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Fundamentals and Applications of Reflection
FTIR Spectroscopy for the Analysis of Plasma
Processes at Materials Interfaces

Guido Grundmeier,* Achim von Keudell, Teresa de los Arcos

Plasma processes are widely used for the deposition of thin films and/or the functionalization
of material surfaces and interfaces ranging from inorganic to organic structures. The
characterization of such plasma-modified surfaces is challenging and most efficiently
performed by optical methods, such as FTIR-spectroscopy and related techniques. The present

review aims at bridging the gap between optical

Reflection-Absorption Total Reflection

spectroscopy fundamentals and the application of 0! 4
. . . ' transparent medium
such experimental techniques in plasma surface . e : <(J;;;5mw
science and engineering. The first part of the review i i la ok 14
. . (nz) ;0: (100-200 nm) (n2) : i (1-2-pm)
covers the most relevant theoretical aspects of differ- : ; .

ent reflection FTIR-spectroscopy approaches; the (n,)
second part presents the different applications of
these principles for the investigation of surface

" substrate (n,)

processes induced by plasma. The applications take
into account interaction of plasma with metal
surfaces, semiconductors, and polymeric materials.

1. Introduction

Plasma processes are ubiquitous in the modern world and
the cornerstone of many manufacturing technologies.
Plasma-deposition or -etching techniques are regularly
employed for the production of thin films or nanostructured
materials for applications in the automotive, the micro-
electronics or medical industry, where superior materials
performance and quality are needed (one prominent
example is the fabrication of integrated circuits based on
plasma etching of thin trenches with high-aspect ratios,
which canonly berealized by a clever use of reactive plasma
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processes). The common aspect in all these applications is
that reactive plasmas are interfaced with a solid, so that the
final quality of the deposited film, or the accuracy of an
etched nanostructure, depends on the precise nature of the
surface reactions. Consequently, the investigation of
plasma surface processes and how these processes influ-
ence the quality of plasma-deposited films, are at the core of
disciplines such as surface science, chemical engineering,
plasma physics, and plasma chemistry; the consequence
being that many different theoretical and experimental
approaches are being developed to address different aspects
of these research questions. The field of surface diagnostics
is very broad, and it has successfully employed probing
beams of electrons, ions, and photons. As a result, surface
processes such as hydrogen adsorption on metals have been
elucidated by in situ experiments in great detail.
Typically, thin and ultra-thin films, or interfaces, are
characterized ex situ by infrared analysis in combination
with X-ray electron spectroscopy and ToF-SIMS. However,
the in situ analysis of plasma surface interactions by

DOI: 10.1002/ppap.201500087



Fundamentals and Applications of Reflection FTIR Spectroscopy ...

traditional and well established surface diagnostics is
challenging. On the one hand, plasma-exposed surfaces are
usually not well defined single crystal facets; on the other
hand, the incident species in a plasma process consist of a
usually non-characterized mixture of ions, radicals, elec-
trons, and photons. Furthermore, analyzing the surface
interaction of those plasma-present species separately
might not capture the complete plasma surface interaction
due to emergence of synergisms or anti-synergisms among
the different species. There exist few cases of particle beam
experiments dedicated to the study of plasma relevant
heterogeneous surface reactions, but their applicability is
limited to selected examples, such as the interaction of
fluorine beams with silicon or the interaction of hydrogen
and methyl radicals with carbon surfaces.

The challenge of an in situ analysis of plasma surface
interactions can be overcome by using real-time diagnos-
tics. The use of traditional surface diagnostics in real-time
during plasma processing, however, remains difficult due
to the typical pressure range of plasmas, which spreads
typically from some tenths of Pa, to atmospheric pressure.
Most surface diagnostics such as low energy electron
diffraction (LEED), PE, IPE, etc., are based on the interaction
of low-energy electron beams with the surface of interest,
which require ultra-high vacuum conditions incompatible
with areal time measurement of a plasma-exposed surface.

By comparison, optical diagnostics are perfectly suited to
address that challenge because they can be applied both ex
situ and in situ, and by a clever design of the optical setups,
they can also be made surface sensitive. In particular,
infrared spectroscopy is most powerful, because it probes
thevibrational response of the molecules at the surface orin
the plasma-deposited film and allows tomonitor changesin
composition and functionality of the thin films.

The aim of this review is thus to present both the
fundamentals and selected experimental approaches of in
situ reflection Fourier Transform Infrared Spectroscopy
(FTIR) spectroscopy methods with a focus on the application
in plasma interface chemistry. Reflection FTIR spectroscopy
is most widely used to characterize polymer interface
processes as specific selection rules, or, under certain
conditions, a specific surface enhancement allows for an
enhanced sensitivity for ultra-thin film analysis or an
interface sensitive analysis. In this review, we have divided
FTIR-reflection spectroscopy methods into external and
internal reflection modes (Figure 1), which will be briefly
discussed. The possibility of FTIR surface enhancement,
based onthe increase of the field strength induced by surface
plasmon resonance in the case of metallic substrates or by
constructive interference in a resonant structure in the case
of insulator surfaces will be also discussed. We will
furthermore briefly describe Sum Frequency Generation
(SEG), as a related nonlinear spectroscopy with molecular
interface sensitivity and very specific selection rules.
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2. Fundamentals of FTIR-Reflection
Spectroscopy

2.1. External Reflection on Metals: Infrared
Reflection-Absorption Spectroscopy (IRRAS)

External reflection spectroscopy is most surface sensitive
on highly reflecting metals. The macroscopic response of a
solid to electromagnetic radiation is the basis for a
quantitative description of infrared reflection absorption
spectroscopy. Excellent reviews on the fundamentals of the
relevant optics can be found in ref. 2! In this presented
review, the aim is to qualitatively describe the methods and
to hint at the experimental aspects most relevant to the
investigation of plasma-related surface modifications.

At an interface, the electromagnetic fields are calcu-
lated by solving Maxwell’s equations. In combination
with the respective boundary conditions for the studied
system, it is possible to evaluate the components of the
electric field at the position of the adsorbed film. In case of
metal substrates, their large dielectric function leads to a
normal component of the electric field on the gas phase
side of the interface which is much larger than that on the
substrate side. In the case of the tangential components
(the components of the electric field perpendicular to the
plane of incidence), the amplitudes before and after
reflection are close in magnitude but opposite in sign
(the phase shift at the reflecting surface is 180°),
thereby forming a node at the surface. The normal
component of the light which is polarized parallel to the
plane of incidence does not suffer such a phase shift so
that the reflected field adds constructively to the incident
field.

