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1 | INTRODUCTION

The extraordinary material properties of synthetic
polymers stem from their macromolecules (polymer
architecture and chain length), their morphology (poly-
mer chain interaction and crystallinity), and their
additives (organic and inorganic compounds). All three
influence the susceptibility of a polymer to plasma
etching, for example, due to chain scission.'"? As a
consequence of the ever-increasing plastic waste and
related issues, the use of recycled polymer material is an
urgent demand of our society, whereby quality require-
ments for the secondary material need to be fulfilled.!*’
The growing importance of thermo-mechanical recycling
of polymers, however, results in weakened mechanical
properties of the recycled material, typically related to
residual contaminants, a lower molecular weight due to
chain scission mechanisms, formation of oligomers, and
amorphous chain defects.'*”! Impurities, chain ends,
branches, and interfaces of crystalline-amorphous frac-
tions can act as traps for ions accelerated by the plasma
to the polymer surface, which influence the momentary
surface modification.!®! However, only a few studies
report on the plasma modification of recycled polymers,
while it can be assumed that differences compared with
virgin polymers might also affect adhesion.!*~'!!

Reports on low-pressure plasma etching of organic
polymers are going back to the beginning of lithography
for removing photoresists on integrated circuits!'?! as has
been summarized by Oehrlein.?! The photoresist strip-
ping is performed in reactive ion etching (RIE) batch
processes, where it is common to place the sample
directly on the RF-driven electrode to gain high etch
rates by using halogen gases.[13] The plasma contains
charged particles (ions and electrons), excited neutrals,
radicals, and ultraviolet (UV) radiation,*~'®! which can
react with a polymeric surface to remove contaminations,
introduce chemical functionalities, and induce chain
scission and cross-linking.[*'*!7]

By energy-flux density measurement, the etch-rate
determining mechanism of Ar and O, RIE was found to
strongly depend on the bombardment of energetic
particles."® In addition, reactions with oxygen radicals
usually yield carbonyl, hydroxyl, or carboxylic acid
groups on the sample surface. These findings have been
used in the plastics industry to induce a surface
topography sufficient to enable printing operations!'**"!
and other applications involving adhesives, coatings,
composites, and electronics. Immediately after oxygen
plasma treatment, the polymer surfaces show super-
hydrophilicity, due to a combined effect of surface
oxidation and enhanced roughness of the sur-
face.>-22! Although induced roughness and crosslinking

by plasma etching are irreversible changes, the hydro-
phobic character of polymers, however, is largely
restored during aging due to thermodynamically driven
restructuring, leaching of low-molecular-weight oxidized
materials (LMWOM), and compensation of trapped
charges.!®]

Etch rates typically increase with oxygen atom
concentration in the plasma.!'®** The highest etch rates
involved pure oxygen followed by air, nitrogen, and
argon gases.**! Enhanced etch rates are also observed for
polymers containing a high fraction of oxygen with a
related high Ohnishi parameter of the polymer,*"
whereas structures containing benzene rings are more
resistant to oxidation and etching.[l] Plasma exposure
also causes the loss of C-H bonds as a result of hydrogen
abstraction.[*! Chain scission leads to a surface rich in
LMWOM, which are either removed via the vacuum
system or remain on the surface.””! Etching and
chemical modification often occur simultaneously and
are competitive processes that also depend on gas
pressure.7!

Vesel and Semenic examined an inductively coupled
reactive plasma on polyethylene terephthalate (PET)
(amorphous and semi-crystalline), polymethylmethacry-
lat, polystyrenePS, low density polyethylene, high density
polyethylene, polyvinyl chloridePVC, and polytetrafluor-
oethylene, observing no difference in etch rates for
amorphous and semi-crystalline PET.!*®! Other studies,
however, stated differences in etch rates related to
crystallinity, since chain scission is more pronounced
in amorphous polymers.**’ Investigations by Xiea et al.
showed an increase of crystallinity with O,/Ar plasma
treatment time of PET films at 60 W RF power related to
the preferred etching of amorphous phases and heat
load.!>”!

An increased etch rate above the glass transition
temperature was observed for photoresists by Pons!*"
and for PET by Krstulovic.*!! It has been coincidently
reported that crystalline phases can be observed by
scanning electron microscopy (SEM) and scanning force
microscopy investigations.!'”*!! Fischer et al. reported
SEM-derived surface roughness data showing that while
oxygen plasma roughens the surface, argon plasma does
less.[**! Heather et al. found a fibrillary structure on O,
RIE-etched PET samples and less for Ar plasma
conditions.**!

