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Motivation

• Polymers are very important materials already. 

• Have a wide variety of Bulk properties. 

• Viable for many new applications.1) 

• Surface properties are not ideal for some 
applications → modification

H. Moon et al., Nature materials, 14 (2015), 628.

5



Overview
• Motivation 

• Plasma Treatment

• Chemical Analysis Techniques 

• Topographical Analysis Techniques 

• Changes for PET after Plasma Treatment 

• Wettability and Surface Free Energy 

• Aging Effects

6



Plasma treatment

• Industry standard method 

• „Cold“ Plasma 

• Leads to compositional 
and topological changes

Plasma Gas

Microwave 
SourceIons Ions Ions

Sample
Vacuum

figure: Jiangnam Lai et al., Appl. Surf. Sci., 252 (2006), 3375.
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Surface Analytical 
Techniques: Overview
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Surface Analytical 
Techniques: Selection

Other approaches may also work.
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X-ray Photoelectron 
Spectroscopy (XPS)

or 

Electron Spectroscopy for Chemical Analysis 
(ESCA)
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XPS: working principle
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XPS: instrumentationElectron Spectroscopy for Chemical Analysis 81
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Figure 3.15 A schematic diagram of an ESCA spectrometer using a monochromatized
X-ray source. The key components of a modern spectrometer are identified

the reactivity of the sample (e.g. metallic Na will require a better vacuum
than PTFE). For most applications a vacuum of 10−10 torr is adequate. For
studies on polymeric materials, good results can usually be obtained with a
vacuum of 10−9 torr.

Samples are typically introduced into the analysis vacuum chamber via
a load-lock or preparation chamber. In its simplest form, the load-lock is
a small volume chamber that can be isolated from the analytical chamber
and then backfilled to atmospheric pressure. One or more samples are
placed in the load-lock chamber, which is then evacuated, typically with
a turbomolecular pump. After the samples are pumped down, they are

figure: John C. Vickerman et al., Surface Analysis - The Principal Technique, 2. edition, Wiley, 2009.
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XPS: spectral features

modified figure: John C. Vickerman et al., Surface Analysis - The Principal Technique, 2. edition, Wiley, 2009.

Electron Spectroscopy for Chemical Analysis 73

percentage of the element decreases towards the ESCA detection limits
(∼0.1 atomic percentage), the relative standard deviation will increase sig-
nificantly. Near the detection limit the magnitude of the standard deviation
is typically the same as the magnitude of the atomic percentage. Based upon
the results in Table 3.9, the polyurethane sample has similar surface and
bulk compositions. This is not always the case, and examples of variation in
the surface composition with respect to the bulk composition are shown in
Section 3.9. In addition to the examples in Section 3.9, the presence of con-
taminants is also often detected at the surface of samples. Oxidation of the
sample and adsorption of hydrocarbons and silicones are common contam-
ination processes. A more detailed discussion of quantification considering
matrix effects and sensitivity factors has been published elsewhere [65].

3.6 Spectral Features
The understanding and analysis of ESCA spectra require an appreciation
of the spectral features that are observed. ESCA analyses are typically per-
formed by first taking a wide scan or survey scan spectrum, often covering
a range of 1100 eV, and then looking in more detail over smaller ranges
(perhaps 20 eV) at specific features found in the wide scan spectrum. A
characteristic wide scan spectrum, energy referenced to compensate for
sample charging as described in Section 3.3, is presented in Figure 3.10.
High-resolution spectra of specific features observed in the wide scan spec-
trum are shown in Figure 3.11. First, let us consider the wide scan spectrum.

Figure 3.10 The ESCA survey scan of a hard-segment polyurethane
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Figure 3.11 (a) The C1s spectrum (resolved into component peaks) for the hard-segment
polyurethane; (b) the O1s spectrum for the hard-segment polyurethane; (c) the N1s
spectrum for the hard-segment polyurethane
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XPS: PET analysis
1027 

Figure 5. Overlay of C 1 s and 0 1 s spectra for untreated (solid line) and 15 s oxygen-plasma-modified 
(dashed line) PET. 

