
polymer communications 
Valence band region XPS, A F M  and NEXAFS surface analysis of low 
pressure d.c. oxygen plasma t reated polypropylene 

Th. Gross, A. Lippitz and W. E. S. Unger* 
Bundesanstalt for Materialforschung und-prOfung (BAM), Labor 5.33, Rudower Chaussee 5, 
D- 12489 Berlin, Germany 

and J. F. Friedrich 
Institut fEir Angewandte Chemie Berlin-Adlershof e. V., Rudower Chaussee 5, D- 12489 Berlin, Germany 

and Ch. W611 
Universitat Heidelberg, Institut fbr Angewandte Physikalische Chemie, D- 69120 Heidelberg, Germany 
(Received 3 February 1994," revised 24 June 1994) 

Biaxially stretched polypropylene (PP) foils treated with oxygen plasma at low pressure were analysed by 
core level and valence band region X-ray photoelectron spectroscopy (XPS), atomic force microscopy and 
near edge X-ray absorption fine structure (NEXAFS) spectroscopy. Applying short treatment times the 
XPS O~C atomic ratios are ~<0.1. Valence band electron spectroscopy for chemical analysis (ESCA) and 
NEXAFS spectroscopy reveal that a certain number of C-O and a smaller amount of C- -O functionalities 
together with C = C  bonds exist at a short-time treated PP surface. These species were not observed or 
resoh'ed by a standard core level XPS analysis of the same surface. The surface is smoothed by the plasma 
treatment and the C-O and C ~ O  bonds are slightly non-statistically oriented (parallel to the surface plane). 
Considering the results obtained after prolonged plasma treatment, NEXAFS spectroscopy provides a direct 
indication for the formation of conjugated carbon double bonds in the surface region of the PP samples. 
(Keyw'ords: polypropylene; plasma treatment; spectroscopy) 

Introduction 
Plasma chemical surface modification of polyolefins is 

a well established technique to improve their adhesion 
properties. Recently it has been found that good 
adhesion results can also be obtained at rather short 
treatment times (a few seconds). We confirmed this effect 

f o r  the model composite oxygen plasma treated poly- 
propylene (PP)-isocyanate terminated polyurethane 
(PUR) t. We obtained an enhancement of the lap shear 
strengths from zero for untreated biaxially stretched PP 
foils to ~, 4 M Pa for these foils when only one d.c. oxygen 
glow discharge pulse of I s was applied to the PP surface. 
Quanti tat ive X-ray photoelectron spectroscopy (XPS) 
surface analysis of these short-time treated PP samples 
resulted in O/C atomic ratios of <0.1. Compar ison of 
the XPS C 1 s peak shape observed with short-time treated 
and untreated PP revealed a full width at half maximum 
(FWHM) broadening by ~ 25% for the CH x peak. No 
signal intensity was obtained in the binding energy (BE) 
region where O - C = O  or C = O  C ls signals are usually 
observed. Considering the O/C atomic ratio a certain, 
small amount  of C - O  species should exist at the treated 
surface. Unfortunately, this cannot be verified with 
sufficient accuracy by analysis of the C I s photoemission 
because of the overlap with the broadened CH x peak and 
the fact that the C ls photo peak of virgin PP itself is 
asymmetric towards higher BEs due to vibration effects z. 
Obviously, a more detailed characterization of a short- 
time oxygen plasma treated PP surface requires the 
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application of additional surface analytical methods. In 
this communicat ion we present some X-ray excited 
valence band (VB) region spectra, near edge X-ray 
absorption fine structure (NEXAFS) spectra and atomic 
force microscopy (AFM) results which may provide 
more insight into the situation at the surface under 
consideration. NEXAFS spectroscopy is a surface analytical 
method providing molecular specific information (the 
excitation of electrons into unoccupied molecular orbitals 
(MOs) via dipole transition from core levels are probed) 
together with data on the orientation of macromolecules 
or parts of it 3. 