The above-mentioned experiments and studies were
mainly performed in RIE systems where the samples are
treated on the RF-driven electrode. Less studies con-
sidered plasma etching conditions with samples placed
electrically insulated (floating) in the active plasma zone
without contact to the driven RF electrode or grounded
wall as etch rates are lowered in this case. Holland and
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Ojha observed reduced etch rates at floating conditions
by a factor of 4 compared with the sample placed on the
RF electrode with a negative bias of 500V.**' The
electrical floating potential held by an insulated sample,
V4, is established by an equal flux of positive and negative
species. To maintain this equal flux, V; is typically
around 10-20 V depending on electron temperature. This
lower voltage drop across the floating sheath yield less
acceleration of ions accompanied by lower etch rates
compared with samples placed directly at the RF
electrode with a high bias voltage. The role of ion
energies and ion flux under floating conditions was
investigated in more detail by Trieschmann and
Hegemann. "]

Hence, etching conditions are milder yielding a lower
heat load for floating samples and therefore less
damaging to the polymer, especially for thin specimens.
As an example, the tensile strength of PET fibers could be
retained under such conditions, whereas increased heat
load resulted in lowered mechanical properties.[36] For
this reason, plasma etching at floating conditions can be
advantageous despite lowered etch rates.>”)

The aim of this article is thus to study the plasma
etching processes of two polymer materials, PET (virgin
and recycled films) and polypropylene (PP) (film and
injection-molded cup), which are among the most
common polymer types. All four polymer materials
are commercially used for packaging. These polymers
were plasma-treated at floating potential using condi-
tions that maintain the material properties such as the
bulk crystallinity. Furthermore, the plasma treatment at
floating conditions might simplify the etching process
for roll-to-roll (R2R) treatment of fibers and web
material, or generally for polymer films that have to
be treated on both sides. As an example, the achieve-
ment of industrially relevant adhesion forces of a silver
coating deposited by sputtering on plasma-etched
recycled PET (rPET) is demonstrated allowing R2R
processing.

2 | METHODS

2.1 | Plasma reactor, parameters, and
sample positioning

Plasma etching was carried out at low pressure within a
highly asymmetric, capacitively coupled radiofrequency
(RF) batch reactor (13.56 MHz) consisting of a DN ISO-K
160 T-piece schematically shown in Figure 1 and is
described in more detail elsewhere.?***! The vacuum
system was composed of a rotary pump and a turbo
pump generating a base pressure in the 10~*Pa range.
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FIGURE 1 Plasma reactor setup shown in (a) with the radio
frequency (RF)-driven electrode placed in the center of the ISO DN
160 T-piece indicating the position of floating samples 2 cm above
the electrode with a suspension system. The placement of the
sample is shown in simplified form in (b) yielding negative
charging of the entire polymer surface at floating conditions. In
contrast, ion etching with the samples placed on the electrode is
shown in (c). Temperatures refer to measured sample
temperatures Ts.

The pressure was measured by a Baratron pressure gauge
(MKS Instruments) and adjusted by a throttling valve
(VAT). The gas flow rates were controlled via mass flow
controllers (MKS) and let into the vacuum chamber by a
shower head 6 cm above the electrode. The RF-driven
aluminum electrode (10 x 15cm?) in the center of the
vacuum chamber was insulated by five sheets of glass
each 4mm thick (as dielectric) from the grounded
chamber walls.

The polymer samples consisted of a PET film (Mylar
12HP, DuPond) of 15 um thickness, and an recycled PET
(rPET 200 um thick film (B130BOXX, Folientechniek),
and PP in the form of a 60um thick film, and an
injection-molded cup (Greiner Packaging). All samples
were provided without color additives, that is, in the
transparent state. From the injection-molded PP cups the
bottom part (&30 mm, thickness of 600 um) was taken to
obtain flat samples. The samples were placed at floating
conditions 2 cm above the electrode (Figure 1b) by means
of a suspension system similar to a clothesline or directly
on the RF electrode (Figure 1c) for reference. The plasma
etching was performed with 30 W, 4 Pa at a total flow rate
of 20 sccm (Ar or O, or mixture) and 7.5 min of treatment
time unless otherwise specified.
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The sample temperature Ts was measured during the
plasma treatment by an iButton DS1922T-F5 (Maxim
Integrated) temperature logger at the electrode and at a
floating potential. Due to the higher thermal mass of the
temperature logger compared with the polymer films, T
was recorded until a steady state was reached. Generally,
all polymers were used as received, except for one
comparative study using rPET samples that were
additionally annealed in an oven at 160° for 10 min.
The luminosity distribution in the visible range of the
plasma above the RF electrode was observed using a
digital camera (Nikon CoolPix 5700) at fixed camera
settings (lens aperture 7.4, exposure time 0.5s) and
constant surrounding conditions to obtain comparable
relative intensities.!>*!

2.2 | Determination of etch rates
The samples were dried in a vacuum (3 x 10~ Pa) for at
least 12h. After drying they were weighted by a
microbalance (Mettler-Toledo, Type XS204) with 0.1 mg
accuracy. The measurements were performed in 23°C/
50% relative humidity until the mass of the samples was
constant within +0.1 mg. Only rPET showed a noticeable
moisture absorption of 0.4% by weight. The influence of
plasma on moisture uptake was measured in a dry and
conditioned state.

The average etch rate of the flat polymer samples
placed at the electrode or at floating conditions was
calculated as follows:

Am
R = 5 (1)

where Am is the weight loss in [g], p is the density (PET:
1.335 and PP: 0.91 gcm_3), t the process time, and A is
the etched area in [cm?] exposed to the plasma. The
samples are denominated by “-e” and “-f” for samples
treated on the electrode and at floating conditions,
respectively. For floating samples the front and backside
are both treated, therefore twice the sample size was
taken for the calculation of the average etch rate. The
standard deviation was calculated from at least four
samples for each polymer.

