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Abstract: In this study, we report on the investigation of influence of air atmospheric pressure dielectric
barrier discharge on polyimide (Kapton) films. It is shown that plasma treatment causes a significant
increase of Kapton wettability that is connected with alterations of its chemical composition (oxidation)
induced by dielectric barrier discharge. Observed variations in the wettability of Kapton were also
found to be accompanied by changes in the dynamics of water droplets drying on plasma-treated
Kapton, namely by the reduction of the constant contact angle phase of the droplet drying. This effect
may be ascribed to the higher surface heterogeneity of plasma-treated Kapton that causes pinning of
the edges of drying droplet on the Kapton surface. Finally, the differences in wettability induced by
the plasma treatment led to a different way, how the water condensates on the Kapton surface: while
the condensing water forms large amount of small droplets on untreated Kapton, much bigger water
structures were found on the Kapton exposed to atmospheric plasma.

Keywords: Kapton; dielectric barrier discharge; surface modification

1. Introduction

Kapton, which is a polyimide material developed by the Du Pont company in the 1960s is one of
the high-performance polymers that exhibits remarkable properties (high heat resistance with upper
working temperature in the range 250-320 °C, good mechanical properties with tensile strength of
230 MPa, good dielectric properties with dielectric constant 3.4 and low-outgassing in a vacuum).
This makes Kapton a highly valuable and popular material in a wide range of modern technologies
that include, for instance, flexible electronics, optoelectronics and spintronic (e.g., electronic skin
applications, flexible sensors, or solar cells [1-7]) or aircraft and aerospace industries [8,9]. However,
despite its advantageous bulk properties, the possible use of Kapton is limited by its rather low
wettability, inertness and low adhesion. Because of this, various strategies were developed with an aim
to reduce inherent surface hydrophobicity, insufficient adhesion and/or inertness of Kapton to comply
with demands in various applications that are based on the utilization of protection/adhesion layers,
chemical treatment, ion beams or ultra-violet radiation [10-16]. As an analogy to other polymers,
an interesting alternative to the aforementioned approaches represents plasma-based techniques.
The popularity of these methods is connected with the fact that they are capable, under appropriate
conditions, to modify surfaces of a treated object without the alteration of its bulk characteristics.
The modification of polymers may proceed by two principal ways: (i) coating of an object with a material
with the required surface properties (e.g., [17,18]), or (ii) by the use of non-depositing plasma that alters
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the surface chemical composition and/or morphology of treated material. The latter approach was
already tested on a wide range of polymers using both low-pressure [19-21] and atmospheric pressure
plasma [22-26] generated in different gases or gas mixtures. From the practical point of view, special
attention is nowadays devoted to the dielectric barrier discharges (DBD) operated at atmospheric
pressure in air that allow for the fast and cost-effective treatment of polymers. For instance, it was
demonstrated in our previous studies that several seconds of DBD plasma treatment may promote
covalent immobilization of biomolecules on otherwise bio-inert polytetrafluoroethylene (PTFE) [27]
or enhance adhesion, growth and proliferation of certain cell types on polyethylene terephthalate
(PET) [28].

Concerning the plasma treatment of polyimide films, the main attention has been devoted to the
possibility to promote the adhesion between the plasma-treated polyimide surface and subsequently
deposited metallic coating (e.g., copper [29-34]). Based on the reported results, it has been found that
plasma treatment is indeed capable of inducing a substantial increase of surface energy of Kapton that in
turn enhances the adhesive strengths of metallic films onto polyimide substrates. However, the majority
of early works employed low-pressure plasma treatment that is in many cases not compatible with
the demand of a cheap and fast process [29-31]. Because of this, further studies were performed with
atmospheric pressure plasmas generated in different gases and gas mixtures such as He/O,/NF; [32],
Ar [33], Np/air [34]. It has been reported that the activation and hydrophilization of polyimide films
may be achieved also in these cases in a relatively short period of time that ranged, depending on the
operational condition, from several seconds up to several minutes. However, similarly to the treatment
and processing of other polymers (e.g., [35-38]), the cost of the treatment that is connected in the case
of atmospheric pressure plasma mainly with the gas consumption may be further decreased when
laboratory air is used as the working gas.

