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ABSTRACT: The main scope of this article was to demonstrate the potential of Fourier
transform infrared (FTIR) spectroscopy as a diagnostic tool for low-pressure plasma
polymer modification. Two model polymers, polyethylene and polystyrene, were treated
in radio-frequency (rf) discharges in argon, hydrogen, oxygen, nitrogen, and tetrafluor-
omethane. In situ FTIR analysis was based on infrared reflection absorption spectros-
copy (IRRAS) and attenuated total reflection (ATR). For both techniques, thin-film
samples were prepared from polymer solution. The effects appearing in the infrared
spectra are discussed. The results are compared with those from other diagnostic tech-

niques. © 1997 John Wiley & Sons, Inc. J Appl Polym Sci 65: 381-390, 1997
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INTRODUCTION

Low-pressure plasma treatment of polymers is a
widely used process to improve surface properties.
Despite many applications, the complex phenome-
non of plasma—wall interaction is not understood
completely. A large number of elementary pro-
cesses generates a wide variety of active particles
(ions, electrons, radicals, metastable excited spe-
cies) and vacuum ultraviolet radiation. The modi-
fication effects at the polymer surface observed as
a result of low-pressure plasma treatment depend
on the nature, flux, and energy distribution of the
incident species. These values are governed by
plasma bulk properties as well as by the transport
mechanisms of charged particles in the plasma
sheath.

Due to the small penetration depth of all in-
volved processes, X-ray photoelectron spectros-
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copy (XPS) is the most frequently used tool for
surface investigation. Beyond this, many other so-
phisticated methods like time of flight secondary
ion mass spectroscopy, electron-induced vibra-
tional spectroscopy, and photoacoustic spectros-
copy were shown to be successful in polymer sur-
face characterization.!™® Only few reports were
given on the surface diagnostics of plasma-modi-
fied polymers by means of Fourier transform in-
frared (FTIR) spectroscopy, e.g., Refs. 4 and 5.
Compared to photoelectron spectroscopy, this
method provides additional information. But the
potential of FTIR spectroscopy in this particular
field cannot be exploited fully with standard sam-
pling techniques. This is due to the need of in
situ investigations and a lack of sensitivity and
reproducibility of standard units. In this work, an
effective approach to in situ diagnostics of low-
pressure plasma polymer modification is intro-
duced. The variety of observable effects is demon-
strated for simple model substances.

The maximum penetration depth of the most
significant primary processes in plasma—polymer
interaction can be estimated from Monte Carlo
calculations in the case of ions® and from polymer
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Table I Experimental Parameters for the Preparation of 10-50 nm

Polymer Films by Dip Coating

Extraction
Concentration Temperature Velocity
Polymer Solvent (%) (°C) (mm s™)
Polyethylene Toluene 0.1-1 72 1-15
Polystyrene Trichoromethane 0.1-1 30 1-15

extinction coefficients in the case of vacuum ultra-
violet (VUV) photons,”® respectively. Assuming
maximum ion energies in the range of some hun-
dred electron volts and a considerable flux of VUV
radiation (A < 160 nm), the expected thickness
of the modified surface layer is below 50 nm. De-
spite the fact that FTIR spectroscopy is not a sur-
face-sensitive tool on this depth scale, thin-film
(d =~ 50 nm) sampling techniques can lead to the
required separation of bulk properties and surface
effects.

EXPERIMENTAL

For the investigation of plasma-treated polymer
surfaces, two in situ FTIR sampling techniques
(infrared reflection absorption spectroscopy [IR-
RAS] and attenuated total reflection [ATR])
based on thin-film preparation were applied. For
both techniques, special vacuum chambers were
designed and placed in the sample compartment
of a Bruker IFS66 FTIR spectrometer.

Polymer Film Preparation

Thin films of low-density polyethylene and poly-
styrene were prepared from solution by dip coat-
ing. Additive free polymers (Goodfellow, low-den-
sity polyethylene type ET31200, polystyrene type
ST31080) were used as received. The principle of
the dip coating technique is described in Ref. 9;
the particular parameters for polyethylene and
polystyrene are given in Table I.