For determining the individual etch rate for
floating samples facing the electrode and opposite side
(see the experiment in Section 3.4), two polymer films
were tightly piled on top of each other and treated by
plasma etching the same way as single films. The etch
rate was then calculated with the area of one
single side.

2.3 | Polymer and structural analytics
Differential scanning calorimetry (DSC) was performed
with a DSC 214 device (NETZSCH-Geritebau GmbH).
For each sample 5mg was used and the initial heating
curves were performed with 10K min~'. From DSC
curves the crystallinity, W, was calculated by the
following formula:

W= —F——, ©)

where AH, is the cold crystallization enthalpy and AH,,
the enthalpy of melting, and AH is the enthalpy of
theoretically fully crystallized PET (140 Jg~') and PP
(207 Ig™Y), respectively.[404!]

Wide-angle x-ray diffraction (WAXD) patterns were
recorded using a Cu-Ka source (1=1.5419 A) on a
Bruker Nanostar U diffractometer (Bruker AXS). The
X-rays were sent through a beam-defining pinhole of
300 um onto the samples, which have been mounted on a
frame and the sample to detector distance was 9.4 cm. A
VANTEC-2000 MikroGap served as an area detector.

Gel permeation chromatography (GPC) was used to
determine the molecular weight of recycled and virgin
PET and of an amorphous PET reference sample.

2.4 | Surface analytics

Morphological surface investigations have been per-
formed on the untreated as well as etched samples using
a scanning electron microscope (SEM) (Hitachi S-4800).
For each sample, the SEM analysis was performed in
various randomly selected areas. Typical acceleration
voltages of 2 kV were applied. The samples were fixed on
a conductive carbon tape and the polymeric sample
surfaces have been sputter-coated with 5nm of Au/Pd
alloy to facilitate imaging.

To measure the peel strength of plasma-sputtered
silver coatings on rPET and PET with different Ag film
thicknesses (process conditions as given in Subjalearndee
et all*?l), an adhesive-tape peel test was performed
according to ASTM D 3359. Tapes (2cm wide) with
different adhesion forces on the Ag layer have been used.
The adhesion of the Ag-layer on the polymer samples can
be considered to be higher than the adhesion force of the
tape onto the Ag-layer as long as the Ag layer remains
intact, whereas lower adhesion values result in film
failure. Applying a tape with a maximum adhesion force
of 26N, a maximum adhesion of 13Ncm™" could be
determined, exceeding the industrially relevant adhesion
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value of ~10 Ncm ™ .!*3! Note that the actually required

adhesion force is typically defined by the end customer.

3 | RESULTS AND DISCUSSION

3.1 | Selection of plasma etching
conditions

A capacitively coupled asymmetric plasma reactor was
used for plasma etching with different Ar/O, ratios at
varying pressure and power input. The latter was limited
to 30 W (driving voltage amplitude ~400V) to avoid
increased heat load within the reactor, whereby the gas
temperature remains cold.[**! To optimize pressure, the
luminosity distribution above the RF electrode was
optically observed showing wider plasma zones, that is,
increasing sheath width and plasma length, with reduc-
ing pressure (Figure 2). The luminosity indicates the
formation of excited species in the plasma, which
becomes increasingly asymmetric at higher pressure
due to collisions.

By admixture of oxygen, the relative luminosity
distribution varying with pressure remained unchanged.
Etch rates were found to be rather comparable in the
pressure range of 4-15Pa (within 10% variation), while
they noticeably dropped at lower pressures, indicating
inverse effects of decreasing particle densities and
increasing electron temperature and ion bombardment.

plasma luminosity (arb. units)

| sample position \M
| at floating conditions ARG

XA

0 1 2 3 4 5 6
distance from electrode (cm)
FIGURE 2 Luminosity distribution in Ar plasma (30 W) for
different pressures. The analyzed zone is confined by the electrode
(left) and the gas inlet (right, 6 cm above the electrode). The
maximum intensity indicates the sheath/plasma boundary, while
the active plasma zone expands into the reactor volume, where the
samples are placed 2 cm above the electrode. The inset pictures
show the plasma expansion for two different pressures with the RF
electrode at the bottom, the suspension system for samples at a
floating potential, and the gas inlet ring at the top.
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Hence, an optimum pressure of 4 Pa was selected to
effectively immerse the samples in the active plasma
zone, 2 cm above the electrode.

For this particular condition (Ar plasma, 30 W, 4 Pa),
a negative bias potential of 350V, an electron density of
10'°%cm™, and an electron temperature of ~4eV were
determined. From the latter, a voltage drop of around
20V between plasma and floating potential can be
deduced yielding ion energies of ~20eV (for a thin
collisionless sheath), whereas at the electrode mean ion
energies of ~140eV are present taking collisions into
account.*! Assuming comparable ion flux at the
electrode and at floating potential, samples are thus
exposed to a roughly seven times stronger ion bombard-
ment, that is, energy flux, at the electrode, yielding
increased etch rates and heat load, resulting in a
substrate temperature of 80-120°C, depending on the
gas. At floating potential milder conditions are present,
where Ar ions of 20 eV still allow ion-induced chemical
etching processes that can contribute to synergistic
effects when O, is added.!***”! These floating conditions
enable a gas-independent substrate temperature of 65°C.

