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ABSTRACT: The North Carolina atmospheric plasma
system (NCAPS) was interfaced with electric diagnostics
and computer-based instrument control hardware and
software to display plasma parameters in real-time. The
monitoring system is also interfaced with gas flow control-
lers and a Teflon-coated thermocouple for continuous
monitoring of the gas flow and the ambient temperature
inside the plasma test cell. A simplified plasma model was
developed and built in the interface system to solve for
the plasma electron number density and display the
results during device operation. Polyethylene terephthalate
(PET) films were treated in the device using various gas
combinations. The ambient gas temperature inside the test
cell increases from 83 to close to 95°F (28.33-35°C) for
most gases within 30 s, and further increases to about 105
(40.6°C) after 300 s of operation, indicating a nonthermal

plasma condition inside the test cell. The interface solver
shows that the electron number density decreases when
PET films are immersed in the plasma, indicating recombi-
nation of etched species to the free electrons. Contact angle
measurements showed that the wettability of PET surfaces
increased after plasma exposure for all used gas combina-
tions. Measurements of Young’s modulus with dynamic
mechanical analysis (DMA) showed an increase of the
modulus of PET after treatment with helium plasma,
whereas the modulus slightly decreased after treatment
with oxygen, tetrafluorocarbon and hexafluorocarbon
gases. © 2011 Wiley Periodicals, Inc. ] Appl Polym Sci 121: 1875—
1884, 2011
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INTRODUCTION

Polyethylene terephthalate (PET) is a well-character-
ized thermoplastic polymer that is frequently used
for medical applications including artificial vascular
grafts, sutures, and meshes. In addition, PET can be
converted by conventional techniques into molded
articles such as luer filters, check valves, and cathe-
ter housings." PET can also be used in synthesis of
implant materials that can be biointegrated into
native tissue, which is a desired outcome for in-
dwelling permanent devices. Such implants must
have improved biocompatibility (chemical composi-
tion, wettability, surface energy, surface charge, etc.)
to denature neighboring proteins. Improved biocom-
patibility may be achieved via chemical or physical
surface modification.” Several different approaches
have been used to give vascular PET grafts an
antithrombogenic luminal surface that would
increase the patency of small internal diameter (<6
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mm) grafts.'™ Occlusion problems still exist due to
nonuniform cell coverage of the whole prosthetic
surface. It has been shown that endothelial cell adhe-
sion on PET polymer is poor,®” hence optimizing
the chemistry of the polymer surface is required.
Modifying PET to provide improved surface proper-
ties and functionalities is important to satisfy, and
expand on, medical applications. Surface modifica-
tion may be achieved by several wet-chemistry
methods; however, the successful evolution in
atmospheric pressure plasma methods is becoming a
versatile tool for modifying textiles surface chemis-
tries that improve the wettability, adhesion, and bio-
compatibility by introducing functional groups or
depositing thin films of defined compositions or
grafting compounds of special features such as anti-
microbials and slow-release of pharmaceuticals.
Plasma treatment has proven to be an effective
method for altering surface properties without
adversely affecting bulk properties including
strength and toughness; however, this caveat is not
always valid for high surface to volume ratio materi-
als like thin films and fibers, where the surface and
bulk may be indistinguishable. This research focuses
on investigation of atmospheric plasma surface mod-
ification of PET in an atmospheric pressure dielectric
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barrier discharge plasma device in which plasma pa-
rameters, electron number density, and ambient gas
temperature, are continuously monitored via a com-
puter interface system with a mathematical solver
for a simplified plasma electric circuit equivalent
model.

The North Carolina Atmospheric Plasma System
(NCAPS) is housed in the College of Textiles at
North Carolina State University; it is a custom-built
pilot scale capacitively-coupled atmospheric pressure
dielectric-barrier discharge designed to provide
batch treatment of textiles and biomaterials, as well
as continuous treatment of fabrics.*” Computer-
based instrument control hardware and software
were interfaced with plasma diagnostics to monitor
plasma parameters, specifically plasma electron
number density, and operating conditions during
the plasma treatment process, which provides con-
tinuous monitoring of discharge voltage and current,
frequency, gas flow rates, and the ambient tempera-
ture inside the plasma chamber. A mathematical
solver was integrated inside the software to calculate
the representative plasma parameters, plasma im-
pedance, the electron number density, and electron
kinetic temperature in real time. PET films were
treated with four different plasma gases with helium
as the seed gas, and other gases are added at 1% by
volume (He; He + 1%0,; He + 1%CF,; He + 1%0,
+ 1%CF,). The treated films were characterized by
weight loss, contact angle measurement, and
dynamic mechanical analysis (DMA).