From the above described processes, a so-called
selection rule follows, which is simply illustrated by
looking at the superimposition of dipoles and image
dipole at the interface (Figure 1b). A vibrating dipole of
surface species is accompanied by an image dipole within
the metal.!*! Although a dipole vibrating normal to the
surface leads to an image dipole parallel to the dipole of
the surface adsorbates, a dipole parallel to the metal
surface leads to an image dipole oriented antiparallel,
resulting in the compensation of the infrared active
transition dipole moment.

The amplitude of the electric field oscillating normal
to the metal surface is strongly dependent on the angle
of incidence and shows a maximum at grazing
incidence.l®! However, in many cases, experimental
concerns lead to a compromise between surface
enhancement and infrared intensity that can be guided
through the reflection cell.

McIntyre and Aspnes derived a linear approximation
theory! that allows for a quantitative treatment of the
reflection spectra. It is assumed that collimated IR-light of
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assumed that the dielectric constant of
the metal substrate is much higher than
that of the absorbed film.
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of reflectance depends on the optical

i N properties of the film and on the angle of
thin film | d thin film d - ; iq i
0 Goozo0mm) () |2y Incidence If my>k which s in many
i IRE X
ilrjlbs)trate (n1) : (Rd _ Ro) B (A_R)
. D.\ Ro RO
_ 4sin’f
l = ndcoss”
—fra-d (1)
(b) PM-IRRAS 0

. d<10 nm)
’ Modified-
v or adsorbate-layer

Image dipole

Figure 1. Schematic representation of different reflection techniques used for infrared
spectroscopy. (a) Infrared reflection absorption spectroscopy (IRRAS), particularly
useful for the case of metallic substrates. (b) Polarization-modulated IRRAS (PM-
IRRAS): while the s-component of the electric field gets reversed at the surface during
reflection and gets canceled, the p-component adds to a non-zero vector. Therefore,

where « is the absorption coefficient of
the film, and f is the defined as a
sensitivity factor f = 4sin?9/n3cos6 that
compares the measurement at normal
incidence with that at grazing inci-
dence. The quantity 4sin’9/n3 repre-
sents the enhancement of the electric
field vector, whereas the remaining
factor (cos #) ! corresponds to the area
of film probed by a light beam of unit
cross section area.

For small film thickness values (d < 1),
the measured absorbance is approxi-
mately proportional to the film thickness.
It can be shown that the value d/i,
(where 1 is the shortest wavelength in
the measured spectrum) should be
smaller than 0.01 for high-sensitivity
measurements and an almost linear
dependence of film thickness and reflec-
tance change. This means that the film
thickness should be ideally below
100 nm.

only p-polarized light can carry surface information. (c) Attenuate internal reflection

(ATR), useful for the observation of surface species on solid transparent materials with

high-refractive index.

wavelength 2 enters from the gas phase at an angleon a
homogeneous isotropic thin film of thickness d, which
covers a highly reflecting homogeneous and isotropic
metal substrate (see the three-layer model in Figure 1a).
As discussed before, the parallel and the perpendicular
polarization of light with regard to the plane of incidence
are considered separately. Based on the corresponding
Fresnel equations it is possible to derive a linear
formulation for the normalized reflectance change due
to the presence of the thin film, with the bare substrate
acting as reference. For the simplified equation, will be
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However, the peak positions in infra-
red spectroscopy cannot be directly
compared to transmission FTIR-data
without caution. Especially, for molec-
ular groups with high-extinction coeffi-
cients such as carboxyl groups, peak shifts in comparison to
transmission data are observed.!**!

2.2. Polarization-Modulated Infrared Reflection-
Absorption Spectroscopy (PM-IRRAS)

A very useful development of IRRAS, which is of particular
interest for the investigation of adsorbates, is polarization
modulation spectroscopy. This technique exploits the
selection rules of IR light incident under grazing incidence
on a metal substrate.l*®! The phase change upon reflection
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for perpendicular polarization is 180°, independent of the
angle of incidence, whereas for parallellight it is sensitive to
the variation of the angle of incidence. The result is that the
intensity of the electric field at the metal surface for parallel
polarized light rises with increasing angle of incidence,
reaching a maximum near the grazing incidence. In
contrast, the intensity of the electric field for perpendicu-
lar-polarized light is negligible for all angles of incidence.
Therefore, only the light that is polarized parallel to the
plane of incidence carries information about the adsorbed
species on the surface. Due to the random orientation of gas
phase molecules, their absorption is independent of the
orientation of the electric field vector. Phase modulated
spectroscopy thus eliminates the absorption from the
sample environment.

The polarization can be simply done by recording two IR
spectra in parallel and perpendicular polarizations, respec-
tively, in which case, we will talk of discrete polarization
modulation (referred to, in the following, as FT-IRRAS).l”) In
this case, the measurements provide two absorption
spectra according to

I I
Ap = —log (I.Tpp) As = —log <i) (2)

where A, is the absorption for parallel-polarized light and
Aq is the absorption for perpendicular-polarized light. The
parallel absorption consists of both the gas phase
absorption and the film absorption, while for the perpen-
dicular absorption the latter is missing. Moreover, the gas
phase absorption is identical for both components because
of the random orientation of molecules in the gas phase.
Hence, the difference A=A, —A; is due only to the
absorption of the surface layer.

In so-called polarization modulation infrared reflection-
absorption spectroscopy (PM-IRRAS) p- and s-polarized light
are measured simultaneously under grazing incidence and
modulated at high frequencies, thus allowing to obtain a
differential reflectance spectrum of the surface and
adsorbed layers. Apart from the removal of gas phase
absorption, another gain is that no reference measurement
is necessary, which is of advantage for the analysis of
surface states that do not allow for the preparation of clean
references. A schematic of a typical setup is shown in
Figure 2.

In PM-IRRAS, IR light from the Michelson interferometer
of a FTIR spectrometer is directed through a polarizer
toward a photoelastic modulator (PEM).®! The PEM
modulates the infrared beam by rotating the polarization
of the light sinusoidally at the frequency of the birefrin-
gence modulation introduced mechanically in a zinc-
selenite (ZnSe) crystal. After the monochromatic incident,
infrared beam (linearly polarized 45° to the strain axis)
passes through the modulator, the intensity is given by
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Figure 2. Typical schematic setup for PM-IRRAS. (a) Raw IR beam;
(b) polarized IR beam; (c) phase modulated IR beam; (d) diffracted
beam; (e) reflected IR beam; 6, incidence angle. Figure modified
from ref.[5¢!