3.2 | Melting and crystallization
behavior of the examined polymers

The initial DSC heating curve, evaluated for plasma-
treated PET, rPET, PP film, and injection-molded PP,
describes the mechanical and thermal history of the as
received and plasma-etched samples. The initial DSC
heating curves of rPET are shown in Figure 3a. A glass
transition temperature T, of 75°C and a strong
recrystallization peak at T.=135°C were observed. The
determined melting temperature T,,, was 250°C, which is
around 6°C lower compared with the virgin PET film
(Figure 3c). This reduction in melting temperature can
be an indication of shorter molecular chain lengths and
heightened impurity content.!*®! Since GPC detected a
similar molecular weight of around 34000 Da for the
used rPET as also for virgin PET and an amorphous PET
reference, the observed differences might be mainly due
to contaminations and defects arising from the recycling
process. For rPET, the melting enthalpy, AH,, was
comparable to the cold-crystallization enthalpy (AH. at
135°C, see Table 1) and thus the resulting calculated
crystallinity is small (~10%). The WAXD pattern of rPET
shows an amorphous ring (inset Figure 3a) and thus
supports the DSC finding of low crystallinity. In
comparison, virgin PET was found to be semi-
crystalline with a calculated crystallinity of 31% and did
not show any apparent exothermal recrystallization
(AH.) behavior. The film is stretched in a preferential
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FIGURE 3 [Initial differential scanning calorimetry (DSC) heating curves of (a) recycled polyethylene terephthalate (rPET),
(b) polypropylene (PP), (c) PET films, and (d) PP produced with injection molding technology etched with 30W for 7.5 min. Wide-angle

x-ray diffraction (WAXD) patterns of untreated samples (ref) are shown as insets.

direction leading to a partially oriented crystalline
structure as shown in the WAXD pattern for PET (see
inset Figure 3c). Stretching the film as processed for PET
films is often performed to gain stability and enhance
transparency..*”!

The used plasma etching at floating conditions with
30 W (4 Pa, 7.5 min) did not induce changes to the PET
and rPET bulk material properties as indicated by the
retained form of the DSC curves and the unchanged
crystallization values shown in Table 1. Only the rPET
polymer, with low initial crystallinity, shows a 3%
absolute increase in crystallinity as a result of the
treatment conditions directly at the electrode yielding
increased heat load. For comparison, an rPET sample
was annealed in the oven at 160°C for 10 min and
achieved a crystallinity of 27%, losing transparency and
mechanical flexibility.

For PP the DSC and WAXD results are shown in
Figure 3b,d. The glass transition temperature T, of PP
lies between —18°C and 0°C, which is outside the
range of the diagram. The PP film (Figure 3b) is for a
large part crystalline (~35%) and the WAXD pattern
shows that the crystals are not oriented. In contrast,

the injection molded PP sample exhibited a compara-
ble crystallinity of 34% but has highly oriented
crystals. During injection molding, PP is pressed
within milliseconds into a cold mold, whereby the
flow of the polymer melt follows a so-called fountain
flow (entering in the center and turning toward the
wall at the melt front), which strongly affects the
microstructure of the injection-molded material.
Investigations from Moneken show that the first
material in contact with the mold forms a thin
amorphous skin layer due to the high cooling rate.!*"!
The following polymer material encounters a smaller
cooling rate and can thus crystallize forming the well-
oriented crystalline layer below the top skin layer.[Sl]
The outermost amorphous skin layer of the etched
injection-molded polymer (Figure 4) is very sensitive
to the etchants as we will discuss in the following
sections. Additionally, SEM images of untreated or
etched samples (PET, rPET, PP, and PP-IM) are
discussed in Section 3.6.

However, the mild plasma etching of both PP types
treated under floating conditions did not significantly
alter the bulk crystallinity (see Table 1), which is
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TABLE 1 Cold-crystallization enthalpy AH,, melting enthalpy AH,,, calculated degree of crystallinity W, (bold), crystallization
Temperature T, and melting Temperature Ty, for untreated, Ar and O, plasma-etched polymers on floating and on electrode potential
REF AH, (Jg™) AH,, (Jg™) W, T,
°C Thien
PET 0 43.2 31% - 256
rPET 27.3 42.3 11% 133 250
PP 17.1 88.7 35% 60-135 165
PP IM 0 71.3 34% = 145
floating on electrode ="
PLASMA AH.(Jg') AH, Qg™ W, T, °C Twm °C  AH.(Jg™) AH, (g™ W, T, °C Ty °C
PET/O, 0 44.7 32% - 257 0 43.9 31% - 257
PET/Ar 0 43.8 31% = 257 0 43.7 31% = 258
rPET/O, 24.8 39.3 10%  132.5 252 26.8 46.8 14% 133 251
rPET/Ar 23.7 35.9 9% 131.9 245 27.2 45.1 13% 132 250
PP/0O, 10.9 77.1 32% 60-135 165 7.5 87.3 39% 60-135 166
PP/Ar 13.3 72.3 29%  60-135 169 0.6 81.8 39%  60-135 164
PP-IM/O, 0 62.3 30% - 152 0 79.8 39% - 148
PP-IM/Ar 0 68.6 33% = 152 0 71.8 35% = 149

Note: PET, rPET, and PP are films and PP-IM is an injection-molded PP. Standard deviation of the crystallinity is calculated to +1% by varying the integration

boundaries by +1.5°C to the normal.