PET. The C 1 s spectrum for PET contains four distinct peaks: the carbon atoms 
in the phenyl ring at 284.6 eV, the methylene carbon atoms singly bonded to 
oxygen at 286.1 eV, the ester carbon atoms at 288.6 eV, and the n-n* shakeup 
peak at 290.6 eV. The area ratio of the three primary peaks is 3:1:1, as expected 
based on PET stoichiometry. The n-n* shakeup peak is - 4.5% of the total 
integrated area of the primary peaks. After oxygen-plasma modification, the area 
ratio of the three primary peaks changes to 2:1:1. The high binding energy peak 
centroids are also shifted slightly to higher energy (-0.2 to 0.3 eV) compared 
with the untreated PET, and the valley between them at - 287.6 eV begins to fill 
in. These differences are more apparent in the C 1 s difference spectrum. The C 1 s 
difference spectrum suggests that a nearly equal distribution of O-C=O, C=O, 
and -C-0 species is produced and that possibly a. small -amount of carbonate 
groups is also formed. , 

Information from the 0 1 s spectrum is more difficult to interpret. The 0 1 s 
spectrum for the clean PET surface contains three distinct peaks due to the 
carbonyl oxygen atoms at 531.8 eV, the ester oxygen atoms at 533.5 eV, and the 
n-n* shakeup feature, at 538.5 eV. The main peaks are present in a 1:1 ratio, as 
expected for clean PET. The .7r-.7r* shakeup peak is - 2.5% of the total integrated 
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XPS: characteristics
• Information depth: 10 nm. 

• Spatial resolution: 5 μm for laboratory instruments, down to 40 nm 
using synchrotron radiation. 

• detection limit (mass fraction): 10-2-10-3. 

• Information about chemical environment (oxidation state, covalently 
bonded atoms) due to chemical shift. Effect can be enhanced by 
using chemical derivatization of functional groups. (e.g. Acetylation 
to differentiate between Hydroxy and Ester group.) 

• Information about aromaticity from the shake up transition.  

• Possibility to perform valence band analysis (instead of core 
orbitals), which provides information about linking (head-to-head or 
head-to-tail) and tactility.

John C. Vickerman et al., Surface Analysis - The Principal Technique, 2. edition, Wiley, 2009.
A. W. Czanderna et al., Ion Spectroscopies for Surface Analysis, Springer, 1991.
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Secondary Ion Mass 
Spectrometry (SIMS)
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SIMS: working principle
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SIMS: instrumentation

modified figure: Gernot Friedbacher et al., Surface and Thin Film Analysis, 2. edition, Wiley, 2011.

 122  7 Static Secondary Ion Mass Spectrometry (SSIMS)

a simple means of mass analysis with  t  2     =    ( mL  2 )/(2 qU  o )  ∝   m / q . Since a very well -
 defi ned start time is required for fl ight time measurement, the primary ion gun 
must be operated in a pulsed mode to enable delivery of discrete primary - ion 
packages  [10] . Electric fi elds (e.g., ion mirrors  [10, 11]  or electrical sectors  [12, 13] ) 
are used in the drift path to compensate for different incident energies and angular 
distributions of the secondary ions. For good mass resolution ( m / Δ  m     ≈    10   000), 
the fl ight path must be suffi ciently long (1 – 1.5   m), and very sophisticated high -
 frequency pulsing and counting systems must be employed to time the fl ight of 
the ion to within a tenth of a nanosecond. One great advantage of TOF - MS is its 
capacity to provide simultaneous detection of all masses of the same polarity. Raw 
data acquisition  [14]  enables the reconstruction of TOF spectra for any ion species 
as a function of depth and lateral position.   