[Ip +Is + (Ip — Is) - cos(@ocos(xt))]

I(t) = :

(3)

where I, and I; being the intensities of p- and s-polarized
light, respectively, x the modulation frequency of the PEM,
and &y a constant that dependslinearly on the amplitude of
mechanical modulation of the PEM. This modulation
appears as a high-frequency signal on the interferogram.
The two modulation frequencies from interferometer (low)
and PEM (high), are then separated by dedicated electronics.
The low-frequency signal is the average interferogram (I,);
the high-frequency signal (typically 100 kHz modulation
signal) represents the difference interferogram (Ip), which is
demodulated by an external lock-in amplifier and sent back
to the electronics. After the Fourier transformation the
average and the difference spectra are calculated to bel®!

tatar) =) () - L0 @)

where @ is the wavenumber. The differential reflectance
spectrum is defined as

% _ ID(w)

R~ In(@) -T2 (®o), (5)

where J,(®p) is the second-order Bessel function, which
multiplies the differential spectrum due to the different
reflectivity of Ip and Is radiation at a metal interface.

The amplitude of the mechanical excitation of the PEM
crystal defines the points of the zero crossings of the Bessel
function. The appropriate setting for the amplitude
depends on the experiment, i.e., on the wavelength region
of interest. The intensity increases linearly with the film
thickness for small film thickness values.

2.3. Internal Reflection: Attenuated Total Reflection
(ATR) Spectroscopy

The observation of surface species on solid transparent
materials with high-refractive index, such as most
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semiconductors is best achieved using internal reflection
methods. Attenuated total reflection spectroscopy (ATR) is
based on the phenomenon of total internal reflection and
the generation of an evanescent field at an internal
reflection element (IRE)/sample interface (Figure 1c).’!
Excellent reviews are provided by ref.:?!

According to Chabal,'?! if the substrate is non-absorbing
but still characterized by a high index (the permittivity ¢ is
real and &> 1), as is the case for a number of semi-
conductors, it is possible to consider radiation internally
incident on the interface. For angles of incidence greater
than the critical angle, the radiation is totally internally
reflected. According to Snell's law n;sind = nj,sind,, the
critical angle 6.: for which total internal reflection occurs is
provided by the following relation: sinfyit > sinf = ny/n;.
In this case, the superimposition of the electric field of the
incident and the reflected light leads to an evanescent field
decaying exponentially into the rarer medium (Figure 1c).

For an absorbing medium with dimensions significantly
larger than the evanescent field penetration depth, the
probed depth d, depends on the wavelength of the incident
radiation, the angle of incidence and the refractive index of
the IRE (n;) and the medium (n,). However, the spectral
information obtained is the average over the wave, which
decays exponentially with the distance from the surface.
The evanescent field penetration depth is usually in the
micrometer range and is calculated according to
the following equation, as the depth for which the
amplitude of the evanescent field drops to 1/, of the value
at the interface.[]

dp = . (6)

27N, (sin20 - (%>2)

where n; is the refractive index of the optically denser
medium, n, is therefractive index of the propagating (rarer)
medium, fisthe angle of incidence, and A is the wavelength.
The equation shows that the penetration depths decreases
and thereby the interphase sensitivity increases with the
refractive index of the IRE and an increasing angle of
incidence. With an increasing wavelength of light the
penetration depth increases linearly.

ATR spectroscopy provides information from the inter-
phase region within depths between a few hundred
nanometers up to few micrometers, where the information
depth is dependent on the angle of incidence and the
refractive index of the ATR crystal. A thickness dependence
of the measured absorbance can be calculated when the film
thicknessis significantly smaller than the penetrationdepth
oftheevanescentlight. Thisis a typical situationfor the FTIR-
ATR study of plasma/materials interactions. In such a
measurement, the evanescent field has a significant
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intensity even in the medium (ns) above the thin film
(Figures 1 and 3). For thin films, we assume that the intensity
of the field is almost constant over the film thickness.

If we wish to compare the sample absorbance of the ATR
measurement with that of a transmission measurement, we
need to calculate the volume of the evanescent wave, known
as the effective penetration of the IR beam. The effective
penetration d,, (see Figure 3) is different for parallel polar-
ization (d.p) and perpendicular polarization (des) and their
values can be approximated by the following equation®!:

_ 4nyicos6|(1+ng,)sin®0 —nj |

dep = -
(1 —n3y)[(1 + n3;)sin®0 — n,] 7
do — 4n,1cos6
® - n3)

where n; = n;/n; represent the ratio between the respective
refraction indices and d is the thin film thickness. It turns out
that the intensities of the absorption bands of the film
increase with film thickness d and are independent of the
wavelength of light. Moreover, the equations imply that the
critical angle is related to ns; instead of n,; in volume spectra.
This means that for thin film spectroscopy by ATR the
anomalous dispersion is not as critical as for volume spectra.

2.4. Optical Cavity Substrates

To improve the sensitivity of non-enhanced ATR measure-
ments, multiple internal reflections can be applied using

Figure 3. Schematic for reflection measurements on a thin film
using internal reflection spectroscopy (ATR).
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specially designed optical crystals, such as the so-called
optical cavity substrates (0CS).*** The OCS is an optically
resonant multilayer structure consisting of a double-
polished c-Si (100) wafer with a dielectric spacer of SiO,
onboth sides and a metal reflector on the back side. The SiO,
layers are formed simultaneously by wet oxidation of the Si
for 4h at 1100 °C, with a final short oxidation step in O, in
order to reduce the H content in the oxide. The back side is
coated with Al by means of thermal evaporation, and the
film of interest is deposited on the top side (Figure 4).

The reflectance of a thin film on top of an OCS can be
calculated using the Fresnel coefficients t and r at each
boundary, the angle of incidence 6 and the phase
coefficients By, of every layer in the system.*?! The latter
are defined as

B= ZA—n nd cosé, (8)

where n and d are the refractive index (real part) and
thickness of the layer in the system, respectively, and 6 the
angle under which the light is propagating in that layer
with respect to the surface normal.

