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with High Repetition Rate Picosecond Lasers
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New high repetition rate picosecond lasers offer possibility for high efficiency structuring of
transparent conductors on glass and other substrates. The results of ablation of the indium-tin oxide
(ITO) layer on glass with picosecond lasers at various wavelengths are presented. Laser radiation
initiated ablation that formed trenches in ITO. Profile of the trenches was analyzed with a phase
contrast optical microscope, a stylus type profiler, SEM and AFM. Clean removal of the ITO layer
with the 266 nm radiation was observed when laser fluence was above the threshold of 0.20 J/cm?,
while for the 355 nm radiation the threshold was higher, above 0.46 J/cm®. The glass substrate was
damaged in the area where the fluence was higher than 1.55 J/cm®. The 532 nm radiation allowed
getting well defined trenches, but a lot of residues in the form of dust were generated on the surface.
Use of UV laser radiation with fluences close to the ablation threshold made it possible to minimize
the recast ridge formation and surface contamination during the process. The latter was confirmed
by the scanning Auger spectroscopy. The processing speed of up to 0.5 m/s was achieved when us-

ing high repetition rate picosecond lasers in the UV range.
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1. Introduction

Indium-tin oxide (ITO) is commonly used in flat panel
displays and organics-based electronics as a transparent
electrode. The conventional method of making patterns is
photolithography which involves multiple processes: photo-
resist coating, exposure, developing, wet chemical etching,
stripping and baking. Other alternative low-cost methods
such as micro-contact printing are under investigation [1].
Laser direct write (LDW) is a competing technology that is
intended to be used for patterning ITO. It is a maskless, dry
process, replacing the numerous photolithographic process
steps with one laser ablation operation. LDW is a flexible
process that allows easy change of the contact pattern, mak-
ing LDW the desired production method for the organic
light emitting devices (OLED) application of the near fu-
ture with the opportunity of customization: lighting systems
for signage and dynamic advertisement [2]. Moreover, reel-
to-reel production technologies of flexible electronics are
looking for the reliable and easy to automate methods of
contact patterning.

New types of devices boost strict specifications to the
shape and accuracy of ITO processing. The well defined
edges and good electrical isolation at a short separation
between conductor lines are required for the modern OLED
and radio frequency identification devices (RFID) [2].
Sharp edges of the ablated lines should be achieved for high
resolution displays. This is especially important when the
distance between the conductor lines shrinks down to 10
um. Organic electronics devices are thin film structures
with the total thickness of active layers in the range of
100 nm. Since organic layers in the device structure are
extremely thin, ridges on edges could be the reason of

shorts in the structure, causing reduction of the working
longevity or efficiency of OLED devices.

Nano- and femtosecond lasers were applied to ITO ab-
lation [3-7]. Patterning made with solid state nanosecond
lasers provided good isolation required for photovoltaic
applications [3]. High pulse energy enabled making the
entire contact of display pixel by one laser pulse [4]. The
material removal rate was high for nanosecond lasers, and
the best results were obtained when the ITO layer and the
glass substrate were absorbing at laser wavelength. [5]. The
main drawback in using the laser direct write technologies
for OLED are ridges on edges on the ablated trenches. They
are formed by extruding the melted material by vapor pres-
sure and also by spallation of the layer from the substrate
[6]. Even the use of the F, excimer laser with extremely
short wavelength of 157 nm and pulse duration of a few
tens of nanoseconds led to formation of ridges on the trench
edges [7]. Higher quality of processing can be achieved by
ultra-fast laser pulses [8-10]. The processing speed is too
slow with the up-to-date femtosecond lasers and the ridges
still remained using IR radiation [8].

New high repetition rate short -pulse lasers offer possi-
bility of high efficiency structuring of the transparent con-
ductor on glass and other substrates. The results of ablation
of the 120 nm thick ITO layer on glass with picosecond
lasers at various wavelengths are presented. Pulse energy
and overlap as well as focal position of the lens relative to
the ITO surface were varied. Profile of the trenches formed
by laser ablation was analyzed with a phase contrast optical
microscope, a stylus type profiler, the scanning electron
microscope (SEM) and the atomic force microscope (AFM).

Use of fluences close to the ablation threshold made it
possible to minimize the recast ridge formation and surface
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contamination during the process. The latter was confirmed
by the scanning Auger spectroscopy. The processing speed
of up to 0.5 m/s was achieved when using high repetition
rate picosecond lasers in the UV range.

2. Experimental

Commercially available ITO glass (Optical Filter Ltd,
UK) with resistance of 12-ohms/sq was used in the experi-
ments. The soda lime float glass was coated with a primary
smoothening layer of SiO,, and the layer of indium-tin ox-
ide was vacuum-deposited on it. The thickness of the ITO
layer was 120 nm.