EXPERIMENTAL
Atmospheric plasma facility (NCAPS)

The atmospheric pressure plasma device, NCAPS,
operating at 760 Torr, is a capacitively-coupled
dielectric barrier discharge (DBD) operated by a 4.8
kW audio frequency power supply at 4-10 kHz.%’
Two transformers 180° out of phase coupled to the
power supply provide the high voltage to the elec-
trodes. The device has an active exposure area of
~ 60 x 60 cm?® between two copper electrodes with
each electrode embedded inside of a Lexan® poly-
carbonate insulator, with a fixed 5-cm gap separa-
tion; however, the system has the capability to oper-
ate at up to 8-cm gap separation. Helium gas is used
as the seed gas to initiate the discharge and is
injected between the electrodes into the test cell at a
constant flow rate of ~ 10 L min~'. Depending on
the desired treatment, other gases such as oxygen,
argon, nitrogen, hydrogen, CF,, C3Fs, forming gas
(90% N, + 10%H,), CHy4, CO,, could be added at a
specific flow rate into the test cell. The dielectric-bar-
rier discharge is a nonequilibrium discharge gener-
ates low-temperature (0.5-1.2 eV), low electron num-
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ber density (7-9 x 10”/cm®) pseudoglow discharge
plasma, which is typical for dielectric-barrier dis-
charges at atmospheric pressure.>®*'? Electron-neu-
tral collision is dominant as the ionization fraction is
low, and thus the plasma conductivity is determined
by both electron-neutral and electron-ion collisions
with much less contribution from electron-ion colli-
sions.">™® The discharge generates electrons, ions,
excited atoms, and molecules, as well as UV radia-
tion. Careful addition of other gases into the helium
flow prevents development of streamers and gener-
ates a very uniform glow discharge plasma between
the two electrodes inside the treatment active vol-
ume.**'? Gas inlet is provided from the side of the
chamber and is circulated via multiple inner inlets
to ensure uniformity of gas distribution inside the
test cell. An exhaust canopy is installed on the top
of the main chamber.

The device is capable of batch treatment of films
and fabric pieces using the inner test cell. Samples
are placed within the test cell on a nylon grid, which
is suspended in the middle of the test cell to allow
for complete and uniform plasma exposure on all
sides. The device is also capable of continuous oper-
ation using the roller feed system for large fabric
rolls or continuous filaments and yarns. Figure 1
shows a schematic drawing of the device in which
the substrate represents batch treatment inside the
test cell, and the roller system represents continuous
treatment of fabrics and yarns.®*'?

Figure 2 shows a simplified electric circuit dia-
gram of the device, in which Cr and R are coupling
capacitors and resistors, and C represents the two
electrodes in the capacitively-coupled mode.*”'* The
step-up transformers are at 180° out of phase, and
the HVP is the locations of the capacitively-coupled
compensated high voltage probe (Tektronix ™
Model P6015A) for voltage measurements. The
discharge current flowing through the plasma is
measured by a current transformer with a current-
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Figure 1 Schematic drawing of the atmospheric pressure
plasma device (NCAPS).
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Figure 2 Schematic electrical circuit diagram of the
atmospheric plasma device (NCAPS).

voltage ratio of 1 : 1 (Pearson Electronics ™ Current
Monitor Model 2100). Both the high voltage probe
and the Pearson coil are connected to a National
Instruments PCI-6221 data acquisition board (PC).

In this study all samples were exposed to plasma
using the test cell. For all test series the operating
frequency was fixed to 5 kHz, and the electrode gap
was adjusted to 3.8 cm during all experiments.

Materials

PET films (Mylar® A) with a thickness of 300 pm
were supplied by DuPont Tejin Films™. The films
were cut into samples of 9 cm x 10.5 cm size. Prior to
plasma exposure, the samples were washed with an
acetone solution for 3 min and dried at ambient pres-
sure. The PET samples were exposed to atmospheric
plasma created with the following working gases.