The wavelength resolution determines the correspond-
ing coherence length, which should be compared with the
layer thicknesses in the system. IR studies typically involve
one or more thin films with a thickness of nanometer to
micrometer, deposited onto a Si substrate with a thickness
of several 100 um. At wavelength resolutions >4 cm ™, the
coherence length is larger than the thickness of the film(s)
but smaller than the substrate thickness. Therefore, the
light propagation is coherent in the thin film(s) and
incoherent in the substrate. An exact optical model to
simulate the IR reflectance is based on the coherent
transmission and reflection of the top (thin film/oxide)

IR
L b L ) ”
d [Film \/ : A :
lum | SiO, YAy :
S 'y
500 pm == Si " AR
¥ :
lpm | SiO, \ /"
U
300nm | Al

Figure 4. Schematics of an optical cavity substrate (OCS), adapted
from GroBe-Kreul et al.[4®]
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and of the backside (oxide/metal) with Rg, being the
reflection at the film surface; Tqm is the transmission of
light incident from the ambient to the Si substrate through
the film on oxide; Ry is the reflection of light incident from
the substrate to the back of the film on oxide; Rpottom i the
reflection of the light incident from the substrate to the
backside layers; and Tiop is the transmission from the
substrate to the ambient through the film on oxide. The
reflection of the whole system, with Im (Bsupstrate) @s the
imaginary part of the phase coefficient of the silicon
substrate, is then[®*3716]

Riotar = Reiim
Ttop TfiimRbottom €Xp ( _4Im(ﬁsubstrate ) )
1- RbottomRtOP exp ( 741m(ﬂsubstrate ) )

9)

The OCS has to be adapted to a specific measurement
problem, because the signal enhancement is only achieved
for specific wavenumber ranges. Thus, the above equation
can be used to describe the reflectance of a thin film on a Si
substrate by setting the thickness of the oxide layers to
2nm (equivalent to native oxide layers) and omitting the
metal backside coating (by setting the refractive index of
the Al coating artificially to ny =1-10. In a similar
manner, this equation can be used to describe the
reflectance of a thin film on a metal substrate by setting
the thickness of the Si wafer and of the oxide layers to 0 nm.
If the silicon-hydrogen stretching vibrations are monitored
at a silicon surface, the enhancement has to be optimized
for 2000 cm ! yielding an optimal oxide thickness for the
OCS of 1040 nm.

As an example, Equation (9) is used to calculate the
change in reflectivity AR caused by the presence of a thin a-
Si:H top layer (d=1nm, Nip 1ayer =N—10.04) on an OCS,
using an s-polarized beam at an incidence angle of 70°. The
wavenumber is set at 2000 cm * because the stretching
modes of Si-H bonds are clustered around this position
(1985-2140cm™"). Figure 5 compares this change in
reflectivity in comparison to normal transmission, to
reflection at a metal substrate and to the reflection at 80°
at a bare silicon surface. One clearly sees that a superior
signal enhancement is achieved over a wide refractive
index range.

The real part n of the refractive index niop 1ayer is varied in
order to compare the sensitivity for surface modes (which
experience a low-refractive index) versus bulk modes
(which experience a high-refractive index). AR is large over
the entire range of refractive indexes and one order of
magnitude larger compared to AR of the very same layer on
a bare silicon wafer. This signal enhancement occurs when
the electric field strength is large at the location of the
absorbing thin film. In the case of the optical cavity
substrate, the electric field vectors of the light waves in
s-polarization undergo constructive interferences at the
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oxide interfaces for each external (Tgim, Reim) OF internal
reflection (Tiop, Riop, Rbottom,) fOT @ given wavenumber and
oxide thickness. Because the multiple reflections inside the
Si wafer are phase incoherent, the light intensities of the
internal reflections (Tiop, Rtops Rbottom) SUmM up, and no
destructive interferences occur among them. Due to the
working principle of the OCS, the maximum signal
enhancement is only achieved for a single resonance
frequency wo. This maximum, however, is rather broad and
provides a reasonable signal enhancement also for
wo£200cm ™.

The use of an OCS has several advantages: (i) it is equally
sensitive to surface and bulk modes; (ii) all infrared light
reaches the detector by using an Al backside coating; (iii) the
probe area has the size of the focused IR spot on the sample;
(iv) the OCS is easy to manufacture and align in the IR setup;
(v) the signal enhancement depends on the film thickness.
The resonant structure (see above) of the optical cavity can
be tuned for good signal enhancement at an arbitrary film
thickness. The main limitations of OCS, on the other hand,
are as follows: (i) the initial surface consists of an amorphous
SiO, film; (ii) the signal enhancement is wavenumber
sensitive; (iii) IR spectra acquired with high-wavenumber
resolution are harder to interpret due to the appearance of
fringes caused by coherence in the Si wafer; (iv) the signal
enhancement is sensitive to the film thickness; (v) the oxide
needs to be transparent in the wavenumber range of
interest; (vi) only s-polarization is used.

10-2 E . T bl 1 T 1 .

[ (iii) optical cavity 705, s
107k

AR, AT

(iv) transmission, 0%

(ii) metal substrate

T 0
reflection 70~, p_|

(i) reflection 70°, p
1 / 1 1

1 2 3 4 5
refractive index film

10°

Figure 5. Change in reflectivity at 70° incidence angle due to the
presence of a thin film (n = n — io.o4, thickness 1nm) with varying
refractive index n on top of three different substrates: (i)
crystalline silicon in p polarization; (ii) metal substrate in p
polarization; (iii) optical cavity substrate in s polarization; and
(iv) change in transmission at normal incidence. From von Keudell
and Abelson.™
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2.5. Surface Enhanced FTIR-Spectroscopy

For both the internal and external reflection modes, surface
enhanced FTIR spectroscopy has been proposed in order to
achieve even higher sensitivity for ultra-thin films or
molecular layers and to enhance the interface selectivity of
the analysis. The most commonly applied substrates that
enable surface-enhanced infrared absorption (SEIRA) are
island films of the coinage metals Au, Ag, and Cu. However,
SEIRA has also been demonstrated on a variety of other
metals including Pt,*”) Sn,®! and Fe,**! amongst others.
Uponirradiation withlight, surface plasmons are excited in
the metal islands which results in a broad plasmon
absorption peak extending from the visible to the mid-
infrared spectral regions.* In the case of rather dense
island films, the induced dipoles of neighboring islands can
couple with each other, which leads to an additional
redshift of the absorption band. When molecules are
adsorbed on the metal islands, an enhancement of their
infrared absorptionis observed for the first few monolayers.
This enhancement results from an enhanced electro-
magnetic field in the close vicinity of the metal islands
and scales linearly with the absorption of the metal film. "]
However, the estimated electromagnetic field enhance-
ment in the mid-infrared region is only about tenfold, in
contrast to measured infrared absorption enhancement
factors of up to 103 In order to account for such strong
enhancement, additional dipoles in the metal islands
induced by the adsorbed molecules have to be considered.
The resulting optical perturbation will be largest at the
vibration frequencies of the molecule, so that the absorp-
tion spectrum of the metal island film should correspond
mostly to that of the adsorbed molecule./?]

