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Abstract

A femtosecond laser is used for selective structuring of biocompatible sensorchips consisting of a Ta,Os/Pt layer
system on glass substrate. It was observed, that for low fluences the Ta,O5 can be selectively lifted-off from the Pt,
while high fluences enable a removal of both layers. The underlying physical effects are investigated by pump-probe
microscopy allowing the observation of the whole ablation process ranging temporally from femtoseconds to
microseconds. Results show the formation of a gas-liquid mixture at 3 ps, causing the Ta,O5 to bulge after some ns.
The Ta,Os is disrupted in small particles after 50 ns.
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1. Motivation

In life science, biosensorchips are used especially in the field of biological screening and molecular
diagnostic because of their miniaturization and the possibility to parallelize measurements [1,2]. Such a
chip is shown schematically in Fig. 1 (a) and as a photograph in Fig. 1 (b).

The chip consists of an isolating tantalum pentoxide (Ta,Os) layer which is deposited on the
conductive platinum (Pt) layer, see Fig. 2 (a). Glass acts as substrate. In contrast to the currently applied
manufacturing method by different deposition and photolithographic steps, laser structuring allows a fast
and uncomplicated change of the pattern and thus reduces the costs for new prototypes. In order to isolate
the conducting paths, the Ta,O5 and the Pt has to be removed together.
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Fig. 1. (a) Layout of a biocompatible sensorchip (image by TU Munich); (b) photograph of the same sensorchip

To uncover the contacts only the Ta,O5 has to be ablated. These two structuring types are achieved by
varying the applied laser fluence as it was shown in a recent study [3]. The schematic ablation
mechanisms are displayed in Fig. 2 (a). Resulting spots are shown in Fig. 2 (b). An almost ideal blindhole
is created at low fluences, see Fig. 2 (b) upper image, showing no thermal effects or damage in the Pt. At
higher fluences, the Pt is ablated together with the Ta,Os with a larger diameter, see Fig. 2 (b) bottom
image.
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Fig. 2. (a) schematic ablation mechanism after laser irradiation from the Ta,Os layer side (“indirectly-induced ablation” at low
fluence); (b) light microscopy images of the final ablation state at characteristical fluences

At the applied structuring wavelength of 1053 nm, the Ta,O5 is transparent and the pulse energy is
absorbed in the underlying Pt. The required pulse energy for the selective ablation of the Ta, 05 film lays
below the total evaporation enthalpy of the same volume. The underlying physical effect was assumed to
be a so called “indirectly-induced ablation”, which was described by Heise et al. [4] investigating a
comparable layer system — transparent zinc oxide (ZnO) was lifted off from absorbing copper indium
diselenide (CIS). In that case, the pulse energy is absorbed in the CIS layer which is locally heated and
possibly partially evaporated.The expansion of the created gas together with the thermal expansion of the
ZnO layer could lead to its removal The lift-off of the transparent Ta,O5 on absorbing Pt corresponds to
the ablation process of ZnO on CIS. Other selective removals of transparent layers from absorbing
substrates by indirectly-induced laser ablation occur for example in silicon solar cell production. Here,
low surface recombination losses and high backside reflectivity can be realized by passivating the silicon
(Si) surface by silicon dioxide (SiO,) or silicon nitride (SiNy) [5,6,7]. Those transparent layers have to be
opened locally for electrical contacting the solar cell.

For a deeper understanding of the underlying physical effects of indirectly-induced ablations, pump-
probe microscopy is used for the temporal observation.Moreover, the removal of the Ta,O5 together with
the Pt is investigated by pump-probe microscopy. Other groups showed in previous works, that this
method is well suited to resolve ultra-fast reactions. For example pump-probe investigations with
femtosecond resolution were performed on the ablation of bulk material [8,9], on the layer-side ablation
of thin metal films [10,11] and on the indirectly-induced ablation of SiO, from Si [12]. The aim of these
investigations was to measure ultrafast reflectivity changes. For this purpose, an optical delay line was
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used, enabling maximal delay times of 10 to 20 ns. However, the actual lift-off takes place at later delay
times. Investigations with delay times up to several microseconds were performed on silicone on titanium
(Ti) [13] and on Ti or titanium nitride (TiN) on glass [14]. To cover the whole temporal range, a second
electronically triggered laser was used for probing, enabling nanosecond resolution. To observe the whole
ablation process with sub-picosecond resolution in the first 4 ns and sub-nanosecond resolution at higher
delay times, we combined both probing methods for the first time to our knowledge [15,16].

Here, the structuring of a 200 nm Ta,05/400 nm Pt/glass sample is investigated at two different
fluences @ (pulse energy per area). At a fluence of ® =0.1 J/cm? the Ta,Os is selectively ablated and at
@ =2.1 J/em? the Pt is removed as well.