Abbreviations: PET, polyethylene terephthalate; PP, polypropylene; rPET, recycled PET.

FIGURE 4 Amorphous surface skin layer, hundreds of
nanometer thick, of the injection-molded polypropylene (PP-IM)
sample after plasma etching (floating, 30 W, 1/19 sccm Ar/O, flow,
7.5min). Scratches reveal the semi-crystalline, spherulitic phases
underneath.

expected since the etching is only removing part of the
top surface layer (less than 500 nm). In contrast, PP
samples plasma etched on the electrode show at the
same plasma conditions an absolute increase in
crystallinity of up to 7% due to the induced higher
heat load.

oPP-e  @PPf

T,=80°-120°C
120 4 OrPET-e  mrPET-f o
APET-e  APETf & ° R
TE 100 { ©PP-IM-e & PP-IM-f 5 . I
£ o a
£ 80 &
= st © ° 9
2 60 =
® °
o
= < IT.=65°C
S 40 4 ] 8 °
= -
o ® o (<]
A A A -
2.4 °® [ = = ‘
& m -
0 . . !
0% 20% 40% 60% 80% 100%

0,/ (0, + Ar) flow

FIGURE 5 Averaged etch rates for increasing O, flow for two
setups; samples at floating conditions, 2 cm above the radio
frequency (RF) electrode (denominated by “-f”, e.g., PET-f), and
samples placed at the electrode (denominated by “-e”). The plasma
conditions were: total flow of 20 sccm, 30 W, 4 Pa, 7.5 min with a
sample size of 135 cm?, that is, the sample is almost as large as the
RF electrode of 150 cm?. The standard deviation of +3.1 nm min~!
(PET) and +2.1 nm min~* (PP) is not shown for ease of reading.

PET, polyethylene terephthalate; PP, polypropylene.

3.3 | Reactive gas-dependent etch rate

Figure 5 presents the etch rates for PET, rPET, PP films, and
injection-molded PP with varying Ar/O, ratios in the plasma.
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The total flow rate was kept at 20 sccm (30 W, 4 Pa), while
the oxygen flow rate was increased. Samples on the electrode
are denominated by “-e” and floating samples are denomi-
nated by “-f’. Samples placed at the electrode resulted in
higher etch rates for all polymers due to higher ion energies.
Higher ion energies are associated with higher measured
sample temperatures Ts. For etching with pure O,, Ts was
80°C, while for Ar, Tg around 120°C was measured at the
electrode. As shown in Table 1, rPET and PET have 11% and
31% crystallinity, respectively. For plasma etching performed
on the electrode (and thus above T,), with increased
crystallinity, for example, PET-e, is accompanied by a
decrease in etch rate compared with rPET-e. This finding
could also be proved with the oven-treated rPET samples
(annealed crystallinity of 27%) which resulted in a lower etch
rate. The high ion energy favors the preferential etching of
the amorphous areas.

The PP and PP-IM samples treated on the electrode
showed different etch rates despite similar crystallinity.
In this case, attention must be paid to the film thickness.
On the electrode, injection molded PP-e showed the
lowest etch rates among the examined polymer samples,
likely due to the thicker substrate of 600 um affecting
surface charging and thus ion bombardment.!*!

Due to the asymmetric set-up with stronger ion
bombardment at the RF electrode (as discussed above), the
lowered ion energies at a floating potential, lead to a lower
substrate temperature Ts = 65°C for both process gases. The
observed etch rates at floating potential were roughly two to
three times lower but still around 10 nm min~" for pure Ar
plasma, which were noticeably enhanced by oxygen
admixture (up to five to six times). The highest etch rate at
floating potential was found for the injection-molded PP-IM-
f followed by the PP-f and virgin PET-f, whereas slightly
lower etch rates were observed for the rPET-f film despite its
lower crystallinity. To verify this trend, rPET was annealed at
160°C to enhance its crystallinity to be comparable to the
used virgin PET. Indeed, an increased etch rate even higher
than for the virgin material was observed (not shown).
Hence, processing temperature with respect to Ty is a crucial
factor for polymer processing including plasma treatment,
while basic differences between recycled and virgin polymers
such as embedded impurities and defects (as indicated by the
lower melting point of rPET by DSC) need to be considered,
as well.