Effective medium theories incorporate both of these
contributing effects and have been used quite successfully
to model SEIRA experiments.??) An additional minor
contribution to the total enhancement might stem from
orientation effects of the adsorbed molecules.?! SEIRA is,
however, not limited to metallic substrates as has been
demonstrated by Anderson(®* who reported enhanced
infrared absorption from molecular films deposited onto
dielectric, i.e., SiC and Al,Os, micro- and nanoparticles. In
analogy to metallic substrates where an electromagnetic
field enhancement occurs upon photon absorption around
the plasmon resonance, enhanced optical fields can be
generated at the surface of the dielectric particles when
they are illuminated at their surface phonon resonance
frequency. This effect resulted in an enhancement factor
exceeding 100 for SiC particles.

In 2000, Jensen et al. employed nanosphere lithography
to fabricate nanostructured SEIRA substrates.**] The
resulting films consisted of ordered triangular Ag islands
and exhibited a strong surface plasmon resonance in the
mid-infrared. By optimizing the shape, size, and
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arrangement of the islands, as well as combination with
appropriate substrates, the position of the plasmon
resonance could be tailored to coincide with the infrared
bands of the analyte molecule, enabling resonant excitation
of molecular vibrations. More recently, this approach has
been extended to fabricate more complex nanoantennas by
different lithographic techniques which yield SEIRA
enhancement factors in the range of 10°-10°.[25728!

2.6. Sum Frequency Generation

Sum Frequency generation (SFG) spectroscopy is a second-
order nonlinear optical technique that registers the vibra-
tional spectra at surfaces and interfaces. It is uniquely
monolayer surface-sensitive, and therefore an excellent
method to provide surface structure and surface compo-
sition via the vibrational spectrum. Being a second-order
nonlinear optical process, it is forbidden under the electric-
dipole approximation in media with inversion symmetry
and it only is activated at the material surface where the
symmetry inversionis broken. SFGis generated by twolaser
photons at frequencies of wyis and wy (in the visible and
infrared region, respectively) and observed as a single
photon whose frequency is the sum of the original laser
photons wsr = wyis + wr (Figure 6). The SFG intensity is
proportional to the square of the second-order nonlinear
susceptibility of the medium, which can be decomposed
into a non-resonant and resonant term

X (wse = wvis + or) = X + X8 (10)
The resonant term X{f) can be expressed as:
N{B
1 =M 1)
€0

where N is the density surface molecules, g in this case, is,
the molecular hyperpolarizability averaged over all molec-
ular orientation on the surface, and ¢, is the vacuum
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permittivity. Within the electric dipole approximation, g
can be expressed as

®glmn - Hqn
Zh(wq — WR — qu)

ﬂq,lmn = (12)

where agmn is the Raman tensor element, Hgn 18 the IR
transition dipole moment, w, is the resonant frequency, and
I'qisthe damping constant of the gth molecular vibrational
mode. As given by the Equation (12), the SFG signal is
generated when both IR and Raman vibrational modes are
active. The SFG intensity is enhanced when wp is in
resonance with an SF-active molecular vibrational mode as
well as when wsr or wyrs are also resonant with an existing
surface electronic state. In addition, the SFG signal is
polarization dependent, enabling the detection of the
average molecular orientation at the surface.

3. Applications of Reflection FTIR-
Spectroscopy in Interface Plasma Science

3.1. Plasma-Metal Interfaces

Polarization modulation techniques have demonstrated to
be ideally suited for the investigation of surface modifica-
tions induced by plasma on metallic substrates. The
corrosion resistance and the adhesion of organic coatings,
laminates, and adhesives on oxide covered metals are of
crucial importance for many technical applications. Of
particular relevance in de-adhesion and corrosion phenom-
ena, is the adsorption of water on the oxide covered metal
surface, which is the initiating process and which can be
steered by activation of the surface.

The plasma oxidation of engineering metal substrates by
means of low-temperature plasmas was mainly studied by
Raacke et al.?®! using a combination of in situ FT-IRRAS,
quartz crystal microbalance (QCM), and Kelvin Probe (KP)
measurements (Figure 7). For metal substrates, such as iron
and zinc, which form n-semiconducting oxide films, the
authors showed that the redox state of
the passive film and the hydroxylation

electronic can be influenced by reducing and
level oxidizing plasmas. Figure 8 shows the
(virtual) in situ FT-IRRAS data of a zinc—magne-
('OVIS sium alloy after exposure toreducing and
0 oxidizing plasmas.!*”! By the effect of the
SF reducing Ar plasma, initially adsorbing
v=1 carboxylates and aliphatic groups are
A . . desorbed, whereas the oxidizing plasma
eads to the formation of additional zinc

o vibrational 1545 to the formation of additional zi
IR Y levels oxides. By means of parallel in situ work
v=0 function measurements and ex situ XPS

Figure 6. Schematic of experimental Sum Frequency Generation (SFG) setup for

external reflection studies.
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the oxide composition is changed but the
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Figure 7. Experimental setup of a combination of in situ FT-IRRAS
and Kelvin Probe (KP) with a plasma cell, ideally suited for the
study of plasma modifications on metallic substrates. From
Raacke et al.l9]

surface potential can be irreversibly changed to a desired
value by the reductive or oxidative plasma treatment. The
plasma surface treatment can thereby compete with wet-
chemical electrochemical or high-temperature processes. It
can be foreseen that the typical advantages of low
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Figure 8. In situ FT-IRRA spectra on O2 plasma-treated passive
films on ground MgZnz2 (a), Mg (b), and Zn (c) substrates, with
spectra obtained from the surfaces after the respective cleaning
step in an Ar/H2 plasma as references. From Giza et al.l3!

Plasma Process. Polym. 2015, 12, 926—940
© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

G. Grundmeier, A. von Keudell, T. de los Arcos

temperature dry plasma processes will promote this
application in the future.

For metals, such as aluminum, which form insulating
oxide passive films, Giza et al® showed that the
hydroxylation degree of the surface can be achieved by
varying the plasma gas composition from argon to oxygen
and water. With increasing hydroxyl-forming gases in the
plasma, the degree of hydroxylation increases (Figure 9).
The authors could show that the increased hydroxylation
advanced the kinetics of organic acid adsorption. Organo-
phosphonic acid molecules adsorbed much faster on
strongly hydroxylated surfaces than on surface which are
rather oxide-like. The kinetics of adsorption were followed
in situ by means of a QCM.

Giner et al.*? also reported on the influence of plasmas
surface treatment on the physisorption and chemisorption
of water on oxyhydroxide film-covered aluminum surfaces
by simultaneous QCM and PM-IRRAS studies. A plasma
surface modification was employed to adjust the surface
chemistry and film thickness prior to the study of the
oxyhydroxide growth under atmospheric conditions. The
low-pressure plasma treatments led to the effective
removal of adsorbed organic contaminations. Additionally,
the argon plasma treatment led to the reduction of the
hydroxyl surface density and a reduction in the oxy-
hydroxide film thickness while the oxyhydroxide film
thickness and the surface hydroxyl density were increased
by the water plasma treatment.