The main aim of this study is to investigate in detail the suitability of DBD plasma treatment
for the enhancement of the wettability of Kapton. In contrast to the previous reports, this study
includes also the evaluation of the impact of the plasma treatment of Kapton on the dynamics of water
droplet drying or water condensation on its surface, as well as presents the strategy that allows for the
fabrication of Kapton surfaces patterned by areas with low and high wettability.

2. Materials and Methods

DBD plasma reactor, previously employed for the modification of PET, Nylon and PTFE
foils [27,28,39], was used in this study. A schematic diagram of this DBD system is depicted in
Figure 1. The plasma was generated between two parallel planar electrodes. The top electrode
(dimensions 20 mm X 20 mm x 50 mm) was made of stainless steel and was moveable along the length
of the bottom electrode. The bottom electrode (dimensions 72 mm X 160 mm) was a grounded steel
plate covered with 1-mm-thick sintered alumina. The distance between the top and bottom electrodes
was 2.0 mm. The upper electrode was powered by a high-voltage (~20 kV), low-frequency (~20 kHz)
alternating current power supply. The power was 30 W and the plasma was ignited in laboratory air.
As reported in our previous studies this led to the formation of filamentary plasma (see Figure 1) with
an average ~10° microdischarges per second [40].
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Figure 1. Schematic of the dielectric barrier discharge (DBD) system used for the treatment of Kapton
and photography of DBD plasma.

The samples to be treated, commercially available Kapton HN® films (thickness of 0.125 mm,
Goodfellow Cambridge Limited, Huntingdon, UK, used as received, chemical structure presented in
Figure 1), were cut into the strips (commonly 2.5 cm X 4.0 cm) and placed onto the bottom electrode.
Such prepared samples were subsequently exposed to the DBD plasma. To treat the whole surface of
the Kapton strips, the top electrode was scanned over the samples (up to 40 times) with the constant
scanning speed 40 mm/s. The highest number of scans corresponded to the 20 s exposure of the entire
surface of the Kapton sample to the plasma.

Wettability and surface energy of the Kapton films before the plasma treatment, immediately
after plasma treatment and after different storage times (on air at room temperature) was measured
by a goniometer of own construction. It consisted of a syringe with testing liquid (ultrapure water
and diiodomethane, both sourced from Sigma Aldrich, St. Louis, MO, USA), substrate holder and
camera connected to a computer. The droplets were gently put onto the samples and photographed
immediately after their deposition as well as during their evaporation. Acquired images were
subsequently manually processed and contact angle and contact radius, i.e., the radius of the droplet
in contact with the Kapton film, were determined. The surface energy was calculated from the contact
angles of water and diiodomethane using the Fowkes theory [41]. In addition to this, the evaporation
of the water droplets was also studied by gravimetry. In this case water droplets (volume of 4 uL)
were spotted onto the Kapton samples positioned on Mettler Toledo XS205 balances (Mettler Toledo,
Columbus, OH, USA). The weight of the drying droplets was recorded with a time step of 15 s. All the
experiments were performed in the laboratory air at room temperature 22-25 °C and relative humidity
in the range from 35-40%.

The chemical structure of Kapton films was determined by X-ray photoelectron spectroscopy
(XPS) that was carried out using an XPS spectrometer equipped with a hemispherical analyzer (Phoibos
100, Spec, Berlin, Germany) and using Al K« X-rays source (1486.6 eV, 12 kV, 200 W, Specs, Berlin,
Germany). The elemental composition was determined from the XPS survey spectra that were recorded
with step 0.5 eV at pass energy of 40 eV. High-resolution XPS spectra of C 1s, O 1s and N 1s regions
were measured with the step of 0.05 eV and pass energy 15 eV. Each of high-resolution XPS spectra
was measured 10 times to obtain a sufficient spectral resolution and to lower the noise level. Acquired
XPS spectra were charge referenced to the C 1s peak of 284.7 eV, which corresponds to the carbon in an
aromatic ring [42]. The fitting of high-resolution XPS spectra of C 1s and O 1s peaks was performed
using the CasaXPS program after the Shirley background subtraction.

