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Featured Application: Surface selective etching of polymer substrates, metal-polymer composites,
e.g., transparent conductive substrates by atmospheric plasma roll-to-roll processing.

Abstract: We present a novel method of surface processing of complex polymer-metal composite
substrates. Atmospheric-pressure plasma etching in pure Hy, Ny, Hy/N, and air plasmas was
used to fabricate flexible transparent composite poly(methyl methacrylate) (PMMA)-based polymer
film/Ag-coated Cu metal wire mesh substrates with conductive connection sites by the selective
removal of the thin (~10-100 nm) surface PMMA layer. To mimic large-area roll-to-roll processing,
we used an advanced alumina-based concavely curved electrode generating a thin and high-power
density cold plasma layer by the diffuse coplanar surface barrier discharge. A short 1 s exposure to
pure hydrogen plasma, led to successful highly-selective etching of the surface PMMA film without
any destruction of the Ag-coated Cu metal wires embedded in the PMMA polymer. On the other
hand, the use of ambient air, pure nitrogen and H,/N, plasmas resulted in undesired degradation both
of the polymer and the metal wires surfaces. Since it was found that the etching efficiency strongly
depends on the process parameters, such as treatment time and the distance from the electrode
surface, we studied the effect and performance of these parameters.

Keywords: hydrogen plasma; atmospheric pressure plasma; selective etching; polymer-metal mesh
composite foil; roll-to-roll processing

1. Introduction

Plasma technologies using a wide scale of plasma working gases has succeeded as a powerful
tool for surface cleaning, functionalization, adhesion improvement, deposition, sputtering and etching.
Hydrogen plasma is a very strong reducing agent already tested for the surface treatments of metals,
silicon, carbon, and polymer materials. A comprehensive summary of plasma etching of polymers and
polymeric materials including the hydrogen plasma etching can be found in the review of Puliyalil and
Cvelbar [1]. In general, when polymer surfaces are exposed to the hydrogen plasma, the bombardment
by plasma species (electrons, hydrogen ions and radicals) led to the degradation of the surface and
etching reactions will occur.

The effect of hydrogen content in low-pressure N»/H; plasma for surface modification of polyethylene
(PE), poly(tetrafluoroethylene) (PTFE) and polyvinylidene fluoride (PVDEF) studied Sara-Bournet et al. [2].
Hydrogen-containing plasma was found to causing dehydrohalogenation along the fluoropolymer
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backbone [3]. Subsequently, the co-process gas can covalently attach to these sites; thus, the hydrogen
plasma with a co-process gas can particularly improve the adhesive bonds of fluoropolymers.
Selective removal of polymeric PMMA residues on monolayer graphene by high-density, low pressure
H, and Hj/N, plasmas without a damage to the graphene surface as examined by Cunge et al. [4].
Selective etching of graphene edges and graphene nanoribbons using hydrogen plasma reaction
at 300 °C and at a pressure of 300 mTorr was studied by Xie et al. [5]. The advantage of selective
plasma etching using hydrogen as etchant gas was used for selective preparation of metallic and
semiconducting single-wall carbon nanotubes by Hou et al. [6] and Zhang et al. [7].

Inline plasma surface treatments showed a significant potential for applications in high volume
and cost-effective roll-to-roll (R2R) fabrication of flexible electronics on a polymer web substrate
including, for example, flexible solar cell and wearable electronics fabrication. Virtually all these
applications need diffuse non-thermal plasma. We use the wording “diffuse plasma” in accordance
with the term published for the first time by Simor et al. in 2002 [8]. The “diffusivity” of the plasma is
related to the visual uniformity of the generated plasma as observed by the human eye. So that we
used the term diffuse plasma to refer to the plasma which, when visually observed, is widely spread,
and not concentrated to individual plasma filaments. In our experience, the diffuse, visually uniform
plasma enables uniform plasma surface modification working at the plasma exposure times longer
than the time resolution of a human eye.

