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The process requirements for ultra-precise machining of surfaces for optical applications is still
challenging for laser ablation-based methods. The LIPE (laser-induced plasma etching) method com-
bines the two complementary techniques of laser and plasma processing. Technologically important
materials like SiO,, Ge, Si as well fiber-reinforced composites (SiC-SiC) have been successfully pro-
cessed with LIPE, in particular Polyimide (Kapton@ HN (125 pm)) and Polyethylenterephthalat. In
the present paper, LIPE etching of polymer surface is demonstrated. The influence of the main process
parameters on the etching rate as well as on the obtained surface characteristics will be shown and

discussed in detail.
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1. Introduction

The investigation and development of processes to ena-
ble precise structuring of surfaces with beam-based technol-
ogies is an ongoing task. Common methods for precise sur-
face structuring make use of the interaction between the sur-
face and ions [1-3], plasmas [3, 4] or photons [5]. However,
dry etching processes based on the interaction between ion
beams or plasma and the surface commonly require complex
equipment due to the required vacuum condition.

A plasma-based surface structuring process which can be
performed at atmospheric pressure is atmospheric pressure
plasma-jet processing (APPJ). Surface structuring with
APPJ is based on a chemical reaction of the surface atoms
with reactive species which are generated inside the plasma.
If the chemical reaction results in the formation of volatile

products, a steady material removal process can be observed.

It was shown that with APPJs a wide variety of materials can
be processed [6] and a high surface quality of the processed
surface can be achieved [7-9]. Despite this, surface pro-
cessing with APPJs is limited by the tool size of the plasma
jet which is commonly in the range of mm or sub-mm, mak-
ing the generation of structures smaller than said range chal-
lenging.

Another dry etching process which can be performed at
atmospheric pressure is laser processing. Laser processing
was extensively investigated in the last decade [4, 10-12]
and has a wide range of scientific and industrial applications.
Laser processing is characterized by a high flexibility and a
small footprint in the micrometer range. The interaction of
the laser pulses with a surface can result in a material re-
moval. Based on the surface material as well as the charac-
teristics of the laser radiation the material removal process
is dominated by different mechanisms. Those include ther-
mally dominated process for e.g., processing of metal using
laser pulses with a duration of micro- and nanoseconds [13].
However, using laser radiations with UV wavelengths can
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lead to material removal through photothermal [4, 14, 15]
and photochemical decomposition [4, 15, 16]. Laser surface
structuring based on photochemical decomposition is
mainly used by processing of polymers with e.g., excimer
laser radiation [4, 17, 18]. These photothermal and photo-
chemical decomposition-based laser processes commonly
have a higher surface quality in terms of surface roughness
and achievable depth precision in comparison to standard la-
ser ablation. Yet, even by using UV-laser radiation the
achievable depth precision per applied laser pulse is usually
limited by the absorption length of the used laser wavelength
in the surface material. Typical ablation rates achieved by
laser processing are in the range of 10 to 100 nm/pulse. Par-
ticularly laser radiation of polymer surfaces has been dis-
cussed in several studies before [19, 20], which demon-
strated the viability and limitations as well as possible appli-
cations in biophysics and medicine. The combination of la-
ser processing with plasma etching at atmospheric pressure
is a new approach for ultra-precise surface structuring.

The so called LIPE (Laser Induced Plasma Etching) is
based on a micro-plasma ignited by a laser induced optical
breakdown. The generated plasma is the source of reactive
species, which can interact with a surface and result in chem-
ical etching given a sufficiently small distance between the
plasma and the surface. It was shown in previous studies that
materials like SiOz [21], Ge [22], Si [23] and SiC-SiC com-
posites [24] can be processed using LIPE. The achieved sur-
face quality was high with e.g., a measured surface rough-
ness of <2.4 nm rms [22] and 1.4 nm rms [21] for Ge and
SiO; respectively. It was found that the material removal
depth per applied laser pulse is on average one atomic layer
which makes the LIPE process suitable for ultra-precise sur-
face structuring.