* Helium (10 Ly./min)

* Helium (10 Lize/min) + 1 vol % oxygen

* Helium (10 Lye/min) + 1 vol %
fluoromethane

* Helium (10 Lye/min) + 1 vol % oxygen + 1 vol
% tetrafluoromethane

tetra-

The exposure time varied between 0.5 and 5 min
in 30-s intervals. Electrical and thermal data were
collected in the plasma during surface treatment of
the PET films and were recorded via a National
Instruments LabView® interface package. To identify
correlations between plasma variation without and
during the treatment of PET, three plasma measure-
ments for each type of working gas without PET
treatment were conducted and the average of the
measured plasma parameters (plasma impedance,
electron number density) was calculated for every

gas type.

Characterization techniques

Computer-based control software

The NCAPS facility has been interfaced with the
LabVIEW® package with in-house built-in mathe-
matical solver to provide real-time electron number
density, as well as real time monitoring of the
plasma gas ambient temperature and gas flow rates.
To optimize the performance of the atmospheric
pressure plasma device, and to characterize the
plasma, the diagnostics were interfaced with com-
puter-based instrument control software. For this
purpose the measurement and controlling software
LabVIEW® 7.1 (National Instruments, Austin, USA)
was used to create adequate interface and control
panel for operating parameters and display of
plasma parameters from the model solver.

To visualize the measured voltage and current on
the computer, the LabVIEW® front panel was
designed similar to an oscilloscope. Voltage and
current are displayed by a waveform graph and
used for further calculations of plasma impedance
and electron density. The measured voltage and
current are periodical, nonsinusoidal waveforms,
hence, to calculate the time-dependent discharge
impedance, or the impedance during a specific time
domain, it is important to define a characteristic
cycle mean value of such alternating signals. The
interface calculates the cycle time and space aver-
aged values root mean square (RMS) of voltage and
current for each loop’s iteration. Figure 3 shows the
display and control panel of the atmospheric
plasma device on which voltage and current wave-
forms are displayed in real time, and their RMS nu-
merical values are displayed on the bottom boxes,
also in real time, along with the RMS impedance,
ambient temperature, electron-neutral collision fre-
quency, and electron kinetic temperature and num-
ber density.

The impedance is calculated from the RMS voltage
and current Zgys = (Vrms/Irms). Assuming the
entire discharge to be equivalent to a plasma-filled
capacitor and using the homogeneous plasma
model, the complex impedance of bulk plasma of a
thickness d and cross-sectional area A is given by Zp
= 1/(jo & ep A/), where g, is the permittivity of
free space and ¢, is the relative permittivity of the
plasma (plasma dielectric constant).'>**

Since the thickness of the bulk plasma (d) is much
greater than the time averaged thickness of the
plasma sheaths (s) and d + 2s = [, where [ is the gap
of the capacitor, it is assumed that the thickness of
the plasma d ~ [. The complex plasma dielectric
constant is given by gp = 1 — [0, /(0" — jo Ven)]
where o, is the electron plasma frequency and is
given by w,, = (1, e /m, 80)1/ 2 where 7, is the elec-
tron number density, e is the unit charge, m, is the
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Figure 3 Display and control panel of the atmospheric plasma device showing the continuous display of the discharge
voltage and current waveforms and the numerical values of plasma parameters. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

electron mass; v,, is the electron neutral collision
frequency and o is the operating angular frequency
of the power supply. The sinusoidal current
that flows through the plasma bulk can be described
in complex notation as L (t) = Re Iy ¢ and the
voltage across the plasma is given by V,, (t) = Re V,
¢, where “Re” represents the real values and
hence the plasma admittance is determined from
the measured amplitudes of the current and voltage
Y, =1,/V,

Substituting for the plasma dielectric constant ep
and the electron plasma frequency o, in the plasma
admittance equation and solving for the electron
number density one obtains n, = (I,;/V,) (m, d/e* A)
[(®* 4 V2)/Ven]. A key parameter in this equation is
the electron-neutral collision frequency v.,, which is
sensitive to changes in plasma composition. The
electron neutral collision frequency is given by v, =
n, v, o, where n, is the number of neutral atoms, v,
is the electron velocity and o is the collision cross
section. The number of neutral atoms can be
obtained from the ideal gas law n, = P/kT with
parameters taken at the gas inlet to the reaction
chamber in which P is the pressure and T is the gas
ambient temperature. The electron velocity is taken to
be the average thermal velocity v, = (8kT,./n m,)'/? and
the collision cross section is determined from the solid
sphere model. Hence, the electron-neutral collision fre-
quency is given by v,, = o (P/kT) (8kT./= m,)"/%. Most
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dielectric barier discharge plasmas have electron tem-
peratures between 0.5 and 12 eV as commonly
reported, as well as data obtained from optical emis-
sion spectra.®!*'® The average electron-neutral colli-
sion frequency for helium at 1.0 atm is ~ 7 x 10"
Hz.'">"! For simplicity, this frequency is taken into
the equation of electron number density as an average
value for helium discharge even with the addition of
small fractions (1 and 2%) of other gases. The built-in
solver provides real time monitoring of plasma elec-
tron number density, as well as continuous monitoring
of the ambient gas temperature via a Teflon-coated
thermocouple interfaced with the LabView instrument
control package.

