plate of Plasma Display Panels (PDPs). 
This requires the creation of repeating patterns in the 
ITO film of around 100nm thickness on a glass 
substrate. RLP has been in volume production in Asia 
for this process for more than two years – replacing 
wet-etch lithography and offering significant cost and 
environmental benefits [12, 15]. 



There is an increasing use of this technique in the 
manufacture of Thin Film Transistor Liquid Crystal 
Displays (TFT-LCDs) and other competing display 
architectures such as Organic Light Emitting Diodes 
(OLEDs). Pioneers such as Fukuda are developing 
innovative techniques that allow RLP to be used to 
selectively pattern sensitive multi-layer thin films [16]. 
Whilst hybrid RLP - lithography techniques are being 
investigated by such researchers as Kim and Baek et al 
[17]. 

No disruptive technology can expect to be 
implemented without detailed comparison with the 
previous manufacturing technique. This paper seeks to 
make an empirical evaluation of RLP and wet-etch 
lithography in terms of thin film patterning quality. 
This is directly referenced to PDP manufacture and so 
refers to the example of ITO on glass. Furthermore a 
commercial comparison will be made between the two 
competing techniques investigating the relative costs 
of investing in both processes over a three year 
depreciation.  

Experimental  

Identical samples are made of patterned ITO on glass 
using both RLP and wet-etch lithography. The sample 
material is PDP grade glass 2.8mm in thickness with a 
nominal 100nm thick ITO film. Two sets of samples 
are made: one with repeating patterns of 850x850� m 
squares and one with repeating patterns of 170x170� m 
squares – both with 100� m spacing.  

The RLP samples are made in-house using a Starlase 
AO4 laser with optimised parameters identified by the 
authors in previous work: a fluence of 3J/cm2, at 6 kHz 
rep. rate with pulse duration of 35ns [1, 14]. The laser 
beam is homogenised using an external dual 
orthogonal micro-lens array system supplied by LIMO 
GmbH, imaged on to a transmission mask, the image is 
then demagnified and reimaged through a Sill Optics 
compound flat field f-theta lens of 163mm focal length 
mounted on a Scanlab Hurryscan 25 galvanometric 
scanner.  

The wet-etch samples are made by a third party 
subcontractor in the UK. Customised photo-masks are 
created for this task. The wet-etch is performed using 
HCl solution at typical concentration and exposure 
time employed for etching ITO from glass. 

Both sets of samples are analysed and compared using 
a variety of nanoscale metrology techniques: Optical 
Microscopy, Atomic Force Microscopy (AFM), 
Environmental Scanning Electron Microscopy 
(ESEM), Energy Dispersive X-Ray Analysis (EDX) 
and White Light Interferometry. 

Results & Discussion 

Wet-etch lithography requires careful process control 
to achieve optimal results for removal of ITO on glass. 
There are many issues of concern. For example etch 
time - insufficient fails to remove the ITO but excess 
can lead to over-etching where the etchant removes 
ITO beneath the photo-resist. This can lead to small 
scale damage of ITO tracks ‘mouse-bites’  or more 
seriously destruction of fine features which would 
scrap the part. This is exacerbated by potential 
variations in ITO thickness over the large Gen 7 and 
Gen 8 panels used in production. Gen 8 panels have an 
area of >5m2. A wet-etch process requires very 
consistent thin film thickness which is difficult over 
such large areas – potentially leading to problems in 
achieving consistent etching over the full panel. Other 
issues include the effects of the chemical reaction on 
the ITO film characteristics and also contamination 
that may inhibit subsequent process steps [18]. 

Comparison will be made between the two sets of 
samples for the various characteristics of most concern 
to industrial end users: ITO removal, residue and edge 
damage, edge resolution and quality, surface roughness 
and substrate damage.  

ITO Removal 

Initial inspection of both sets of samples shows that the 
material removal is very similar, in the figure below 
microscope and ESEM pictures show the features 
created to appear almost identical. 

 

 

a) RLP 850� m square 

b) Wet-etch 850� m square 



 

 

Fig. 1: 850� m square ITO features made by RLP & 
wet-etch lithography (a, b) microscopy (c, d) ESEM 

 
As can be seen in figure 1, the dimensions and 
appearance of both features appear very similar under 
investigation by both microscopy and ESEM. Fig 1c 
and 1d also show a continuous ITO removal beneath 
the 850� m squares. In this case too material removal 
appears similar and consistent between both processes. 