In the present study LIPE processing of polymer sur-
faces will be investigated. The freestanding micro plasma is
generated by ultrashort laser pulses (150 fs, 775 nm). The
etching experiments will be performed in air or in oxygen at
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atmospheric pressure. As substrate material Polyimide
(Kapton@ HN (125 pm)) and PET will be used. Polyimide
is a high-sought after material in current industrial processes,
due to their flexibility and properties. Applications range
from semiconductors, high temperature plastics, membranes
to aerospace, optoelectronics and microelectronics. LIPE
characteristics are investigated in dependence of the etching
time, the distance of the plasma and the substrate surface,
the laser pulse energy, the etching gas, the substrate temper-
ature and the to be etched material. The morphology of the
generated etching grooves will be investigated via white
light interferometry (WLIM).

2. Experimental Setup

The experimental setup comprises of a laser and a sub-
strate chamber. A sketch of the experimental setup can be
seen in Fig. 1.

Temperature/
Gas-control

Camera

Fig. 1 Sketch of the experimental Setup

The laser has the following properties: Its pulse duration
is 150 fs, the pulse repetition rate is 1 kHz, the used wave-
length is 775 nm and the maximum pulse energy is 1 mJ.
The laser pulse energy can be adjusted with a polarizing
beam splitter. The beam is guided by several mirrors to the
top of the etching chamber and focused by 60 mm focal dis-
tance lens, before entering the chamber through a window.
Due to the optical breakdown which occurs at the focal point
when the pulse energy is high enough, a laser-induced
plasma is created inside of the chamber which can be seen

in Fig. 2.
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Fig. 2 Camera-generated Image of the laser in-
duced plasma (LIP) inside the experimental
chamber
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The chamber itself is fixed upon a movable X-Y-Z stage
which is controlled by a computer with a precision of ~ 1 um.
The chamber can furthermore be tilted regarding the laser
path, aligning the sample surface parallel to it. The inside
volume of the chamber is around 400 cm?®, which compares
to an estimated plasma volume of less than 10 mm?. The
plasma and the substrate inside the chamber can be observed
with two cameras, which monitor the plasma in real time.
The cameras are angled at 90° to each other and view the
plasma through side windows. The positions of each camera
can be freely adjusted. Due to their resolution the distance
between the plasma and the substrate surface can be adjusted
with a precision of ~ 5 um when measuring the distance be-
tween the plasma and the substrate. Said distance was meas-
ured from the surface of the substrate to the center of the
plasma in all future mentions.

Three metal clips fix the position of the substrate on top
of the heater inside the chamber. The heater is controlled ex-
ternally and can be accessed via two electrodes on the out-
side of the chamber. Additionally, the chamber features a gas
feed and a pressure control unit. This allows for a constant
gas flow which guarantees a stable pressure inside the cham-
ber. The gas flow rates when used were 667 sccm under AT
conditions. Air and oxygen were chosen to function as etch-
ing gas. The sample materials to be etched were polyimide
(Kapton@ HN (125 um)) and Polyethylenterephthalat
(PET). They were cut into pieces of ~ 10 mm x 10 mm. The
samples were used as received without further surface clean-
ing. After the etching, the samples were analyzed by a white
light interference microscope (NPFLEX, Bruker).

Before the start of the etching process, the laser induces
a plasma inside the chamber with a pulse energy high
enough to induce optical breakdown. After locating the
plasma with the two cameras, the substrate is moved by the
translation-stage. Once the desired distance between the
center of the plasma and the surface of the substrate is ac-
quired, the etching process begins.

3. Results

The interaction between the laser-induced micro plasma
and the polymer substrate amounts to changes in the surface
of the used polymer. According to the position of the plasma,
the formation of grooves can be observed.

