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Maskless  patterning  of  biocompatible  Ta2O5/Pt/glass  sensor  chips  can be  realized  by  ultra-short  laser
pulse  ablation.  At a fluence  of  0.2  J/cm2, the  thin  Ta2O5 film  is  selectively  lifted-off  by indirectly-induced
ablation  at  laser  wavelenghts  where  the  Ta2O5 is  transparent  and  the  Pt  absorbing.  This  enables  pre-
cise  and  very  fast  structuring.  Here,  660  fs  laser  pulses  at  a center  wavelength  of  1053  nm  are  applied.
The driving  physical  effects  of  this  ablation  mechanism  are  revealed  by pump-probe  microscopy.  This
technique  allows  the  observation  of  the  whole  ablation  process  ranging  temporally  from  femtoseconds
aser ablation
ump-probe microscopy
hin film
ltra-short pulse laser

to microseconds.  An ultrafast  heat-expansion  in  the  absorbing  Pt,  initiating  a  shock-wave  to  the  Ta2O5

within  the  first  10 ps,  bulges  the  Ta2O5 film  after  some  nanoseconds.  Bulging  velocities  of  750  m/s  are
determined  corresponding  to  an  extreme  acceleration  of  about  1010 g.  Exceeding  the  stress  limit  in  the
Ta2O5 causes  film  disintegration  after  50 ns. A model,  describing  essential  reaction  steps,  is  developed.
This  model  is  also  applicable  to other  industrial  important  layer  systems,  where  thin  transparent  films
have  to  be  removed.
. Introduction

Thin film systems play an important role in state-of-the-art
ndustrial technologies used for e.g., thin-film solar cells and
iosensor chips. The latter are applied in life sciences for bio-

ogical screening and molecular diagnostics. Advantages of these
iocompatible sensor chips are their compactness and their ability
o parallelize measurements [1,2]. They allow to analyze electrical
roperties or signals of living cells. The electrodes of the here inves-
igated sensor chip are structured out of a conducting platinum (Pt)
ayer sandwiched between an isolating tantalum pentoxide (Ta2O5)
lm on top and glass substrate below (Fig. 1(a)). Laser processing
nables fast and cost efficient structuring of various chip patterns
n contrast to photolithography, where each design affords a new

ask.
For the electrical contacting of the electrodes, the Ta2O5 has

o be removed locally from the underlying Pt. If the chip is laser

reated at a wavelength of 1053 nm,  the Ta2O5 is transparent and
he laser energy is absorbed in the Pt layer (Fig. 1(a)). The Ta2O5 can
e lifted-off on a circular area by a single laser pulse. The resulting
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© 2013 Elsevier B.V. All rights reserved.

ablation spots – almost ideal blind holes – are free from thermal
effects like cracks or burrs and the Pt shows no damages [3]. A
confocal image of the described ablation spot in a 100 nm thin
Ta2O5 layer is shown in Fig. 1(b) and the corresponding cross sec-
tion in Fig. 1(c). The observed ablation type can also be found in
other thin film systems, where a transparent film is removed from
a massive absorbing substrate [4–8]. The needed fluence for the
ablation of about 0.1 J/cm2 is too low for an evaporation process [3].
Thus, other physical mechanisms have to be involved causing the
ablation.

A simple explanation of the so called “indirectly-induced abla-
tion” was, that the pulse energy is absorbed and maintained within
an only few 10 nm thick Pt interface layer due to the short metallic
absorption length and due to the also short heat dissipation length
for ultra-short laser pulses [9,10]. It was suggested, that the ultra-
fast heating could result in an expansion, either by the solid, liquid
or vapor phase of this interface layer leading to the lift-off of the
overlaying Ta2O5 [8].