Morphology of the Kapton films was assessed by atomic force microscopy (AFM, Quesant Q-scope
350) in the semi-contact mode (scan rate 2 s) using ACLA-10 Si probes (tip radius < 10 nm, AppNano,
Mountain View, CA, USA). The scanned area was 10 pm X 10 um. The acquired AFM images were
analyzed by open-source Gwyddion software.
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Finally, the etching rate of Kapton by DBD plasma was estimated by gravimetry. In these
experiments, the strips of Kapton film were weighed before and after the plasma treatment using
Mettler Toledo XS205 balances (Mettler Toledo, Columbus, OH, USA).

3. Results and Discussion

3.1. Morphology and Surface Chemical Composition

The first studied parameter was the surface chemical composition of Kapton before and after the
DBD plasma treatment. For untreated Kapton the surface elemental concentration calculated from
the integral intensities of the peaks present in the survey XPS spectra was found to be close to the
theoretical values for Kapton—the carbon concentration was 78% (theoretical value 75.9%), nitrogen
concentration was 6% (theoretical value 6.9%) and surface concentration of oxygen was 16% (theoretical
value 17.2%). As it is presented in Table 1, already 1 s of the plasma treatment led to the increase of the
oxygen concentration up to approximately 22% that was accompanied by the decrease of the carbon
surface concentration that dropped down to 71%. Because of this, the O/C ratio was found to increase
by 50% from 0.2 measured on untreated Kapton up to 0.32 on Kapton exposed to the DBD plasma for
1 s. The prolongation of the treatment had no further impact on the surface chemical composition that
remained approximately the same for all treatment times.

Table 1. The elemental composition of untreated and DBD-treated Kapton as measured by X-ray
photoelectron spectroscopy (XPS).

Treatment Time (s) C (at.%) O (at.%) N (at.%) o/C

0 78 16 6 0.21
1 71 22.5 6.5 0.32
10 71 21.5 7.5 0.30
20 71 22 7 0.31

In order to get a better insight to the changes into the surface chemical composition of Kapton
as induced by the DBD treatment, the high-resolution spectra of C 1s and O 1s peaks were analyzed
using the same approach as in the previous study [15] and the C 1s peak was fitted by 5 components.
The peak at the binding energy of 284.7 eV (denoted as C1 in Figure 2) was attributed to the carbon
atoms in the aromatic ring of the oxydianiline (ODA) part of Kapton; the peak at 285.5 eV (C2 in
Figure 2) belongs to the carbons in the benzene ring in the pyromellitic dianhydride (PMDA) structure
of the Kapton as well as to C-N bonds, the peaks at 286.3 eV (C3) and 288.6 eV (C4) correspond to
single C—O bonds and carbonyl C=0 bonds, respectively. In addition, a weak peak with the highest
binding energy was attributed to the satellite peak that is connected with m—7* transition. Here again,
a relatively good match for untreated Kapton with the theoretical structure was observed. The most
pronounced deviation from the theoretical values was observed for C=0 bonds (13% measured,
18% theoretical value), which is, however, a common situation that is due to the cross-linking or
hydrogen bonding [15,43]. The C=0 bond deficiency in comparison with the ideal stoichiometric
concentration was observed also when O 1s peak was analyzed. In this case, two components were
used to fit O 1s peak—the component at 532 eV (denoted as O1 in Figure 2) belongs to C=0O carbonyl
bonds, while the peak at the higher binding energy (O2 in Figure 2) corresponds to C-O-C bonds.
The measured ratio of these two components is 7:3, while the theoretical value ratio is 4:1.
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Figure 2. (a) Survey XPS spectra and high-resolution XPS spectra of (b) C 1s peak and (c) O 1s peak.
Panels show XPS of untreated Kapton (top), XPS spectra after 1 s of DBD treatment (middle) and XPS
spectra after 10 s of DBD treatment (bottom).

In the case of DBD-treated Kapton, considerable changes were observed in both C 1s and O 1s XPS
peaks. First of all, it was not possible to fit the C 1s peak by 5 components as in the case of untreated
samples: an additional peak at 290.7 eV (denoted C5 in Figure 2) had to be added that corresponds to
carbonates. Alongside with the appearance of this spectral peak, the intensity of the peak at the binding
energy of 288.6 eV increased by approximately 50% from about 13% up to 21% that was accompanied
by the decrease of the C1 and C2 peaks, which contains either C-N bonds or carbons in the PMDA and
ODA structure. The increased abundance of oxygen-containing bonds and formation of new carbonate
bonds clearly shows effective oxidation of Kapton surface, which is in good agreement with previously
reported studies focused on the air DBD treatment of polymers [24,26,28]. This, in turn, causes also the
changes in the O 1s XPS spectra that show a relative increase of C—O bonds previously reported also
for PET [28] or Nylon [39].