The film thickness as a function of dip coating
parameters (concentration and temperature of
polymer solution, extraction velocity of the sub-
strate) was measured by spectroscopic ellipsome-
try (ellipsometer S2000 by Rudolph Research)
and correlated to IR band intensities. The homo-
geneity of the polymer films was checked by
atomic force microscopy (Nanoscope 3 by Digital
Instruments).

In this work, thin films were investigated in-
stead of bulk samples due to restrictions of the
analytical technique. For the generalization of re-
sults, it is necessary to prove the structural and
chemical equivalence of bulk and film samples.
This was done using FTIR spectroscopy, spectro-
scopic ellipsometry, and thermogravimetry.'®

In Situ IRRAS Setup

In IRRAS, the IR beam of the spectrometer is re-
flected by a metal surface coated with a thin film
of the sample material. Due to standing waves at
the metal surface, an absorbing film of a thickness
d (d < \) is not detected in most cases. It was
shown that a maximum absorption of a given film
requires parallel polarization and a grazing inci-
dence.'™'? Under appropriate conditions, IRRAS
spectra are very close to transmission spectra.'
For the IRRAS experiments of this work, glass
slides were metalized with gold by vacuum evapo-
ration. On the gold surfaces, thin polymer films
were prepared by dip coating.

The in situ IRRAS setup used for the experi-
ments in this work is shown in Figure 1. A vac-
uum chamber contains two parallel electrodes (27
MHz radio frequency [rf], ground). Prismatic
windows made of chalcogenide glass'* deflect the
IR beam by 15°. Depending on the orientation of
the windows, the beam can be directed to the rf or
to the grounded electrode. The resulting incident
angle at the IRRAS sample placed at the electrode
is 75°. This value is significantly below the opti-
mum angle of 88°,* which cannot be realized with
a typical beam divergence of ~ 1°in the standard
sample compartment of commercial FTIR spec-
trometers. For an incident angle of 75°, the sensi-
tivity of the IRRAS technique drops to approxi-
mately 30% of the optimum case.?

The discharge was operated at an effective rf
voltage U,y = 175 V (level meter URV35 by
Rohde & Schwarz). There was no gas flow during
the short plasma treatment. The sample was
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polarizer

=

Figure 1 In situ IRRAS setup. By rotating the pris-
matic windows, the IR beam can be directed to a sample
atthe(-+---- )rfor ( ) grounded electrode, respec-
tively.

placed at the grounded electrode for all examples
of this work.

In Situ ATR Setup

The technique of ATR spectroscopy (internal re-
flection spectroscopy) is described in detail in
Refs. 15 and 16. For ATR measurements, internal
reflection elements (IRE) with a 45° incident
angle and 34 reflections made of chalcogenide
glass'* were used.

A polymer film was prepared on one side of the
IRE by dip coating. The coated IRE was inte-
grated into the 27 MHz rf electrode of a plasma
chamber as shown in Figure 2. The IRE is electri-
cally insulated and the area directly faced to the
plasma is mechanically limited. The effective
number of reflections is restricted to 13. With a

polymer
film

Figure 2 In situ ATR setup. The polymer film at the
internal reflection element can be analyzed from one
side while it is plasma treated from the other side.
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Figure 3 Plasma treatment of polyethylene (in situ
ATR setup, p = 5 Pa, ¢t = 3 s).

film thickness of 50 nm, the thin-film case of ATR
spectroscopy (d < \) applies.'” The polymer film
can be plasma-treated from one side and probed
by FTIR from the other side. As in the case of the
IRRAS setup, the discharge was operated at U
= 175 V (except the experiment of Fig. 3: Uy
= 225 V) without gas flow.

Chalcogenide glass, the material of the IRE, is
nonhygroscopic and stable against attack by acids
and organic solvents. Plasma etching of the IRE or
plasma-surface reactions with the IRE material
were beyond the detection limit under the experi-
mental conditions of this work.

Ex Situ ATR Setup

In addition to the in situ ATR experiments, the
same IRE were used for ex situ experiments (ver-
tical ATR unit by Carl Zeiss Jena). In these exper-
iments, the plasma treatment was performed in
a reactor described in detail elsewhere.'” In this
setup, the energy distribution function of ions ex-
tracted directly from the plasma sheath at the
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grounded electrode can be measured with a
plasma monitor system (Hiden EQP300). An ad-
ditional external DC bias voltage can be applied to
shift the main peak of the ion-energy distribution
within a wide range from some 10 to some 100
electron volts.