2. Material and methods

For the experiments 3 glass wafers (0.5 mm) were used as substrate. Platinum films of 400 nm
thickness were deposited by RF sputtering. The Ta,O5 layer of 200 nm thickness was deposited by ion-
assisted electron-beam evaporation.

A short overview of the setup is sketched in Fig. 3. A laser pulse at a center wavelength of
A=1053 nm (pulse length t= 660 fs FWHM) is divided into pump and probe pulse by beam splitter 1.
The pump pulse, used for initiating the ablation, is focused on the sample, whereas the probe pulse is
frequency doubled (SHG) and optically delayed by a linear translation stage up to delay times of
At =4 ns. For probing with delay times above 4 ns, a 600 ps FWHM laser source emits a second probe
pulse (A =532 nm). Both probe pulses are combined in beam splitter 2 for coaxial illumination of the
sample. Then, the ultrafast exposed sample is imaged by a microscope and a CCD camera (calculated
optical resolution R =A/numerical aperture =1.22 um). A detailed description of the pump-probe
microscopy setup is given in an earlier paper [15], also showing calibration of the temporal zero point and
image acquiring and processing.

Thus, the whole time frame of the ablation process ranging from femtoseconds to microseconds can be
covered with both probe sources, achieving a temporal resolution (= cross correlation time) of 840 fs
during the first 4 ns and a 800 ps resolution for later delay times. The reaction onset is always initiated by
the ultra-fast pump pulse. Reflectivity changes higher than 2% can be detected.
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Fig. 3. Pump-probe microscopy setup: A 660 fs laser pulse is split in two parts (beam splitter 1). The first part (red pump branch)
is focused at the sample and initiates the reaction. The second part (green probe branch) is frequency doubled (SHG) and
temporally delayed for illumination (delay line for At <4 ns). For At >4 ns a 600 ps laser pulse is emitted by a second
laser. A picture is captured by a CCD camera
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3. Results
3.1. Ablation threshold determination

The single pulse ablation thresholds @y, for the selective removal of Ta,Os (200 nm Ta,Os on
400 nm Pt) and the removal of both layers (200 nm Ta,O5 with 400 nm Pt) are determined with a method
described by Liu [17]. The area of the ablated spot increases linearly with the logarithm of the applied
fluence, see Fig. 4. The good agreement of linear fit function and data points indicates an almost ideal
threshold behavior for both reaction types over more than two respectively one order of magnitude in
fluence. The threshold fluence level of the corresponding process is defined when the extrapolated graph
reaches an area of zero. The threshold fluences were determined to be @y, = 0.06 J/cm? (200 nm Ta,Oj5
on 400 nm Pt) and @y, = 1.21 J/em? (200 nm Ta,Os with 400 nm Pt) (accuracy =+5 %). To investigate
the two ablation types, two fluences were chosen for time resolved measurements (® = 0.1 J/cm? and
@ = 2.1 J/em?) that lay right above those threshold fluences.
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Fig. 4. Ablation threshold determination of a 200 nm Ta,O5 / 400 nm Pt layer stack. The squared ablation diameters D? are plotted
against the applied fluence. The threshold fluence level @y, of the corresponding process is defined when the extrapolated
graph reaches an area of zero. @, = 0.06 J/cm? (200 nm Ta,O5 on 400 nm Pt) and @, = 1.21 J/em? (200 nm Ta,O5 with
400 nm Pt)

3.2. Pump-probe microscopy investigation

Pump-probe images of the ablation processes at significant delay times indicated in the top left corners
are shown in Fig. 5. The applied fluence @ is varied between the upper two rows (® = 0.1 J/cm?) and the
lower two rows (@ = 2.1 J/cm?). The pump pulse hits the sample from the layer side as it was shown in
Fig. 2 (a). The pictures are taken from the same side.