Weight changes

Each sample was weighed instantaneously
before (W;) and after plasma treatment (W), to
determine weight gain or loss, using an Explorer”
microbalance with an accuracy of *100 upg. The
percent weight change calculated as Weight change
% = (W7 — Wp) x 100/W, was then plotted versus
the exposure time.

Contact angle measurement

Contact angle measurement was realized at room
temperature with a goniometer (Model A-100 by
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Ramé-Hart) by the sessile drop technique using a
1 uL deionized water droplet on the PET film. The
water was introduced on the sample surface by a
microsyringe, afterward the contact angle was mea-
sured by a telescope equipped with a goniometer
eyepiece. The contact angle was measured in five
different places to determine hydrophobicity. The
average contact angle was then plotted versus expo-
sure time for all four plasma gas mixtures. Contact
angle measurements were all conducted 24 h after
plasma treatment.

Dynamic mechanical analysis

The tensile modulus was determined by dynamic me-
chanical analysis (DMA) using a DMA Q800 (TA
Instruments). The tests were conducted isothermally
at 25°C inside the furnace of the DMA device. The
films were exposed to oscillating strain at constant
amplitude with a stepwise linear frequency increase
from 1 to 100 Hz in 25 steps. Since the PET films are
nonisotropic materials, all Young’s moduli were
measured in machine direction (MD). The average of
the obtained complex modulus values for every fre-
quency step was calculated, and the complex modu-
lus change plotted over exposure time. The complex
modulus (cmc) percent change was obtained from crmc
% = (E1 — Ep) x 100/ Ey, where Ej is the original mod-
ulus and E; is the modulus after plasma exposure.

RESULTS AND DISCUSSION
Plasma ambient temperature

The plasma gas ambient temperature is continuously
monitored via a Teflon-coated thermocouple
immersed in the plasma and is interfaced with the
LabVIEW instrument control; the ambient tempera-
ture is displayed on the front display and control
panel. The ambient gas temperature inside the test
cell increases by 9-10°F (5.0-5.6°C) for most gases
within 30 s and increases by 20-24°F (11.1-13.4°C)
after 300 s, except for Helium + 1%0O, + 1%CF, it
increases by 15°F (8.3°C) in 30 s and by 33°F
(18.3°C) after 300 s. Table I shows the increase in
ambient temperature for all plasma gas composi-

tions. Comparisons of gas temperatures of helium,
He/O, and He/CF, discharges show that the
increase in the ambient temperature is small; the
case of He/O,/CF, has a slightly higher temperature
increase. This effect is explainable with the inclusion
of the energetic gases O, and CF,; to the seed gas,
which allows for generation of more reactive species
that are chemically reactive and causes temperature
increase. Because of generation of more reactive spe-
cies, molecular collisions are increasing inside the
gas mixture and lead to an increase in the ambient
temperature. The temperature increase for all used
gases indicates that the maximum temperature
increase is below the glass transition temperature for
PET (69°C, 156.2°F), which is important for nonther-
mal plasma treatment of PET. Accordingly, no ther-
mal effects are imposed on the PET films during
plasma treatment in the NCAPS device.

Plasma impedance

Plasma generation in a capacitively-coupled dielec-
tric barrier discharge affects the overall impedance
of the system due to electron collisional processes
inside the plasma and the formation of ions, excited
species, and radicals; consequently the change in the
plasma gas composition will change the total imped-
ance. The plasma impedance for pure helium dis-
charge has a slight decrease from 116.5 to 115 kQ in
the first 30 s then remains almost unchanged over
time. Impedance increases from 114 to 115 kQ over
300 s for He/O,, from 113 to 116 kQ for He/CF,,
and from 112 to 117 kQ for He/O,/CF,;. The
observed increase in the impedance of He/O,, He/
CF,, and He/O,/CF, is due to formation of addi-
tional ionic and radical species. The increase can be
explained from the plasma impedance equation
when considering the device as a capacitor filled
with plasma. The real value of the plasma imped-
ance Zp = (d/» g ep A) is a function of the plasma
dielectric constant ¢,, which is a function of the elec-
tron plasma frequency o, and the electron neutral
collision frequency v.,. The change in plasma com-
position changes both frequencies as a result of dif-
ferent ionization fractions, changes in the electron
number density, and the collision of electrons with