However, such plasma generated at low pressure in costly vacuum systems is at odds with
high throughput processing required in industry [9]. However, the developments in the field of
plasma physics during the last two decades have opened a way how to generate stable, diffuse and
non-thermal plasma at atmospheric pressure [10]. The research of atmospheric plasma, including the
atmospheric-pressure Hy plasma, has been driven by the need of replacing of expensive vacuum
systems by simpler, more cost-effective and high-throughput systems [9]. For example, [11] studied
plasma etching of various polymers like PP, PET, PEN, PEEK, PMMA, PLA, LDPE and Nylon 6.6 using
atmospheric pressure hydrogen plasma. Kwon et al. [12] used hydrogen plasma sintering process at
temperature 150 °C for reduction and densification of copper complex ink on flexible PET substrate.

The so-called Diffuse Coplanar Surface Barrier Discharge (DCSBD) is capable to generate visually
an almost uniform diffuse ambient air plasma with effective thickness of approximately 0.25 mm [13].
Large-area atmospheric-pressure hydrogen plasma generated by DCSBDs in a geometry mimicking R2R
treatment was studied for fast plasma reduction of graphene oxide film on flexible PET substrate [14].
It was also reported that DCSBD hydrogen plasma can be used for chemical reduction of a native
surface CuO/CuQ; layers [15] as well as for etching of thin SiO,/Si films [16] and reduction of diamond
nanoparticles [17]. Reducing DCSBD plasma was already used for surface modification [18] and
nanostructuring of PMMA, PET and PTFE polymeric substrates [19].

In this paper hydrogen atmospheric pressure plasma generated by a DCSBD with the electrode
geometry applicable for the R2R processing was used for etching of thin surface PMMA polymer layer
from the top of polymer-metal mesh substrate used as a flexible transparent conductive substrate.
The etching was studied by scanning electron microscopy (SEM) and using a laser confocal microscope.
A chemical reduction of plasma-modified surfaces was analyzed by energy dispersive x-ray analysis
(EDX). The effect of process parameters on the properties of etched surface was investigated too.
The selectivity of plasma etching was studied through the etching in mixtures of nitrogen and hydrogen.
DCSBD can generate atmospheric plasma in all technically important gases, such as ambient air,
nitrogen and hydrogen. Since the use of pure atmospheric pressure hydrogen can be of some safety
concern, we also tested the etching capability and selectivity of some other technically and economically
helpful plasma gases.

The novelty of this work is that the reducing, large-area hydrogen plasma generated at atmospheric
pressure was applied to a polymer-metal mesh substrate in order to carry out selective plasma etching
together with the optimization of etching parameters, in particular: plasma-substrate distance, etching time
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and working gas specification. The selectivity of plasma etching is of great importance especially in
case of processing of complex polymer-metal composite materials.

2. Materials and Methods

Plasma etching was performed on a composite mesh foil (Sefar AG, Thal, Switzerland), consisting of
a grid of polymer and metal wires embedded in a polymer PMMA foil. The thickness of the mesh foil
was 100 um. Metal wires, from copper, of thickness 40 um were coated with a thin 1 pm thick layer of
silver. The metal wires embedded in the foil were oriented longitudinally to the machine direction of
the plasma treater.

Figure 1 shows a reactor designed for roll-to-roll treatment and based on diffuse coplanar surface
barrier discharge with a concavely curved alumina ceramics used to etch polymer mesh samples by
non-thermal, low temperature (<80 °C) atmospheric pressure plasma. A 0.3-mm thin plasma layer
with surface power density 2.5 W cm~2 was generated in pure nitrogen and pure hydrogen (both
99.998%, Messer Technogas, Prague, Czech Republic) and its mixtures (5% and 50% of H, in N) ata
flow rate of 3.5 L/min. Plasma treatment in ambient air was done in a closed reactor without the flow
of working gas. The discharge was fed by a sinusoidal high-frequency high voltage (15 kHz) signal
at input power 400 W. The area of a thin layer of DCSBD plasma was 195 mm X 80 mm. To mimic
a roll-to-roll plasma etching conditions, the sample of 15 cm X 20 cm size was attached to the metal
roller covered by a rubber with a diameter of 296 mm. Plasma treatment time in the range 0.25-3 s
was changed by the setting of circumferential speed of the roller. The distance H between the sample
surface and the concave DCSBD electrode surface was set to 0.35 mm. The samples were studied using
SEM, EDX and confocal microscopy.

distance H |
0.15-0.6 mm 4

Figure 1. Reactor based on diffuse coplanar surface barrier discharge (DCSBD) with concavely curved
alumina ceramics for roll-to-roll treatment of flexible substrates. 1—Concavely curved DCSBD unit;
2—DCSBD plasma; 3—roller; 4—sample; 5—reactor chamber; 6—gas inlet; 7—gas outlet.