Postplasma Treatment

Additional information from the IR spectra can
be obtained by chemical derivatization reactions,
which are well known in photoelectron spectros-
copy.'®%° A gas-phase derivatization agent is ap-
plied to the plasma-exposed surface. In an in situ
setup, the chemical labeling of a particular func-
tional group can be monitored directly by FTIR.
For the derivatization experiment described in
this article, trifluoroacetic anhydride (TFAA, Ald-
rich, 99%) was used as received.

Measurement Procedure and Presentation
of IR Spectra

All IR spectra in the following sections display
exclusively changes at the polymer surface due to
plasma treatment. The acquisition of these differ-
ence spectra is similar for all setups described
above. First, a background spectrum I, is mea-
sured from the untreated polymer film (coated IR-
RAS substrate, coated IRE). In the next step, the
polymer surface is exposed to the plasma and
eventually posttreated by a derivatization agent.
After this, the sample spectrum [ is acquired. As
aresult, the absorbance spectrum log I,/1 displays
the changes due to plasma exposure and chemical
derivatization. While negative bands correspond
to structures disappearing from the polymer sam-
ple, positive bands can be attributed to new sur-
face species (for characteristic frequency tables,
see Refs. 21 and 22).

Contrary to the in situ ATR setup, in the IR-
RAS setup, gas-phase species can contribute to
the spectra. This is especially the case for fluorine-
containing process gases like CF,. For that rea-
son, the IRRAS chamber is evacuated down to
the base pressure of the vacuum system before
measurements. For the in situ ATR setup, there
is no need to evacuate the process gas. It is even
possible to acquire spectra during the plasma
treatment, but this was not done for the examples
in this work.

All spectra were base line-corrected with the
tools included in the spectrometer software.
Bands originating from a variable concentration

of water vapor in the IR ray path of the spectrome-
ter outside the vacuum chamber were compen-
sated. CO, bands from the same source at 2400—
2280 cm ' were not compensated. The intense
bands of CH, stretching at 2950—2700 cm ™! were
clipped in some cases for a better scaling of weak
spectral features.

RESULTS AND DISCUSSION

Survey of IR Detectable Effects

To discuss the variety of IR detectable effects ap-
pearing as a result of plasma treatment, a set of
overview spectra is displayed in Figure 3. In this
experiment, polyethylene was treated in different
plasmas. The modification effects were monitored
with the ATR setup. Except for the process gas,
all experimental parameters were kept constant.

Two general groups of modification effects can
be distinguished: The effects of the first group are
due to hydrogen abstraction, crosslinking, and ab-
lation processes and show only slight variations
for different plasmas. A second group of effects is
characteristic for the particular plasma and in-
volves the formation of structures containing for-
eign atoms.

Argon

As expected, the argon plasma treatment causes
only effects of the first group. The negative bands
at 2950—2700 and 1460 cm ' (CH, stretching and
bending) can be assigned to disappearing C—H
structures, but the effects of the argon plasma
treatment are not restricted to simple ablation
processes. The positive band at 980-965 cm !
(trans-vinylene CH wagging) indicates the forma-
tion of a surface layer with unsaturated struc-
tures. C=C triple bonds (2270-2035) are not ob-
served.

Hydrogen

In the case of hydrogen plasma, the spectrum
shows the same features as described in the pre-
ceding paragraph. In addition, there are two posi-
tive bands at 3000—2950 and 1450—1410 cm ‘.
The most probable interpretation are crosslinked
hydrocarbon structures with an internal mechani-
cal strain.?

Oxygen

A polymer treatment in an oxygen plasma results
in a multitude of additional features from the sec-
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ond group. These can be attributed to the forma-
tion of various oxygen-containing structures
formed at the polymer surface. At 3600—-3000
cm ! appears the O—H stretching vibration of
the hydroxyl group which is broadened due to hy-
drogen bonding. The carbonyl group is observed
at 1800—1690 cm ' (C=0O stretching). The wide
range covered by this vibration indicates a variety
of C=0 structures with slightly different charac-
teristic frequencies. In the 1400—1000 cm™*
range, there are many overlapped bands associ-
ated with C—O stretching and O—H deforma-
tion in alcohols and C—O stretching in esters and
ethers.