Two picosecond lasers with regenerative amplification
were used in the ablation experiments: PL2241 with 60 ps
pulse duration and 250 Hz pulse repetition rate, and
PL10100 (10 ps, 100 kHz). Both lasers were made by Ek-
spla Ltd. Nonlinear crystals were used for wavelength con-
version to UV. The objective with the focal length of
50 mm was used with the laser PL2241. The etching of
narrow trenches in ITO was made by using the PL10100
laser and the objective with the focal length of 10 mm.
Samples were moved by the XY stage with linear motors.

Various combinations of pulse energy, their overlap and
wavelength were used for etching the contact separation
lines in ITO. Series of samples were prepared by ablating
trenches in ITO with picosecond lasers, varying the wave-

length of radiation (1064 nm, 532 nm, 355 nm and 266 nm).

Point-by-point technique with different settings of motion
between shots (step) was used to form isolating lines in the
film. The parameters used in experiments are presented in
Tables 1 and 2. In addition, the fluence of laser radiation
was varied by control of the focal position of an objective.
The range of the up-down movement was limited to
+2.0mm (50 mm) and +0.4 mm (10 mm) for different
objectives. The fluence decreased with the increase in the
beam diameter. However, a larger diameter at a constant
positioning speed led to a higher pulse overlap. Shift of the
50-mm objective by the distance of 2 mm changed the spot
overlap five times.

Table 1 Samples of ITO on the glass substrate prepared with
the PL2241 laser: laser wavelength, pulse energy

and step between pulses by processing a line.

%, nm W o2 510
energy, j

8 #1 #2 #3 #4

266 20 #5 #6 #7 #8
40 #9 #10 #11 #12

80 #13 #14 #15 #16

8 #17 #18 #19 #20

355 20 #21 #22 #23 #24
40 #25 #26 #27 #28

80 #29 #30 #31 #32

40 #33 #34 #35 #36

80 #37 #38 #39 #40

532 200 #41 #42 #43 #44
300 #45 #46 #47 #48

400 #49 #50 #51 #52

We used various techniques to observe geometrical
shape of the trenches. A rough selection of the experimental
results was made by means of an optical phase contrast
interference microscope. The complete removal of the ITO

layer, ridges formation on edges and the substrate damage
were the main criteria we used for characterization. De-
tailed investigations of the grooves etched by laser radiation
were done with the Taylor Style profiler, the scanning elec-
tron microscope (SEM) and the atomic force microscope
(AFM).

Table 2 Samples of ITO on the glass substrate prepared with
the PL10100 laser: laser wavelength, pulse energy and
step between pulses by processing a line.

e
energy,

1.46 #1° #2' #3 #4°
266 1.08 #5° #6' #T #8
0.69 #9° #10° #110  #12°

Surface contaminations at the bottom of trenches and of
the original non-irradiated surface of ITO were controlled
by the Auger spectroscopy using the surface analysis
equipment LAS-3000 (Riber).

3. Results and discussion

Indium-tin oxide is transparent in the visible spectrum
range. The feature is particularly important to applications
of the material. When applying lasers for processing of ITO,
small absorption in the VIS spectrum should be taken into
account. The reflection and transmission spectra of the ITO
layer on glass and the substrate without coating were meas-
ured with the spectrophotometer Lambda 950 (Perkin
Elmer).
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0.1 Absorption spectra of the ITO and soda lime glass used in
experiments evaluated from reflection and transmission
spectra, measured in the ITO glass and the glass sub-
strate without coating.

The absorption coefficient was calculated according to
equation (1) and its values obtained from the spectra (Fig-
ure 1) are presented in Table 3.

d

I = ]() (1 _ R[TO ) ef(aITOdITO+aglass glass) (1)

Table 3 Absorption coefficient of ITO and the glass sub-
strate at various laser wavelengths, evaluated from the

reflectivity and optical transmission measurements.

wavelength 1064nm  532nm  355nm 266 nm
arro, cm’! 54%10°  1.0*10°  1.0*10*  >10°
Olglasss cm’! 0.66 0.33 0.76 1.3%¥10%
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Rapid increase of absorption was found in the UV range,
for wavelengths shorter than 350 nm. Both the substrate of
soda-lime glass (1.1 mm thick) and the ITO layer were re-
sponsible for absorption. Optical density was too high at
266 nm for measurements. The estimated value of the ITO
absorption coefficient at 266 nm was higher than
1.3*10° cm™. The ITO layer absorbed more than 70% of
laser radiation with the thickness of 120 nm. According to
[10], absorption of the ITO film with the same thickness
was about 60 % at 266 nm. Similar absorption spectra of
the substrate and ITO made difficulties in choosing the
right processing regime. Low absorption in visible and in-
frared spectra required higher pulse energy to initiate abla-
tion. The 266 nm radiation was effectively absorbed by the
substrate, and therefore it could be easily damaged by ra-
diation.