To obtain a more detailed understanding of the involved phys-
ical mechanisms, the transient behavior of the ablation process is
studied in this work by imaging pump-probe microscopy. Ques-

tions that need to be addressed are: Which transient states of
matter appear throughout the ablation process and when does
mechanical motion begin and lead to the removal of matter?

dx.doi.org/10.1016/j.apsusc.2013.11.086
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
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Fig. 1. Structuring method and ablated spot: (a) The laser pulse (� = 1053 nm,
�  = 660 � = 0.2 J/cm2) irradiates the sample (100 nm Ta2O5/200 nm Pt) and is
absorbed in the Pt layer; The overlaying Ta2O5 is removed selectively with clean
e
A

o
m
a
T
t
c
d
r
a
[
[

t
b
t
t
fi
a
T
b

reaction is in both cases initiated by the 660 fs pump pulse.

F
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�

dges and without detectable thermal damages: (b) Confocal microscopy image; (c)
blation cross section.

Pump-probe microscopy experiments with femtosecond res-
lution have been carried out to investigate the ablation of bulk
aterial [11,12], the layer-side ablation of thin metal films [13,14]

nd the indirectly-induced ablation of SiO2 thin films from Si [15].
he optical delay lines used were limiting maximal delay times
o 10–20 ns, which is too short to monitor the actual lift-off. In
ontrast, nanosecond pump-probe microscopy with electronically
elayed probe pulses enables infinite delay times, but does not
esolve the early ultrafast steps of that process. This method was
pplied e.g., to study the ablation of silicone from a Ti absorber
16] and the removal from Ti or TiN layers from glass substrates
17].

To enable the observation of the entire ablation process main-
aining a sub-picosecond resolution in the first 4 ns, a setup was
uild up combining an optically delayed probe pulse with an elec-
ronically delayed sub-nanosecond probe pulse for higher delay
imes [18,19]. Here, the selective removal of thin transparent Ta2O5
lms on an absorbing Pt film and a glass substrate initiated by
 660 fs laser pulse is investigated over the whole ablation time.
herefore, ultrafast transient intensity changes of the reflected and
ackscattered light are analyzed.

ig. 2. Pump-probe microscopy setup: 660 fs laser pulses are divided (pol. BS 1) into pum
ranch), illuminating the reaction area. The probe pulses are frequency doubled (SHG) a
t  > 4 ns a ps laser source emits electronically triggered probe pulses. The reflected probe
ience 290 (2014) 368– 372 369

2. Material and methods

Here the investigated layer system consists of a 200 nm thin
Pt film, which is deposited by RF sputtering on a 3′′ glass wafer
(0.5 mm).  Ta2O5 layers (100 and 300 nm respectively) are deposited
on the Pt film by ion-assisted electron-beam evaporation.

The ablation process is analyzed by pump-probe microscopy
(Fig. 2). Therefore, ultra-short laser pulses (pulse length = 660 fs
FWHM;  center wavelength � = 1053 nm;  repetition rate = 500 Hz)
are used. A composition of a half wave plate and a polarizing beam
splitter (pol. BS 1) enables the division of those pulses into pump
and probe pulses (applied ratio of 90 to 10%).

On the pump-path (red), shutter 1 separates single pump pulses,
which are focused on the sample (focus radius = 22 �m at e−2 inten-
sity) to initiate the ablation. On the probe path, a second harmonic
generation module (SHG) frequency doubles the probe pulses used
for illuminating the sample on an area of about 300 × 300 �m2.
A linear translation stage optically delays the probe pulses up to
a maximum delay time of �t = 4 ns limited by the length of the
translation stage. To enable the observation of longer delay times
up to 30 �s, the initial probe path is blocked by shutter 2 and a
600 ps FWHM laser source (� = 532 nm)  emits electronically trig-
gered probe pulses. The optical paths of the probe pulses emitted
by the two different laser sources are superimposed in beam split-
ter 2 (pol. BS 2). A combination of a polarizing beam splitter (pol. BS
3) and a quarter wave plate allows the perpendicular illumination
of the sample and its imaging by a microscope and a CCD camera
(calculated optical resolution R = 0.61 �/NA = 1.22 �m).  To record a
series of pictures at different delay times, the sample is moved to a
new position for every image, irradiated by a pump pulse and illu-
minated by a probe pulse at the chosen delay times. Further setup
information, including also the measuring procedure and the image
processing, are given elsewhere [18].

