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Laser-induced plasma etching (LIPE) offers a promising technique for high-quality surface pro-
cessing under atmospheric pressure. This study investigates the surface modification of polytet-
rafluoroethylene (PTFE) in air using a high-repetition-rate ultrashort pulsed laser. Key process
and laser parameters, including repetition rate, pulse energy, plasma-to-surface distance, and
etching time, were analyzed for their impact on etching rates and surface morphology. The etch-
ing rate of PTFE under stationary conditions was measured in the picometer-per-pulse range,
enabling precise vertical control. Results show that etching rates increase with increasing pulse
energy and repetition rate but decrease with greater plasma-to-surface distances. The generated
etch grooves are circular and significantly larger than the laser spot size, with etched surfaces
exhibiting reduced surface roughness compared to unetched surfaces. Line pattern etching was
demonstrated by moving the sample at a constant speed in front of the laser-induced plasma.
Unlike laser ablation, LIPE achieves superior vertical depth precision and significantly smoother
surface morphology, making it a valuable tool for ultra-precise surface machining applications.
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1. Introduction

Ultra-precise surface machining (UPSM) is critical for ad-
vanced applications in electronics, optics and precision en-
gineering. Achieving the surface quality required for such
applications requires careful control of parameters such as
surface roughness, subsurface damage, and depth precision,
while balancing process speed, efficiency, and cost. Tradi-
tional UPSM techniques such as ion beam etching (IBE) and
reactive ion beam etching (RIBE) are effective but limited
by the need for a vacuum environment, which can reduce
flexibility and increase operational complexity, especially
for large or irregularly shaped substrates [1, 2]. In addition,
these techniques are often used in combination with lithog-

raphy processes to achieve the desired microscale patterning.

Emerging atmospheric pressure techniques, including at-
mospheric pressure plasma jet (APPJ) processing and laser
ablation, offer increased flexibility and direct writing capa-
bility, eliminating the need for complex vacuum setups [1-
3]. Laser ablation, which has been widely applied to various
materials in microelectronics and optics, relies on focusing
the laser beam onto the substrate surface to induce material
removal through absorption of laser photons via e.g. bond
breaking, melting, vaporization, and explosion processes [4,
5]. However, laser ablation often results in increased surface
roughness and subsurface damage. With typical ablation
rates of 10 - 100 nm per pulse [6], its precision is often in-
sufficient for ultra-high precision applications in optics and
fine mechanics.

A promising alternative to laser ablation is laser-induced
plasma etching (LIPE), which combines the flexibility of la-
ser processing with the high precision of plasma etching. In
LIPE, ultrashort laser pulses are focused in a reactive gas
environment, inducing optical breakdown and creating a
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localized microplasma [7]. This plasma generates reactive
species that chemically interact with the surface to achieve
high-precision etching. This method offers significant ad-
vantages by providing high depth control combined with low
surface roughness.

The LIPE technique has shown promising results on vari-
ous materials, including fused silica (SiOz), silicon (Si), ger-
manium (Ge), and polymers such as polyimide films [8-13],
supporting its applicability in microelectronics, aerospace,
and biomedical fields. In this study, LIPE is applied to pol-
ytetrafluoroethylene (PTFE), a fluoropolymer known for its
chemical inertness, low surface energy, and thermal stability,
which make it ideal for high performance applications.
However, these same properties, such as chemical inertness,
make precision processing a challenge. The choice of this
sample material is intended to demonstrate the versatile ap-
plication potential of the LIPE process. This study investi-
gates the influence of various laser parameters, including
pulse energy, laser pulse repetition rate, and number of laser
pulses applied, on the material removal rate. Furthermore,
the possibility of complex surface patterning of PTFE by
LIPE is demonstrated on an exemplary line pattern.

2. Experimental Details

An ultrashort laser pulse source was used to generate the
laser-induced plasma for etching. This is done by focusing
the ultrashort laser pulses through a lens to achieve the high
field strength at the focal point required for optical break-
down and subsequent plasma ignition [5]. Figure 1 shows a
sketch of the experimental setup. The laser source (PHA-
ROS, PH2-20W) delivers ultrashort laser pulses with a
wavelength of A=1030nm and a pulse duration of
p:=260 fs. The laser pulse repetition rate fr,. was varied
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between 1 kHz and 50 kHz and the maximum pulse energy
used was 400 pJ. The focal length of the lens used was

fopt = 12 mm.
The beam diameter at the focal point was calculated by
AM2Afopt . wg
S = 2wy = —— and the Rayleigh length by z, = VTR

with D (beam diameter, D = 4 mm), M? (beam quality factor,
M? = 1.2), and wo (Gaussian radius) [14]. The calculated
values for the focal point spot size were S = 4.7 um and the
Rayleigh length z, = 14.2 um, respectively.
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Fig.1 Experimental setup for laser-induced plasma etching.

