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Indium Tin Oxide (ITO) is widely used material for example in displays or solar cells. In this work
we focused on increasing the productivity and processing quality of ultra-short pulsed laser ablation
of ITO with MHz and GHz bursts. Thick ITO films could not be ablated with one pulse, preventing
optical stamping. With MHz bursts thick (200 nm) ITO films could be completely removed with one
burst. Moreover, the ridge height around the ablated lines were diminished. On the other hand, GHz
bursts could not completely remove the ITO film. Ablation with bursts with tens of sub-pulses result
in ablation results in increasing ridge height. With MHz bursts the productivity and quality could be

greatly enhanced.
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1. Introduction

Indium tin oxide (ITO) owns its popularity amongst mul-
tiple applications to its high transparency in the visible re-
gime with simultaneously high electrical conductivity. Ul-
tra-short pulsed (USP) laser ablation enables precise pro-
cessing of wide-band gap materials such as ITO. Therefore,
USP laser micro-machining of ITO thin films has been ex-
tensively studied. However, USP laser micro-machining is
still restrained by its lack of productivity. Three approaches,
in particular, high repetition rate lasers in conjunction with
fast beam deflection methods, parallel processing with mul-
tiple beams or pulse bursts are utilized to improve produc-
tivity.

In most studies of ITO USP laser ablation, full removal
of a thicker ITO film (>100 nm) could only be attained with
multiple pulses [1-4]. However, the need for multiple pulses
excludes single shot ablation on the fly with shaped beams
[5]. On the other hand, substrate side ablation facilitates a
complete removal, even of thicker ITO films, with one pulse
[4,6,7]. But at the same time, high ridges have been reported
[7-9]. In conclusion, a combination of low ridges and a com-
plete film ablation with a single pulse is preferential, ena-
bling optical stamping or fast beam deflection.

The bandgap of ITO ranges between 3.5 eV to 4.2 eV
and the equilibrium free charge carrier density ranges in the
order of 10%° cm™ to 10?! cm™ [10-12] and depends in the
tin doping content. Owing to the doping, new energy levels,
overlapping with the conduction band, are introduced. For
ITO cascade ionization dominates multiphoton absorption
[11,13]. Hence, a fast free carrier generation in response to
laser irradiation increases the reflectivity within the ultra-
short pulse duration [7,8,11]. By electron-lattice coupling a
liquid-gas mixture forms at around few tens of picoseconds
[7-9], rendering the irradiated area absorptive in pump-
prober experiments. At around 100 ps the film starts to bulge
at the crater’s edge. The crater’s center remains dominated
by the liquid-gas mixture up to a few hundreds of

251

picoseconds for lower peak fluences and up to 1 ns for
higher fluences. For higher delay times a disintegration of
the film was observed. [7,8]

Double pulse ablation studies with various time delays
showed shielding and even material re-deposition [14—18],
deemed the “valley of death”. It ranges from ca. 100 ps to
several hundreds of picoseconds for various metals. For
MHz burst laser ablation of copper and aluminum an oscil-
lating volume efficiency has been reported, with local max-
ima for odd number of pulses in a burst [19-26] but not for
steel [23-25]. For GHz burst an efficiency increase is ex-
plained by heat accumulation [27-30]. Forster et. al. [18]
have summarized multiple studies with different number of
pulses per burst (PPB). For a smaller PPB (<30) shielding
decreases the energy specific volume. For several tens to
hundreds of pulses the energy specific volume increases.
MHz burst are additionally used for polishing [31-34]. For
dielectrics an increase in ablation efficiency for GHz and
MHz burst was reported [35-38].

2. Materials & Methods

An ITO (180 nm, 10 /o) thin film on soda-lime glass
with an intermediate SiO, passivation layer was purchased
from Prézisions Glas & Optik GmbH and was used for all
experiments. The film thickness was validated by transmis-
sion electron microscopy. Transmission and reflectance
spectra were measured and the Tauc-Lorentz-Drude model
for the susceptibility was fitted with the transfer matrix
method [39,40] to the data. The real and imaginary part of
the susceptibility as well as the electron-mobility ,-density,
film thickness and the band gap were determined. The for-
mula for the Tauc model is given in [41].

The experiments were conducted with a 1030 nm ultra-
short pulsed (USP) laser (Carbide, Light Conversion) at
300 fs with a measured beam diameter of 24.1 pm. The in-
ter-pulse delay within a burst train for GHz and MHz bursts
is 400 ps and 16 ns, respectively. The utilized burst fluences
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were selected such that the sub-pulse fluences are compara-
ble across different burst lengths The burst fluences range
from below the ITO single pulse threshold fluence to
20 J/cm?. Up to 25 PPB were used for GHz burst ablation
and up to 15 for MHz burst ablation. For steady state results
up to 200 pulses were shot at the same location with a repe-
tition rate of 1 kHz in order to suppress heat accumulation.