Concerning the AFM measurements, the DBD plasma was found to have a strong impact on
the surface morphology of Kapton film. While the untreated Kapton was smooth with the value of
root-mean-square (RMS) roughness 1.0 nm, the atmospheric pressure air DBD treatment led to the
formation of surface nanostructures randomly distributed on the Kapton surface. As it is depicted in
Figure 3, different populations of nanostructures that differ in dimensions (both lateral and vertical
ones) may be recognized on Kapton film in dependence on the treatment time: besides small “bumps”
that were visible already after 1 s of the DBD treatment, much bigger nanostructures become observable
for longer treatment times. This effect may also be clearly demonstrated on the height histograms
presented in Figure 3b that become highly asymmetric with distinguishable peaks at different heights
for longer treatment durations. Such behavior may be caused either by the reorganization of the
Kapton surface exposed to the plasma or by gradual and spatially inhomogeneous removal of the
material from the surface of Kapton. In order to shed the light onto this phenomenon, the removal rate
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was measured by gravimetry. This experiment confirmed relatively fast etching of Kapton with the
removal rate close to 0.6 ug/s cm?, which is a value close to the previously published etching rates
for other polymers using the same DBD reactor and similar operational conditions [40]. Taking into
account the density of Kapton (1.42 g cm™3 according to the material data sheet) this value corresponds
to the etching rate of 4 nm/s. This means that 10 s of plasma treatment should induce the removal of
approximately 40 nm of the Kapton top-layer. In the case of spatially homogeneous etching, the Kapton
surface should remain smooth and only its thickness should decrease. In the second limiting case,
in which only some fraction of Kapton is removed by the plasma and the rest stays intact, the heights
of formed nanostructures should be at least 40 nm after 10 s of plasma treatment duration. As this is
not the situation observed by AFM that indicated the maximal height of nanostructures after 10 s of
plasma treatment to be only 25 nm, it can be concluded that the entire surface of the Kapton sample is
etched, but at different rates.

Untreated 1s DBD plasma

8 Opm 2 4 6 8

0 pm 2

10sDBD plasma : . 150

10 ——Notreatment RMS 1.0 nm|

—— 1sDBD RMS 1.6 nm|
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0.1 4
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0014

0.001 4

Height (nm) b)

Figure 3. (a) Atomic force microscopy (AFM) images of untreated and DBD-treated Kapton and
(b) corresponding height histograms.

3.2. Wettability

The changes in the surface chemical composition and morphology induced by the DBD treatment
described in the previous section have a strong impact on the wetting on the Kapton surface. First of all,
the plasma treatment was found to induce a dramatic decrease in the static water contact angle. As can
be seen in Figure 4, the static contact angle dropped from about 80 degrees measured on untreated
Kapton film down to 24 degrees already after 1 s of plasma treatment that is a value comparable with
results reported previously for polyimide treated by the nanosecond-pulse DBD in atmospheric air [44].
This rapid decrease was then followed by a slight decrease in water contact angle with a further
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increase of the plasma treatment duration. In a similar way behaved also dynamic contact angles,
i.e., advancing and receding contact angles. The aforementioned changes in the surface wettability of
Kapton exposed to the DBD plasma are connected with the significant rise of the surface free energy
that was found to increase from 52 m]/m? measured for untreated Kapton up to 75 mJ/m? for Kapton
treated for 1 s. Such a change in surface energy is predominantly given by the increase of its polar
part (from 4 mJ/m? up to 36 mJ/m?) that is connected with the formation of polar oxygen-containing
groups on the surface of DBD-treated Kapton that were observed by XPS. Furthermore, as the XPS did
not indicate any changes in the surface chemical composition of Kapton film for all treatment times,
the slight increase of Kapton wettability for longer treatment times should be ascribed to the gradual
increase of its roughness as observed by AFM.
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Figure 4. (a) Static and dynamic water contact angles in dependence on the duration of the DBD
treatment of Kapton and (b) evolution of the water contact angle with the storage time (treatment
duration 10 s).