In order to avoid direct laser irradiation of the sample, the
sample surface was aligned parallel to the laser beam prop-
agation direction as shown in Figure 1. Air at room temper-
ature and atmospheric pressure was used as the etching gas.
A computer-controlled X-Y-Z stage system was used to
move the sample surface relative to the plasma. Two CCD
cameras were installed to simultaneously image the LIP, the
etch grooves, and the sample surface. The distance between
the sample surface and the center of the visible laser-induced
plasma was defined as the plasma-surface distance dps,
which is determined by the cameras and can be adjusted by
the stages. This plasma-surface distance was measured with
an accuracy of = 5 um. The stage accuracy is approximately
1 pm. Polytetrafluorethylene (PTFE) sheets with a thickness
of 2 mm and a size of 5 mm x 3 mm were used as samples.
After the LIPE process, the surface of the PTFE is imaged
by optical microscopy (OM), white light interferometry
(WLI). In addition, scanning electron microscopy (SEM)
was used to image the surface in more detail.

3. Results

With LIPE on PTFE, etching of the surface could be
achieved and etching grooves are formed. Figure 2 shows an
etching groove with a diameter of approx. 700 pm. This
groove was generated using an etching time of t =21 min,
which corresponds to an applied laser pulse number N of
N=6.3x107, calculated as N =time x fr,. Figure 2 a)
shows a 3D contour plot measured by WLI, while Fig-
ure 2 b) shows the same etch groove imaged by SEM. The
arrows in the figures indicate the direction of the laser beam
propagation during the etching process. The etched groove
has a circular-like shape.
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Fig. 2 a) 3D plot an etching groove measured by WLI. b) SEM
image of the same groove. Etching parameters: t =21 min,
E =380 uJ, dps = 120 pum, frep. =50 kHz and N=6.3 x 107.

The arrows indicate the direction of the laser beam.

Cross-sections of etching grooves generated at different
etching times are shown in Figure 3. It can be seen that the
shape of the etching grooves is similar for the different etch-
ing times, while the depth and lateral size increase with in-
creasing etching time. For the longest etch time studied
(t=21 min), the diameter of the etch groove was
775 um £ 34 pm. This dimension of the etch footprint is
more than two orders of magnitude larger than the calculated
spot size of the laser beam at the focal point. This difference
between the laser spot size and the etch groove indicates that
the etch footprint is not correlated to the laser spot size, but
to the involved plasma dynamics, which expands after the
laser-induced optical breakdown [7, 15].
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Fig. 3 Cross-sections of etched grooves generated with differ-
ent etching times are shown. The etching parameters are
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E = 380 wJ, dps = 120 pm, frep. = 50 kHz, and
t=4,8,13, 17,21 min.

Figure 4 shows the etching depth as a function of etching
time. The etching depth increases as the etching time in-
creases. For etching times of 4 min and 21 min, etching
depths of 114 ym + 9 pm and 178 pm + 21 um were
achieved, respectively. Additionally, the averaged etching
rate Y was determined by dividing the maximum measured
etching depth by the applied laser pulse number N. For the
t =4 min, an etching rate of
Y =9.5 (pm/pulse) £+ 0.6 (pm/pulse) was obtained, and for
the t = 21 min, an etching rate of
Y =2.8 (pm/pulse) + 1.1 (pm/pulse) was obtained. The
trend found was that the etching rate decreases with in-
creasing etching time.
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Fig. 4 Etching depth (um) and etching rate (pm/pulse) as a
function of etching time (min). Etching parameters: E = 380
W, frep. = 50 kHz, dps= 120 um.

Figure 5 a) shows the correlation between the plasma-to-
surface distance dps and the etching rate. For a plasma-to-
surface distance of dps =100+ 10 pm, an etching rate of
Y = 8.9+ 0.6 (pm/pulse) was obtained. The total number of
pulses applied in this case was N = 1.2 x 107 for an etching
time of t =4 min. The etching rate shows a linear depend-
ence on the plasma-surface distance within the investigated
parameter range. The linear fit to the etching rate
Y (pm/pulse) =a x dgp(um) + b
yields the slope a = -0.0025 + 0.002 (pm/(pulse x pum)), and
the intercept b =10.9 £ 0.6 (pm/pulse). This small etching
rate underlines that within an etching cycle (- a laser pulse -)
less than an atom size is removed in average.