TABLE I
Ambient Temperature Inside the Plasma Test Cell After 30 and 300 s
o After 30 s After 300 s
Initial
Plasma gas temperature (°F) Temperature (°F) AT (°F) Temperature (°F) AT (°F)
Helium 83 (28.3°C) 92 (33.3°C) 9 (5.0°C) 103 (39.4°C) 20 (11.1°C)
Helium + 1%0, 83 (28.3°C) 93 (33.9°C) 10 (5.6°C) 107 (41.7°C) 24 (13.4°C)
Helium + 1%CF, 82 (27.8°C) 91 (32.8°C) 9 (5.0°C) 102 (38.9°C) 20 (11.1°C)
Helium + 1%0, + 1%CF, 80 (26.7°C) 95 (35.0°C) 15 (8.3°C) 113 (45.0°C) 33 (18.3°C)

Journal of Applied Polymer Science DOI 10.1002/app
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additionally generated species either in ionic or
excited forms.

The RMS impedance of He/O, discharge increases
slightly over 5-min operating time, which is attrib-
uted to the change in the nature of the plasma due
to formation of oxygen ions OF, excited oxygen
atoms O, and possible negative oxygen ions O~. For
He/CF, discharge the increase of RMS impedance
over operating time is more appreciable, however, it
is similar to the oxygen case in that when other spe-
cies are generated in the plasma they affect the colli-
sion frequency which in turn affects the plasma ad-
mittance. For CF, these additional species could be
F, F", (CF;)", CF,, and (CF,)". The same reasoning
applies to the He/O,/CF, discharge. Because of the
formation of additional species and alterations in the
collision frequency, the plasma dielectric constant
changes and the impedance increases. The effect is
most distinctive for He/O,/CF, discharge since
more reactive gases are added to the seed gas and
more collisional processes takes place in the
discharge.

The plasma impedance drops with the inclusion
of PET samples in the test cell. For the pure he-
lium discharge, the inclusion of the PET dropped
the impedance to 107.5 kQ, and a slight drop to
114 kQ for the He/O, discharge. The impedance
for He/CF, and He/O,/CF, with PET dropped to
110k Q in both cases. The impedance drop, in all
cases, is attributed to the increased electron colli-
sions with species entering the plasma from the
etched surface of the PET samples followed by
recombination and reduction in the charged par-
ticles population.

This can be explained from the plasma impedance
Z, = (n, A/m, d)[ven/ (0> + V2], which is a func-
tion of the operating frequency ®, the electron-neu-
tral collision frequency ven, and the electron number
density n.. Atmospheric dielectric barrier discharge
plasmas are generated at low frequency in the kHz
range (1-12 kHz) and the electron neutral collision
frequency for most gases at atmospheric pressure
is in the range of 10" Hz'>'® consequently the
impedance equation can be approximated to Z, =
(e*A/m, d)(1n./Ve,). The electron number density
ne =4, (n), is the sum of all ionic populations in
the plasma from only a single species k = 1 to any
arbitrary number of species g, and hence the plasma
is quasi-neutral. The ratio between the electron num-
ber density and the electron neutral collision fre-
quency 1,/ V., determines the behavior of the plasma
impedance. The impedance drops as a result of
increased collisional frequency with etched species
and reduction in electron populations due to recom-
bination with ionic species and cooling of the
plasma. The reduction in the electron number den-
sity is discussed in the following section.

Journal of Applied Polymer Science DOI 10.1002/app
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Electron number density

The obtained electron density for the NCAPS device
without PET exposure is always in the range of 7.5
x 107 em ™ to 8.5 x 107 ecm “for all gas types. For
Helium, He/O,, and He/O,/CF, discharge the elec-
tron density remains nearly constant over 5-min
operating time, as shown in Figure 4. As opposed to
pure Helium discharge the electron density for He/
O, and He/O,/CF, discharges slightly increased,
which is attributed to the addition of a reactive
gases and the increased ionization of plasma species.
Unexpected is the behavior of electron density for
He/CF, discharge. As shown in Figure 4 the elec-
tron density is decreasing continuously over operat-
ing time. The decrease in electron population may
be attributed to the strong recombination effects aris-
ing from recombination of molecular (CF;)" and
(CF,)" with electrons. While this behavior is not
seen in the He/O,/CF, case where CF, is included,
however, the presence of oxygen in the gas mixture
may produce negative and molecular oxygen ions
that increases the ionic population and balances
recombination with fluorocarbon species.