Confocal Laser Microscope (LEXT OLS4000 3D Laser Measuring Microscope) was employed to
observe the changes on plasma etched samples. Scanning Electron Microscopy with Energy dispersive
X-ray Analysis using a MIRA3 device (TESCAN, Brno, Czech Republic) was used to reveal the changes
in surface morphology, and chemical changes of plasma treated samples. SEM micrographs were taken
using the accelerating voltage 10 kV; the edge of the samples was observed at accelerating voltage
30 kV. All samples were coated with a 10-nm layer of Au before the SEM analysis.

3. Results

3.1. Plasma Etching of Thin Surface Polymer Layer

Pure atmospheric-pressure hydrogen plasma was employed to etch out the polymer film from the
surface of mesh foil and to expose free metal wire surface (Figure 2). The thickness of the polymer
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layer at the thinnest point over the top of a metal wire was ranging in the order of 1 nm up to 100 nm.
The removal of a thin surface polymer film is important to make conductive connection sites on the
surface before next processing steps.

D~ 10 nm @
PLASMA < >
ETCHING
% — >
Pl L /
@ @ ®

Figure 2. Schematic sketch of plasma etching. The average thickness of the etched polymer over the
wire tops was about 10 nm. 1—polymer foil; 2—mesh of polymer and metal wires; 3—metal wire;
4—uncovered metal wires tops.

As seen in Figure 3, already a short plasma exposure time of 1 s can expose “isles” of free metal
surface. Figure 3a shows the surface of the untreated sample. More bright, uncovered metal areas
are visible in Figure 3b showing etched surface with details on single uncovered wires in Figure 3c,d.
Both SEM images Figure 3a,b were taken at the same magnification 26X, working distance 15.0 mm
and view field 10.7 mm at accelerating voltage 15.0 kV. The shorter exposure times (0.25 s and 0.5 s) led
to the etching of surface polymer film, however, not all metal wires tops were exposed (uncovered) on
the surface after such short plasma etchings.

€)

Figure 3. The surface of (a) untreated mesh foil and (b) the mesh foil after H, plasma etching (1 s) with
details on cross-section and upper surface of exposed wires (c) and upper surface detail (d). The distance
of the sample surface from the surface of concave DCSBD electrode system was H = 0.35 mm.

Figure 4 shows SEM micrograph of a single uncovered wire after 1 s etching in pure H, plasma.
The SEM image is shown using secondary electrons (SE image) and also back-scattered electrons
(BSE image).
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SE image BSE image

Figure 4. SEM micrograph of the uncovered wire top after 1 s H, plasma exposure (distance H = 0.35 mm).

Secondary electrons originate within a few nanometers from the sample surface [20]. Therefore,
SE image shows the best the topography of the analyzed surface. Since heavy elements in the specimen
reflect or backscatter electrons more effectively than the light elements, the atoms with a high atomic
number appear brighter in the BSE image [20]. Backscattered electrons can be then used to detect
contrast between areas with different chemical compositions. As seen in Figure 4 (BSE image), we can
distinguish a bright uncover metal wire from the dark area composed of light polymer material.