3.2. Plasma-Semiconductor Interfaces

The interaction of plasmas with semiconductors is of
paramount importance for applications in microelec-
tronics. During processing of integrated circuits, several
100 process steps are necessary, involving the deposition
and etching of thin layers. The majority of those steps are
based on plasma processes where silicon or silicon oxide is
being etched by halogen containing plasmas. By choosing,
for example, the proper fluorocarbon source gas and the ion
bombarding energy of the plasma, selective and anisotropic
etching processes are realized. The erosion mechanisms are
governed by a fluorocarbon top layer that is present during
steady state etching, which allows for chemical sputtering
of the silicon material.[** The composition and thickness of
those fluorocarbon top layers are often monitored by
infrared spectroscopy.!*¥

A further prominent example is the deposition of
amorphous hydrogenated silicon films as being used for
thin film solar cells. The analysis of the plasma chemistry
indicates that SiHs is the dominant radical for the deposition
of high quality a-Si:H films.** Consequently, the surface
reaction of SiH; on an a-Si:H surface had been in the focus of
the research interest and had also been investigated by
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Figure 9. In situ FT-IRRAS spectra of an oxide-covered Al surface after a water and subsequently argon plasma modification related to the
background acquired after the cleaning step: (a) region of OH vibrations (3800-2800 cm™), (b) region of Al-O, Al-OH, and H,0 vibrations

(1800-600 cm ™). From Giza et al.B!

infrared spectroscopy. The understanding of the surface
reaction of SiHs on an a-Si:H surface is challenging, because
thereaction probability for an SiHs radical is typically at 10%
although the a-Si:H surface is almost 100% H terminated
during thin film growth. If one assumes a sequential growth
mechanism, where a surface hydrogen has to be abstracted
to create a dangling bond before an SiHs radical can
chemisorb at this site, a hydrogen surface coverage of only
90% would be expected. This puzzle has been addressed by
postulatinga “hot precursor” mechanism, where anincident
SiHs does not thermalize at the surface upon impact but
ratherdiffuses at the surface and samples many surface sites
before chemisorption takes place.

This postulated reaction scheme has been tested by HD
exchange experiments starting with a deuterated a-Si:D
film.*®! This film is exposed to a plasma based SiHs source.
Figure 10 shows the resulting changes in the reflectivity
spectra. The decrease in reflectivity at ~2090 cm ™ * after 98 s
indicates the creation of SiH surface groups consisting
predominantly of monohydrides; the decrease in reflectivity
at ~2000cm ™! at 392s indicates the creation of SiH bulk
modes and corresponds to the onset of bulk film growth. The
increase in reflectivity at 1515 cm™* indicating the removal
of SiD surface groups becomes visible only after 392s, and
saturates after 780 s. The reflectivity at 1455 cm™* increases
slightly during longer exposure times, indicating a slow
release of SiD bulk groups. These spectra show that SiH
groups are created before the removal of SiD groups, which
contradicts the postulated sequence of creation of adangling
bond by deuterium abstraction followed by SiH; chem-
isorption. According to this sequence, the change in SiH
groups should occur simultaneously with the change in SiD
groups. Thisisnot observed. This puzzlehas beenresolved by
postulating a SiHs insertion mechanism at strained Si-Si
bonds at the film surface. It is known that atomic hydrogen
can easily insert into strained dimers at the 2x1 recon-
structed Si(100) surface to form the 1 x 1 reconstruction. The
incoming SiHs; radical follows an analogous reaction
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pathway. The insertion of a SiHj; radical into strained Si-Si
bonds on the growing a-Si:H film surface will form at first a
transition state consisting of a penta-coordinated SiHj site:

SiHsg) + Si—Si(s) — Si—SiHs—Sig)

the indices (s) and (g) denote the surface and gas phase,
respectively. The existence of penta-coordinated silicon
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I Figure 10. OCSFTIRdataforSiHstretchingvibrations (rightside)and
the reflectivity during exposure of the a-5i:D film. From ref.[3°]
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atoms is well known as a transition state in nucleophilic
substitution reactions. The penta-coordinated silicon
atoms are bonded through their dsp® orbitals as known
for fivefold coordinated Si compounds in the gas phase. In
the case of adsorption of SiHj; at the hydrogenated surface,
this situation is reversed, as now the dangling bond of the
SiH; radical acts as the donor and the silicon atom on the
surface acts as the acceptor for the charge transfer during
bonding. This insertion mechanism does not require a
preceding H abstraction mechanism. This postulated
insertion of SiH; in the strained bonds at an a-Si:H surface
has been later supported by molecular dynamics modeling
calculations.*”]

3.3. Plasma-Polymer Interfaces

The performance of polymers is often dominated by
interface properties such as wettability, friction, lubrica-
tion, adhesion, and compatibility with applied coatings.[BS]
ATR-FTIR spectroscopy is often the preferred analytical
technique in such cases especially when surfaces of bulk
polymer materials are studied.

Plasma modification on polyethylene!*! and polystyr-
enel*®! was evaluated ex situ by ATR-FTIR. Geyter et al.l**]
investigated the plasma modifications induced by a
dielectric barrier discharge in air at medium pressure on
polyethylene. The polymer modifications were investi-
gated by contact angle measurements and ex situ ATR-FTIR.
It was found that plasma treatment introduced oxygen-
containing functionalities, such as ketones, aldehydes,
alcohols, and carboxylic acids on the PE surface leading to
the increased surface free energy. ATR-FTIR spectroscopy
was used to detect these oxygen-containing groups. Addi-
tionally, polyethylene and polystyrene modifications due
to plasma exposure were also investigated by Guruvenket
et al.l*”) The plasmas in this case were Ar and O, glow
plasmas in a low pressure microwave discharge. ATR
analysis of oxygen-treated polymer surface showed several
oxygen-based functionalities at the surface (carbonyl,
carboxyl, ether, peroxide, etc.). The contact angle measure-
ments done on the oxygen plasma-treated polystyrene and
polyethylene samples indicate the fast transformation to
the hydrophilic nature compared to the polyethylene and
polystyrene samples treated with the argon plasmas. It can
also be observed that the treatment time/power required to
bring down the contact angle using oxygen plasma is much
less than the treatment time/power required to bring down
the contact angle using argon plasma.