Exlgerhnental 
Biaxially stretched 30 pm Hoechst PP foils were used 

as test samples. The polymer is characterized by a s.e.c. 
average molecular weight of 250000, a crystallinity of 
55-65% (density measurement) and stretching ratios of 
~. = = 5 and :~± = 8-10. The surface of the foils was cleaned 
from O and Si residuals by rinsing in ether. After cleaning 
the XPS O/C ratio was <0.01; there was no oxygen peak 
in the survey scans. The PP samples were exposed to a 
low pressure (6 Pa) oxygen d.c. plasma. The plasma 
treatments were carried out in a reactor system described 
in ref. 4. After treatment the samples were exposed 
to laboratory air. The influence of this post-plasma 
laboratory air exposure was checked in the following 
way. PP samples were plasma treated within an ultra-high 
vacuum chamber  directly attached to an electron 
spectrometer. A treated sample was transferred into 
the spectrometer chamber  without exposure to air and 
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analysed by XPS. Subsequently the sample was exposed 
to laboratory air in different steps, beginning with 2 min 
and ending with I week, before it was analysed by XPS 
again. We checked the following parameters: carbon 
functionalization, C ls FWHM, 0 ls BE, O ls FWHM, 
O/C surface concentration ratio and the X-ray excited 
VB region. As a result, we did not find any alteration. 
Therefore, the results presented in this communication 
should be, to some extent, characteristic of the plasma 
treatment effect itself. 

VB spectra were obtained employing an SSX 100 
photoelectron spectrometer. We used monochromatized 
AI K:~ radiation, a fixed energy pass at 50eV and a 
take-off angle of 55 rersus surface normal. Under these 
conditions, the Au 4fv 2 FWHM (BE= 83.98 eV) was 
1.08 eV. The spectrometer energy scale was calibrated 
following ref. 5. To reduce charging a flood gun releasing 
2eV electrons was used. Additionally, the analysis 
chamber of the spectrometer was filled up with 99.9999% 
pure Ar up to 3 x 10 -5 Pa. We found that charging was 
minimized at these conditions 6. The valence band spectra 
were fitted employing Gauss-Lorentz  sum functions 
where the Gaussian fraction was fixed at 80%. A linear 
background was subtracted before peak fitting was 
applied. The number of peaks to be fitted was established 
relying on the respective theoretical and experimental 
results published in refs 7-9. The information depth (95% 
criterion) of this method can be estimated with the help 
of ref. 10 to be 35 A. 

Total electron yield (TEY) X-ray absorption experiments 
were carried out on the HE-TGM 2 beam line at BESSY 
[Berliner Elektronenspeicherring-Gesellschaft Fiir Syn- 
chrotronstrahlung mbH, Berlin, Germany) at a resolution 
better than 0.8 eV at the C ls edge. The angle of incidence 
of the photon beam was varied between 90 ~ (i.e. the 
electric field vector E lies in the surface plane) and 20: 
(E nearly parallel to the surface normal). To obtain 
difference spectra all spectra were scaled to the same 
value before and far behind the absorption edge 
jump 3. The energy scale was calibrated by setting the 
C-H*  resonance peak of a paraffin reference sample to 
285.7eV (ref. 11). Characteristic features in the flux 
monitor signal were used to align the energy scales of all 
spectra relative to this value. The information depth 
(95%) of this approach can be estimated to be 20-30 A 
assuming that C KLL Auger electrons (including inelastic 
scattering events) predominantly contribute to the 
signal 3. Low energy electrons cannot leave the positively 
charged surface of the irradiated foils. Fluorescence yield 
NEXAFS experiments we re  carried out on BESSY's 
H E - P G M  2 beam line at a resolution of 1.5 eV at the 
O l s edge. The spectra were divided by the transmission, 
scaled and aligned as in the former case. The oxygen 
fluorescence signal was detected with the help of a 
Ge-detector (Explorer, Noran Instruments, Middleton, 
WI, USA). The resulting information depth obtained with 
fluorescence photons is estimated to be roughly 2000 A, 
i.e. the whole oxygen functionalized PP layer should 
contribute to the NEXAFS signal. 