The optical and electronic delay achieves a temporal resolu-
tion of 840 fs and 800 ps, respectively. These values correspond to
the cross correlation times of pump and probe pulse. The ablation
The quantitative relative reflectivity change
�R/R = (Rduring−Rbefore)/Rbefore is determined in the spot cen-
ter by analyzing the grey scale value of 25 pixels (=1.4 �m2)

p pulses (red pump branch), initiating the reaction, and probe pulses (green probe
nd temporally delayed by an optical delay line up to delay times of �t < 4 ns. For

 pulses are imaged by a microscope objective on a CCD camera.
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Rbefore = normalized reflectivity before sample irradiation;
during = normalized reflectivity at �t). Reflectivity changes
2% can be detected.

. Results and discussion

To define appropriate structuring fluences for the selective
emoval of the investigated Ta2O5 layers, the corresponding abla-
ion threshold fluences have to be determined. Therefore, the
ommon method described by Liu [20] applying Eq. (1) is used.

2 = 2ω2
0 ln

�

�thr
(1)

D indicates the ablated spot diameter, ω0 the beam focus radius,
thr the threshold fluence, and � the applied pulse peak fluence.
his model, originally describing bulk material, was  proven to be
alid also for thin dielectric films [21] and for thin film photovoltaic
aterials [22]. According to Eq. (1), the experimental measured

quared ablation diameters should lay on a straight line when plot-
ed over the logarithm of the applied fluence. The intersection point
f this fitted graph with the abscissa at D2 = 0 cm2 indicates the
hreshold fluence �thr. Results show a good agreement of fitted
raph and data points over more than one order of magnitude in
uence (Fig. 3). This indicates an almost ideal threshold behavior

or both samples in this fluence interval. The ablation threshold
uences are determined to be �thr = 0.02 J/cm2 (100 nm Ta2O5) and
thr = 0.07 J/cm2 (300 nm Ta2O5) (accuracy = ±5%).

Pump-probe images of the ablation process in top view are
hown in Fig. 4. Two samples with different Ta2O5 layer thicknesses
100 nm in the upper two rows and 300 nm in the lower two rows)

re compared. The Pt layer thickness (200 nm)  and the irradiation
uence just above the threshold (0.2 J/cm2) are kept constant. The
orresponding delay times are indicated in the left upper corners
f the recorded pictures.

ig. 4. Top view pump-probe images at different significant delay times (left upper corne
00  nm Pt ablated with a 1053 nm/660 fs (FWHM) pulse at a pulse peak fluence of � = 0.2
thr

100 nm (�thr = 0.02 J/cm2) and 300 nm (�thr = 0.07 J/cm2) Ta2O5 films on an absorbing
200  nm Pt layer. The squared ablation diameters are plotted over the applied fluence.

Around delay time zero (�t  = 0 ps) the pump pulse is transmit-
ted through the Ta2O5 and absorbed by free electrons in a thin Pt
interface (optical penetration depth = 14 nm;  thermal penetration
depth = 8 nm)  [9,10].

Within the first 10 ps, a dark circle appears in the irradiated area
for both layer thicknesses (Fig. 4). The relative reflectivity decreases
to −30% (100 nm Ta2O5) and to −40% (300 nm Ta2O5) (Fig. 5),
respectively. The free electrons in the Pt transfer their energy to
the lattice leading to ultrafast heating and melting [23,24] result-
ing probably in a confined phase explosion [19]. At that delay time
the Pt has still the density of a solid, but the mean thermal energy

of a liquid or a gas. The state of matter can be described now as
super-critical. The reflectivity decrease can be explained with the
formation of an inhomogeneous gas-liquid mixture, scattering the
probe light [11]. Similar observations were made for direct laser

r of every image) of 100 nm (top two rows) and 300 nm (lower two rows) Ta2O5 on
 J/cm2.