Topography measurements were conducted with a white
light interferometer (NewView NX, Zygo) and an atomic
force microscope (AFM, N8 RADOS, Bruker nano GmbH).
The depth was determined according to EN ISO 5436 A2
[42] and the width from profiles along the crater’s short axis
around 5 nm below the reference surface. Ten pulses were
averaged. Threshold fluences ¢, and effective diameters
oer were determined by Liu’s method [43]. Volumes were
determined from the measured topography. In conductive
thin film ablation a galvanic separation is the aim of the pro-
cess. It is achieved by completely removing the conductive
thin film. Therefore, an additional measure besides the vol-
ume efficiency is used - the depth efficiency (DE). The vol-
ume efficiency peaks at e2 + 7. The optimum fluence with
respect to the DE is e * ¢py,.

For MHz bursts and steady state results the transmitted
energy of each pulse is measured with an integrating sphere
(2P3/M, Thorlabs), a photodiode (PDA10A2, Thorlabs) and
an oscilloscope (PS6452, PicoScope). 75 % pulse overlap
was chosen for line ablation. The necessary scan speed was
calculated from the measured single spot ablation crater di-
ameters for each parameter set. A repetition rate of 200 kHz
was used. The threshold fluence of the glass substrate is
3.1 Jem?.

3. Results
3.1 Material Characterization
The optical fit as well as the electron transmission mi-

croscopy measurement confirms the film thickness of
180 nm (Fig. 14).

Table 1 Calculated ITO properties from Tauc-Lorentz-Drude
model fit.
Property Value
Band gap 3.5eV
thickness 175 nm
Electron mobility 12.8 Qcm™!
Sheet resistance 10 Q/o

3.2 Steady State Ablation

For steady state ablation, the threshold fluence does not
change for ablation with 1 to 5 pulses. For ablation with 6 or
higher PPB, the threshold fluence slightly decreases. The
crater diameters do not change with the number of incident
pulses. For higher fluences up to 12 J/cm? the film cannot be
removed with a single pulse. The DE decreases with an in-
creasing total fluence (Fig. 12). The DE slightly increases
with the number of pulses.

The measured transmission decreases with the fluence
(Fig. 11). The reflection and absorption increase. The de-
crease is independent of the number of previous pulses. For
fluences greater than 0.8 J/cm? and from two pulses onwards
the formation of LIPSS is observed (Fig. 4). A blueish
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concentric region around the crater and at low fluences was
measured by AFM (Fig. 1). It is neither a modification nor a
delamination nor a heat affected zone. It is a partial ablation
of ITO grains. Moreover, the material was partially melted
and re-solidified, indicated by the droplets.

Fig. 1 Microscope images of an ablation crater ablated with 4
pulses with a pulse fluence of 0.45 J/cm? at 1 kHz and for 3 pulses
at 0.33 J/cm? (right, bottom) and the respective AFM image (right,

top).

3.3 GHz Burst Ablation

A slightly higher volume efficiency is noticed for the
same number of pulses as compared to the steady state abla-
tion. For 5 and 6 pulses the DE exceeds the DE of the steady
state case and reaches its maximum of 15 nm/pJ at 1.2 J/cm?
for >7 PPB. The DE then decreases with increasing fluences.
The DE remains below the single pulse case for bursts with
<5 PPB for all fluences. The diameter is larger than for the
steady state case. It approaches the single pulse ablation case
with the same fluence as the sum of the individual pulse flu-
ences. No LIPSS formation is observed.

The depth changes stepwise (Fig. 2). For 2 to 5 pulses
multiple steps are observable. The steps are pronounced and
the depths do not increase until a significant higher fluence
is incident. The sub-pulse threshold fluence decreases with
the number of PPB.
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Fig. 2 Ablation depth with GHz bursts with increasing number of
PPB.

3.4 MHz Burst Ablation

The single pulse threshold fluence decreases with the
number of PPB. The volume efficiency for 5 pulses within a
MHz burst is higher than the steady state or GHz burst case.
Further analysis of the DE for higher PPB (>15) was not
possible because the film was completely ablated. The DE
exceeds the steady state case at 0.8 J/cm?. The maximum DE
is located at ca. 1.2 J/cm? for up to 7 PPB and shifts to higher
total fluences for higher PPB numbers. No pronounced
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stepwise depth increase is observed with regards to the total
fluence.