However these images in isolation are insufficient to 
determine if ITO removal is constant and comparable 
between the two processes. White light interferometry 
is used to measure the depth of material removal 
relative to the unprocessed ITO thin film. 

 

 

Fig. 2: Cross section profiles by White Light 
Interferometry for samples (a) RLP (b) Wet-Etch 

 
Figure 2 shows example cross section measurements 
from virgin ITO to the ITO patterned region for both 
processes. It can be seen that the depth of material 
removed is extremely consistent: 78nm and 77nm for 
RLP and Wet-Etch respectively. A one nanometre 
discrepancy is well within the measurement error of 
this analytical technique, suggesting that the ITO 
material removal is all but identical for both processes. 
It can also be inferred that as both techniques achieve 
the same depth, that all the ITO has been removed in 
both cases. They corroborate one another. It is 
interesting to note that the ITO removal depth is �  
80nm, whilst the nominal ITO thickness is quoted as 
100nm by the substrate supplier. It suggests that the 
tolerances on industrial ITO deposition techniques may 
be as much as 20%.  

 
a) Virgin ITO 

c) ESEM: RLP 850� m square 

d) ESEM: Wet-etch 850� m square 

a) RLP 

b) Wet-etch  



 

 

Fig. 3: EDX elemental analysis of (a) Virgin ITO on 
glass (b) RLP (c) Wet-etch  

 
The above figure 3 shows EDX elemental composition 
analysis for both RLP and Wet-etch patterned regions 
(b, c) as well as a control measurement of unprocessed 
ITO on glass (a). This measurement is made at 5kV 
and penetrates � 1� m into the substrate – it’s most 

sensitive setting. The elemental peaks are labelled on 
each spectrum. Strong Silicon (Si) and Oxygen (O) 
peaks in all cases derive from the glass as do trace 
alkali and transition metal peaks such as Potassium (K) 
and Magnesium (Mg). In figure 4(a) strong peaks for 
Tin (Sn) and particularly Indium (In) are clearly 
visible. However for both RLP and Wet-etch samples, 
these peaks are absent. In addition the remaining 
elemental peaks are identical for both (b) and (c). 
Whilst qualitative, this strongly corroborates the 
previous data in suggesting that all the ITO is removed 
in both cases. The similarity of spectra (b) and (c) also 
suggests that neither process has caused measurable 
chemical changes to the glass substrate - as this could 
result in shifts in the remaining peaks.  

The data from figures 1-3 is strong evidence that both 
processes have fully removed the ITO thin film from 
the glass substrate with a directly comparable quality. 

Residue & Edge Damage 

A key concern in comparing these processes is whether 
either leaves residue or causes side damage to the 
patterned ITO features. It is clear from the previous 
section that majority of ITO is removed in both cases 
and that the required features have not suffered from 
large scale damage. However evidence of residue 
could have implications for the lifetime of the PDP: 
residue could potentially escape and contaminate 
phosphors used in the FPD. Also evidence of slight 
side damage may suggest that a process may have 
potential yield issues in industrial manufacturing – as 
the level of damage may vary in production. 

 

 

b) Rapid Laser Patterning 

c) Wet Etch Lithography 

a) RLP 

b) Wet etch 



 

 

Fig. 4: Analysis of Patterned ITO by White Light 
Interferometry (a, b) microscope images for position 

reference (c, d) angled interferometric images 
 

Figure 4 shows very clearly that the ITO sample 
patterned by wet-etch lithography has some trace ITO 
residue. By comparison the RLP sample has negligible 
residue. The wet-etch image 4(d) also shows small 
signs of ‘mouse-bites’  over-etching into the remaining 
ITO, whilst the RLP sample 4(c) does not. The RLP 
sample shows what appear to be sporadic very thin 
vertical peaks in one axis – this is an aliasing effect 
from the interferometer due to the steep profile of the 
ITO walls – and can be discounted. 

This data suggests that RLP may be superior to wet-
etch lithography in terms of side damage and residue. 
It is clear that the wet-etch samples have not been 
sufficiently exposed to ensure complete ITO removal 
but even so there is small scale evidence of side-wall 

damage – the ‘mouse-bites’ . Suggesting that it may be 
difficult to ensure complete ITO removal using wet-
etch lithography without risking significant side 
damage (over-etching) and potential yield reduction. 
By comparison RLP does not appear to suffer from 
either phenomenon. 