 The original TOF design  [9]  used pulsed beams of argon ions, but commercial 
development of the LMIS has led to a signifi cant extension of the capabilities of 
the TOF system. The principle of LMIS operation enables the beam of isotopically 
enriched  69 Ga  +   or   Bix

+  ions to be focused to a probe of 50   nm minimum diameter, 

     Figure 7.4     Schematic diagram of the imaging time - of - fl ight SSIMS system used at the 
University of M ü nster, Germany.  

(optional) electron impact 
ion source (e.g. Ar  )+

(optional) liquid metal ion 
source (e.g. Ga  )+

target holder

secondary ion optics
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SIMS: polymer analysis
• No reported SIMS investigation of 

oxygen plasma modified polyethylene 
terephthalate (PET). 

• first example: nitrogen plasma modified 
polystyrene (PS) with simple inspection 
of the mass spectrum. 

• second example: oxygen plasma 
modified bisphenol A polycarbonate 
(BPA-PC) with principle component 
analysis (PCA).
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SIMS: nitrogen plasma for PS
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Figure 1 Positive ion spectrum in the mass  range 10-140 a.m.u. (a) 
Polystyrene, (b) polystyrene after 5 min N H  3 plasma treatment,  (c) 
polystyrene after 5 rain N 2 plasma treatment 

and is therefore not capable of forming negative ions 
providing structural information as observed in the 
negative ion spectra of for example PC and poly(ethylene 
terephthalate) 13'23. The negative ion spectrum of PS 
shows only carbon cluster ions with structures C, and 
C,H (n ~> 1) observed at n x 12 a.m.u, and 
n x 12 + 1 a.m.u., respectively. These peaks are common 
to all polymers. After treatment with the NH 3 plasma, the 
incorporation of nitrogen can be detected from a new 
peak at 26 a.m.u, due to C N - .  Furthermore,  also oxygen 
can be detected from new peaks at 16 and 17 a.m.u, due to 
O -  and O H - ,  respectively. New peaks can also be found 
in the mass ranges of approximately 90-120 and 170- 
190 a.m.u. (Figure 2) of unknown origin. Due to the facts 
that probably several new structures are formed during 
the plasma treatment and that there is a lack of spectra of 
reference structures, it is very difficult to make peak 
assignments. After reaction with BSA the incorporation 
of bromine can be detected by peaks at 79 and 81 a.m.u. 
due to Br - ,  and at 158, 160 and 162 a.m.u, due to Br 2. 
Furthermore, very weak peaks are found at 196 and 
198a.m.u., which can be assigned to the 2-cyano-4- 
bromophenolate anion (Figure 2). This anion contains 
part of the modified surface (namely the nitrogen atom in 
the cyanide group) and part of the original aldehyde. This 
gives extra proof for the formation of an imine at the 
surface as outlined in Scheme 1. More evidence for the fact 

Interaction of plasmas w f h  PS and PC." J. Lub et al. 
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Figure 2 Negative ion spectrum in the mass range 70-210 a.m.u, of 
polystyrene treated with an NH 3 plasma followed by reaction with 5- 
bromosalicylaldehyde 

that this anion is formed from imine structures at the 
surface was obtained from the negative ion spectrum of 
the surface treated with salicylaldehyde. The 2- 
cyanophenolate anion (Scheme 1) was indeed detected at 
118 a.m.u. (see also next section). Both anions could not 
be observed in the negative ion spectrum of the N 2- 
plasma-treated surface which was made to interact with 
one of the aldehydes. No effect of reactions with BSA or 
salicylaldehyde on the positive ion spectrum of the 
plasma-treated surfaces could be observed. 

Interaction of nitrogen and ammonia plasmas on bisphenol- 
A polycarbonate studied by SSIMS 

After treatment of PC with either plasmas for 5 min, 
changes were observed in the positive ion spectrum 
similar to those found with PS. After the modified 
surfaces had been rinsed with ethanol the original 
spectrum of PC was restored, which means that nearly all 
modified structures are washed from the surface. This 
observation was also made with X.p.s. 