Studies referring to the Onishi parameter predict a
higher etch rate for O-containing polymers such as PET
compared with PP. Note again that the polymer samples
here were treated with mild plasma conditions at floating
potential (limited ion energy of 20eV) resulting in low Tg
distinctly staying below 70°C for Ar and O, during the
plasma etching process. In these conditions, PP-f and PP-e
were treated at temperatures above their T,, whereas PET-f

was treated below its T, of around 75°C which can lead to
differences in etch rates. Polymers above the glass transition
temperature show soft mechanical properties with enhanced
elasticity because of higher chain mobility supporting
increased etch rates.*"

In comparison, PET-f films as treated below T, have
lower chain mobility and are more brittle, explaining the
lower etch rate compared with PP-f. These findings were also
observed by Krstulovic.®" Etch rates of PET under these
mild floating conditions can also be increased by O, addition
but generally at a lower level than treatments on the
electrode. On the contrary, plasma-etched PET with 200eV
Ar ions, that is, 10-fold higher than here, already showed
high etch rates in pure Ar that were not further enhanced by
oxygen admixture.l*”! We thus assume that thermal effects at
the polymer surface are responsible for the observed
differences and thus need to be taken into account for
polymer etching processes.

Finally, the higher etch rate of injection-molded PP-IM-f
compared with the PP-f film can be explained by the fact that
the injection-molded PP samples have an amorphous skin
layer and overall slightly lower bulk crystallinity compared
with the PP film (Table 1). The amorphous PP skin on the
crystalline PP phase can clearly be seen in Figure 4 which is
fully exposed to the plasma etch species yielding a higher
etch rate than the semi-crystalline region underneath. For
substrates etched under floating conditions, it should be
noted that the etch rate is less dependent on the film
thickness.

3.4 | Sample surface area-dependent
etch rate

Plasma processing of polymer films, foils, fibers or 3D objects
using capacitively coupled plasmas comprise an electrode
covering a defined area. For etching processes applied
directly on the RF electrode, for example, for wafer
processing, the electrode size typically corresponds to the
sample size. For samples treated in the active plasma zone at
a floating potential, various options can be selected in terms
of sample size and treated area, for example, the front and
backside of a foil can be intentionally treated the same way
or differently. To this end, the influence of the sample size
was studied by performing the same reactive plasma etching
(O, plasma, 30 W, 4 Pa, 7.5 min) with different sample sizes
at floating conditions shown in Figure 6. Since the used RF
electrode area was defined to 150 cm?, we generalize the
sample size relative to the electrode area.

For small sample areas, where the sample to electrode
ratio approaches zero, such as fibers and narrow ribbons, the
etch rates appeared to be homogeneous, that is, with 50% on
top and 50% on the bottom side of the sample. With

858017 SUOWIWOD SAIERID 3(dedl|dde auy Aq peuienob a1e ssoiie O ‘8sn JO Sa|nJ 10} Aeiq1T 8UIUO A8]1A UO (SUONIPUCO-PUe-SWLBI Lo A3 1M AeIq 1 U1 IUD//:Sdny) SUonIpUOD pue swie | 8y} 88s *[z20z/2T/80] Uo Ariqiauljuo A8|im ‘BuebuiesBunuyoey e enuez 9YMYI Aq 890002202 dedd/z00T 0T/10p/woo 48| im Arelq jpul|uoy//sdny woiy pspeojumoq ‘ZT ‘220z '69882T9T



AMBERG ET AL.

0.8

-_ sample side ratio
° 1.66
<= o1l
T .
0.7 4 333 | 0T Temeccstesacaele
g comim| o I R
]
° AT 3 =
W 06
£ By
5 % =
£ A s ‘
o
=] [ S A e
©
; % he top and bottom side with equal etched rate
%]
=
Q
0.4 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

sample/electrode area ratio

FIGURE 6 Relative etch rates at floating conditions by plotting
the etch rate on the side facing the electrode relative to the total
etch rate (top and bottom side of the two films). Electrode size
150 cm?, 4 Pa, 20 sccm O,, 30 W, 7.5 min, sample floating 2 cm
above electrode. Dashed line drawn to guide the reader's eye. The
width of the standard deviation is displayed at +2.1 nm/min.

increasing sample size the surface facing the electrode
underwent an increasingly stronger etching effect, while the
total etch rate was largely maintained. The increasing sample
size is acting to confine the plasma between the electrode
and the floating sample. In this sense, a narrower sample
(aspect ratio 1:3.33 in Figure 6), reached an equal etch rate
on the top and bottom side at the sample size of 2 X 6.6 cm®
(ratio= 0.09). These findings could be used similar to a
two-sided treatment of a polymer film in an industrial R2R
process. In this way, the plasma can better enclose the
sample supported by a mean free path length of ~1cm,
resulting in a more uniform etch rate on the top and
bottom sides.