Fig. 3 shows the properties of an example groove as
measured with WLIM. Both the cross-section in Y and in X
direction display the characteristic shape of the groove, as
well as showing asymmetry for the Y-axis. The Contour plot
also shows the difference in the length of the groove between
the two axes, with it being longer in the direction of the path
of the laser beam. For the shown exemplary groove in Fig. 3
the groove itself has a size of ~ 120 pum x 190 pum, for the X
and Y axes respectively. The shape and morphology of the
etching groove did not change significantly over the course
of any of the measurements, however the size of the etching
groove differs from the laser spot size in the focal plane
which is circular and has a radius of ~ 7 um.
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Fig. 3 Contour plot of an exemplary etching groove measured with a white light interferometer (upper image). Cross
sections of the etching groove along the dotted lines in x-direction (left) and y-direction (right).

In Fig. 4, the dependence of the cumulative etching
depth on the etching time is plotted. It can be observed that
by increasing the etching time the depth of the groove in-
creases, up to a maximum etching depth of 15.5 um after
15 min of etching. The slope of the graph is slightly flatten-
ing with increasing etching time.
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Fig. 4 The cumulative etching depth in dependence of the
etching time for a pulse energy of 660 pJ, an etching time
of 180 s, with a substrate at RT. Air was used as etching
gas at atmospheric pressure. Kapton@ HN was used as
substrate material.

The relation between etching rates and etching time are
shown in Fig. 5. The etching rates were determined by di-
viding the corresponding maximum depth of the groove by
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the etching time. Therefore, the calculated result is an aver-
age etching rate. In addition to the etching rate per time, Fig.
5 shows the etching rate per applied laser pulse. The number
of applied laser pulses was calculated considering the laser
pulse repetition rate of 1 kHz. It can be gathered from the
graph that with increasing the etching time the etching rate
decreases. The maximum etching rate of ~ 67 nm/s was
measured at an etching time of 1 min. The minimum etching
rate of ~ 17 nm/s was measured at an etching time of 15 min.
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Fig. 5 Etching rate in dependence of etching time for a
laser pulse energy of 660 wJ, an etching distance of
100 um, with a substrate at RT. Air was used as etching
gas at atmospheric pressure. Kapton@ HN was used as
substrate material.
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In the graph shown in Fig. 6, the dependence of the etch-
ing rate on the etching distance between the center of the
plasma and the substrate is demonstrated. It ranges from 80
pm to 200 um. As shown by the graph, the correlation is in-
verse: The smaller the distance, the higher the etching rate.
It can also be gathered, that by using the maximum plasma-
surface distance of 200 pm an etching of the surface was not
totally prevented. Due to the experimental setup, it was not
possible to shorten the distance further, without leaving
traces of direct ablation from the laser beams onto the poly-
mer.
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Fig. 6 Etching rate in dependence of etching distance for
a laser pulse energy of 693 pJ, a time of 180 s, with a sub-
strate at RT. Air was used as etching gas at atmospheric
pressure. Kapton@ HN was used as substrate material.

In Fig. 7 the influence of varying the laser pulse energy
on the etching rate is shown. In contrast to the distance, in-
creasing the pulse energy leads to higher etching rates, with
a maximum of 75 nm/s at the highest power of 774 pJ. The
increase is monotone.
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Fig. 7: Etching rate in dependence of laser pulse energy
for an etching distance of 100 um, a time of 180 s, with a
substrate at RT. Air was used as etching gas at atmos-
pheric pressure. Kapton@ HN was used as substrate ma-
terial.

The difference in using oxygen instead of air as the etch-
ing gas is displayed in Fig. 8. For both measurements, the
same parameters were used to allow for direct comparison.
As seen in the graph, both conditions lead to the same shape
of correlation between time and etching rate.
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However, the etching rates when using oxygen are without
exception higher for all points measured. This difference in
etching rate ranges from 83 nm/s to 32 nm/s. The difference
between the two values diminishes at increased etching
times.
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Fig. 8 Etching rate in dependence of etching time for a
laser pulse energy of 774 uJ, an etching distance of
100 pum, with a substrate at RT. Air (blue) / oxygen (red)
was used as etching gas at atmospheric pressure. Kap-
ton@ HN was used as substrate material.