3.2.1. Irradiation with low fluence (D = 0.1 J/cm?) — indirectly-induced ablation

Around delay time zero the pump pulse irradiates the sample (At =0 s). After 1 ps no significant changes
can be observed. At 3 ps, a dark area appears at the irradiated spot. The relative reflectivity decrease in
the center of this spot is determined to be about -20%, see Fig. 6. The reflectivity remains on that level up
to a delay time of 30 ps. However, the diameter of the dark spot decreases slightly between 3 ps and
30 ps. At 125 ps the irradiated area becomes brighter (AR/R =+30%, see Fig. 6). At 1 ns and 2 ns the
relative reflectivity continues to increase (AR/R =+170% at 1 ns, see Fig. 6). The shape of this bright
spot has very well defined edges compared to the dark spot at earlier delay times, see black dotted lines.
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At delay times of 10 ns and 20 ns ring systems are formed in the bright spot center and in the surrounding
area that will be discussed in the next section. At 50 ns and 100 ns cracks are created in the spot center
and after 1 us flying particles can be observed that leave the focus plane. They disintegrate from the
sample and fly in direction of the CCD camera. The final state the Pt is uncovered and a clean hole free
from thermal effects is created in the Ta,O5 layer.
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Fig. 5. Pump-probe images at different significant delay times indicated in the left upper corners of the pictures of a 200 nm thick
Ta,0s layer on 400 nm Pt ablated with a 1053 nm/660 fs pulse at two different fluences of @ = 0.1 J/cm? (upper two rows)
and ®© = 2.1 J/cm? (lower two rows)
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Fig. 6. Relative reflectivity change AR/R over the time at the irradiation of a 200 nm thick Ta,O5 layer on 400 nm Pt with a
1053 nm/660 fs pulse at two different fluences of ® = 0.1 J/cm? and @ = 2.1 J/cm?, see left figure. The relative reflectivity
is determined in the spot center, see right figure blue triangle and green square, and at the outer region, see right figure red
dot; AR/R = (R auring-R)/R; With R guring 2 reflectivity at the investigated delay time and R 2 reflectivity before the
irradiation
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3.2.2. Irradiation with high fluence (© = 2.1 J/cm?)

Similar to the measured series at a fluence of ® =0.1 J/cm?, the pump-probe images - taken at a
fluence of @ = 2.1 J/cm? - show no visible reactions at delay times of 0 s and 1 ps. At 3 ps first changes in
the material can be observed. In contrast to the measurements at the lower fluence where a homogeneous
dark spot is created, the pictures taken at a fluence of ® =2.1 J/cm? show two areas with different
transient behavior at delay times later than 3 ps. The areas are separated by the black dotted lines in Fig.5.
The inner region is indicated by a green square (center) and the outer region by a red dot (border) (Fig. 6).

At 3 ps a dark spot is created in the inner region surrounded by a less dark area in the outer region. For
delay times of up to 1 ns, the relative reflectivity in the outer region shows an identical transient behavior
as the reflectivity in the spot center for a fluence of ® = 0.1 J/cm?, see Fig. 6 red dots and blue triangles.
Assuming a Gaussian beam profile, the fluence in that outer region was calculated to be about
®=0.3 J/em?.

In the spot center, the reflectivity decreases faster than in the outer region. The first minimum at
AR/R =-60% is reached at about 3 ps, see Fig. 6. At 10 ps the spot center becomes slightly brighter again
(AR/R =-40%) and after 30 ps the second reflectivity minimum is reached at a level of about
AR/R =-90%. Up to the delay time of 1 ns the relative reflectivity in the spot center remains on that level.

At 2 ns, ring systems are created in the outer region that are comparable to those observed at the lower
fluence at 10ns. The inner region remains dark. Between 10ns and 50ns small particles are
disintegrating in the outer region, while in the inner region no particles are visible (Fig. 6). Moreover a
radial shock wave with an average velocity of about 900 m/s can be observed at delay times later 10 ns,
see Fig. 7. At 100 ns and 1 ps the particles are flying in direction of the camera leaving the field of depth.
In the final state, a dark area in the inner region, where the Pt is ablated, is surrounded by a brighter ring
in the outer region, where only the Ta,O5 is removed.

Fig. 7. Shock wave propagation in air after irradiation of a 200 nm thick Ta,O5 layer on 400 nm Pt with a 1053 nm/660 fs pulse at
a fluence of ® =2.1 J/cm? The delay times are indicated in the corner bottom left. The contrast of the pictures is enhanced
to improve the visibility of the shock wave. The red dotted line marks the wave front. The yellow arrow shows the wave
radius

4. Discussion

First, the temporal behavior of the Ta,Oj5 lift-off from the Pt is regarded. This effect, called indirectly-
induced ablation, occurs for a fluence of 0.1 J/cm? as well as in the outer region at 2.1 J/cm? The laser
pulse irradiates the sample at delay time zero. The ablation process can be explained in the following
way: the pump pulse is transmitted through the Ta,Os5 and its energy is absorbed by free electrons in the
Pt. The electrons in the Pt then transfer their energy to the lattice, causing ultrafast melting [18,19]. The
reflectivity changes during the first picoseconds are too low to be detected here. At 3 ps, a reflectivity
decrease is observed, which is probably caused by probe light scattering in a homogeneous gas-liquid
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mixture, which results from a confined phase explosion [16]. The confinement of the homogeneous gas-
liquid mixture causes high pressure and temperature at the Pt/Ta,O5 interface probably leading to a shock
wave in both layers. At about 125 ps, the shock wave, the expansion of the gas-liquid mixture and
possibly the thermal expansion of the Ta,O; film initiate the delamination of the Ta,O5 film. The volume
at the layer interface then expands and the gas-liquid mixture recondenses due to adiabatic cooling. This
scenario would explain the increased reflectivity at 1ns. The ring systems, created at 10 ns
(® =0.1J/cm?) in the spot center or at 2 ns (® = 2.1 J/cm?) in the outer region, correspond to Newton’s
rings — which originate from interference of light reflections from the Ta,Os dome and the flat Pt surface.
The Ta,O;5 film continues to bulge until the tensile stress limit is reached. Then, the Ta,O5 disintegrates
in small particles, observed at about 20 to 50 ns. As a result, the Pt is completely uncovered without
thermal damages at 0.1 J/cm?, as well as in the outer region at 2.1 J/cm?.