Figure 5a,b shows the EDX line scans in lateral and longitudinal direction, respectively. As observed,
surface polymer film was successfully removed uncovering the metal wire. Figure 6 shows composite
element map of single wire indicating removal of polymer on the entire area of the uncovered wire.
In the area of uncovered wire a strong signal of silver was evident, while only a small signal of
copper indicating concentration of copper less than 0.5 wt.% was discernible (Figure 6 and Table 1).
This indicates that the thin polymer film was removed from the area above the wire without damage
of metal wire and its silver coating. The presence of carbon and a small concentration of oxygen in the
area of uncovered wire as shown in Figure 5 can be explained by the surface contamination during
the manipulation with the sample, when the sample was exposed to air after the plasma etching for
several hours before the SEM EDX analysis. We suppose that this is also the reason for the higher
concentration of carbon in the plasma exposed area of pure polymer compared to the value expected
on the clean PMMA surface.
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Figure 5. Longitudinal (a) and lateral (b) EDX line-scans taken on single uncovered wire on sample
treated 1 s in Hy plasma (distance H = 0.35 mm).
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Figure 6. Composite element map in the area of single uncovered wire. C—yellow, O—green, Ag—blue,
Cu—red (distance 0.35 mm, treatment time 1 s).

Table 1. Concentration of Carbon, Oxygen, Silver and Copper on the sample after 1 s etching at distance
0.35 mm measured in the areas A and B as shown in Figure 6.

Concentration (at.%)

Element
A B
C Carbon 34.5 92
@) Oxygen 6.5 8
Ag Silver 58.5 -
Cu Copper 0.5 -

3.2. Selectivity of Hydrogen Plasma Etching

Figure 7 shows the details on the tops of uncovered metal wires after 3-s etching in ambient air
plasma (a), nitrogen plasma (b), Hy/N; plasma (50%) (c), hydrogen plasma (d) and after 1-s etching
in hydrogen plasma (e). As seen, ambient air plasma and nitrogen plasma led, besides the polymer
etching, also to significant damages of the metal wires. Sample (c) treated in a mixture of hydrogen and
nitrogen showed a degradation of polymer around uncovered metal tops. Sample (d) was multiple
treated with short exposures of 0.25 s and total treatment time 3.0 s (with a dead time 2.7 s between each
plasma exposure and 29.7 s in total). The reason for such non-continuous treatment was to decrease
the thermal load on the thermally sensitive PMMA-based substrate and to prevent the unwanted effect
of plasma over-exposure. Generally, it is evident that only the pure DCSBD hydrogen plasma has the
capability of selective etching of thin surface polymer accompanied by just a negligible effect on the
metal wires in the polymer mesh foil.
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i, 4 ;O .25s
(a) (b) (c) (d) (e)

Figure 7. Exposed metal wires after etching in (a) ambient air plasma, (b) nitrogen plasma, (c) Hp/N;
plasma (50%) and (d,e) hydrogen plasma. Samples (a—d): treatment time 3 s (12 X 0.25 s for sample (d));
sample (e): treatment time 1 s in 100% hydrogen plasma.

3.3. The Effect of the Sample Distance from the DCSBD Plasma Layer on Plasma Etching

Diffuse coplanar surface barrier discharge in a configuration with a concavely curved electrode
arrangement is capable of generation of visually almost uniform diffuse plasma layer of some 0.3-mm
effective thickness. In this work, the polymer foil was treated at a distance in the range 0.2-0.6 mm
from the alumina ceramics.

It was already reported that DCSBD plasma consists of optically two distinctive regions: (i) diffuse
plasma located directly above strip electrodes and (ii) the gentle streamer filaments located above
the space between the electrodes [21]. It was shown that the decreasing gap between the conductive
sample and the ceramics with the plasma layer led to the change of generated plasma—extinction of
filamentary plasma was observed.

Figure 8 summarizes the results of 1 s plasma etching in pure H; plasma at distances 0.2-0.6 mm.
Original SEM images appear in Figure 9. As observed, there is an optimal distance for plasma etching
of polymer mesh foil. If the distance is larger than 0.5 mm, the surface of the sample is disrupted by the
streamers which are generated perpendicularly to its surface. This results in inhomogeneous etching
and uncovering the metal wire only at a small area, as seen in Figure 9d, for the distance of 0.6 mm,
together with the rough transition zone between polymeric and metal area. If there was a small
gap between the sample and the plasma layer, the streamers could not be creating, and plasma was
generated preferably in the diffuse mode. On the other hand, a small gap between the sample and the
ceramics with the electrode system led to an increase of thermal heating of the polymer. As seen from
SEM micrograph in Figure 9a, thermal heating may cause a cracking of the polymer in the transition
zone around a free metal wire. A roughening of the wire and sputtering of the thin silver coating from
the wire was observed.
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Figure 8. The effect of the sample distance from DCSBD plasma layer, and H; plasma treatment time

on the mechanism of the etching of polymer mesh foil.