Apart from strictly FTIR-dedicated research, the techni-
que of ex situ ATR-FTIR is widely employed in combination
with several other surface characterization methods,[‘u] or
for the characterization of particularly challenging sub-
strates, such as for example plasma-modified wood
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surfaces.[*?! It can also be applied in order to obtain
quantitative information, as shown by Klage and
Grishin!** who developed a method to quantify the density
of functional groups from ATR measurements. The method
allows to determine the area densities p (numbers or mole
numbers per unit area) of chemical functional groups. Asan
example, they applied the method to polymer surfaces
plasma aminated in atmospheric pressure afterglows of
N, + H, mixtures. The procedure is based on the assump-
tion of equal molar absorption coefficients for the
characteristic vibrations in the surface polymer and a
reference solution.

The real strength of the ATR technique, however, is made
manifest when applied in situ for the investigation of either
plasma modification of polymers,[44] or plasma polymer-
ization.*”] In the work of Nitschke and Meichsner® two
model polymers, polyethylene, and polystyrene, were treated
in radio-frequency (rf) discharges in argon, hydrogen, oxygen,
nitrogen, and tetrafluoromethane. The in situ IR character-
ization methods employed were IRRAS and ATR. Figure 11
shows the ATR spectra of polyethylene during different
plasma treatments. The negative bands at 29502700 cm *
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I Figure 1. Figure from Nitschke et al.[4 showing the in situ ATR
spectra of polyethylene during different plasma treatments.
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and 1460 cm™* (CH, stretching and bending) visible in the
spectra of argon- and hydrogen-plasma treated polymer
indicate modifications related to hydrogen abstraction; the
positive bands at 980-965, 3000-2950, and 1450-1410 cm ™+
indicate possible cross-linking. Exposure to oxygen or nitro-
gen plasmas reveals a second group of effects involving the
formation of structures containing foreign atoms. In the case
of oxygen plasma, this relates to the formation O—H groups
(at 3600-3000cm ™), or carbonyl (1800-1960 cm ™). Expo-
sure to nitrogen plasma on the other hand results mostly in
the appearance of a positive band at 1725-1500cm ™Y,
attributed to C=N groups.

Klages et all*®! performed in situ ATR for the inves-
tigation of the surface modification of Polyolefins by
atmospheric pressure dielectric barrier discharges in nitro-
gen containing gases. The goal in this case was to
understand the plasma-induced generation of chemical
functional groups on polymer surfaces and their temporal
development in the presence of inert or reactive atmos-
pheres. The temporal dependence was established by
measuring FTIR spectra at intervals of 10s, during and
after plasma treatment of the substrate. They showed that
the reaction of nitrogen-plasma-treated polymer surfaces
with TFBA (4-trifluoromethyl-benzaldehyde) was not
selective for primary amino groups.

Additional in situ monitoring by IRRAS and ATR of
plasma surface modification of polymers (polystyrene and
polyethylene) and their plasma polymerization is found in
the work of Meichsner.*”! In particular case of plasma
polymerization, a novel fiber-ATR technique was applied to
investigate the plasma polymerization process in the
plasma bulk. Figure 12 shows the FTIR-spectrum of a thin
plasma polymerized styrene film on the fiber in comparison
to dip coated polystyrene and plasma polymerized styrene

0050 ' N ! '
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0,040 L
0,035 polystyrene film on Si
" RN (dip coating, 100 nm, transmission)
= 0,030
a2
8 0,025
H
'g 0,020
< 0,015 pp styrene on chalcogenide fibre
b (10 nm, ATR),
0,010
0,005 pp styrene on Si (100 nm, transmissigp)
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1 1

. 1
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Figure 12. Figure from Meichsner,4s! showing the FTIR-spectrum
of plasma polymerised styrene film using fibre-ATR compared
with spectra of plasma polymerized styrene and polystyrene
obtained by transmission technique.
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on plane silicon wafer using FTIR-transmission technique.
The relatively sharp peaks of the aromatic ring structures
and the symmetric and asymmetric CH- stretching
vibrations at 2900 cm ™! can be seen clearly. The sensitivity
is much higher using the ATR-technique (lower film
thickness in respect to the transmission experiment). In
contrast to the polystyrene film, the plasma polymerized
styrene shows a broader band in the aliphatic C—H-
structure. The plasma polymer is characterized by an
amorphous and cross linked structure with no uniform
molecular surroundings.

In order to investigate plasma modification on polymer
surfaces, very high sensitivity is required, because ions and
neutrals affect the surface only within a penetration depth
of the order of a few nanometers at most. The enhancement
of sensitivity can be achieved by using the previously
described 0CS,[*”#°! or by depositing ultra-thin polymer
films on smooth gold substrates to allow for the application
of PM-IRRAS.°!

In GroBe-Kreul et al. and Corbella et al,[*”~**) the etching
and chemical modification of different polymers was
monitored in real-time by in situ IRRAS using OCS
substrates, with a thickness of the oxide layer to 1 pm in
order to achieve the condition of resonance with the
infrared wavelength of the probing light (Figure 4). With
this arrangement they could resolve reflectivity changes of
the order of AR/R, =2 10~* corresponding to the removal of
sub-monolayers of polymer (where R, corresponds to the
spectrum of the pristine polymer). The polymer modifica-
tion was done in these cases within a particle beam
experiment where quantified beams of Ar ions and/or
reactive species such as oxygen can be manipulated
separately. Such setups (Figure 13) aim to determine the
polymer modification due to different species separately,
and to investigate possible synergies. This setup was
applied for the investigation of PET and PP modified with Ar
ions and O atoms using both in situ IRRAS and QCM.[4774°]
Thanks to this setup, the interactions of VUV photons and
ions on polymer surfaces (etching and cross-linking) were
analyzed, aswell astherole played by reactive speciesin the
chemical sputtering of PET and PP. Moreover, time-resolved
FTIR measurements of layer absorbance permitted tomodel
the modified top layer of polymers during plasma
treatment.

Ozkaya et all*®! employed PM-IRRAS to investigate
interfacial processes during the initial stages of SiO,-like
plasma-polymer barrier coating deposition, using as
substrates octadecanethiol (ODT) self-assembled mono-
layers on Au-film coated wafers. The precise positions of the
ODT peaks in the FTIR spectra (Figure 14) allowed to
estimate the degree of order and crystallinity of the
prepared monolayer before and after plasma-deposition
of films. Their results indicated that oxygen-rich deposition
ofaSiO, barrierlayerlead to an oxidative degradation of the
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Figure 13. Schematic of a particle beam experiment for the in-situ characterization of
polymer modification by ATR from GroBe-Kreul et al.l”) (1), oxygen capillary source (2),
plasma ion source (3). The infrared beam passes the chamber via windows (4) and (5)
and impinges onto the sample at an angle of incidence of 70°. (6) Valve; (7) load lock; (8)

turbomolecular pump; (9) transfer rod.

polymer-like substrate layer. This indicates that adhesive
failure or delamination of plasma-deposited barrier layers
on polymeric substrates can be caused by deposition of the
SiO, barrier film when employing an oxygen-rich plasma.