Nitrogen

In the case of nitrogen plasma treatment, the
most prominent positive band is observed at
1725-1500 cm™*. It can be assigned to the C=N
stretching vibration. A possible contribution of
C=C stretching cannot be disproved without ad-
ditional information. A wide variety of structures
as observed in the case of oxygen plasma is not
evident after nitrogen plasma treatment. Even
with the assumption that the weak vibration of
hydrogen-bonded N—H at 3450—3250 cm ' is not
observable, the variety of nitrogen-containing spe-
cies consistent with the observed spectral features
is quite limited. Missing C—N stretching bands
at 1190—1020 cm ! disprove within the IR detec-
tion limit the presence of primary and secondary
amines. These bands were also absent after treat-
ment in stoichiometric N,/H, plasmas, for which
a formation of amine structures was reported by
other authors.?®** The C=N stretching vibration
at 2260—2200 cm ' is not observed.

Tetrafluoromethane

As seen in the bottom spectrum in Figure 3, the
CF, plasma treatment of polyethylene results in
a broad absorption band at 1400—1000 cm ™ asso-
ciated with the C—F stretching vibration. The
assignment of different fluorine-containing spe-
cies is not possible under the experimental condi-
tions of this work. The broad and overlapped spec-
tral features of the CF, species are caused by a
strong coupling of the C—F vibration with vibra-
tions of the polymer backbone.

Plasma Treatment of Polystyrene

The plasma-treatment experiments from Figure
3 were performed also for polystyrene. Under the

same plasma conditions, the effects were very
close to that of polyethylene. For all effects of the
second group, similar band positions and band
intensities were found. The positive bands in the
CH stretching region attributed to a strained hy-
drocarbon network were more pronounced in the
case of polystyrene. Possibly, this is due to
plasma-induced ring opening as an additional
source for such structures. The expected loss of
aromaticity at the polystyrene surface was shown
by other authors in similar plasma-treatment ex-
periments by means of photoelectron spectros-

copy.?

Experiments in Detail

Kinetics of Low-pressure Plasma
Polymer Modification

After a time interval characteristic for the partic-
ular process, the concentration of structures
formed at the polymer surface becomes station-
ary. An equilibrium of degradation and function-
alization is established. Figure 4 shows this effect
during oxygen and CF, plasma treatment of poly-
ethylene. In both cases, the functional group con-
centration (i.e., the corresponding integrated
band intensity) becomes stationary after a few
seconds. For equal plasma parameters, the char-
acteristic time constant of fluorination exceeds
that of oxidation roughly by one order of magni-
tude. While the reaction velocity of carbonyl for-
mation and the maximum concentration are in-
creasing from 30 to 100 Pa, the corresponding val-
ues of CF, are decreasing. The time-dependent
loss of hydrocarbon structures is represented by
the negative band intensity of the C—H stretch-
ing vibration. After a very short period, a linear
behavior is observed.

Regarding these time dependencies, the maxi-
mum concentration of functional groups can be
understood as the result of competing contribu-
tions from functionalization and degradation pro-
cesses. This basic concept can be verified by other
experimental techniques. Figure 5 shows the
mass changes of a polyethylene sample measured
in situ with an electronic microbalance during the
fluorination in a CF, plasma.?® In the first 20 s of
the microgravimetric experiment, the mass of the
polymer increases. This effect is due to the substi-
tution of hydrogen and fluorine atoms during
plasma treatment. The characteristic time con-
stant is comparable to that from Figure 4. After
reaching a particular level of fluorination, the
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Figure 4 Time-dependent band intensities E; during (top) oxygen plasma treatment
and (bottom) CF, plasma treatment of polyethylene [in situ IRRAS setup, p = (A) 30
Pa and (O) 100 Pa]. Selected bands attributed to functionalization (C=0, C—F, left
side) are compared with those attributed to degradation (C—H, right side).

overall degradation process becomes predominant
and a linear mass decrease is observed. XPS in-
vestigations show a constant value of surface flu-
orine content during this phase.
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Figure 5 Mass change of a 900 mm? polyethylene foil
during CF, plasma treatment (p = 20 Pa).