3.5 | Time-dependent etch rate

For the third experimental series, the influence of the plasma
etching duration on the etch rate was studied for two-sided
treatments. For this purpose, elongated samples with a ratio
of 3x10cm® were used with almost identical etching
conditions of the top and bottom surfaces according to the
results in Figure 6. The same polymer samples were
repeatedly treated with Ar/O, (1:19 sccm) plasma process
for a total etching time of 60 min. Between each process,
the vacuum chamber was opened and the samples were
weighed to determine the time-dependent etch rate. The
normalized etch rate was decreased by continuing the
experiment as can be seen in Figure 7. A lower etch rate over
time has also been reported in the literature.?>**! The results
of Fernandez et al. have been associated with morphological
changes (i.e., reorganization) occurring in the samples when
they approach their thermal transition temperatures as a
consequence of the temperature increase at the electrode
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FIGURE 7 Time-dependent etch rates for polyethylene
terephthalate (PET), recycled PET (rPET), polypropylene (PP)
films, and injection-molded PP- treated with different plasma
etching times. All samples were placed at floating condition 2 cm
above the electrode with plasma treatment of 30 W, 4 Pa, Ar/O,
flow 1/19 sccm.

during treatment. In addition, plasma surface interactions
lead to a competition between chain scission and cross-
linking, distinctly for Ar, He, or N,, in the near-surface layer
that can result in a reduced etch rate over time.*"
Furthermore, for  longer treatment times of
plasma-polymer interaction, an effect by vacuum ultraviolet
(VUV) radiation becomes more significant yielding free
radical to a depth of 1-2 um, whereas for shorter etching
(t<30min) a low contribution of VUV (140-155nm) has
been observed.[>*>"]

In principle, also a sputtering effect from the electrode
made of aluminum could yield a reducing etch rate at
floating conditions over time. Tsougeni et al.*? identified
alumina on plasma-etched polymer samples for higher
power regimes. These particles, which are nonvolatile,
redeposit on the nearby surface including the polymer
samples, where they act as micromasks causing locally
different etch rates and promoting the development of
column-like structures. The amount and composition of the
aluminum contamination might also vary with the history of
the plasma reactor.”? Applying the rather mild plasma
etching conditions (30 W, 4Pa) for 1h with Ar/O, (19:1),
however, resulted in only low aluminum concentrations
(0.3 wt% as determined by X-ray photoelectron spectroscopy
(XPS)) on the polymer sample surfaces facing the electrode.

3.6 | Morphology of etched polymer
surfaces

Figure 8 displays the untreated sample surfaces before
plasma treatment using SEM images. PET, rPET, and PP
polymer films (3x10cm?) were then plasma-treated at
floating potential and directly on the RF electrode
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~ PP-Injection molded ! FIGURE 8 Surface morphology of

untreated polymer samples shown as a reference

FIGURE 9 Scanning electron microscopy (SEM) images of polyethylene terephthalate (PET) (top ensemble) and recycled polyethylene
terephthalate (rPET) films (lower ensemble) that were plasma etched (30W, 4 Pa, and 7.5 min) with the gas flow conditions indicated per
column. Samples were placed at floating conditions analyzing the top and bottom side as well as on the radiofrequency (RF) electrode thus

exposed to different ion bombardment.

(5x15cm?). The injection-molded PP cup showed differ-
ences in surface morphology of the inner and outer surfaces
originating from the mold. Therefore, the more uniform
inner surface was investigated.

SEM images of the etched polymer samples are
presented in Figure 9, arranged to have an increasing

etch rate from upper right to lower left, as indicated
by the arrows for each set of data, in the order from
low to high etch rates for gas conditions (Ar to Ar/O,
1:1 to O,) according to Figure 5. Samples have been
located at three different positions in the plasma:
floating (top and bottom side) and on the electrode.
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The morphology of PET and rPET opposite to the
electrode (top row in Figure 9) revealed a smoother
etching compared with the sample side facing the
electrode. This could be a consequence of the ion
bombardment, for example, lower etching rate on the
top surface with 54 nm min~' compared with 68 nm
min~' on the bottom side. The more crystalline and
oriented virgin PET evolved a clear surface structure,
whereas the amorphous rPET showed less pro-
nounced structures. The polymer film facing the
electrode (second row) exhibits predominantly voids
within a fine network of fibrillary structures on both
PET and rPET surfaces. The subtractive effect and
sharped edges are more pronounced for the

AND POLYMERS

crystalline-oriented PET. In contrast, the fibrillar
network is more distinctive for rPET and the etched
void-like structures cover less surface area. The
samples etched on the electrode show columnar
structures of inherent polymer material, which might
well correlate with the different crystallinity of the
two PET polymers. Pure Ar plasma treatment resulted
in little or no surface structure which is known from
the atom by atom removal at physical etching
conditions.

Plasma etching of injection-molded PP led to a very
regular and smooth removal of the polymer material
under all conditions (Figure 10, top ensemble). No
structures or patterns can be seen in the SEM

FIGURE 10 Scanning electron microscopy (SEM) images of injection-molded polypropylene (PP) (top ensemble) and PP film (lower
ensemble) that were plasma etched with the same conditions as specified in Figure 9
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investigations in Figure 10 (first two rows) due to the low
energy conditions of the floating plasma.