The negative ion ~pectrum of PC contains peaks due 
to characteristic ions formed from the repeating unit 13 
Figure 3a shows a part of the negative ion spectrum in 
which such ions at 117 and 133 a.m.u, are observed. The 
peak at 149 a.m.u, is due to the t-butylphenolate anion, 
originating from the polymer endgroup~3. After 
treatment with the NH3 plasma the spectrum becomes 
more complicated. Important new ions are observed at 
119, 124, 126, 131 and 135 a.m.u. (Figure 3b). The ions 
observed at 119 and 135a.m.u. are also found after 
treatment with an H z plasma and may arise after 
breaking of the bisphenol-A unit near the central carbon 
atom a 3. In this respect the NH 3 plasma resembles the H z 
plasma. Assignment of the peaks at 124, 126 and 
131 a.m.u, is difficult. The first two peaks have an even 
mass which points to nitrogen-containing ions. Figure 3d 
shows marked spectral changes after treatment with the 
N 2 plasma, but formation of the above-mentioned ions is 
less pronounced in this case. 

Only after treatment of the surface modified by the 
NH 3 but not the N z plasma with salicylaldehyde from the 
vapour phase (to avoid washing of modified structures 
from the surface by a solvent) did the peak at 118 a.m.u. 
(Figure 3c) increase in intensity due to formation of the 2- 
cyanophenolate anion (Scheme 1). This indicates that at 
least some primary amino groups are formed after 
treatment with the NH 3 plasma. 

When PC reacts with amines, H z plasma or 02  plasma, 
the carbonate bond is attacked, so that chain scission 

POLYMER, 1989, Vol 30, January 43 
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SIMS: characteristics
• Information depth: 1 nm. 

• Spatial resolution: normally 2-3 μm, down to 200 
nm using C60+ ions. 

• detection limit (mass fraction): 10-6-10-9. 

• normal mass spectrometric information i.e. 
dependent on the mass analyzer. 

A. W. Czanderna et al., Ion Spectroscopies for Surface Analysis, Springer, 1991.
Erika R. Amstalden van Hove et al., J. Chromatogr. A, 1217 (2010), 3946.
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High Resolution Electron 
Energy Loss Spectroscopy 

(HREELS)
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HREELS: working principle
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HREELS: instrumentation

modified figure: John C. Lindon, Encyclopedia of spectroscopy and spectrometry, 3. edition, Elsevier, 2016.

Basic Concepts and Requirements

Method

In HREELS experiments, electrons produced by a
thermionic emission source are passed through an elec-
trostatic monochromator, so that an electron beam of
narrow angular width and narrow energy spread is pro-
duced that is then scattered from a surface. Electrons
which scatter from the surface are analysed with an
electrostatic analyser (similar or identical to the mono-
chromator) and detected with an electron multiplier. The
HREELS data is acquired as ‘count rate’ (¼ current
exiting the analyser) vs the energy loss range scanned,
from Ep to (Ep – Escan), for example from 5 to 4.5 eV, that
includes Eloss. In a typical HREELS spectrum, a ‘no-loss’
or ‘elastic’ peak will be observed in the specular scat-
tering direction with energy Ep, and an FWHM of DEp,
and loss peaks will be observed in accordance with cer-
tain selection rules, at energies Eloss ¼ Ep – _o, where o
is the frequency of oscillation of the vibrational mode,
and an energy width of DElossZDEp. A general sche-
matic is shown in Figure 1.

The 127 1 cylindrical capacitor analyser is currently
the most advanced device for HREELS. The functional

components of the HREELS spectrometer are shown as a
block diagram in Figure 2; a representative schematic of
a 127 1 cylinder spectrometer is also shown in Figure 3.
There are various other HREELS instrument designs
with individual merits.