The surface topography was monitored with the 
help of an air atomic force microscope (Omicron- 
Vakuumphysik, Taunusstein, Germany). The Si3N4 
cantilever (ultra lever, feather constant 0.03-0.06 N m -  ~, 
top radius 10 nm) was used in the constant force mode. 
No differences in the AFM pictures were obtained when 

the same area was scanned several times. Therefore, a 
substantial damage effect on the probed PP surfaces can 
be ruled out. 

Results and discussion 
Characteristic X-ray excited VB region spectra of PP 

samples are presented in Fiyures la-c. With the clean 
PP sample we obtained a spectrum very similar to those 
published in refs 7 and 8. Signals related to backbone C 
2s-C 2s bonding (peak 1) and anti-bonding (peak 2) 
molecular orbitals (MOs), a methyl side group C 2s level 
(peak 3), methyl group (peak 4) and backbone carbon 
(peak 5) C 2p-H ls bonds can be observed v'8. 

Analysis of the spectrum of the short-time plasma 
treated PP surface (XPS O/C atomic ratio =0.05 + 10%) 
reveals several new peaks together with the peaks 
observed with virgin PP. The new features were 
interpreted by employing the theoretical results reported 
in ref. 9. The most prominent new oxygen-related 
feature is an O 2s signal (peak 10). The formation of C-O 
bonds is indicated by a shifted C 2s signal (peak 8), which 
fills the valley between features 1 and 3. Additionally, 
~- and a-contribution C-O  bond oxygen lone electron 
pair signals 9 (features 7 and 6, respectively) were probably 
detected. Thus we can unequivocally state the existence 
of a small number of C -O  functionalities on the basis of 
feature 8 in the VB region spectrum. 

Inspection of the VB region spectrum observed with 
longer-treated PP foils (XPS O/C atomic ra t io= 
0.22_+10%) reveals a new intense feature due to a 
carboxyl bonding MO (peak I1) and a feature (9), 
interpreted as being related to carbonyl group oxygen 
lone electron pairs 9. The latter fills the valley between 
features 2 and 4. 

Considering our VB region analysis results we conclude 
that features 8, 9, 10 and 11 can be used as finger-prints 
for a qualitative analysis, whereas an interpretation of 
the photoemission between 0 and ~ 10eV BE cannot be 
very straightforward. For that range only an overall 
increase in intensity due to an oxygen treatment can be 
stated. 

Additional information on the state of the surface was 
obtained with the help of AFM and NEXAFS. AFM 
revealed, for the untreated PP foil, the ripple topography 
(r.m.s. roughness = 4 nm evaluated for a 500 nm x 500 nm 
section) usually observed with stretched PP foils. Short 
time (1 s, X PS O/C = 0.05 _+ 10%) oxygen plasma treatment 
results in an efficient smoothing of this surface. The ripples 
mostly disappear and the surface seems to be rather flat 
(r.m.s. roughness decreased down to 1.3 rim). Longer 
treatment times did not result in an improvement in 
smoothness. 

The C K-edge X-ray absorption spectra of the cleaned 
PP foil (see Figure 2a) revealed a sharp resonance feature 
at 287.5eV labelled B. With paraffin we found a very 
similar feature at the same energy position. This feature 
was also found in the spectra of highly oriented 
polyethylene 3 or oriented films of long chain alkanes ~1 
and was attributed to a C-H* resonance. Comparison 
of the PP spectra (difference spectrum), obtained at 
different electric field polarizations (90 ° or 20 ° ) relative 
to the surface normal, reveals a weak but distinct 
non-isotropic character for this C-H* feature. The same 
effect, but more pronounced, was found with highly 
oriented PE and was interpreted as an effect of the 

POLYMER Volume 35 Number 25 1994 5591 



Surface analysis of plasma treated PP." Th. Gross e t  a l .  

' 5 0 ' 0  . . . . .  ~ . . . . . . . . .  ~ . . . . . . . . .  ~ " 

PP, untreated A 
,,t 3 

'I 
' I 

../V 
/ ',, 

'1 

2 

a 

A l y m l l t P y :  0 • O0 
Ch $-¢~QUIPI: Y. , PI8 

/ / 
. . . . .  - . .- 

" '  " ' " ."--'..'.."....'...." . . . . . . . . . . . ,~.- . ' "  ~ " \ 4 5 

. . . . . . .  , . . . . . . . . .  , . . . . . . . . .  , 

3 7 . 4  - 2 . 6  
B i n d i n g  E n e P g y  ( e V )  

b 

t 
'ed0 

' . "  .. 