3.1 Ridges on edges of trenches

The width of trenches was measured as a function of the
laser fluence. Fig.2 shows profiles of trenches in ITO,
formed by pulses of the PL2241 laser with the wavelength
of 266 nm and pulse energy of 8 puJ. They were measured
with the Stylus profiler. The laser fluence averaged through
beam diameter is shown on the right side.

2.35J/em’

1.24 J/em’

11T

0
Ay
N

0.68 J/em®

0.56 J/em’

< »

Fig. 2 Alteration in shape of the laser etched trenches in the ITO
layer on the glass substrate depending on laser fluence.
Sample #1 (266 nm, pulse energy 8 puJ, step 1 pm).

The ITO layer with the thickness of 120 nm was fully
ablated at low energy density using the 266 nm radiation,
which is well absorbed by the oxide film. The higher laser
fluence intensified the material removal process. The width
of trenches etched with the laser varied because of local
laser fluence, the beam diameter and spot overlap that were
controlled by objective movement. Even the lowest used
pulse energy of the PL2241 laser at 266 nm and 355 nm
(8 uJ) was high enough to cause damage of the glass sub-
strate when it was placed near the focus. Grooves in ITO
and the substrate were deep (a few pm) with high ridges
around. Some part of ITO was extruded by vapor as a melt.
Solidification of the melted material formed ridges on
edges of the grooves.

Selected samples with trenches of the most acceptable
shape and quality were tested by SEM. Typical pictures of
trenches made with the 266 nm and 355 nm radiation are
shown in Fig. 3. The trenches shown in the upper row of
pictures were etched with 266 nm laser radiation, while the
grooves in the lower one were made at 355 nm wavelength.
Cases a) and c) as well as b) and d) corresponded to the
same experimental conditions. It is evident that the short-
wave UV radiation of 266 nm led to a better processing
quality. Edges of the trenches were straight and sharp,
while after the processing with 355 nm radiation a lot of
debriss was observed on the ITO surface. Even at high
overlap of laser pulses, the edges were rough because of
spallation of the ITO layer. The quality of processing with
the 532 nm radiation was even worse.

¢)
Fig. 3 SEM pictures of trenches ablated with the PL2241 laser in
ITO: a) sample #6 (266 nm, 20 pJ, step between pulses
2 um); b) sample #11 (266 nm, 40 pJ, step between
pulses 5 pm); c¢) sample #22 (355 nm, 20 pJ, step be-
tween pulses 2 pm); d) sample #27 (355 nm, 40 pJ, step
between pulses 5 pm). Z= 1.9 mm.

We used AFM for testing narrow trenches in ITO made
with the high repetition rate laser PL10100 and the short
focus objective. Pictures are shown in Fig. 4.

:

I

a) b)
Fig. 4 AFM pictures of trenches etched with the PL10100 laser

in ITO at 100 kHz. Wavelength 266 nm, laser pulse en-
ergy 0.69 ul. a) — 0.84 J/cm?*; b) — 0.58 J/em?.
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Laser fluence used for etching of lines was changed by
the shift of the objective. The resulting width of trenches
was about 24 um with the pulse energy of 0.69 pl. The
shift of the focus more close to the surface led to ablation of
the substrate. Faster movement of the sample under the
laser beam allowed us to reach the processing speed of
300 mm/s at the 130 mW average power and 100 mm/s at
the 20 mW average power with the wavelength of 266 nm
without damage of the glass substrate. The minimal width
of separation grooves was 13 um and 7 pm, accordingly.
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Fig. 5 AFM pictures of trenches etched with the PL10100 laser
in ITO at 100 kHz. Wavelength 266 nm, laser pulse en-
ergy 0.69 pl. a) — 0.84 J/em?, width 22.2 um; b) —
0.58 J/em®, width 24.2 um; ¢) — 0.15 J/em? width
34.6 um.

3D pictures of trenches are shown in Fig. 5. The sub-
strate was damaged at higher laser fluence (a), while the
incomplete removal of ITO was observed when the fluence
was too low (c). Ridges with a height of about 50-70 nm
were formed in a limited area close to the edge on one side
of the trenches (b). The reason for the ridge formation on
one side was slight asymmetry of the laser beam at the
266 nm wavelength. Ridges on the edges were in the range
of 20-100 nm even when a femtosecond laser was used [8].