3.4. Special Applications of SEIRA and SFG

The first application of SEIRA to the investigation of plasma
modification of surfaces was done in 1999, by Geng et al.[°"]
Using a CaF, substrate covered with thin layers of Au or Ag,
SEIRA was used to investigate the surface modification of
molecular layers of stearic acid (to simulate the reactions of
a polyethylene surface with plasma) by O, and NH; plasma,
and the plasma polymerization of alylamine. Hanus
et al.®?! investigated the interface between a polymer-like
C:H matrix and Ag particles on Ag/C:H composite films
deposited by magnetron sputtering, which also worked as
SEIRA active substrates. They could show the existence of a
very thininterface region between plasma polymer C:Hand
Agnanocluster surface due to an oxidized plasma polymer
with carbonyl, carboxylate, and carbonate species bound
directly to the silver.

The idea of using surfaces with inherent enhancing
capabilities such as silver,in combination with in situ IRRAS
for the investigation of metal-polymer interfaces is further
developed by Hlidek et al.>*! who performed an exhaustive
analysis of the evolution of silver interfaces in nano-
composite materials consisting of polymeric matric with
silver inclusions deposited by magnetron sputtering.

Chen et al.*®] reviews in situ detection at the molecular
level of surface structures of some common polymers in air
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(PE, PP, PS, PMMA, polyimides, PEG, and
polyurethanes). Applying the SFG tech-
nique, surface changes such as surface
segregation of small end groups, polymer
surface restructuring in water, and step-
wise changed polymer blend surfaces
could be investigated. Studies of surface
glass transition and surface structures
modified by rubbing, plasma deposition,
UV light irradiation, oxygen ion and
radical irradiation, and wet etching are
also discussed.

Apart from exposure to charged species
or reactive species, recombination proc-
essesinplasmasleadtotheemissionof UV
radiation, which by itself can also induce
dramatic changes on polymer surfaces.
The separate effects of UV irradiation
and plasma treatment were studied by
IR-visible sum frequency generation spec-
troscopy (SFG) by ref.>* on polystyrene,
and by ref>*! on poly (dimethylsiloxane).

Zhang et al.l®¥ observe spectral changes, similar for UV
irradiation and plasma treatment, that indicate the
occurrence of surface reactions involving the aromatic
structures, leading to loss of aromaticity. They also
observed oxidation in both cases, but in degrees different
for both processes. In particular, the oxidation to a higher
oxidation state, resulting in the formation of carbonyl/
carboxyl species, was observed with plasma treatment but
notwith UVirradiation alone. They propose that the uptake
of oxygen by the phenyl group, resulting in a phenol-like
species, is the main pathway for UV irradiation, while an
oxidative attack of the benzene ring, followed by a ring
opening to form aldehyde/carboxylate species, is the main
mechanism for plasma treatment.

Ye et al.l>! investigated the kinetics of poly (dimethylsi-
loxane) (PMDS) surface modification. They differentiated
the effect of exposure to long- and short-wavelength UV,
and exposure to oxygen RF-plasma. SFG was performed in
air and in situ during the UV-exposure experiments, while
the measurements of plasma modification were done in air
immediately after plasma exposure (18 W rf plasma
source). They observed that CHs; and CH, groups on the
surface decreased during all three modification processes
and Si—OH groups were detected. The change of CH; groups
at the surface followed first-order kinetics and was seen to
be fastest for plasma, followed by short » UV (UV) exposure.
Long A UV (UVO) exposure had the least effect of the
polymer surface. Compared to UV, UVO irradiation at 185
and 254 nm in air is associated with generation of atomic
oxygen, a strong oxidizing agent. An oxygen plasma, on the
other hand, consists of a large number of electrons and
highly reactive ionic and free radical oxygen species that
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Figure 14. PM-IRRAS data of SiO,-like barrier films and adhesion
promoting interlayers deposited on ODT covered Au substrates. 1)
ODT reference, 2) deposition of SIOCH from an oxygen-free
plasma, 3) deposition of SiO, from an oxygen-containing
plasma, and 4) deposition of SiO, onto a SiOCH adhesion-
promoting layer. The band at 2965cm™ is assigned to CH,
assymetric in-plane CH stretching mode; bands at 2879 and
2937cm ' are symmetric CH stretching vibrations of CH,
groups. The band at 2850cm™ belongs to symmetric CH,
stretching, and that at 2917cm™ is assigned to the CH,
asymmetric  stretching vibration. Shifts towards higher
wavenumbers of the band marked with the dotted line
indicate a disordered layer; shifts towards lower wavenumbers
indicate that the alkyl chains adopt an all-trans conformation.
Figure from Ozkaya et al. 5!

facilitate oxidation of surfaces. At steady state, plasma
modification transformed the PDMS surface from a CHs-
terminated surface to one almost devoid of CHj groups,
whereas UV modification leaves different fractions of CH;
groups onthe surface depending on the specificwavelength
used, which suggests that it should be possible to tailor the
fraction of hydroxyl groups at the surface precisely using
the appropriate modification technique.

4. Conclusions and Outlook

Infrared reflection spectroscopy is a very powerful tool for
the in situ and ex situ characterization of surfaces and
interfaces in plasma surface technology. Its main strength
laysin the capability to perform in situ analysis of chemical
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groups ranging from monolayers to thin films over a wide
pressure range with high sensitivity.

The future challenge will be to increase even further the
surface sensitivity over a wide wavenumber range and to
increase the temporal resolution in order to, for example,
unravel the changes in surface composition in pulsed
plasmas in the kHz range. If those processes would be
strictly periodical, the well known step-scan method could
be used by a synchronized integration of the signal over
many pulses to reach a sufficient sensitivity. However, in
most cases, either a film is being continually etched or is
continually growing, which makes the step scan method
inapplicable, since the surface conditions change from
pulse to pulse. Therefore, the goal is to achieve high
sensitivity in single shot measurements. Most infrared light
sources, though, exhibit rather low intensities. As a
consequence, future infrared surface diagnostics employ-
ing tuneable infraredlasers should be developed toimprove
sensitivity and temporal resolution. If those lasers are
pulsed, elaborate schemes such a cavity ring down could be
employed to reach ultimate sensitivities in the IR range.
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