HREELS operation requires specialized precautions
and procedures. Many are determined by the trade-off
between the spectrum intensity and resolution, the pro-
duction of the low-energy electron beam, and mechanical
restrictions. Practical size limits for HREELS analysers
are about 100 mm radius. The thermionic electron source
has an energy width of the order of 1 eV. Only a small
fraction of the emitted current is passed by the mono-
chromator. Electrons with 5 eV kinetic energy are easily
deflected by stray electric and magnetic fields. All of the
spectrometer parts are coated with graphite to create a
uniform work function on parts in the electron path. The
spectrometer itself is usually baked after the UHV
chamber itself is baked, so that non-uniformities in the
analyser due to unwanted adsorbed contaminants are
removed. No magnetic parts are allowed in the vicinity of
the spectrometer. Most HREELS chambers are doubly
shielded against magnetic fields (o1 mG cm"1 for the
residual homogeneous DC field), and all of the electric
potentials applied to the spectrometer are shielded and
regulated to within a few percent of 1 mV. The specimen
must be introduced between the HREELS mono-
chromator and analyser with no vibration, no magnetic
parts, and no ‘stray’ potentials such as those that may
arise from charging of ceramic insulators, etc. It is often

Figure 1 An overview of high resolution electron energy loss
spectroscopy. Top left: the incident electron beam is shown as a
narrow, intense peak on the intensity vs energy loss axes. The
specularly reflected beam is shown with loss peaks due to
adsorbed molecules, with modes _o. Centre: The scattering
mechanism is illustrated with the three diatomic molecules
‘adsorbed’ on the surface with perpendicular and parallel orientation
relative to the surface. Mode o1 has a dynamic dipole moment p0

which is perpendicular to the surface, and induces a second image
dipole in the same direction, so that the electron scatters from a
combined dipole moment of 2p0. This is the dipole scattering
process. The mode o2 is parallel to the surface, and the induced
image dipole cancels the molecular dynamic dipole moment. The
mode is ‘screened’ and is not present in the spectrum if there is no
impact contribution to the scattering. Mode o3 is shown with the
dynamic dipole moment equal to zero (the orientation is not
relevant). The mode will be observed as an ‘impact’ mode.

Figure 2 The necessary parts of an HREELS spectrometer: e,
electron source, L, lens to focus electrons onto the entrance slit of
the monochromator, M, which can have one or two stages.
Another lens, L, focuses the beam onto the sample, S. A lens, L,
focuses electrons scattered from the surface onto the entrance
slit of the analyser, A, which can also have two stages. The
electrons are counted at the detector, D.

Figure 3 A typical 1271 two-stage cylindrical capacitor
analyser. The individual parts correspond to the components
described in Figure 2. Usually, one of the arms of the
spectrometer is made to rotate in-plane about the specimen axis
to allow off-specular measurement.
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Figure 4. Infrared, Raman, and resolution-restored HREELS data for 
polycarbonate. The vertical lines have been included to assist in the 
comparison of spectra. 

specular. This angular dependence is of course reduced on 
roughened surfaces where dipoles are more randomly oriented. 
The dipole interaction at a metallic surface is governed by the 
"metal surface selection rule" which only allows detection of 
molecules having dipole derivatives with components perpendicular 
to the metal surface. The image dipole created in the metal 
possesses a node in the parallel electric field at the metal surface. 
This scattering mechanism then leads to an infrared-like spectral 
response. 

The impact scattering is the result of electron interaction with 
the atomic potentials of the sample. It is, unlike dipole scattering, 
a short-range phenomenon with very diffuse scattering behavior. 
There is no peaked directionality of the scattered electrons. The 
selection rule for impact scattering of low-symmetry molecules 
is nominally that all vibrational transitions are allowed. Thus, 
for the polymer samples we are investigating, all modes are al- 
lowed, both infrared and Raman. Impact scattering always plays 
a role in the spectral response. However, it is typically orders of 
magnitude less intense than dipole scattering at specular take off 
angles due to its scattering profile. 