S. Rapp et al. / Applied Surface Science 290 (2014) 368– 372 371

Fig. 5. Temporal change of relative reflectivity change (�R/R) in the spot center after
irradiation with a single 660 fs laser pulse at a fluence of � = 0.2 J/cm2. Two  different
layer thicknesses are investigated (black squares: 100 nm Ta2O5 on 200 nm Pt; red
circles: 300 nm Ta2O5 on 200 nm Pt). (For interpretation of the references to colour
in  this figure legend, the reader is referred to the web  version of this article.)
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Fig. 6. Determination of the temporal layer bulging height (right axis) of two differ-
ent  layer thicknesses (black squares: 100 nm Ta2O5 on 200 nm Pt; red circles: 300 nm
Ta2O5 on 200 nm Pt). The bulging height is calculated by analyzing the interference

At 50 ns the pictures of both samples show the disintegra-
tion or fracturing of the layer, when the tensile stress in the film
exceeds the stress limit. Small particles – that cannot be individ-

F
r

blation of bulk metals [19] and semiconductors [11], where the
aterial ejection of Pt would begin at this point in time. For delay

imes longer than 10 ps the confined ablation process differs drasti-
ally from the direct laser ablation. The inertial confinement by the
ransparent Ta2O5 is preventing the absorbing metal from evapo-
ating out of the gas-liquid mixture. Thus, a steep rise of pressure
ust occur creating a shock-wave and transferring the energy from

he interface layer to the transparent film [25].
After 100 ps, the irradiated spot on the sample with 100 nm

a2O5 layer displays a reflectivity increase to a maximum of +25% at
00 ps (Fig. 4, upper row, and Fig. 5, black squares). The transferred
nergy causes the transparent layer to bulge. Adiabatic cooling
ue to expansion of the volume around the interface leads to
ondensation of the gas-liquid mixture. Thus, the observed reflec-
ivity increase can be explained by the creation of the liquid phase
nd its higher reflectivity compared to the reflectivity of the solid
hase.

In contrast, on the 300 nm Ta2O5 sample the increase of reflec-
ivity starts delayed and has its maximum at 1 ns at a value of +35%
Fig. 4, middle row, and Fig. 5, red circles). The three times thicker
a2O5 layer displays more inertia and stiffness leading to a slower
echanical reaction resulting in a delayed condensation.
The motion of the Ta2O5 film leads to the creation of Newton’s

ings – interference rings of light reflected from the curved film and
he flat Pt surfaces [15]. At about 300 ps, the first Newton’s ring is
reated on the sample with 100 nm Ta2O5, indicated by a second
inimum in reflectivity (Fig. 5, black squares, last data point). The

ump-probe image after 500 ps shows this first Newton’s ring at a

lightly longer delay time (Fig. 4, first row). From that delay time

ig. 7. Simplified model in side view to the series of measurements (series A: 100 nm Ta2

eaction steps with corresponding reaction times in the bottom two  rows are shown.
order of Newton’s rings (left axis) by formula 1. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web  version of this
article.)

on the bulging height d of the Ta2O5 can be measured by counting
these rings and applying Eq. (2)

d = m
�

2
, (2)

where m describes the interference order and � the illuminating
wavelength. The number of Newton’s rings increases with time up
to 2 ns indicating the bulging of the Ta2O5 dome. At 5 ns and 10 ns
the number of Newton’s rings is too large to be spatially resolved
by the used setup (Fig. 4, upper series). On the 300 nm Ta2O5 sam-
ple, the creation of Newton’s rings starts later at about 2 ns, when
the reflectivity reaches a minimum (Figs. 4 and 5, red circles, last
data point). The delayed onset confirms the argumentation of a
higher layer inertia given before. The number of rings and the cor-
responding bulging height increase at delay times of 5 and 10 ns
(Fig. 4, last row). The obtained data for both layer thicknesses are
plotted in Fig. 6. A linear increase of the bulging height can be
observed with constant bulging velocities of v = 750 m/s  (100 nm
Ta2O5) and v = 140 m/s  (300 nm Ta2O5). The acceleration must have
occurred at the onset of mechanical motion, that was determined to
delay times of about 0.2 ns (100 nm Ta2O5) and 1 ns (300 nm Ta2O5)
(Figs. 4 and 5), when delamination started. These results agree
well with the height measurements in Fig. 6, when the bulging
height equals zero (linearly fitted and extrapolated dotted lines),
whereas, a steep acceleration has to be assumed for the 100 nm
layer after 200 ps. A simple estimation shows that the acceleration
value within delay times of about 1 ns has been in the order of 1010