Fig. 9 explores the change in etching rate when varying
the temperature of the sample. It can be seen in the graph,
that the etching rate increases when increasing the tempera-
ture. The highest etching rate of 247 nm/s was achieved at a
temperature of 525 K. For lower values of temperature, the
increase in etching rate appears to grow linearly.
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Fig. 9 Etching rate in dependence of temperature for a la-
ser pulse energy of 774 nJ, an etching time of 180 s and
an etching distance of 100 um. Air was used as etching
gas at atmospheric pressure. Kapton@ HN was used as

substrate material.

Two materials were chosen and compared to each other,
namely Kapton@ HN (125 um) and Polyethylenterephthalat
(PET). The results are shown in Fig. 10. Both samples
shared the same parameters across the several measurement
points. PET has higher etching rates than polyimide across
the entire etching time range. The difference ranges from
133 nm/s to 38 nm/s. The time of the highest and lowest
etching rate for each material is the same at 1 min and
15 min respectively. Similarly, the trend of diminishing etch-
ing rates for larger times is shared.
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Fig. 10 Etching rate in dependence of etching time for a
laser pulse energy of 751 pJ, an etching distance of
100 pm, with a substrate at RT. Air was used as etching
gas at atmospheric pressure. Kapton@ HN (blue) / Poly-
ethylenterephthalat was used as substrate material.

4. Discussion

Etching experiments on polyimide and PET were con-
ducted using a laser-ignited plasma with air and oxygen as
etching gas. Plasma etching of polymer surfaces with air or
oxygen as etching gas comprise of various chemical and
physical processes which have been analyzed in detail in nu-
merous previous studies [25-29]. Thus, the present paper
will not give a detailed description, but rather give a sum-
marizing overview as well as an evaluation of the im-
portance of the different mechanisms.

The etching process starts with the formation of reactive
species due to the laser-induced plasma. The reactive species
will then diffuse to the substrate surface and react, leading
to the creation of volatile products. These will then detach
and diffuse away from the surface. Due to the experimental
setup additional material removal due to laser ablation can
be excluded. This is further proven by the differences in size
between the laser spot and the etching groove shape and the
low etching rate seen in Fig. 5. Similarly, due to the pressure
and distance of the plasma to the substrate surface, the influ-
ence of ion or electron bombardment causing sputter effects
can be neglected, given a mean free path length of ~ 100 nm
in atmospheric pressure. This combined results in a chemical
etching process-dominated material removal of the surface,
which is supported by the observed morphology of the etch-
ing groove under WLIM. Since the etching gas in use was
either air or pure oxygen, the reactive species majorly con-
sist of atomic oxygen. The addition of reactive nitrogen spe-
cies may give rise to direct etching of the polymer used [30].
The resulting gaseous products of the interaction of reactive
species with the polymer are mainly CO, CO,, H,O, H; and
Nz [29, 31], which can condensate and form deposits on the
surface outside the etching groove. The influence of UV and
X-ray radiation generated during the optical breakdown can
support the etching process [32-34].

The plasma enabling the etching process was generated
by an optical breakdown. An optical breakdown can be de-
fined as achieving an electron density of ~ 10'* cm™ [35].
After reaching the corresponding threshold for the power
density, a sharp increase in electron density can be observed.
There are two main processes for electron generation, mul-
tiphoton ionization (MPI) and avalanche ionization (AI). A
detailed explanation can be found in [36] [4, 37]. In a previ-

32

ous study, the same configuration led to a threshold for gen-
eration a visible plasma of 200 uJ [21]. The influence of the
laser pulse energy on the etching rate is a positive, given the
increase in etching rate when increasing the laser pulse en-
ergy, as shown in Fig. 7. The exact mechanisms behind this
exact dependence are most probably caused by a combina-
tion of processes which are not yet fully understood. How-
ever, the general trend of an increase in etch rate when in-
creasing the laser pulse energy can be explained by an in-
crease in plasma volume which leads to an increase in the
number of reactive species and a shorter path to the surface.
Additionally, a higher energy density amplifies the genera-
tion of reactive species through higher electron density and
temperature.