Resonance scattering is observed routinely in gas-phase electron 
loss ~pectroscopy~~ but was not observed in absorbed species until 
recently.8,30-3' This scattering mechanism has been largely ignored 
for polymers until our recent work with polycarbonate.* We will 
concern ourselves with one particular type of resonance scattering, 
temporary negative ion resonance scattering. The electron becomes 
temporarily trapped in a shape resonance ion of the interrogated 
molecule. That negative ion decays in - 10-1LlC15 s, populating 
the excited vibrational modes of the neutral ground state. The 
transition is governed by the energies of the ion and ground state 
and the Franck Condon overlap factors. The intensity en- 
hancement is governed by the lifetime of the ion. The symmetries 
of the initial and ion states thus determine which vibrational modes 
are enhanced. We have observed such behavior in polycarbonate6 
and p~lye thylene .~~ 

We are interested in determining what influence each of these 
mechanisms has on the overall loss spectrum in the polymers we 
have observed. The resonance effect makes a notable contribution 
to the polycarbonate spectrum at primary electron energies above 
3 eV.8 However, if the loss spectrum is collected below that energy, 
it can be seen in Figure 4 that the polycarbonate spectrum obtained 
is highly dipole in character with no evidence of resonance or 
impact scattering in the fingerprint region as determined by 
comparison with infrared and Raman data. The strong 1600-cm-' 
aromatic C-C ring mode is absent in the HREEL spectrum, as 
is the C-C skeletal mode at - 1100 cm-'. In fact, all of the major 
Raman-active modes are absent. This result allows a simple 
infrared analysis of the spectrum to be possible without concern 
for misinterpretations due to underlying loss mechanisms. The 
observation of the material at off-specular angles is a less con- 
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Figure 5. A comparison of the 3-eV primary electron energy HREEL 
spectrum and the 8-eV primary energy electron spectrum of polyethylene 
with the infrared and Raman data for the same spectral region. 
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Figure 6. A plot of the primary electron beam energy versus a ratio of 
the intensity of the CH2 wag mode of polyethylene at  1465 cm'' and the 
intensity at 1200 cm-I. 

vincing method for the investigation of impact scattering since 
there is still a considerable dipole scattering influence attributable 
to the roughness and disorder of the polymer surface. The dipole 
lobe is not as narrow and well defined on a polymer surface as 
on a single crystal surface. 

The polyethylene spectra in Figure 5 illustrate strikingly the 
effect of primary electron energy and the value of obtaining data 
below the energies in which resonance has an influence. The 
bottom spectrum was taken with a primary beam energy of 8 eV. 
It is a complex spectrum with a number of broad overlapped 
vibrational bands. A comparison of that spectrum with both the 
infrared and the Raman spectra shows a clear summation of all 
active modes. A spectrum of the same sample at 2.5-eV beam 
energy is also presented in the top portion of Figure 5 .  That 
spectrum exhibits a clear dipole-dominated behavior without any 
indication of nondipolar behavior. This once again indicates two 
points: that there is little influence from impact or resonance 
scattering in the energy loss response of the polyethylene at low 
beam energy, but that there is a profound resonance scattering 
influence over a narrow energy regime above 2.5-eV primary beam 
energy. In Figure 6 a plot of the ratio of intensities at 1200 and 
1465 an-' versus primary beam energy is presented. The intensity 
at 1200 cm-' is a good indicator of the onset of the resonance 
behavior discussed above. The results shown in Figure 6 exhibit 
an onset of resonance near 4-5 eV. That correlates well with the 
band structure picture of polyethylene. Delhalle et al.,33 for 
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molecules having dipole derivatives with components perpendicular 
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Figure 6. A plot of the primary electron beam energy versus a ratio of 
the intensity of the CH2 wag mode of polyethylene at  1465 cm'' and the 
intensity at 1200 cm-I. 
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on a single crystal surface. 