Edge Resolution & Quality 

An important requirement for either patterning 
technique is to create features in the ITO with 
consistent and narrow edge width. Consistency is 
important as the patterned ITO will be used as an 
electrode structure to control the operation of the PDP. 
Variations in edge width could result in variations in 
electrical performance across the FPD. A narrow edge 
width is desirable because the trend in displays is to go 
to ever higher resolution – Full HD 1920x1080 pixels 
being the next node – therefore as resolution increases 
thin film feature size will decrease and process edge 
width must be significantly less.  

 

 

Fig. 5: Microscope images of the corner radius of an 
850� m square for (a) RLP and (b) Wet-etch 

 

c) RLP 

d) Wet etch 

(a) x100      RLP 

(b) x100      Wet etch 



Figure 5 shows high magnification images of the 
corner radius of an 850� m square made using both 
processes. As can be seen the edge of the wet-etch 
sample is significantly less well defined that than of 
the RLP. The wet-etch sample has an edge �  3-4 times 
wider than that of RLP. The wet-etch sample also 
shows signs of ‘mouse-bites’ . The greater edge radius 
on the RLP sample is a function of the optical mask 
used for the experiments. 

 

 

Fig. 6: AFM images of an 850 � m square corner radius 
(a) RLP (b) Wet-etch 

 
Figure 6 shows 3D AFM images of the same feature. It 
shows very clearly a much greater edge width for wet-
etch versus RLP.  

Both figures suggest that RLP offers superior edge 
quality compared with wet-etch patterning – not 
suffering edge variation due to side-etching, and also 
being consistently narrower. 

One feature however does emerge from figure 6(a); 
that of a consistent proud ridge of ITO on the RLP 
sample. This ridge been raised as a source of potential 
concern by industrialists and academics. It is better 

illustrated by a cross-section profile taken from the 
AFM as shown in figure 7. 

 

Fig. 7: AFM cross section across ITO edge for RLP  
 

From this figure the ridge does indeed appear very 
pronounced. However such analysis can be misleading 
and the scale of figures 6 & 7 must be considered. The 
x-axis is in micrometers, whereas the y-axis is in 
nanometres. So the y-axis is magnified x1000 more 
than the x-axis. This is, of course, the nature of a 
nanoscale surface analysis technique such as AFM, 
where very small features are heavily magnified so 
they can be perceived. If we consider comparative 
scaling then the feature is barely perceptible. Figure 8 
below illustrates such scaling showing both 10:1 and 
1:1 axis ratios for a similar ITO cross section. 
Concerns over the nature of the ridge are also 
mitigated by the fact that in PDP manufacture the ITO 
layer is subsequently coated with 1mm thick MgO, 
which acts as a stable barrier layer, to prevent erosion 
of the ITO electrodes by plasma etching during the 
lifetime of the product [12]. This layer is > 10x thicker 
than that of the ridge and therefore will effectively seal 
this feature. Consequently it is concluded that the 
formation of an ITO ridge around the edge of the RLP 
region will not adversely affect the PDP. 

 

a) RLP  

b) Wet etch 



Fig. 8: Comparative scales of two cross-sections from 
AFM across the ITO interface of the RLP sample 

It can also be seen from figure 7 & 8 that the edge 
resolution achievable by RLP is of the order of 1� m. 
Demonstrating that RLP is applicable to patterning 
features to a scale of a few 10s of microns.  

Figure 9 below shows white light interferometric 
images of 170� m features created using both RLP and 
wet-etch. It demonstrates that both processes are 
capable of producing much finer features than are 
currently employed in HD PDPs. The RLP features 
appear to be less deep than the wet-etch but this is a 
function of the interferometer image acquisition 
variability and gives a false impression. 

 

 

Fig. 9: White light interferometer 3D angled views on 
170� m squares made by (a) RLP (b) Wet-etch 

 
Surface Roughness 

A further measure of quality is to investigate the 
roughness of the base of the patterned region. A high 
roughness could indicate glass damage and could 
inhibit the adhesion or function of further thin films.  

 

 

Fig. 10: Cross section roughness measurements from 
White Light Interferometry for (a) RLP (b) Wet-etch 

 
The above figure shows very low roughness in the 
patterned region for both techniques. Wet-etch 
achieves an Ra of 1.07nm compared with RLP at an Ra 
of 1.28nm. Such surface roughness is better than could 

b) Wet etch 

a) RLP 

a) RLP 

b) Wet etch 



be expected for a precision optical surface and is the 
same order as that of the bulk glass substrate. Clearly 
therefore neither process has damaged the glass 
surface, and the resulting base quality is excellent. 

