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Excimer laser ablation of a scanned substrate can be used for prototyping of lab-on-a-chip mi-
crofluidic channels [1]. Here, the relationship between the wetting properties of the channels and the 
irradiation conditions is described. The wetting properties are quantified by electroosmotic flow 
measurements in channels, produced with different conditions of scanning ablation. The observed 
variations can be explained in terms of a competition between a direct and an indirect redeposition 
pathway for the debris. 
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1. Introduction 
 

Excimer laser ablation of polymers is well known to 
produce high quality structures in nearly all polymers, as it 
was first described in 1982 [2]. As mentioned recently by 
Rossier et al. [3], a drastic increase in hydrophilicity of 
ablated micro channels in poly(ethylene terephthalate) 
(PET) can be achieved by scanning the substrate. This 
makes excimer laser ablation a versatile tool for rapid pro-
totyping of micro fluidic systems, as for example lab-on-a-
chip devices.  

In such devices, a sample solution (usually aqueous) is 
injected, pumped, separated and eventually analyzed by 
electrochemical means. Channels for these applications 
need to meet special requirements in their surface proper-
ties in order to optimize the efficiency of the final device. 
We have already investigated in detail the influence of the 
irradiation conditions on the surface structure of the chan-
nel floor and of the ramps, forming at the beginning and at 
the end of the channels [4]. We also observed an enhanced 
redeposition of debris in the channel, depending on the 
conditions during the ablation [5].  

In this paper, we show how the scanning ablation 
parameters influence the electroosmotic flow in PET micro 
channels. Further we propose an explanation for the 
observed effect. 

 
2. Scanning ablation 

 
In order to produce micro channels, which are longer 

than the beam width on the sample, one can imagine two 
modes of fabrication. (i) One can drill one rectangular hole 
using a common mask projection technique, stop the laser, 
move the substrate, drill the next hole in contact with the 

first one and so on. This mode of channel fabrication will 
be called “static ablation”. (ii) Alternatively, the substrate 
can be moved with the appropriate speed v while it is irra-
diated by the laser, in order to produce channels of the re-
quired depth dtot. Further on, we will refer to this method as 
“scanning ablation”.  
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Fig. 1 Schematic diagram showing the parameters of 
scanning ablation 

When using scanning ablation, ramps form at the begin-
ning and at the end of the channels during the fabrication. 
Only the end ramp is irradiated. The angle α, that it forms 
with the original sample surface, is given by the depth of 
the channel dtot and the length of the irradiated spot a in the 
scanning direction (Fig. 1), i.e. α = arctan(dtot/a). The depth 
of the channel can be expressed by dtot = n × h(Φ), where n 
is the number of pulses used in static ablation for one hole, 
and h(Φ) the ablated thickness per pulse at fluence Φ. 
Given the pulse repetition rate f, n and a, the appropriate 
scan speed v can be derived: v = f × a / n.  
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3. Experimental 
 

3.1 Substrates and laser 
Two types of substrates were used: (i) Biaxially stret-

ched poly(ethylene terephthalate) (PET) foil, in which one 
stretching direction dominated over the other (thickness 100 
µm, Melinex S, ICI). (ii) Amorphous unstretched PET 
(thickness 500 µm, Mylar, Goodfellow).  

These two substrates were irradiated with a standard 
ArF excimer laser (193 nm, 20 ns, LPX 205, Lambda-
Physik) as already described [4]. 

 
3.2 Channel production 

We used n = 200 pulses and a width of 40 µm for all 
channels. The channel length between the two reservoirs 
was 15 mm. The reservoirs were drilled by static laser abla-
tion. In both substrates, we produced 38 µm deep channels 
by using different spot lengths a and scanning speeds v. 
This resulted in a change of the ramp angle α during the 
ablation (Table 1). 
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In all three series, the debris contribution became im-
portant for α ≥ 22° and added nanometer scale roughness 
and porosity to the channels [5]. 

 
3.3 Electroosmotic flow measurement 

The electroosmotic flow was measured using Huang’s 
current monitoring method [7]. We placed drops (10 µl) of 
phosphate buffer (pH = 7.2, Sigma) in each reservoir. The 
total salt concentration of the buffer in the two reservoirs 
differed slightly (10 mMol/l, 8 mMol/l). While applying the 
electric field that induced the electroosmotic flow, the resis-
tivity of the channel was monitored by measuring the elec-
trical current. The resistivity of the channel at a given time 
depends on the percentage of the channel filled with the 
low resistivity (high concentration) buffer and the percent-
age of the channel filled with the high resistivity (low con-
centration) buffer. The measurement of the channel resistiv-
ity as a function of time thus indicates the motion of the 
interface formed by the two liquids. 

For all measurements, we applied a driving electrical 
field of 20 kV/m and all cited literature values are con-
verted to this value for better comparison. The measured 
electrical current was about 4 µA and hence heating effects 
can be neglected.  