Ripples with a period of ~200 nm were found at the
bottom of trenches, when the wavelength of laser radiation
was 266 nm. The height of the sub-wavelength structure
was up to 20 nm. The ripples were located along the trench
in ITO and were formed by the incompletely removed ITO
according to [5].

3.2 Ablation threshold

The width of trenches etched with laser radiation was
measured and used to estimate the energy density required
for the complete removal of the ITO layer. The parameter
differs from the ablation threshold, the minimal laser flu-
ence that corresponds to the beginning of material ablation.
According to [8], when the ablation threshold of ITO for
the 150 fs pulse duration was 0.9 J/cm* at 775 nm, the full
removal of the 150 nm thick ITO layer was done at fluence
of 2.4-4.5 J/em®. The threshold was estimated from the rela-
tionship between the laser fluence F and the diameter D of
a crater etched by a pulse [11]:

D? =20} h{i) , )
Fy
where w, denotes the beam waist.

We used the width of trench made by series of pulses
instead of a diameter. The trenches etched at various laser
pulse energies at the same height of the focus (Z) were se-
lected. Their width was plotted versus pulse energy. The
waist radius was estimated at the first step from a slope, and
the pulse energy E, was converted to the laser fluence. Lin-
ear fitting of the data was performed according to the rela-
tion D’ ~In(E,). Reliability of the results was increased by
repeating the procedure with various Z values (Fig. 6). The
pulse overlap did not differ significantly for nearby
trenches. Therefore, the lines crossed x-axis at the same
point because the threshold energy was the material pa-
rameter. A large shift of the objective (Z=1 mm) decreased
the pulse overlap 2.5 times and the threshold energy in-
creased.
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Fig. 6 Width of trenches as function of laser fluence: 266 nm,
step between pulses 2 pm (samples #2, #6, #10, #14).

Such analysis was performed for all groups of samples,
irradiated by different pulse energies. The ablation (re-
moval) threshold was estimated for ITO and the damage
threshold was found for the glass substrate. Data are pre-
sented in Table. 4. The values depended on the step be-
tween pulses because it had direct relation with the pulse
overlap.



JLMN-Journal of Laser Micro/Nanoengineering Vol. 2, No. 1, 2007

Table4  The threshold fluence for removal of the indium-tin
oxide layer with the thickness of 120 nm and for
damage of soda-lime float glass (in J/em?).
step, um 266 nm 355nm 532 nm
ITO 1 0,18 0,46 2,11
2 0,13 0,34 2,57
5 0,20 0,49 2,64
10 0,21 0,56 3,04
glass 2 1,55 1,83 4,66
ratio glass/ITO 8,60 3,96 1,80

When the 266 nm radiation was applied, the ablation of
ITO was initiated with the energy density of ~0.2 J/cm®. For
the 355 nm radiation, the threshold increased up to 0.5
J/em?, and for the 532 nm radiation, it was even 2-3 J/cm?.
The ablation threshold of the glass substrate also increased
with the wavelength of laser radiation. However, the ratio
of the ablation thresholds of glass and ITO fell down with
the increase in the wavelength. In this aspect, the 266 nm
radiation was more attractive for patterning of ITO on glass
because the working window was larger. The ablation
threshold here corresponds to the energy density required
for the complete removal of the 120 nm thick layer of ITO.

The change in the trench width by shifting the objective

(Z) reflected variation in laser fluence with a beam diameter.

The behaviour was modeled for the Gaussian beam near its
waist. Radial distribution F(r) of the Gaussian beam could
be described as:

22
F(r):FOe o ,

where r is the radius, @, is the beam waist (at 1/¢* level)

3)

and, F) is the energy density (fluence) at the beam center.
Laser fluence is related to the pulse energy:

2E

Fy=—2%. (4)

7Tay
Behaviour of the Gaussian beam near its waist can be de-
scribed only by the waist radius. The highest laser fluence
is at the beam waist in the beam center. By focusing with a
lens, the beam converges before the waist and diverges af-
ter passing it. Variation in the beam radius could be ex-
pressed by relation:

Az

2 2
TT 0)0

®)

(z) = wy,|1+

where z is the distance from the waist. The ablation takes
place in areas where the local laser fluence exceeds the ab-
lation threshold F;,. The radius of the area could be found
according to the equation:

(6)

We used equation (6) to calculate the predictive width
of trenches depending on the ablation threshold. Some re-
sults compared with experimental values for 266 nm wave-
length are presented in Fig. 7.