The process of polymer-surface functionaliza-
tion is not limited to a simple increase of func-
tional group concentration up to a certain level.
It can be demonstrated that the composition of
functional groups also changes during the subsat-
uration range of plasma treatment. As an exam-
ple, Figure 6 shows the time-dependent behavior
of the carbonyl peak during the oxygen plasma
treatment of polyethylene. The peak appears at
1715 cm™'. During the next few seconds, the total
peak width increases while the maximum is
shifted to higher wavenumbers.

Functional Group Formation Depending
on Plasma Parameters

Concentration and composition of functional
groups formed at the polymer surface during
plasma treatment are expected to vary also with
plasma conditions. The most dramatic changes in
the plasma conditions should appear when the
sample is moved from the plasma glow to a remote
location downstream the gas flow.’
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Figure 6 Time-dependent behavior of the C=O
stretching vibration during oxygen plasma treatment
of polyethylene (in situ IRRAS setup, p = 20 Pa, ¢ = 0.25,
0.50-1.75 s).

The changes in the polymer surface layer are
shown in Figure 7 for the case of oxygen plasma
treatment of polyethylene. After 30 s of plasma
treatment, the amount of oxygen-containing spe-
cies reaches in both experiments a comparable
level while the amount of disappeared hydrocar-
bon structures is lower by orders of magnitude in
the case of the remote sample position. Beyond
this, the most prominent difference is the band at
980-965 cm ™!, which was already attributed to
C=C structures. This band is missing completely
under remote plasma conditions, i.e., in the case
of very low kinetic energy of impinging species.
At least for this specific process, the formation of
unsaturated structures seems to be correlated to
high-energy particle bombardment.

Another difference between both experiments
is the separation of particular bands in the 1400—
1000 cm ! range. These bands, related to a vari-
ety of oxygen-containing species, appear sharper
and more separated in the remote plasma experi-
ment. The most probable explanation for this ef-
fect is the following: A high-energy particle bom-
bardment in the case of direct plasma treatment
is accompanied by a high degree of disorder at the
polymer surface. As a result, even in the case of
a similar degree of oxydation, the chemical envi-
ronment of a particular functional group is less
uniform. In a less uniform environment, the IR

bands of a given structure are broadened, which
is observed in the experiment.

Preferential Degradation of Polymer Substructures

A polymer chain consists of several substructures.
The reactivity of these substructures to the
plasma species is expected to be different. So, the
plasma attack to the polymer surface should be
less or more efficient depending on the particular
substructure.

The simplest example for a preferential poly-
mer degradation is polyethylene with CH, units
in the main chain and CH; units in end groups
and side chains. To demonstrate the substruc-
ture-dependent efficiency of the plasma attack,
three spectra from Figure 3 were normalized to
equal intensities of the negative CH, stretching
bands. The CH stretching region of the normal-
ized spectra is redrawn in Figure 8. Contributions
from CH, and CHj are indicated. The ratio of the
integrated band intensities at 2920 and 2960 cm ™*
is characteristic for the CH; content. In the ab-
sorption spectrum of polyethylene as used for this
experiment, the ratio is equal to 12. A peak decon-
volution in Figure 8 gives 70 for argon, 24 for
oxygen, and 13 for CF,. Obviously, the plasma
attacks preferentially hydrogen attached to sec-
ondary carbon atoms while hydrogen attached to
primary carbon atoms is more stable. With an
increasing reactivity of the plasma species (Ar - F),
the effect becomes less pronounced. Both tenden-
cies are characteristic for a radical reaction in or-
ganic chemistry (e.g., halogenation of alkanes).

plasma glow
............. remote

1073 absorbance units

st
| L 1 L |

) | L | L
2000 1800 1600 1400 1200 1000
v [em™]

Figure 7 Oxygen plasma treatment of polyethylene.
Ex situ ATR spectra for different sample positions: in-
side the plasma glow at the grounded electrode and 15
cm downstream (p = 3 Pa, ¢t = 30 s).
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Figure 8 Degradation of CH; and CHj3 units in poly-
ethylene in different plasmas (region redrawn from
Fig. 3; spectra normalized to equal band intensity
at 2920 cm ™).

The example shows that these principles also
apply to the plasma treatment of polymers.

Depth Profiles

The characteristic depth reached by different
functionalization and degradation processes dur-
ing low-pressure plasma polymer treatment is a
controversely discussed subject. Analytical tech-
niques like angle-resolved X-ray photoelectron
spectroscopy (ARXPS),"?*%® Rutherford back-
scattering (RBS),?* secondary ion mass spectros-
copy (SIMS),* microgravimetry,?® and gelation
measurements®' were used to determine depth
profiles.