 

 

Table 1 Corresponding values for the spot length a (µm) and 
the ramp angle α (degrees).  

 

a (µm) 1000 500 200 100 50 
α (°) 2.0 4.3 11 22 42 
For the stretched samples we used holes of 1000 µm 
mes 40 µm that we drilled completely through the sample 
 reservoirs. After channel and reservoir fabrication by 
ser ablation, the samples were laminated with a 
oly(ethylene) (PE) on PET lamination at 130°C in order to 
ose them. 

In the unstretched substrates, the use of through-drilled 
oles led to insufficient quality of the electroosmotic meas-
rement data, because the reservoir volume / channel vol-
me ratio became too high. Therefore, for this kind of sub-
rate, the channels were first drilled, then laminated and 
nally the lamination was opened by the laser. A drop of 
lution placed on the openings of the lamination then 
presents the reservoir. Measurements (< 3min.) were car-
ed out directly after placing the drops, so that concentra-
on changes due to solvent evaporation can be neglected.  

In the stretched samples, the static structure, developed 
erpendicularly to the main stretching direction [6]. Its am-
litude and period are about 3 µm. We produced two series 
f channels in the stretched substrate; in one series, we 
igned the structure with the channel direction (“longitudi-
al” series) and, in the other series, the structure was per-
endicular to the channel direction (“transversal” series). 
s recently described, the static structure transforms to the 
anning structure for α ≥ 11° [5]. This leads to a smoother 
annel surface in the micron range. As expected, the chan-

els in the unstretched substrate did not show any structure 
 the micron range.  

4. Results and discussion 
 

4.1 General observations 
The electroosmotic flow velocity in the channels varied 

as a function of the ramp angle by about 25% in all three 
series (Fig. 2). In almost all cases the maximum flow veloc-
ity was reached at α = 4.3° and was approximately as high 
as the value for fused silica capillaries (10 × 10-4 m/s [7]). 
All the data represented in Fig. 2 resulted from laminated 
channels. This PE-lamination is identical for all channels 
and thus smoothes the flow velocity data. This means that 
the observed variations are lower than the variations that 
would be observed if all four walls of the channels were 
ablated surfaces. 

No significant differences could be found between the 
longitudinal and the transversal series. In other words, the 
orientation of the micrometric structure has no measurable 
influence on the electroosmotic flow in our experiments.  

Comparing our values (α = 2°) with the value published 
by Roberts et al. [8], we observe in absence of the micro-
metric structure a slightly faster electroosmotic flow. In 
more detail the values of the longitudinal and transversal 
series of 8.3 × 10-4 m/s and 8.5 × 10-4 m/s respectively are 
in excellent agreement with the value of Roberts et al. (8.4 
× 10-4 m/s), whereas the value of the series without struc-
ture of 9.9 × 10-4 m/s is 18% higher. However, in order to 
confirm this value, further investigations are necessary. 
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4.2 Explication of the maximum 
The maximum flow velocity, observed in all substrates 

around α = 4.3°, can be interpreted in terms of variations in 
the ζ-potential of the channels. As we always used the same 
buffer, variations in the ζ-potential are directly related to 
variations in the surface charges or polarity of the channel 
surfaces. These surface properties also determine the water 
wetting behavior of the polymer and of the ablated poly-
mer.  

Lazare et al. reported a decreasing O/C-ratio in XPS 
measurements after static ablation of PET at 193nm wave-
length [9]. This is in good agreement with their observation 
that the water contact angle increases, from 68° on unirra-
diated PET to 105° on the ablated surface. This data indi-

cates clearly that PET has a low ζ-potential compared to 
clean fused silica, that is wetted by water (contact angle = 
0°, [10]), and that static ablation further decreases the ζ-
potential. 
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Fig. 2 Electroosmotic flow velocity (@ 20 kV/m) as a 

function of the ramp angle α. Figures a and b show the series 
produced in the stretched substrate. Figure c shows the series 
produced in the unstretched substrate. (For further details see 
experimental section.) Different curves in one graph corre-
spond to channels produced or analyzed on different days. The 
standard errors for 3 pairs of drops and 4 measurements per 
drop pair in the same channel are indicated. 

However, the ζ-potential of channels produced by scan-
ning ablation is determined by the debris. The debris can be 
more or less charged or composed by polar reaction prod-
ucts, which are formed during the collisions of the ejected 
ablation products with oxygen in air [11].  

In the case of static ablation, collisions with the ambient 
gas are the main reasons for redeposition of the debris on 
the substrate [12]. The left part of Fig. 3 shows water con-
densed by breathing out near a statically ablated rectangular 
hole. It impressively shows how the debris, which is caused 
by this indirect redeposition mechanism, renders the unwet-
table native PET (zone A) wettable (zone B). We see that 
zone B is covered by a thin film of water indicating a high-
energy surface as for example fused silica. The form of the 
outer border of the wetted region in Fig. 3 corresponds very 
well to the form of the debris pattern, as also observed after 
excimer laser ablation of polyimide (PI) [13]. 