Figure 5 b) shows the etching rate in dependence on the
laser pulse energy and a linear dependence of the etching
rate on the laser pulse energy is obtained. For a laser pulse
energy of E=380uJ, an etching rate of
Y =9.4£0.7 (pm/pulse) is observed and for laser pulse en-
ergy of E = 150 pJ, etching rate of Y = 1.5 + 0.1 (pm/pulse)
is obtained. The increase of the etching rate can be de-
scripted by the linear fit of the etching rate with
Y (pm/pulse) =a x E (uJ) +b yields the slope
a=0.03 = 0.002 (pm/(pulse x ul)), the intercept
b=-2.4+0.4 (pm/pulse).
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Fig. 5 a): Etching rate (pm/pulse) in dependence to plasma-
surface distance (um) dps. Etching parameters: t = 4 min,
E =380 uJ, fiep = 50 kHz, N = 1.2 x 107.
b) Etching rate (pm/pulse) in dependence to laser pulse energy
(uJ). Etching parameters: t =4 min, dps = 120 pm,
frep.= 50 kHz, N=1.2 x 107.

The influence of the laser pulse repetition rate on the etch-
ing rate was also investigated (see Figure 6). For these ex-
periments, the number of laser pulses applied was kept con-
stant to make the results comparable. Therefore, the etching
time was adjusted according to the laser pulse repetition rate.
Figure 6 shows the measured dependence of the etching rate
on the laser pulse repetition rate. As can be seen in this graph,
a linear correlation was found between the etching rate and
the laser pulse repetition rate. The experimental data shown

in Figure 6 were fitted to a linear equation
Y (pm/pulse) =a x frp. (kHz) +b  yielding a  slope
a=0.1£0.01 (pm/(pulse x kHz)), and a intercept of

b=3.5+£0.03 (pm/pulse). (The virtual etching rate of 3.5
pm/pulse without laser action may be related to an experi-
mental uncertainty or a nonlinear dependence on laser pulse
repetition that is not covered by the parameter range investi-
gated).
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Fig. 6 Etching rate (pm/pulse) dependent on laser pulse repeti-
tion rate. Etching parameters: E =380 pJ and dps = 120 pm.
The total number of laser pulses applied, N = 1.2 x 107, was

kept constant by adjusting the etching time between
t=4and 21 min.

In order to demonstrate complex surface patterning, the
sample was moved relative to the plasma position with a
constant velocity v(x) = 0.05 mm/s, keeping the distance
dps = 100 £ 5 pm constant throughout the etching. Figure 7a
shows a WLI image of the generated trench. The depth of
the trench was 20 + 1.3 um for the etching parameters used.
The etched trench has a constant depth and a smooth surface
as shown in the SEM of Figure 7b. No signs or features of
melting were observed on the etched trench in the SEM im-
age.

Db g =

Fig. 7 a) 3-dimensional contour plot of the etched line meas-

ured with WLIM. b): SEM image of the LIP etched line. Con-
stant etching parameters: v(x) = 0.05 mm/s, E =380 pJ,

dps = 100 pm, frep = 50 kHz.
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4. Discussion and conclusions

The Laser-Induced Plasma Etching (LIPE) of Polytetra-
fluorethylene (PTFE) was performed at air, under atmos-
pheric pressure and at room temperature. The air with the
main components oxygen and nitrogen was utilized as etch-
ant gas. Plasma’s energy source was an ultrashort pulsed la-
ser operating at a repetition rate ranging from 1 to 50 kHz.
The laser beam is focused into the air where optical break-
down cause the plasma ignition once the energy density ex-
ceeds a critical value [5, 16-18]. The excited reactive species
formed in the plasma, such as the free radicals, reactive spe-
cies and ions, react with the PTFE’s surface, breaking di-
rectly bonds of PTFE or initiating chemical reactions with
the surface atoms which results in the formation of volatile
products and in consequence causing a material removal.
Due to air being used as the etchant gas, reactive oxygen is
the dominating etchant of the surface; slight contributions
from excited nitrogen and hydrogen compounds may occur
too [5, 19, 20]. Chemically, the polytetrafluoroethylene con-
sists of an aliphatic backbone where the hydrogen is substi-
tuted by fluorine. The most likely mechanism of attack on
the PTFE surface by reactive oxygen results in the formation
of carbonyl, hydroxyl, and aldehyde groups replacing the
fluorine atoms [21]. Continuing chemical oxidation cause
the formation of volatile products such as F atoms, volatile
fluorine containing molecules and CO, increasingly [22].
Also the creation CFx reaction products needs to be consid-
ered [19, 22].

In the case of a fluorocarbon surface, as in the investi-
gated PTFE, slow plasma etching rates are characteristic, in
comparison with other polymers containing fluorine [2]. It
must be noted that the surface temperature is increased by
the interaction of the LIP with the surface. However, it can
be assumed that the resulting temperature is lower than the
melting point of PTFE, since no features typically associ-
ated with melting were observed (see e.g. Figure 2b) and
Figure 7b), so it can be concluded that thermal decomposi-
tion of PTFE is not the main mechanism of material re-
moval, while chemical etching can also be assumed below
the melting point. The LIP can additionally generate UV
and X-rays which can assist the chemical reactions as well
as adsorption and desorption processes [23, 24]. Therefore,
in the LIPE is determined by a complex mechanism with
diverse linked processes of species generation species
transport, chemical etching and material removal.