For the PP film shown in the lower ensemble,
etching structures became visible for samples treated
on the electrode with oxygen admixture, where the
synergistic effect of higher energy particles predomi-
nates. Ar plasma treatment takes advantage of the
absence of reactive oxygen species while providing a
more efficient energy transfer due to the heavy ions
incident on the sample surface. This argon ion
bombardment (physical etching) homogenously re-
moves amorphous as well as crystalline domains,
resulting in smooth surfaces independent of the
sample placement.

3.7 | Adhesion of Ag coatings on
plasma-etched recycled PET

Silver layers with varying thicknesses of around 50, 150,
and 350 nm were deposited on plasma-treated PET and
rPET films using dc magnetron sputtering. This way,
plasma etching at floating potential as discussed before
was applied to improve the adhesion of Ag coatings onto
the polymer side facing the RF electrode. An adhesive-
tape peel test was used to determine adhesion strength.
Importantly, high adhesion forces exceeding 13 Ncm™
could be achieved on both virgin and recycled PET when
applying rather mild etching conditions with Ar/O,
plasmas (Figure 11). Due to the limited adhesion of the
used tape on silver, possible differences between rPET
and PET were not further assessed. For comparison, a
peel strength up to 40 N cm™ was reported for electroless
deposited Ag on thiol-modified PET surfaces, while
lower values around 4 Ncm™" are typically observed for

0.8 4 industrially required

0.6 4

adhesion (relative)

0.4 4

——rPET Ar/0O,
02 4| -O-PET Ar/O,
—o—rPET Ar

0 100 200 300 400
film thickness Ag (nm)

FIGURE 11 Adhesion forces of sputtered silver coatings on
virgin and recycled polyethylene terephthalate (PET) films for
plasma etching processes with Ar and Ar/O, (1:1) gas mixtures.
Peel strength of >10 N cm ™' was defined for the intended
application (indicated by the dashed line).

silver evaporation.®® Reduced adhesion strength and

film failure could only be detected for thicker Ag coatings
on Ar plasma-treated rPET. Hence, plasma chemical
etching was found to be well suited to treat recycled
polymer material despite different mechanical and
morphological properties when compared with virgin
PET. The obtained adhesion strength was sufficient to
enable R2R processing for metallization and subsequent
deep drawing of the metalized rPET film by thermo-
forming as used for highly insulating container wall
structures that reflect 96% of heat radiation already with
a 50 nm thick metal coating.

4 | CONCLUSION

The characteristics of recycled PET in plasma etching
processes have been studied by applying mild plasma
conditions at the floating potential to limit heat load. The
plasma-treated rPET films using different Ar/O, gas
mixtures were compared with virgin PET and PP films as
well as injection-molded PP based on sample tempera-
ture, etch rate, morphology, and thermal analysis
techniques.

The plasma treatment at floating conditions main-
tained sample temperatures below 65°C, that is, below
the glass transition temperature of the used material,
regardless of the process gas used, which had no effect on
the bulk crystallinity of any of the polymers studied.
Comparison with polymer samples treated on the
electrode at the same plasma conditions, on the contrary,
revealed a relative increase in crystallinity for all polymer
types due to the higher ion energies incident on the
electrode, yielding higher sample temperatures. The
highest relative increase was observed for the initially
least crystalline rPET, that is, from 9%-10% to 13%-14%.
Note that comparative heat treatment in an oven resulted
in a crystallinity increase of up to 27%. The substrate
temperature during plasma etching can thus become a
crucial factor.

The etch rate of rPET at floating potential was found
to be slightly lower compared with virgin PET despite the
lower crystallinity of rPET, revealing important basic
differences between etching on the RF electrode and at
floating. This result might be unexpected since higher
etch rates have generally been reported for less crystal-
line surfaces. The differences in etch rate might thus be
related to the combination of low ion energy etching at
temperatures below the material's T,, where chemical
etching is preferential. The additional impact might be
related to embedded impurities and defects of rPET,
which was reflected by the lower melting point by DSC,
while molecular weights were found to be comparable.
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Despite those differences, plasma etching condi-
tions with Ar/O, mixtures at low pressure, inducing
low heat load (below T,), were found to yield suitable
morphologies as studied by SEM to promote adhesion.
To this end, the adhesion improvement of silver
coatings on rPET after plasma etching could be
demonstrated to yield comparable adhesion strength
to virgin PET independent of small differences in
morphology (and crystallinity). These findings are
important for industrial processing of recycled PET
material to meet quality requirements, for example, to
produce sustainable nano-coated, heat-reflecting con-
tainers for the transport of goods at maintained low
temperatures. Metalized polymer films are lighter and
have a significantly higher mechanical resistance
compared with metal foils.

Experiments with different sample sizes indicated
that for very small samples such as yarns, the etch rate
under floating conditions was the same on the bottom as
on the top side. For industrial, two-sided film treatment,
an elongated sample size with a factor of 0.25 of the
electrode size showed a treatment ratio of 56% on the
bottom and 44% on the top side. Thus, industrial two-
sided R2R plasma treatment would also be possible in
one run, emphasizing the virtues of plasma etching in
floating conditions beside reduced heat load.

This study addresses the topic of transparent poly-
mers without color additives. The diversity of recycling
methods and polymer precursors leads to many different
polymer recyclates and properties that need to be
researched and classified in the future.
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