The polyethylene spectra in Figure 5 illustrate strikingly the 
effect of primary electron energy and the value of obtaining data 
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It is a complex spectrum with a number of broad overlapped 
vibrational bands. A comparison of that spectrum with both the 
infrared and the Raman spectra shows a clear summation of all 
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HREELS: oxygen plasma for PS
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modified figure: Wild et al., J. Vac. Sci. Technol. A, 19 No. 3 (2001), 856.

those for N2 treatment. They indicate a slightly higher rate of
attack of the aromatic ring structure by ammonia but the NH
stretch region shows the same amount of nitrogen incorpo-
ration within experimental error.

C. Oxygen plasma modification
Figure 7 presents a series of HREELS spectra for clean

and oxygen treated PS for doses of 5–110 J at power inputs
of 5 and 10 W. As in the case of nitrogen there are intensity
changes in the region 700–1500 cm!1. In addition a new
band grows with oxygen exposure !1730 cm!1. The relative
intensity of this band is shown in Fig. 8 compared to the CH
aliphatic stretch. We may assign this band to a C"O stretch-
ing vibration.15 Careful inspection of the lower frequency
region shows that the band at 1165 cm!1 in the clean PS
spectrum shifts to 1220 cm!1 at 110 J dose. Furthermore, this
band is the dominant one in the region 1000–1500 cm!1

whereas this band declines in intensity in the case of nitrogen
treatment. This suggests that the new band at 1220 cm!1 is
likely due to oxygen incorporation as a C–O functionality.15
The decline of aromaticity is more dramatic with oxygen
treatment than nitrogen or ammonia exposure. As shown in
Fig. 9 most of the attack of the ring structure is complete by
an oxygen plasma dose of 20 J whereas the corresponding
intensity reduction requires approximately twice the dose of
nitrogen. Finally we note that clear evidence for OH vibra-
tions following oxygen plasma treatment was not seen. This
indicates either that the OH bands have much weaker inten-
sity or that oxygen is not favorably incorporated as OH spe-
cies.

D. XPS analysis and exposure to air
In order to correlate the nitrogen plasma results with XPS

analysis, selected samples were treated in our laboratory and

FIG. 4. HREELS spectra of polystyrene for increasing ammonia plasma
dose. The spectra are derived from raw data by means of a spectral restora-
tion algorithm "Ref. 14#.

FIG. 5. Ratio of the NH stretching vibration "integrated intensity# to that of
the CH aliphatic vibration for ammonia plasma treatment of polystyrene as
a function of dose.

FIG. 6. Ratio of the CH aromatic stretching vibration "integrated intensity#
to that of the aliphatic component for ammonia plasma treatment of poly-
styrene as a function of dose.

FIG. 7. HREELS spectra of polystyrene for increasing oxygen plasma dose.
The spectra are derived from raw data by means of a spectral restoration
algorithm "Ref. 14#.
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HREELS: characteristics
• Information depth: 0.5-10 nm (IR: 1-3 μm, Raman: <100 nm) 

• Spatial resolution: 1-5 mm. (IR: 10 μm, Raman: 1 μm) 

• not suitable for quantification. 

• electronic (1-50 eV) and vibrational transitions (<0.5 eV) could possibly be 
measured on the same instrument. 

• IR and Raman active modes accessible with high enough incoming 
electron energy.  

• suitable for measuring low energetic transition (below 400 cm-1), whereas 
windows in IR instruments absorb at below this wavenumber. 

• bad energy resolution (1 meV range or 8 cm-1, IR goes down to 1 cm-1), 
deconvolution might be applied.  

Gianangelo Bracco et al., Surface Science Techniques, Springer, 2013.
John C. Lindon, Encyclopedia of spectroscopy and spectrometry, 3. edition, Elsevier, 2016.