In Fig. 5, it can be seen that the etching rate decreases
with etching time. This is a typical seen effect [22], which
can be attributed to a geometric factor, namely the increase
in etching distance between the plasma and the substrate sur-
face due to a larger etching depth at higher etching times.
This leads to an increase in diffusion length and diffusion
time which decreases the average density of reactive species
at the surface of the substrate. This effect can be seen in Fig.
6, and roughly follows a linear dependence. The highest
measured absolute etching rate value of 67 nm/s for polyi-
mide compares to 66 nm/s for germanium [22]. Although the
etching rate values are very similar, the corresponding etch-
ing time for Ge is 2 min, whereas for polyimide the highest
etching rate was measured for an etching time of 1 min [22].
These differences are a result of the difference in chemical
interactions with the substrate, since in previous studies a
mixture of CF4 and O, was used as etching gas and germa-
nium was used as substrate.

From the investigations with the WLIM the surface in
the etching groove is rather smooth however in the outer re-
gions, impurities can be found. Those impurities as seen in
the contour plot of Fig. 3 are likely to be deposits of volatile
products of surface etching which have condensed and dif-
fused back onto the surface. This is, however, only an as-
sumption and should be further investigated with other
measurements, such as XPS (X-ray photoelectron spectros-
copy).

The increase of etching rate with increasing substrate
temperature (Fig. 9) is a direct consequence of increasing
chemical reaction rates at the substrate. A higher frequency
of reactions leads to a larger material loss and in turn etching
rate.

The dependence of the etching rate on the choice of
etching gas (Fig. 8) is in line with expectations. This is be-
cause a higher concentration of oxygen leads to a higher den-
sity of reactive species, namely atomic oxygen, inside the
plasma. Since the diffusion process is similar for both
choices of etching gas, this also increases the density of re-
active species at the surface of the substrate. Because a
higher density leads to more frequent formations of volatile
products and thus material loss, an increase in oxygen con-
centration is followed by an increase in etching rate.

The difference in etching rate between different poly-
mers was exemplary measured in Fig. 10. As expected, the
shape of the graphs is the same, which is in accordance with
the similarity in their chemical structure. The noteworthily
higher values for PET range from an increase of 130 % to
40 % when compared to Kapton@ HN (125 um), depending
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on the chosen etching time. When comparing the results to
other studies [25], their increase ranges from 50 % to 120 %
increase, which is in line with the data from this study. This
difference could be explained by the difference in tempera-
ture resistance which would explain the higher etching rate
of PET, as well as its higher flattening in comparison to Kap-
ton@ HN (125 pm), since the temperature of the substrate
decreases with greater distance from the plasma.

In conclusion, the etching rate and in consequence etch-
ing depth of polymers with a laser-induced plasma can be
precisely controlled, due the strong and mostly linear de-
pendence of numerous parameters as well as the low etching
rate itself, which allows for precise surface structuring.

5. Summary

This paper has demonstrated the high-quality machin-
ing of polyimide using a laser-induced plasma under various
conditions as well as their influence on the etching process.
This was done with a laser pulse duration of 150 fs, a pulse
repetition rate of 1 kHz and a wavelength of 775 nm. Focus-
ing of the laser beams led to an optical breakdown in a reac-
tive gas mixture causing their activation and allowing dry
etching of the substrate. The pressure of the chamber was
kept at atmospheric conditions, and the gas inside was either
air or pure oxygen, with oxygen increasing the etching effect.
The precision of this method is shown by the average etch-
ing depth per laser pulse of <1 A. Since the distance be-
tween the substrate and the plasma increases with greater
etching depth, this likely explains the decrease in etching
rate over time. The etching rate increased linearly with the
pulse energy and temperature but decreased linearly with
plasma - substrate distance. Pure oxygen as etching gas
showed a much higher etching rate then air. Altogether, it
has been shown that the method of dry etching can be used
on polyimide and allows for precise etching of its surface.
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