The electron number density for all operating
gases during PET exposure with plasma shows a
constant behavior after initial fluctuations indicating
a stable plasma condition during sample treatment.
There is always a reduction in the electron number
density for all tested plasma gases. To visualize the
effect of PET ablation on the electron density due to
etching, a comparison between electron density with
and without PET by subtraction of the particular
curves was performed as shown in Figures 5
through 8 for helium, He/O,, He/CF,, and He/O,/
CEF,, respectively. Plasma interaction with PET sub-
strate lowers the electron number density due to
increased number of etched particulates from PET,
which re-attach to free electrons inside the plasma.
When PET is etched, the radicals are in an excited
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Figure 4 Electron number density without PET sample in
the plasma.
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Figure 5 Net reductions in electron number density with
PET sample in the Helium plasma.

state and are able to capture electrons to neutralize
themselves, which, in combination with ionic species
recombining with electrons to formulate neutrals,
causes a reduction in electron number density with
inclusion of the PET samples in the plasma. Investi-
gation of the helium discharge case, Figure 5, shows
an average reduction in the electron number density
of about 1.25 x 10°/cm® when PET is in the plasma.
The extended exposure time did not change the elec-
tron number density as most etched species are
becoming part of the plasma and ionized during the
extended operation cycle. The He/O, case, Figure 6,
has an average reduction of about 5 x 10°/cm?,
which is higher than that of pure helium, and is
attributed to the added collisional processes with ox-
ygen ionic and excited species.

The He/CF, case, Figure 7, has a different behav-
ior, the electron number density shows sudden
drops to close to a net reduction of 1.0 x 10”/cm? in
the 60 and 90-s exposure times then less reduction
for extended PET exposure times. It appears that
any strong recombination effects are within the
shorter exposure times but extended exposure pro-
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Figure 6 Net reductions in electron number density with
PET sample in the He/O, plasma.
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Figure 7 Net reductions in electron number density with
PET sample in the He/CF, plasma.

duces more ionized species from the ablated mate-
rial from the PET surface. The effect is similar in the
case of He/O,/CF,, Figure 8, where strong reduc-
tions take place in the shorter exposure time, but not
for extended exposure due to additional ionization
of etched species entering the plasma stream.

In general, the electron densitgy is in the range 7.5
x 107 em ™ to 8.5 x 107 ecm °, which is in good
agreement with published data for similar devices,
as well as data obtained by other researchers on the
NCAPS device using optical emission spectra and
other measuring techniques.>®'"'>181?

Surface etching of PET in plasma treatment has
been investigated in previous studies on the NCAPS
device,g’20 which showed that percent crystallinity
increases as a result of selective amorphous etching
and that the rate of etching is also related to the
degree of solubility.” Reactions between plasma and
PET surface may generate several chemical by-prod-
ucts such as CO, CO,, H,O, OH, H', H,, and radi-
cals,” all can adversely affect the collisional proc-
esses in the plasma.”’ The surface condition of the
PET changes as a result of the plasma treatment, as
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Figure 8 Net reductions in electron number density with
PET sample in the He/O,/CF, plasma.
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Figure 9 Weight loss of plasma treated PET films versus
exposure time.

has been shown by Hwang et al.” in which the XPS
and AFM indicated surface changes in terms of
roughness, chemical composition, crosslinking, and
redeposition.”’ Tt was also evident that the popula-
tion of etched particles increases over the entire ex-
posure time, mixes with the g)lasma, and hence
changes the plasma composition.™

Weight loss

Weight loss measurements of plasma treated PET
films indicate that etching takes place for all operat-
ing gases. Figure 9 illustrates the weight loss in per-
cent as a function of exposure time for He, He/O,,
He/CF4, and He/O,/CF, discharges. It is obvious
that surface etching starts immediately when expos-
ing the films to the plasma and is increasing with
exposure time. It is worthy to mention that the elec-
tron number density prior to immersing the sub-
strate is of higher value then levels off with
extended exposure time. This indicates a higher
number of ionic species at the beginning of the dis-
charge, as plasma is quasi-neutral, and the number
reduces with increased exposure time; as reaction
with ions takes place more etching is expected as
seen from Figure 9. For helium discharge, maximum
weight loss is reached after 3 min, for He/O, after
3.5 min, for He/O,/CF, discharge, and after 4 min
for the He/CF, discharge. After reaching the maxi-
mum, weight loss remains approximately constant
for all treatments. This trend indicates that initially
etching effects are dominant for all gas types until
saturation of PET volatiles inside the plasma cell is
reached, then etching and re-deposition effects reach
equilibrium.