. . . .  I . . . . . . . . .  I 

PP, l s  02-plasma treated 

3 
;... ' , ;o,-,: , 0 ,  , . & . ; . °  
A l y l U B l t P y :  0 . 0 0  
Ch l -S¢ luePe:  t .  38 

, / / t  
,., . / . ,  

""." '" '" '" '"" "" ' " ) " ~ ' X  ' /  '~ ~ '  \ 4 6 5 
• . • . . . . . .  ~ / .  ..,.,. / ,,-t,,, ' ;  \ 

• . ~ . . ~ ! . , . . ~ "  , ' ~ ~ "~ • ." • 7 • ~ " ' " : . . ~ ,  ' / , X  , "  " ,  9 ..~...-:-.~'. " 
~ , . . ,  ,, \ • ~ _ . .  •....~.. 

. . . . . . .  I . . . . . . . . .  I . . . . . . . . .  I . . . . . . . . .  ' [ ' '  

3 7 . 4  - 2 . 6  
B i n d i n g  E n e P g y  ( e V }  

C 
5 0 ( )  . . . . .  I . . . . . . . . .  I . . . . . . . . .  I P o a k  I ~ o a e l :  8 0 %  G e u l a t a n  

Allyluno t r  y: 0 .  O0 
3 Chi-Souo~°: I . ,  

PP, 30s 02-plasma treated 

10 1 . .~ / l ' !  

" " / ~ "  if' 2 
. / / ~ :  , -, , ,, 

= . . . ; .7 ..'~ .;J'. ,' , ~/ ~ , .  
o = . ~.-,-~.,,  ",- / ', : ~.. , K . \  
. . . . . . .  ~ . , , ,  , ,  ., ,-,,. 

. . . .  ' ~  ~ ~:" J " , '" '~ 9 
.... " " " "  - ; I"  , ' ,  \ "  l ~, , ;  ~ 4 6 5 

" ~ ' ~ : /  ;!", ,~ '.X. .. 
:~,'. , ,  , , ~ .',-.~,.,~:,_..~ . . .  

~ / \ -  ~ ,  ~ ~ • ~ ~ - . .  , , ,  - ~  

1 7 . 7  - 2 . 3  
B t n c l t n g  E n e r ' g y  ( e V )  

Figure I Valence band region spectra of plasma treated and untreated PP surfaces excited by monochromatized AI K:~ radiation (e, data; 
• sub-bands obtained by fitting; - . - .  sum of all these sub-bands). The interpretation of the spectral features is given in the text 
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Figure 2 ta) Total electron yield NEXAFS C K-edge spectra and (b) fluorescence yield NEXAFS O K-edge spectra of untreated and low pressure 
oxygen d.c. plasma treated PP samples for different beam light incidence angles relative to the surface plane. The interpretation of the spectral 
features is given in the text. In the right box of part a, the vertical lines htbelled A and B indicate the position of the C = C  n* and C-H* resonances 
at the energy scale: the horizontal line marks zero for the difference spectrum 
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orientation of long, rotationally disordered all-trans 
hydrocarbon chains parallel to the surface 3. Because 
stretched PP foils are known to be also partially 
crystalline samples, the effect could be an indication of 
a similar, slightly non-statistical, overall orientation of 
PP chain segments within the surface. Considering the 
features C and D, which are attributed to a broad C-C 
o-* resonance split due to an interaction of adjacent C-C 
a bonds 3, we found (in contrast to the PE results reported 
in ref. 3) an isotropic behaviour. Replacing H with CH 3 
distorts the PE trans conformation, resulting in a 
non-planar PP chain conformation. Thus the formation 
of an effective transition dipole moment for the C-C a* 
resonance, which is colinear with the chain axis ~ and 
which provides a way to discuss NEXAFS polarization 
effects in relation to an orientation of the chain axis, 
should be ruled out. Finally, we found a C = C  related, 
isotropic ~* resonance, labelled A. The reason for the 
occurrence of this C = C  ~* resonance should be olefinic 
double bonded end groups terminating the PP chains. 