(a) (b)

(0 (d)

Figure 9. SEM micrographs of free metal wires after 1 s plasma etching in pure H; plasma at distance

of 0.2 mm (a), 0.3 mm (b), 0.4 mm (c) and 0.6 mm (d). Top row—SE image; bottom row—BSE image.

3.4. The Effect of the Treatment Time on Plasma Etching

As reported, only 1 s exposure to H, plasma can etch the surface of polymer film sufficiently to
uncover of the metal wires tops. The exposures less than 0.5 s resulted in not completed etching when
not all metal wires tops were completely free of the polymer film. The longer etching in hydrogen
DCSBD plasma resulted in the cracks in the polymer around the uncovered wires tops and delamination

of the polymer as seen in Figure 10. This damage was caused by thermal degradation of the polymer
at longer exposures in plasma. The benefit of using 100% hydrogen plasma treatment is also in a
significantly lower thermal impact on the surface compared to 100% nitrogen atmospheric plasma
or Hy/N, gas mixture due to the absence of any heavy particle. A surface power density of 100%
hydrogen plasma was about 2.5 W cm~2, whereas the electron density and electron temperature were

1.3 x 10! cm™ and 19 x 103 K respectively [15].
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(a) (b) (c)

Figure 10. SEM micrographs of free metal wires treated for (a) 1 s (b), 2 s (c) and 3 s at distance H = 0.3 mm.
Top row—SE image; bottom row—BSE image.

It was found that the unwanted thermal degradation of polymer foil can be prevented by applying
amultiple short-time plasma exposure on the etched surface. This is apparent from Figure 11 comparing
the samples etched for 3 s using single 3 s plasma exposure (Figure 11a) and the multiple very short
exposures (12 x 0.25 s) in hydrogen plasma (Figure 11b).

12x0.25s

| Lo e | B e
50 pm

(a) (b)

Figure 11. SEM micrographs of metal wires after 3 s plasma etching in pure H, plasma at distance
H = 0.6 mm for single 3 s plasma exposure (a) and the multiple very short exposures (12 x 0.25 s) (b).
Top row—SE image; bottom row—BSE image.

4. Discussion

As confirmed by SEM/EDX analysis, the atmospheric pressure DCSBD plasmas generated in
ambient air, pure nitrogen, pure hydrogen and in mixtures of nitrogen with hydrogen is capable of
etching of PMMA polymer layers on polymer-metal mesh substrates. However, a strong degradation
of the polymer substrate and also the significant damages to the metal wires were observed. On the
other hand, it was found that using a short, 1 s exposure of the polymer surface to the pure hydrogen
plasma it is possible to etch selectively the surface polymer layer and to uncover the metal wires
without damaging them. As a consequence, we conclude that the pure hydrogen DCSBD plasma can
be used for the fast, selective etching of the polymer film surface without any destruction of the metal
wires. We observed that the etching mechanism strongly depends on the parameters such as treatment
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time and the distance of the sample from discharge. Therefore, the effect of these parameters was
discussed in more details.

The application of pure hydrogen plasma raises the questions about the safety of the process.
As in any other activity/process, it is necessary to find a trade-off between the safety, the process
performance, and the product requirements. The presented plasma modification method might be
improved by localized feeding of working gas just into the very narrow region where the plasma
is generated. Such technical solution would enable to decrease the working gas consumption and
together with smaller volume of (dangerous) working gas presented in the reactor chamber this would
lead to higher safety of the entire process and whole device.

In comparison to standard mechanical abrasion and low-pressure plasma etching of studied flexible
polymer-metal mesh substrate, the presented method utilizing atmospheric DCSBD plasma is easily
scalable and compatible with roll-to-roll processing of large-area substrates. To sum up, we conclude that
the DCSBD plasma sources can be used for fast, large-area, roll-to-roll, selective plasma etching of
complex materials like flexible transparent conductive substrates which can be applied e.g., for flexible
photovoltaic applications and other emerging technologies.
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