The comparison of the different curves shows that
the presence of oxygen in the discharge provides a
higher etching rate when compared to etching in
pure helium plasma. Typically, helium is not consid-
ered as an etching gas however, helium ions can
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sputter the substrate surface.”’ Oxygen ions in the
plasma lead to additional physical and chemical
etching processes and therefore weight loss is
increased for He/O, discharge. As shown in Figure
9, addition of CF, to a helium discharge also
increases etching rates. One reason is that CF, is eas-
ily dissociated, which results in a relatively high
density of free fluorine. This creates plasma with
highly reactive fluorine and higher sputtering abil-
ity.”” Recapitulating, it can be noted that etching
takes place for all four gas types, whereas the He/
O, gas mixture proved to be the most effective etch-
ing gas. Weight loss results indicate that generated
ions and active plasma species in the plasma gas,
and dissociated molecules from the etched surface,
recombine with electrons and results in reduction of
the electron number density as has been shown in
the preceding section. Upon recombination, these
newly formed atoms and molecules in their excited
state continue to etch the surface and increase abla-
tion over time; hence the weight loss increases with
increased exposure time. The previous study on
plasma treatment of PET using He/O, gas by
Hwang et al. demonstrated that etching and redepo-
sition are occurring simultaneously, and the weight
loss can be divided into loss at amorphous and crys-
talline regions.*

Contact angle measurement

Wettability of plasma treated PET films was esti-
mated by contact angle measurement. Figure 10
shows the contact angle as a function of exposure
time for the four different working gases. For all gas
types, contact angle of PET films is decreased after
plasma treatment, thus wettability is increased. For
He and He/O,/CF, discharge the contact angle
drops rapidly until 1 min exposure time and then
levels off, and levels off at 2.5 min for the He/O,

OHef02
AHe/CF4
OHef02/CF4 |

contact angle [deg]
g

0 05 1 15 2 25 3 35 4 45 5
exposure time [min]

Figure 10 Contact angle of plasma treated PET film ver-
sus exposure time.
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discharge. For He/CF, discharge the contact angle
drops most rapidly in the beginning but already
starts leveling off at 30 s exposure time.

After reaching the limiting values, the contact
angle values for He/O, discharge are lower than
that for pure He discharge. Thus He/O, gas treat-
ment leads to higher wettability than pure Helium
gas treatment. Since He/O, gas has more oxygen
content, it is possible that more hydrophilic func-
tional groups can be created through more interac-
tions with molecules on PET film surface.

While the measured contact angles of PET after
treatment with He/CF, discharge (after 30-s expo-
sure time) are higher than that of pure helium dis-
charge, the overall plasma effect is an increase of
hydrophilicity. There appears to be little effect of
incorporation of F-atoms and —CHF, —CF,—, as well
as —CF; groups on the PET surface during plasma
treatment with fluorocarbon gases.”

The trend for electron number density versus expo-
sure time is similar to that of the contact angle. The
relation between the contact angle and the decrease
in the electron number density may be attributed to
the electron impact on reactive plasma gases, fol-
lowed by dissociation of gaseous species into ions
and electrons. The ions bombard the surface and
form reactive surface groups that increase hydrophi-
licity, but subsequently consume the electrons in
recombination processes. It is also possible that sur-
face etching contributes to the reaction between sur-
face etched species and electrons, as well as reactions
with formed radicals. The previous study on plasma
treatment of PET indicated etching and redeposition
occurring simultaneously,” however, etching may be
predominant in the case of He/CF,. The AFM micro-
graphs, as shown in our previous study, showed
higher surface roughness in the He/O, treated PET.*
Also, XPS analysis revealed distinctive changes in
chemical composition and formation of new func-
tional groups.”

Cross linking and chain-scission

To characterize effects of crosslinking and chain-scis-
sion, the Young modulus of PET films after plasma
exposure was measured using dynamic mechanical
analysis (DMA). The percent change in complex
modulus was calculated and plotted versus exposure
time. Crosslinking and chain scission lead to
changes in the physical and mechanical properties of
polymers. If chain scission is dominant during
plasma treatment, a decrease in mechanical proper-
ties such as Young’s modulus will occur. Crosslink-
ing, on the other hand, leads to increases in mechan-
ical properties including hardness, tensile strength
and Young’s modulus.
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Figure 11 Complex modulus change of plasma treated
PET films versus exposure time.