Günther Gauglitz et al., Handbook of Spectroscopy, Wiley, 2014.
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Atomic Force 
Microscopy (AFM)

or 

Scanning Force Microscopy (SFM)
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AFM: working principle
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AFM: working principle
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AFM: instrumentation

figure: https://pharm.virginia.edu/facilities/atomic-force-microscope-afm/, 24.11.2016
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AFM: oxygen plasma for PET

modified figure: Ita Junkar et al., Vacuum, 84 (2010), 83.

27.12 MHz and an output power of about 200 W. Plasma parame-
ters were measured with a double Langmuir probe and a catalytic
probe [13–17] The samples were exposed to glow at discharge of
oxygen and nitrogen plasma for different periods of time.

Immediately after plasma treatment samples were analysed with
XPS (TFA XPS Physical Electronics) to determine the change in
chemical composition of the surface. The base pressure in the XPS
analysis chamber was about 6!10"10 mbar and the samples were
excited by X-rays over a 400 mm spot area with a monochromatic Al
Ka1,2 radiation at 1486.6 eV. Photoelectrons were detected with
a hemispherical analyzer positioned at an angle of 45# with respect
to the normal to the sample surface. The energy resolution was
about 0.5 eV. Survey scan spectra were made at pass energy of
187.85 eV. Since the samples are insulators, we used an additional
electron gun to allow for surface neutralization during the
measurements.

The contact angle was measured to determine surface energy
and ageing effects. A volume of 3 ml demineralised water was
dropped onto the polymer surface and the contact angle was
measured with a CCD camera. Roughness of the polymer surface

Table 1
Chemical composition of PET surface after treatment in oxygen and nitrogen plasma
for different exposure times.

PET surface Treatment time (s) C (at.%) O (at.%) N (at.%)

Theoretical – 71.4 28.6 0
Untreated 0 79.2 20.8 0
Nitrogen plasma 3 63.5 24.3 12.2

30 60.2 26.1 13.7
90 60.1 26.2 13.7

Oxygen plasma 3 62.0 38.0 –
30 57.8 42.2 –
90 55.8 44.2 –

Fig. 1. AFM images of a) untreated PET, b) nitrogen plasma treated PET for 90 s, c) nitrogen plasma treated PET for 90 s with fucoidan, d) oxygen plasma treated PET for 90 s,
e) oxygen plasma treated PET for 90 s with fucoidan together with the average roughness values.
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Compositional changes for PET
• Plasma creates activated sites 

• Oxygen plasma leads to increase of oxygen in the 
sample

Ita Junkar et al., Vacuum, 84 (2010), 83.
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Topological changes for PET
• Oxygen Plasma increases the surface roughness

Ita Junkar et al., Vacuum, 84 (2010), 83.
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Wettability
• Ability of a surface to maintain contact with a liquid 

• Con be determined using Young’s equation and the 
contact angle

https://www.kruss.de/services/education-theory/glossary/surface-free-energy/, 19.11.2016
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Surface Free Energy

• Another equation is needed for determination of σsl 

• Different methods available for the determination of 
the interaction components

https://www.kruss.de/services/education-theory/glossary/surface-free-energy/, 19.11.2016
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Models for the determination 
of Interaction between Phases

• Fowkes Model 

• Wu Model 

• Extended Fowkes Model 

• Neumann Equation of state 

• Choice of model based on present interactions

https://www.kruss.de/services/education-theory/glossary/surface-free-energy/, 19.11.2016
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Measuring the contact angle
• Drop shape analysis

https://www.kruss.de/services/education-theory/glossary/surface-free-energy/, 19.11.2016
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Overview
• Motivation 

• Plasma Treatement 

• Chemical Analysis Techniques 

• Topographical Analysis Techniques 

• Changes for PET after Plasma Treatment 

• Wettability and Surface Free Energy 

• Aging Effects
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Aging Effects
• Wettability is lost due to aging 

• Further functionalization should be done as fast as 
possible

Ita Junkar et al., Vacuum, 84 (2010), 83.
Jeremy M. Grace et al., J. Dispersion Sci. Technol. , 84 (2010), 83.
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Thank you for your 
attention!
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