For total fluences below the burst threshold fluence, an
uplift of the ITO film is observed and cracks forming in the
center of the uplift. The formation of LIPSS cannot be con-
firmed with certainty. For higher fluences, structures parallel
to the polarization direction exist.

Fig. 3 Microscope (left) and AFM (right) images after

a) GHz burst with 3 PPB at 1 J/cm? and a depth of 75 nm

b) MHz burst with 2 PPB at 2.2 J/cm? and a depth of 110 nm
¢) MHz burst with 5 PPB at 1.85 J/cm?, depth = 177 nm

d) GHz burst with 7 PPB at 1.2 J/cm?, depth = 114 nm
e) a single pulse at 1.2 J/cm?, depth = 85 nm.

The transmission decreases with increasing fluence for
all sub-pulses within a burst. The transmission decreases
with each subsequent sub-pulse within the burst. The reflec-
tion was not measured. For fluences lower than the single
pulse threshold fluence, a decrease in transmission is observ-
able for subsequent pulses.

3.5 Line Ablation

For lines processed with single pulses and a pulse over-
lap of 75 % at a repetition rate of 200 kHz the threshold flu-
ence decreases compared to single pulse ablation. Even at
the lowest burst fluence ITO is completely removed for the
examined MHz burst cases (2 PPB and 5 PPB). In the GHz
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case (7 PPB) the ITO is only considered fully removed
above 3.3 J/em?.

Fig. 4 a) Formation of LIPSS for 3 pulses at 1 kHz and 0.9 J/cm?.
b) LIPSS in a scanned line with 200 kHz, 75 % pulse overlap,
0.6 J/cm? and 2 PPB in a MHz burst. The special frequency of the
LIPSS is 941.3 nm. Dashed lines guide the eye to find the outline
of individual craters.

Very noticeable LIPSS are observed for all cases except
for the GHz burst case (Fig. 4). The line width for the burst
cases is larger than for the single pulse case at the same sub-
pulse fluence but smaller than the single pulse case at the
same total fluence.

Table 2 Line width for constant burst/pulse fluence and con-
stant sub-pulse fluence.
fluence width [pm]
[J/cm?]
sub-pulse 1 pulse MHz MHz GHz
width 2 PPB 5 PPB 7 PPB
0.25 9.7 11.6 17.0 21.7
total
0.83 19.2 15.9 13.8 15.6
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Fig. 5 Ablation depth for lines. Pulse overlap 75 %, pulse fre-
quency 200 kHz. For comparison single pulse ablation results for 4
pulses with a repetition rate of 1 kHz are shown.

4. Discussion

In general results from e.g. 2 PPB and 3 PPB are not
completely comparable since the energy per single pulse
varies (Fig. 13).

Steady State Ablation

The increase in reflection is attributed to a rapidly gen-
erated free electron plasma which is significantly more re-
flective. At the same time the electron plasma is more
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absorptive and therefore the measured transmission de-
creases. No significant change in transmission with the num-
ber of pulses is observed (Fig. 10), even though the remain-
ing ITO becomes thinner after each pulse. The transmission
decreases for fluences below the threshold fluence. This de-
crease is attributed to multi-photon absorption and measured
by the z-scan method [44]. For all cases, steady state, GHz
bursts or MHz burst, the first pulse is the most efficient in
terms of volume removal per incident energy. Every addi-
tional incident pulse removes roughly the same amount of
volume Vs for a constant sub-pulse fluence ¢. The first
pulse however removes Vuise + Viniriat. Therefore, the volume
efficiency asymptotically trends towards

n: Vpulse + Vinitiar _ Vpulse
n-¢ ¢
The existence of an initial volume Vi, caused by a

minimum ablation depth, has been noted [45] and the Fur-
manski model [46] was updated.

lim

n-oo

M

GHz Burst Ablation

The depth efficiency is lower than the single pulse abla-
tion efficiency for up to 6 PPB. The DE then increases for
higher burst fluences. This effect has been observed before
as mentioned in 1. For higher fluences the film is never com-
pletely ablated. At higher sub-pulse fluences shielding limits
further energy deposition. For lower burst fluences
(<0.8 J/cm?) shielding dominates the heat accumulation and
the DE is lower than for the steady state case.

04- —— e

depth [nm]

X [um]
Fig. 6 Ablation crater cross sections measured by white light in-
terferometry for a MHz burst with 5 PPB. An example for a para-
bolic “sub-crater” is highlighted by a dashed line.