As displayed in Figure 11, the Young’s modulus for
PET films increases with exposure time for He dis-
charge. After 5 min the modulus is enhanced
by ~ 2.8%. This corroborates results of a previous
study on PET films, which showed similar tensile
strength enhancement of PET films by helium contain-
ing plasmas.®* In these studies, atmospheric plasmas
with high helium percentages (as opposed to mixtures
of He with reactive gases, e.g., oxygen) were found to
have increases in C—C bonds after exposures of 1 min
or longer. This is indicative of crosslinking due to an
abundance of UV radiation from ion neutralization,
Auger deexcitation, and Penning ionization.”* Figure
11 shows a slight decrease of Young’s moduli for He/
O, and He/CF, discharges. This can be attributed to
etching effects that are more pronounced for mixtures
of helium and reactive gases than for pure He plas-
mas. These results indicate that chain-scission of the
substrate surface, rather than crosslinking, is the dom-
inant factor in determination of mechanical properties
in these plasmas. Unfortunately, all of the He/O,/CF,
samples were broken in the course of DMA testing,
and therefore, modulus data is unavailable for these
samples.

CONCLUSIONS

Plasma electron number density was obtained in
real time to relate the change in the electron number
density to other measurements and to further under-
stand the mechanisms of plasma-surface interac-
tions. A mathematical solver based on a model
assuming the plasma device acting as a plasma-filled
capacitor was built inside the LabView instrumenta-
tion interface package. The program automatically
solves the impedance equation based on the meas-
ured discharge voltage and current, and continu-
ously displays the number density on the emulated
instrument control panel.
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The ambient gas temperature increased for all
tested plasma gas mixtures with maximum increase
of ~ 5°C in 30 s for all gases except for He/O,/CF,
mixture, where the increase was 8.3°C. After 300 s,
the maximum increase was ~ 11-13°C for all gasses
except for He/O,/CF,; mixture where the increase
was 18.3°C. Hence, temperature increase in all cases
is below the glass transition temperature for PET,
indicating nonthermal plasma treatment of PET in
the NCAPS device.

The calculations of electron density using the
built-in plasma model are in the range 7.5 x 10’
cm 2 to 8.5 x 10" cm ? and are in good agreement
with published data for similar devices, as well as
data obtained by other researchers on the device
using optical emission spectra and other measuring
techniques. A decrease in the electron density dur-
ing the treatment of PET films was observed, which
relates to etching of the PET films followed by re-
attachment and recombination. The drop in the elec-
tron number density follows the drop in the plasma
impedance, which results from increased collisional
frequency with etched species and the reduction in
the electron population due to recombination with
ionic species and cooling of the plasma.

Surface and bulk analyses of the plasma treated
PET films indicate etching effects on the substrate
surface for all gas types, with more etching of the
surface with the addition of reactive gases such as
oxygen and CF,. However, the He/O, gas mixture
has shown the highest etching effect, which is in
good agreement with previous work on plasma
treatment of PET on the NCAPS device.” As a
result of the closed chamber geometry, etching con-
tinued until saturation and then reached equilib-
rium with re-deposition from the plasma onto the
substrate.

Contact angle measurements showed that wett-
ability of PET surfaces increases after plasma expo-
sure for all four operating gases, where He/O,
caused the highest contact angle prior to decrease
here and He/CF, the least. This confirms that the
primary effect of the CF; gas is etching rather than
fluorination; however, fluorine content may be re-
sponsible for the relatively higher contact angles as
compared to the samples treated in the other plasma
gases.

Measurements of Young’s modulus with dynamic
mechanical analysis (DMA) showed an increase of
the modulus of PET after treatment with helium dis-
charge, whereas the modulus decreased slightly after
treatment with oxygen and tetrafluoromethane con-
taining gases. The enhanced Young’s modulus for
helium discharge confirmed previous studies since
helium is known as an effective crosslinking gas,
which improves mechanical properties of polymer
materials. The degradation of the modulus after
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plasma exposure to oxygen and tetrafluromethane
gases is most likely a result of increased etching and
chain-scission.

The authors are thankful to Dr. Carrie Cornelius for her help
in running the experiment during the course of this study.
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