In comparison to the former case, analysis of short-time 
treated (1 s, XPS O/C=0.05_+ 10%) PP samples reveals 
some changes: the most prominent are a decrease of the 
C-H* resonance intensity, an increase of the C = C  re* 
resonance intensity and a disappearance of the non- 
isotropic behaviour observed with the C-H* feature. 
Analysis of the O K-edge fluorescence yield NEXAFS 
spectra, obtained at high sensitivity, provides more details 
(see Figure 2b). We found several features in the spectra, 
labelled A, B and C: A is attributed to a weak C = O  7r* 
resonance, B to a dominating C-O  a* resonance and C 
to a C = O  o'* resonance a which is also weak. The 
respective difference spectrum reveals small anisotropy 
effects. The maximum C = O  ~* intensity at an E 
polarization perpendicular to the surface plane clearly 
suggests a preferential orientation of the C = O  bond axis 
parallel to the surface plane because a C Is---,C=O ~* 
transition has maximum intensity when E points along 
the direction of maximal orbital amplitude 3. The same, 
slightly non-statistical orientation of the C-O  bond axis 
is obtained when the angular dependence of the respective 
~* resonance intensity is considered. 

C K-edge NEXAFS spectroscopy of a PP sample 
after extended plasma treatment (XPS O/C atomic 
ratio=0.22_+10%, see Figure 2a) reveals a strong 
decrease of the C-H* resonance intensity, a strong 
increase of the C = C  re* resonance intensity and the 
appearance of some new, unresolved features around 
hv=289eV.  These rc* resonances are attributed to 
co-existing, more complex C = O  containing species 
usually interpreted (on the basis of XPS results) as being 
formed in the course of oxygen plasma treatments. 
Obviously, there is also a certain angle dependence of 
the spectrum, but it is not very straightforward to discuss 
it for the given, chemically poorly defined PP surface. 
Comparison of the 50 ° C K-edge spectra of untreated 
PP and PP after extended plasma treatment (see the 
respective difference spectrum in Fkjure 2a) clearly reveals 
the occurrence of new ~* resonances at E >  287.5 eV, the 
energy characteristic of the C-H* resonance (B), and new 
a* resonance contributions between 292 and 305 eV. 
Additionally, a splitting of the C = C  re* resonance is 
obtained, which is usually observed with conjugated 
~-systems 3. For an X-ray incidence angle of 54.7 '~ (magic 
angle) the measured NEXAFS intensity distribution is 
independent of the molecular orientation 3, therefore the 

comparison of our 50: spectra is well suited to 
look for only chemical effects. O K-edge fluorescence 
yield NEXAFS spectroscopy on a similarly treated 
sample (XPS O/C atomic r a t io=0 .25+  10%) reveals an 
intense, sharp C = O  rt* resonance and a broad feature 
between ~535 and 550eV covering the a* resonance 
contributions of the oxygen functionalities formed 
by plasma treatment. Note that in this case the 
whole modified PP layer contributes to these spectra. 
Additionally an illustration for the increase in the 
O K-edge fluorescence yield after prolonged plasma 
treatment of PP is given. With untreated PP we did not 
measure O related signals. 

Conclusions 
We conclude from our VB electron spectroscopy for 

chemical analysis and NEXAFS spectra, that a certain 
number of C-O and a smaller amount of C = O  
functionalities together with C = C  bonds exist at a 
short-time low pressure oxygen plasma treated PP 
surface. These species were not observed or resolved by 
a standard core level XPS analysis of the same surfaces. 
Moreover, the surface is smoothed by the plasma 
treatment and the C - O  and C~-O bonds are slightly 
non-statistically oriented (parallel to the surface plane). 
A discussion of the improvement in adhesion data in 
terms of adhesion models should take these results into 
account. Considering the results obtained after prolonged 
plasma treatment, NEXAFS spectroscopy provides a 
direct indication for the formation of conjugated carbon 
double bonds in the surface region of the PP samples. 
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