Although a substantial increase of Kapton wettability after its DBD plasma treatment was observed,
the high surface wettability was not found to be temporally stable and gradually decreased with the
storage time (see Figure 4b). This effect, sometimes termed as hydrophobic recovery, is common for
plasma-treated polymers and is connected either with the reorientation of polar functional groups on
the surface of polymers, migration of fragments from the surface into the bulk or with the accumulation
of carbon-containing air-born impurities [45-47]. To quantify the characteristic time-scale of this
process, that defines the time-scale at which the plasma-induced hydrophilization of Kapton surface is
persistent, the values of water contact angles measured at different storage times 6(t) were fitted by an
empirical formula [48]:

t

O(t) = Osat — Ave” @

where 0O stands for the saturation contact angle reached after the infinite storage time and 7 represents
the characteristic restoration time of the contact angle. According to the fitting procedure of measured
data, the characteristic time 7 was determined to be 6.2 days that is close to the previously reported
value for DBD-treated polyether ether ketone (PEEK) [49]. However, it is important to note, that despite
its increase, the water contact angle did not reach the value measured on untreated Kapton even after
1 year from the DBD treatment.

Another issue connected with the DBD treatment, which may be of interest for applications, is the
possibility to fabricate surfaces with spatially distinguishable and well-defined wettability patterns, i.e.,
surfaces with zones that possess markedly different wettability. To demonstrate this option, the Kapton
film was covered by a silicon gasket (1-mm-thick) with an array of circular openings (3 mm in diameter)
and plasma treated for 10 s (see Figure 5). The role of the gasket was to shield certain parts of Kapton
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from the plasma that thus modified only the part of Kapton not covered by the gasket. After the DBD
treatment, the gasket was gently removed and the Kapton was immersed into distilled water for 5 s
and then gently withdrawn. Due to the differences in wettability of plasma-treated and untreated
parts the water preferentially accumulated on the zones that were exposed to the plasma and formed a
well-defined array of droplets that copies the geometry of the gasket (Figure 5).

Silicone multi-well gasket Well diameter 3mm

N = DBD plasma

Kapton =

Figure 5. Schematic representation of the step used for the fabrication of Kapton surface with wettability
patterns using a silicon multi-well gasket and DBD plasma and photography of resulting array of

water droplets.

3.3. Droplet Drying and Condensation

Another phenomenon connected with the DBD treatment of Kapton is changing the way, how a
water droplet dries on its surface. In the case of untreated Kapton, the drying followed three easily
distinguishable drying modes (Figure 6). In the first one, the drying droplet gradually changed its
contact angle, but its contact radius stayed constant. This, so-called constant contact radius (CCR)
drying mode [50], changed as soon as the contact angle of the droplet reached value around 50 degrees.
In this case, further droplet evaporation led to the decrease of the contact radius, while the contact angle
stayed almost unchanged (so-called constant contact angle (CCA) mode [50]). The angle, at which
the CCR to CCA transition occurred defines the receding contact angle. Finally, both contact angle
and contact radius decreased with increasing evaporation time (so-called mixed mode) at the terminal
stages of the droplet drying. In contrast to the untreated sample, for all samples exposed to DBD
plasma the CCA drying phase was absent, which means that the triple line of the droplet stayed
pinned on the surface for almost all of the time as the drop evaporates. In agreement with the results
reported in the previous study, in which PEEK foils were treated by the DBD plasma [49], the absence
of the CCA drying mode was persistent even for prolonged storage times for which the water contact
angle increased up to 60°. Such pinning may be ascribed to the increased inhomogeneity of surface
morphology caused by the plasma that was witnessed by AFM (Figure 3).
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Figure 6. Dynamics of the water droplet drying expressed as the dependence of the contact radius on

the water contact angle.
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Different drying dynamics on untreated and DBD-treated Kapton may be demonstrated also by
the gravimetry when the evaporation was monitored by measurement of the droplet mass during its
evaporation. Two important findings were observed as it is demonstrated in Figure 7 for droplets
having the same initial volume/mass. The first phenomenon is much faster evaporation of the droplet
on plasma-treated Kapton. This effect is connected with an approximately 2 times bigger surface
area of the droplet on the Kapton previously exposed to the DBD plasma that is due to its higher
wettability and with it connected spreading of water of Kapton surface. The second effect presented
in Figure 7 is the different temporal behavior of the evaporation rate. In the case of plasma-treated
Kapton, the dependence of the mass change of the drying droplet was found to be almost linear. In fact,
the measured data were fitted by the power law [51]:

(ﬁ)ﬁ = (1—1) @)
My t f

where m is the mass of the droplet, m, is the initial mass of the droplet, § is the scaling exponent that
depends on the drying mode, ¢ is the evaporation time and #;is the time needed for the complete droplet
evaporation. As can be seen in Figure 7, the scaling exponent f§ is close to 1 which confirms the linearity
of the mass change of the droplet with the evaporation time. According to the numerical studies
this scaling exponent is typical for the drying of droplets in the CCR mode [52,53]. This situation is
markedly different from the one observed for untreated Kapton. Although in this case, the initial
decrease of the droplet mass may be fitted with power law using exponent f close to 1, the measured
data start to deviate from the linear trend after 10 min of evaporation. At this time point, the mass
decrease corresponds to the scaling exponent  equal to 0.65. Such value suggests the change of the
drying mode and corresponds to the theoretically predicted and experimentally confirmed exponent
2/3 for sessile droplet drying in CCA mode [50,54,55]. This drying mode terminates at the evaporation
time close to 18 min when the drying changes to mixed mode.
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Figure 7. Mass of the droplet versus evaporation time.

Finally, the changes in wettability induced by the DBD plasma treatment affect the way, how water
condensates on the Kapton surface, which is often overlooked in the literature devoted to the
plasma-treatment of polymers. To demonstrate this, one half of the Kapton strip was exposed to the
DBD, while its second part was shielded by a silicon solid gasket. Such a prepared sample was then
exposed to the steam generated by boiling water (see Figure 8). Markedly different condensation
was observed: while the untreated part of the Kapton retained its visual appearance after water
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condensation, the part that was DBD treated were readily covered by a water film. This difference
was due to the different levels of hydrophilicity of treated/untreated parts on the sample. On the
more hydrophobic, i.e., plasma untreated, part of the Kapton, water formed upon condensation small
randomly distributed individual droplets as it was confirmed by optical microscope. In contrast,
the water tends to form considerably bigger water structures on the plasma-treated and thus also more
hydrophilic part of Kapton. According to the theoretical models, such structures originate from the
rupture of the film-like water condensate formed at the early stages of the water condensation on
hydrophilic surfaces [56].

Untreated DBD treated

Figure 8. Condensation of water on plasma-treated and untreated Kapton.
4. Conclusions

To conclude, the effect of DBD atmospheric pressure air plasma treatment of the Kapton surface
was studied with respect to the wetting, drying and water droplet condensation. It was demonstrated
that DBD treatment causes the formation of nanostructures on the surface of Kapton as well as leads
to its rapid oxidation as witnessed by XPS. These changes in turn influence the wettability that was
found to rapidly decrease from 80° down to approximately 20°. As shown, this effect may be utilized
for the facile production of well-defined wettability patterns when a mask is introduced in between
plasma and Kapton. Furthermore, the plasma treatment also influenced the dynamics of water droplet
drying, namely it caused an absence of constant contact angle drying phase. Unlike the water contact
angle of a sessile droplet that tends to increase with increasing the storage time with characteristics
time 6.2 days, the alteration of the droplet’s drying dynamics was found to be persistent. This effect
may be ascribed to the pinning of the triple line of the evaporating droplet by surface nanostructures
created on the Kapton surface during its plasma treatment. Finally, the changes in the wettability of
Kapton induced by the DBD plasma led to a different way, how the water condensates on its surface.
It was found that the condensing water formed small droplets on untreated and more hydrophobic
Kapton, whereas water structures with a much bigger size were found on the DBD-treated Kapton.

All of the aforementioned effects should be thus carefully considered when plasma treatment
is used for the modification of Kapton as it may impact its required performance. Concerning
this, our results show that when only the wettability or surface energy is important for a particular
application, 1 s DBD treatment is sufficient. In contrast, in the situations when certain level of
nanoroughness has also to be achieved, prolonged treatment times are necessary.
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