Now, the removal of Pt and Ta,O5 in the inner region at a fluence of 2.1 J/cm? is considered. At 3 ps, a
steep reflectivity increase can be observed at the transition from the inner region (AR/R =-60%) to the
outer region (AR/R =-20%). Generally the lower relative reflectivity in the center region shows a
progressing phase explosion of the film system, resulting in a complete removal of Pt and Ta,O; film.
Further investigations of the irradiation of a Ta,O5 layer on glass without intermediate Pt film are needed
to understand the oscillating reflectivity trend in the delay time range between 3 ps and 1 ns. At delay
times between 10 ns and 100 ns, the disintegration of the Ta,Os can be observed in the outer region.
However, the removal of the Ta,O5 and the Pt in the center cannot be observed as clearly as in the outer
region. Hence, both layers could either be completely evaporated, or the size of the ejected particles is too
small to be resolved by the microscope.

At about 10 ns, an expanding ring can be observed in Fig. 7. The ring can be identified as shock wave
propagation in air, as seen by other pump—probe observations from the side [10]. The shock wave front
can be observed before the outer region disintegrates. It could be initiated either by ultrafast expansion of
the completely evaporated inner region, or by a shockwave that was generated by the confined phase
explosion in the Ta,Os and transferred to air. The shock wave may reduce the energy needed for a
removal of the Pt and Ta,0;5 film. We think that the irradiating energy is only slightly exceeding the
evaporation enthalpy of Pt and Ta,Os. Comparing the energy efficiency with the direct laser ablation of
an uncovered 400 nm Pt film at a threshold fluence of 5.3 J/cm? [21], we conclude that the shock wave is
lowering the needed energy making the laser removal more efficient.

5. Conclusion

In this paper a pump-probe microscope is used that combines an optical and an electronic delay for the
complete observation of laser ablation processes ranging temporally from picoseconds to microseconds. It
was shown that the irradiation of a Ta,Os/Pt layer stack allows the selective removal of the Ta,O5 at a
low fluence of @ = 0.1 J/cm?, caused by an indirectly-induced ablation, and enables the ablation of both
layers at a higher fluence of ® = 2.1 J/cm?.

For the lower fluence the reaction initiation — the pulse absorption by free electrons in the Pt (0 s) - is
followed by energy transfer to the Pt lattice, subsequent ultrafast melting and the creation of a gas-liquid-
mixture at the surface of the layer (3 ps). The inertial confinement by the transparent Ta,Os causes a
steep rise of pressure and temperature, both creating an energy transfer from the interface layer to the
transparent film. At around 125 ps the transparent film delaminates and the evaporated material of the
absorbing layer condenses. At around 1 ns the film starts to bulge and at about 20 ns the maximum height
is reached. Then, the Ta,0;5 layer disintegrates (50 ns). In the final state, an almost ideal blind hole
without thermal damages is created in the transparent film uncovering the underlying Pt layer.
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The irradiation with the higher fluence shows a different behavior — two different areas can be
distinguished: the area in the spot center with a diameter of about 20 pm and the surrounding area (outer
region) where the fluence was calculated to be about ® = 0.3 J/cm?. Here, an analogical reaction process
compared to the first series of measurement with a fluence of @ =0.1 J/cm? is observed. In the spot
center, where the Pt is ablated as well, the process cannot be observed as clearly as in the outer region.
Here, the high fluence might have caused a complete evaporation of both layers, initiating a visible shock
wave in air. Further investigations have to be undertaken to completely understand these effects.

For the described ablation types, process speeds over 20 m/s for the selective removal of Ta,Os
respectively more than 1 m/s for the ablation of the Ta,Os/Pt layer stack can be reached for 1 W of
irradiated laser power. Hence, ultrafast lasers can provide precise and selective processes at extremely
high efficiencies for maskless patterning and production.
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