to 1011 g.
ually resolved by the used objective – are created for the thinner

O5 on 200 nm Pt; series B: 300 nm Ta2O5 on 200 nm Pt) displayed in Fig. 4. Essential
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ayer and larger pieces for the thicker one. At 100 ns the material
s leaving the depth of focus and is further propagating at 500 ns.
he final state displays a clean cylindrical ablated area without
etectable thermal damages in the remaining material for both

ayer thicknesses (Fig. 4 last pictures of both series of measurement
nd Fig. 1).

The observations and the state-of-the-art knowledge of surface
aser ablation can be composed to the model displayed in Fig. 7.
he reaction initiation – the pulse absorption in the Pt (0 ps) – is
ollowed by energy transfer to the Pt lattice, subsequent ultrafast

elting and the creation of a gas-liquid-mixture at the surface of
he layer. The inertial confinement by the transparent Ta2O5 leads
o a steep rise of pressure and temperature; both creating a shock-
ave (10 ps) and an energy transfer from the interface layer to the

ransparent film. At around 100 ps the transparent film delaminates
nd the evaporated material of the absorbing layer condenses. At
round 1 ns the film starts to bulge and at about 10 ns the maxi-
um  height is reached. Then, the Ta2O5 layer ruptures (50 ns). An

lmost ideal blind hole without damages is created in the remaining
ransparent film on the absorbing underlying layer in the final state.

. Conclusion

In this work the temporal behavior of the selective laser abla-
ion reaction of a transparent Ta2O5 film covering an absorbing Pt
ayer on a glass substrate has been investigated over the complete
emporal process range. The generalized results are summarized in
he model displayed in Fig. 7.

In summary, an ultrafast melting or evaporation in a few tens of
m thick interface layer is inducing the removal of a few hundreds
f nm thick covering transparent layer. This indirectly-induced
blation mechanism allows extremely efficient laser structuring of
hin transparent films.

For the described processes, a specific ablation energy [26] of
5–20 J/mm3 can be determined. This value can be expressed in
n ablation rate (removed volume per minute per Watt of applied
aser power) of 3–4 mm3 min−1 W−1. Assuming a structuring width
f 20 �m and a film thickness of 100–300 nm such an ablation rate
s resulting in process speeds of about 7–10 m/s, respectively, for

 W of irradiated laser power and an overlap of 50% (two pulses per
osition on average).

The described ablation principle of the indirectly-induced laser
blation can be generalized for other industrial important thin film
ayer systems, where transparent films are covering absorbing sub-
trates or underlying layers. An example for such a layer system is a
ransparent SiO2 or SiNx film on a Si surface in Si solar cell manufac-
uring [4–6]. Another example is the structuring of the transparent
nO front contact of a CIS thin film solar cell [7,8].

In all cases the fundamental aspect seems to be the creation of
 shock-wave by ultrafast heating a few tens of nm thick interface
ayer on an ultrafast time scale which transfers the energy to the few
undred nm thick transparent layer. The model of the “indirectly-

nduced” laser ablation can be applied to all of these observations
or explaining the underlying mechanisms.
Hence, by utilizing indirectly-induced laser ablation, ultrafast
asers can provide precise and selective processes at extremely high
fficiencies for maskless structuring and production of thin film
ystem devices such as solar cells and bio sensor chips.

[
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