Substrate Damage 

A major concern for the patterning techniques is the 
potential for causing damage to the glass substrate. 
This would manifest in the form of cracking and would 
have the potential to cause catastrophic failure during 
the life of the PDP. This is of particular concern for 
RLP as it has been demonstrated that the removal 
mechanism for ITO is high temperature vaporisation 
[1]. Such high temperatures on nanosecond timescales 
could potentially cause extreme thermal stress leading 
to crack formation. Cracks are highly visible under 
dark field microscopy, and figure 11 below shows dark 
field analysis of the samples. 

 

 

 Fig. 11: Bright field and dark field microscopy for (a) 
RLP (b) Wet-etch  

 
Cracks would be clearly visible even on a micron scale 
as fine white lines in the dark field. There is no 
evidence of cracking therefore for either RLP or wet-
etch. Therefore given the prior excellent surface 
roughness measurements it can be reasonably inferred 
that neither process causes substrate damage.  

Commercial Comparison of RLP vs. Wet-Etch 

A widely touted TAKT time target for manufacturing 
PDP glass front panels is 100s per mother glass panel 
per production line – or x1 42”  PDP panel every 12.5s. 

Table 1 Assumptions for production processing 
Energy density required (J/cm2) 3 

Laser rep. rate (kHz) 6 
Pulse duration (ns) 35 

Optical transmission laser to substrate 
(%) 

52 

No. of pixels patterned per pulse 2 
Mother glass size (mm) 2160 x 2460 

No. of 42”  panels on mother glass 8 
Panel Resolution WXGA 

No. of Pixels 1365 x 768 

x50     a) RLP 

x50     b) Wet Etch 



Load & align time (s) 30 
Align marking time (s) 30 

Side blank patterning (s) 32 
Robot handling (s) 15 

Laser Duty Cycle (%)  50% 
 

Taking these assumptions it is calculated that an x8 
laser system – where each laser generates either 600 or 
800W average power can process a mother glass panel 
in 283s. 

Taking x3 laser systems per production line as 
patterning x1 mother glass panel <100s (94s) allows us 
to calculate the Cost of Ownership (CoO) vs. wet etch 
lithography assuming identical productivity over 3 
year depreciation. 

Table 2 Key Metrics for CoO calculation 
 Wet 

Etch 
RLP 

No. of 42”  panels 
required/month  

180K 180K 

No. of Gen 7 mother glass 
panels/month 

22,500 22,500 

Total Capital Costs  >$12M $20M 

Mask Costs $0.25M 0 

ITO Coated mother glass 
panel 

$250 $250 

Process Yield 80% 99% 

Scheduled maintenance 
costs/year 

$965,000 $240,000 

Chemical costs per month $450,000 0 

Yield costs per month  $2.3M $0.1M 

 

Therefore by calculating CoO over three year 
depreciation we see the following relationship shown 
in figure 12. 

As can be seen RLP is cost neutral after 3 months and 
over a three year depreciation potential cost savings 
are $96 Million for a single production line. (All data 
is obtained from literature, end users and industrial 
partners and is presented in good faith.) 

 

Process Cost Comparison with Cumulative Sav ings 
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Fig. 12: Cost comparison with CoO savings RLP vs. 
wet-etch 

Conclusions 

Using various advanced metrology techniques an 
example empirical study has been carried out to 
compare the differences between RLP and wet-etch 
lithography for patterning ITO thin films on glass. It is 
found that both techniques can achieve identical levels 
of ITO removal and fine feature sizes. It is also found 
that neither technique causes damage to the glass 
substrate. Furthermore RLP is found to offer benefits 
over conventional wet-etch in that it is less prone to 
residue and does note suffer from side wall damage. 
RLP also achieves narrower edges – of the order of 
1� m – with a higher degree of consistency than wet 
etch lithography. A feature of RLP is that a proud ridge 
� 70nm in height is produced around the edge of the 
processed area. However it is shown not to adversely 
affect practical PDP manufacture.  

A commercial comparison between the two processes 
demonstrates that for a single PDP production line 
RLP can offer savings of $96M over a three year 
depreciation vs. wet-etch, and be cost neutral after 
three months. 
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