The material removal of LIPE process produces etch
grooves. The etching depth and etching rate depend on the
laser parameters (such as laser-energy, -pulse time, -pulse
repetition rate) or experimental conditions e.g. the plasma-
surface distance dps.

The influence of the plasma — surface distance was inves-
tigated, and the results are shown in figure 5a. The observed
decrease in the etching rate by increasing the plasma — sur-
face can be explained by several factors. ) The mean free
path length in these experiments is roughly 3 orders of mag-
nitude smaller than the plasma's distance to the surface [19].
This short mean free path length facilitates numerous colli-
sions and interactions among plasma species during diffu-
sion. Such interactions may cause reactive species to be con-
sumed through side reactions or radicals to become
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deactivated. As the distance increases, the frequency of col-
lisions grows, leading to a reduction in the number of reac-
tive fluorine radicals reaching the surface. Consequently,
this results in decreased etching rates. II) The diffusion of
reactive species is time-dependent and is expected to exhibit
an R? dependence, as the laser-induced plasma functions as
a point source of radicals driven by the laser. However, as
shown in figure 5a, the experiments revealed a linear rela-
tionship between the etching rate and the plasma-surface dis-
tance. This indicates that the experimentally observed
plasma-distance dependence cannot be fully explained by
transport processes such as radical flow and diffusion. Nev-
ertheless, an increase in the plasma-surface distance is antic-
ipated to result in a decrease in the density of reactive spe-
cies reaching the surface. Figure 4 shows that the etching
rate decreases with increasing etching time and depth. This
trend of decreasing etching rate with increasing etching time
was also observed in the other LIPE experiments [8-13, 16,
25]. The decrease in etching rate was explained by the in-
creasing distance between the surface and the plasma during
etching. The longer distance from the plasma to the surface
causes an increase in the diffusion time and travel distance
of the reactive species, resulting in a deactivation of the re-
active species by collisions. Furthermore, the reduction in
the area density of reactive species and emitted photons is
related to geometrical effects, as already discussed.

The plasma volume, proportional to the number of avail-
able reactive species, depends on the laser pulse energy and
the focal length [15]. As the laser pulse energy increases,
the plasma volume expands, producing more reactive spe-
cies for chemical etching. Additionally, higher pulse en-
ergy generates denser, more highly excited plasma, which
further enhances the availability of reactive species. This
relationship, as shown in figure 5b, results in an increased
etching rate at higher laser-pulse energies, consistent with
findings from other studies [12, 13]. The plasma transfers
heat to the sample surface through interactions with reac-
tive species and radiation. Larger plasma volumes, pro-
duced by higher pulse energy, increase heat transfer, rais-
ing the surface temperature. Similarly, the laser pulse repe-
tition rate affects heating: at higher repetition rates, the sur-
face has less time to cool between pulses, leading to higher
surface temperatures. This cumulative heating effect, illus-
trated in figure 6, also contributes to increased etching
rates.

In previous studies on LIPE, it was shown that the pro-
cessing of various materials, including silicon (Si), poly-
mers, germanium (Ge), and silicon dioxide (SiO,), is feasi-
ble [10, 11, 13, 8]. The reported characteristic etching rates
were 117 pm/pulse for Si, 70 pm/pulse for polyimide, 75
pm/pulse for Ge, and 25 pm/pulse for SiO». These rates are
significantly higher than those observed in this study,
which ranged from 1 to 10 pm/pulse. Several factors ex-
plain this difference. Most prior studies employed ultra-
short laser pulses with low repetition rates but high pulse
energies. Additionally, external heating was often applied
during the LIPE process in these studies, which is known to
enhance the etching rate.

Despite these differences, the general etching behavior
remains consistent across studies. For example, etching
rates exhibit a linear dependency on parameters such as la-
ser pulse energy and plasma-to-surface distance.

The etching groove shown in Figure 2 exhibits a circular
like shape, corresponding to the visible plasma emission
observed in the camera view (see Figure 1).This observa-
tion, combined with the fact that the etching groove is more
than two orders of magnitude larger than the laser beam’s
focal spot size, suggests that the material removal process
is governed primarily by plasma dynamics following opti-
cal breakdown, rather than by direct laser interaction with
the surface.

The very low ablation per applied laser pulse makes the
LIPE technique particularly suitable for I) the correction or
refinement of high-quality surfaces and II) the removal of
thin layers without damaging the underlying layers of a
sample.
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