92000 -1000 0 1000 2000
Z, um

Fig. 7 Tsoenergetic lines of the Gaussian beam near its waist and
the width of trenches (dots) etched with a focused beam

in various focal positions relative to the surface. Sample

#1,266 nm, 8 uJ, step 1 um. Laser fluence: 1 — 1.55
Jem?; 2 — 1.05 J/em?; 3 — 0.45 J/em?; 4 — 0.20 J/em?; 5
—0.15 J/em?; 6 — Gaussian beam with the waist of 6 pm.

The real width of the trenches was in agreement with
predictions of the ablation threshold of 0.15-0.2 J/em?,
when the energy density was not too high to initiate abla-
tion of the substrate at the beam center (Z=1-2 mm). Resi-
due of glass at high laser fluence covered the real trench in
ITO, and the observed and measured width of trenches was
the width of the groove in the substrate with the threshold
fluence of 1.55 J/em®. A better agreement with theoretical
predictions was found when the multiple pulse overlap was
taken into account.

The 532 nm radiation was badly absorbed by ITO.
Therefore, high pulse energies (more than 40 pJ) were re-
quired to initiate the ablation under the same focusing con-
ditions.

3.3 Surface contamination

Special experiments were performed in order to esti-
mate the quality of the laser processing. Change in compo-
sition of the compound oxide during the laser ablation was
investigated by the Auger electron spectroscopy (AES). The
spectra were measured on the bottom of the trench and
compared with AES spectra of non-processed ITO near the
edges. The spectra are presented in Figs.8 and 9.

AES signal, a.u.
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100 300 ‘ 500
Binding energy, eV
Fig. 8 AES spectra measured on the ITO surface (1) and at the
bottom of trenches etched with the laser (2). Sample #7,

266 nm, laser pulse energy 20 pJ, step 5 pm.
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Fig. 9 AES spectra measured on the ITO surface (1) and at the

bottom of trenches etched with the laser (2). Sample
#23, 355 nm, laser pulse energy 20 pJ, step 5 pm.

Lines corresponding to the emission of Auger electrons
by indium and tin atoms were found in AES spectra. They
were observed both in the ITO layer and at the bottom of
trenches as residue of the ablation process. The origin of the
Si line was silicon oxide, the main material of glass. Its
evidence in AES spectra is an indicator of the complete
removal of the ITO layer. Oxygen is incorporated into both
ITO and glass, but the carbon line is caused by the surface
contamination with organic materials.

By comparing AES spectra measured in samples pre-
pared with 266 nm and 355 nm laser radiation, maintaining
all other experimental conditions identical (Fig.8 and Fig.9),
indium-tin oxide was removed more efficiently and clean
with the 266 nm UV light. In fact, no In or Sn were ob-
served at the bottom of the trench. The 335 nm radiation
under the same conditions was not able remove completely
the ITO layer due to the lower absorption and higher abla-
tion threshold. The quality of removal became even much
worse when laser fluence was increased by decreasing the
distance Z to the focal plane of the objective. As the energy
density exceeded significantly the ablation threshold, the
bad quality was related to splattering of the material. Resi-
dues of ITO and glass were spread all over the surface. An
indicator of the spreading was Si-oxide line on the ITO
surface. This means that even close to the ablation thresh-
old the substrate was ablated using the 355 nm radiation,
while for 266 nm radiation far away from the threshold, the
patterning was only in the ITO layer.

4. Conclusions

Picosecond lasers were used for patterning of ITO on
the glass substrate. Depending on the local laser fluence
and wavelength, the quality of processing was different.
Clean removal of the ITO layer at the 266 nm radiation was
observed above the threshold of 0.20 J/cm®. The processing
speed was up to 0.5 m/s when the average power of the
laser was 150 mW at the 100 kHz pulse repetition rate. The
minimal width of the trench was 7 pm.

The ablation threshold for the 355 nm radiation was
higher, above 0.46 J/cm®. Spallation of the ITO layer led to
rough edges of trenches. Edges of trenches were found to
be thermally affected by the use of 532 nm radiation.

The glass substrate was damaged in places where the
fluence was higher than 1.55 J/cm®. The processing pa-
rameters should be carefully selected because the substrate

can be damaged when the laser fluence is too high. The
266 nm radiation provided a wider processing window.

The use of fluences close to the ablation threshold made
it possible to minimize the recast ridge formation and sur-
face contamination during the process. The latter was con-
firmed by the scanning Auger spectroscopy.

UV picosecond lasers with the high repetition rate were
found to be a good alternative to conventional photolitho-
graphy for flexible patterning of ITO.
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