 
 

Fig. 3 Optical microscope image of water condensed by 
breathing out near a statically ablated surface in PET (200 
pulses, 1000 mJ/cm2, depth 38 µm). Zone A: non-wetting na-
tive PET. The dark dots are water droplets. Zone B: wetted 
surface because of redeposition by collision; we see a thin film 
of water. Zone C: non-wetting surface because of PLD-like 
direct redeposition. We see once more droplets of water. On 
the right side (dry image) we see only the main debris hill.  

However, in scanning excimer laser ablation with high 
ramp angles we need to consider a second deposition path-
way for the debris in the channels. This is a kind of “self-
PLD” (PLD – pulsed laser deposition), where the substrate 
(channel floor) is approaching more and more the target 
(end ramp) for higher ramp angles [5]. Obviously, the angu-
lar density distribution in our case will not obey the simple 
cosn(θ)-relation [14], as it does in PLD. The two main rea-
sons for this are (i) the presence of the air and (ii) the irra-
diation of a relatively large rectangular surface, i.e. the in-
clined ramp. Nevertheless, it is reasonable to assume that 
inclining the irradiated surface with respect to the channel 
floor strongly enhances the direct deposition of ablation 
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products on the channel floor. This means that this kind of 
debris deposits on the channel floor without collisions with 
the oxygen-containing atmosphere. In consequence, this 
kind of debris will have a low ζ-potential.  

For static ablation we can also observe in Fig. 3 (left 
part) a small region (zone C) directly at the border of the 
ablated surface where this kind of debris determines the 
surface properties, and the water cannot wet the surface. 
The comparison with the dry image shows that the border-
line between zone B and C crosses the middle of the main 
debris hill, which has a homogenous surface topography as 
measured by AFM [15]. Thus, the wettability contrast be-
tween zones B and C, as described above, is due to a differ-
ence in chemical composition of the surfaces. In conse-
quence, the non-wetting behavior of zone C cannot be at-
tributed to a roughness effect [10].  

Though, the maximum electroosmotic flow velocity ap-
pears at the ramp angle where we have the most redeposi-
tion by collision and still negligible PLD-like redeposition 
in the channel. The increase in electroosmotic flow velocity 
with increasing the ramp angle from α = 2.0° to α = 4.3°, is 
caused by a change of the indirectly redeposited debris pat-
tern. Miotello et al. have shown that the gas dynamic ef-
fects tend to result in a debris pattern, that is rotated with 
respect to the ablated shape [13]. Thus, little debris is de-
posited near to the short side of an ablated rectangular sur-
face (Fig. 3). This effect will be more important for the spot 
of 40 µm × 1000 µm (α = 2.0°) than for 40 µm × 500 µm (α 
= 4.3°). Thus the usage of the 500 µm long spot enhances 
indirect redeposition at the short side of the rectangle, i.e. in 
the channel.  

For α ≥ 11°, the PLD-like redeposition process becomes 
more and more important. The debris with low ζ-potential, 
deposited by this mechanism thus decreases the electroos-
motic flow velocity. 

 
5. Conclusions and Outlook 

 
We showed that the electroosmotic flow in excimer la-

ser ablated micro fluidic channels in PET varies with the 
ramp angle α. We obtained in stretched and unstretched 
PET-foils, i.e. with and without micrometric structures, a 
maximum flow velocity at a ramp angle of α = 4.3°. The 
flow velocity, at this maximum, is comparable to the elec-
troosmotic flow in fused silica. 

The existence of the maximum flow velocity at α = 4.3° 
is attributed to the competition of two different debris rede-
position mechanisms. The indirect redeposition occurs be-
cause of collisions of the ejected material with the sur-
rounding gas molecules and deposits material with a high ζ-
potential. The direct redeposition is a kind of PLD-
mechanism. A part of the ablated material is directly 
ejected in the direction of the channel floor and forms mate-
rial with a low ζ-potential on it. Direct redeposition be-
comes important at α = 11° and is dominant at α ≥ 22°. The 

existence of these two redeposition mechanisms was pin-
pointed by the water wetting experiment of the surround-
ings of a statically ablated rectangle in PET. 

Finally, all electroosmotic flow velocities were meas-
ured in channels with a PE on PET lamination. This means 
that about a quarter of the channel walls is identical in all 
channels. Thus the variations in the ζ-potential of the ab-
lated surfaces are higher than 25%. The ζ-potential values, 
of ablated surface and lamination, will be determined in the 
near future, by applying the formula of Andreev et al. [16]. 
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