The very pronounced stepwise change in depth with re-
gards to the fluence is only present for ca. up to 9 PPB. For
higher PPB numbers the sub-pulse fluence has dropped be-
low the single pulse threshold fluence in the examined range.
The stepwise depth change might be associated with the
shielding by an absorbing fluid-gas layer. The energy is
mostly absorbed in the fluid-gas layer which is than expelled
in a spallation event. Only if the transmitted fluence than ex-
ceeds a critical fluence, a “sub-crater” with a parabolic shape
forms (Fig. 6). Multiple spallations, also for single pulse ab-
lation, and the formation of “sub-craters” have been ob-
served before [7,8,45]. The ridge height increases further for
higher PPB (>6). This indicates a more violent ablation
event. We hypothesize that lower sub-pulse fluences have a
penetration depth closer to an un-irradiated film (10.4 pm).
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Therefore, the whole film is thermalized further with each
sub-pulse and then it disintegrates rapidly, creating high
ridges. At lower PPB the sub-pulse fluences are high enough
to induce spallation, which in turn generates higher ridges.
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Fig. 7 depth efficiency for GHz bursts (top), MHz bursts (bottom).

MHz Burst Ablation

As for the GHz burst case, the DE is lower as the steady
state case for lower fluences and then exceeds the steady
state case above 0.8 J/cm?. The DE is not noticeably higher
than for GHz bursts. However, MHz bursts are able to fully
remove the ITO film. But for 2 and 3 PPB a pronounced DE
decrease as compared to GHz bursts is observed. The spalled
film might be redeposited. The DE oscillates with the num-
ber of PPB, having local maxima at odd PPB numbers. How-
ever, the highest DE is found at 5 PPB, whereas aluminum
or copper typically have a volume efficiency maximum at
3 PPB. 3 PPB might be less efficient because they also seem
to be limited in depth at around 150 nm as observed for GHz
bursts. For all PPB numbers the DE maximum is found at
1.2 J/em?. For 3 PPB this results in a higher sub-pulse flu-
ence as compared to 5 PPB. Therefore, the higher reflectiv-
ity increase might limit a more efficient ablation at 3 PPB.
Even PPB numbers clear the ablation plume and therefore
have lower DE.

For higher PPB numbers the same explanation for in-
creasingly higher ridges is considered as for GHz bursts: the
sub-pulses thermalize the film and then a rapid phase explo-
sion might occur. For lower PPB numbers the ridge height is
diminished. The ridges might be shattered by redeposited
particles and scattered radiation or sub-threshold melting
and re-solidification (Fig. 3). For lower PPB numbers the
material is fully ablated before the next sub-pulse. Therefore,
the radiation is not absorbed by a liquid-gas mixture as for
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the GHz case and can penetrate deeper into the material, re-
sulting in a superior film removal.

/ scattered

Fig. 8 a) ablation crater with MHz burst, 2 PPB at 1.2 J/cm? b) GHz
burst with 12 PPB at 1.2 J/cm? ¢) MHz burst, 12 PPB at 1.85 J/cm?.

5. Conclusion

The single pulse threshold fluences for all bursts de-
crease with an increasing number of PPB. The decrease is in
accordance with the incubation theory. From the steady state
experiments we conclude that persistent material modifica-
tion, such as the introduction of color centers do not contrib-
ute significantly to the decrease of the sub-pulse threshold
fluence observed for bursts. Multi-photon absorption in ITO
is less important in supplying free electrons. ITO is doped
and free electrons are already present [11]. Therefore, we as-
sume that heat accumulation is the driving process behind
the threshold fluence decrease. For longer inter-pulse delays,
the material cools further down. Therefore, a higher incuba-
tion factor was measured for GHz bursts as compared to
MHz bursts. For lower sub-pulse fluences, coinciding with
more PPB, we hypothesize that a full thermalization of the
film leads to a rapid ablation.
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Fig. 9 Burst threshold fluence for bursts with different numbers of
PPB. The steady state case was produced with 1 kHz. The black
line highlights the single pulse threshold fluence. An incubation
model was fitted.

More PPB have been compared to nanosecond ablation
[18]. The same is thought to be applicable for ITO. With
MHz bursts a full film removal is possible. MHz bursts up
to 3 sub-pulses reduce the ridge height. With GHz bursts a
full film removal is not possible even for high sub-pulse flu-
ences and 25 PPB. This is attributed to shielding by a liquid-
gas mixture. More PPB result in higher ridges, resembling
nanosecond ablation results. With MHz bursts, especially
with 2 and 3 PPB, ridge free lines could be fully ablated. The
line width is reduced as compared to single pulse ablation.

Overall MHz burst ablation for ITO thin films seems
very promising. Multiple issues are solved at once. First, a
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full removal even of thick ITO films is possible with one
burst, enabling optical stamping. Second, ridges have been
almost completely suppressed for 2 to 4 PPB. Third, the
depth efficiency is increased, enabling faster processing
speeds.
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