Most of these techniques give information on
the depth profile of foreign atoms introduced dur-
ing plasma treatment. Contrarily, from FTIR
measurements, the depth profile of disappearing
C—H structures can be derived. For this purpose,
the following experiment was performed with the
in situ IRRAS setup (Fig. 9): Polyethylene sam-
ples with different film thicknesses were plasma-
treated for a constant time interval. The inte-
grated band intensity E; of the C—H stretching
vibration was observed. When the penetration
depth of the degradation process is less than the
film thickness, the observed C—H loss does not
vary with the film thickness. For film thicknesses
less than the penetration depth, the observed
C—H loss decreases. A penetration depth of
about 10 nm is evident from Figure 9 for the case
of hydrogen plasma (similar values for other plas-
mas). It should be mentioned here that due to the

small reflection coefficients of metal surfaces in
the VUV the plasma radiation does not cause
standing waves at the sample position.

Chemical Derivatization

The information obtainable from IR spectra can
be improved by chemical derivatization. For ex-
ample, O—H stretching bands of hydroxyl groups
formed during the oxygen plasma treatment of
polymers are broadened due to hydrogen bonding.
The corresponding C—O stretching and O—H
deformation bands are overlapped by other spec-
tral features. Even a semiquantitative interpreta-
tion is impossible under these circumstances. The
labeling of hydroxyl groups with TFAA results in
the formation of well-defined and separated
bands.

Figure 10 shows the changes at a polyethylene
surface during the oxygen plasma treatment and
during a subsequent TFAA derivatization. In the
upper part of Figure 10, the reaction scheme is
given. The relations between the reactants and
the corresponding spectral features are indicated.
As expected, the broad O—H stretching band at
3600—3000 cm ' is decreasing. New bands appear
at 1250—1000 cm ! (CF; stretching) and 1788
cm ! (ester C=0O stretching). Due to the vicinity
of the CF5 group, the ester carbonyl peak is well
separated from the carbonyl peak of the plasma-
treated polymer surface. As a side effect, the
TFAA reaction causes a diminishing of the
plasma-induced carbonyl band at 1726 cm *. The
removal of low molecular weight products from
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Figure 9 Loss of CH structures per time unit vs. film
thickness during hydrogen plasma treatment of poly-
ethylene (in situ IRRAS setup, p = 20 Pa, ¢ = 0.5 s).
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~OH + CFy—CO—0—-CO—CFy > —0—CO—CF5 + CF3—COOH
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Figure 10 (——) Oxygen plasma treatment of poly-
ethylene (in situ ATR setup,p =50Pa, ¢t =5s)(---)
with subsequent TFAA derivatization (p = 50 Pa, ¢
= 5 min).

the plasma treatment during the derivatization
reaction is a possible explanation of this effect.
For further details, especially the interpretation
of derivatization reactions in terms of secondary
structures, see Ref. 32.

CONCLUSIONS

With appropriate analytical techniques, it is pos-
sible to control concentration and composition of
the species formed at the polymer surface during
low-pressure plasma treatment. Infrared spec-
troscopy offers a number of advantages, but spe-
cific preparation and sampling techniques are
necessary to separate surface properties from
bulk properties. It was demonstrated that this can
be done by reflection—absorption spectroscopy as
well as by thin-film attenuated total reflection
spectroscopy. Both sampling techniques can be
performed in situ. Depending on the particular
structure, sensitivities down to a submonolayer
coverage are possible. For improved information
about surface structures, the sample can be ex-
posed with a gas-phase derivatization agent be-
tween plasma treatment and in situ FTIR investi-
gation.

The variety of IR-detectable effects during low-
pressure plasma polymer modification can be clas-
sified as follows: A first group of effects is attrib-
uted to hydrogen abstraction, crosslinking, and
ablation and shows only slight variations for dif-

ferent plasmas. A second group includes all
plasma-specific functionalization processes.

The potential of the introduced FTIR tech-
niques is not limited to polymer modification. For
example, structural gradients of plasma polymer
films could be studied and controlled in situ dur-
ing the deposition process.
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