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ABSTRACT: Surface treatment of poly(ether sulfone) by 02, Hz, He, Ne, Ar, and CF4 nonisothermal glow 
discharges has been investigated by X-ray photoelectron spectroscopy (XPS) and atomic force microscopy 
(AFM). The chemical and topographical modification of the surface is found to be strongly influenced by 
the type of feed gas employed. 

Introduction 
Poly(ether sulfone) is renowned for good thermal, 

mechanical, and electrical pr0perties.l The sulfur to 
carbon linkages located at  the diary1 sulfone groups along 
the polymer backbone are stabilized via conjugation, which 
in turn imparts chemical resistance to this type of 
polymeric structure. 

0 

0 

Polyethersulfone (PES) 

Nonisothermal glow discharge treatment of polymer 
surfaces can give rise to desirable adhesive and wettability 
 characteristic^.^?^ The active plasma medium consists of 
atomic and molecular species, as well as ions, electrons, 
and a broad electromagnetic ~ p e c t r u m . ~  This highly 
reactive and complex mixture can offer a low cost, 
environmentally friendly means for altering the physi- 
cochemical characteristics of a polymer surface at  ambient 
 temperature^.^ 

This study examines the chemical and topographical 
changes encountered at the poly(ether sulfone) surface 
during exposure to a variety of nonpolymerizable glow 
discharge treatments. 

Experimental Section 
Small strips of poly(ether sulfone) (Westlake Plastics Co.) were 

ultrasonically washed in an isopropyl alcoholihexane mixture 
for 30 s and dried in air. High purity oxygen (99.6% ), hydrogen 
(99.99%), helium (99.995%), neon (99.999%), argon (99.999%), 
and carbon tetrafluoride (99.7 7% ) gases were used for the various 
types of plasma treatment. 

Glow discharge experiments were carried out in a cylindrical 
glass reactor (4.5 cm diameter, 515 cm3 volume, base pressure of 
1.5 X Torr, and with a leak rate better than 2.0 X cm3 
min-1) enclosed in a Faraday cage.6 This was fitted with a gas 
inlet, a Pirani pressure gauge, and a 27 L min-l two-stage rotary 
pump attached to a liquid nitrogen cold trap. A matching network 
was used to inductively couple a copper coil (4 mm diameter, 13 
turns, spanning 9-18 cm from the gas inlet) wound around the 
reactor to a 13.56 MHz radio frequency (RF) source. All joints 
were grease-free. Gas flow and leak rates were calculated by 
assuming ideal gas beha~ io r .~  A typical experimental run 
comprised initially scrubbing the reactor with detergent, rinsing 
with isopropyl alcohol, and oven drying; this was followed by a 
60 min high power (50 W) air plasma cleaning treatment. Next, 
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the reactor was opened up to atmosphere, a strip of polymer was 
inserted into the center of the RF coils, and then the system was 
evacuated backdown toits original base pressure. Subsequently, 
the gas of interest was introduced into the reaction chamber at  
2 X 10-1 Torr pressure and a flow rate of approximately 1.9 cm3 
min-l (Le. at  least 99.6% of the reactor contents). After 10 min 
was allowed for purging, the glow discharge was ignited at  20 W 
for 5 min. Upon termination of treatment, the RF generator was 
switched off, and the system was flushed with feed gas for 5 min 
before venting to atmospheric pressure. Each sample was 
characterized immediately after electrical discharge treatment 
by X-ray photoelectron spectroscopy (XPS) and atomic force 
microscopy (AFM). 

A Kratos ES300 electron spectrometer equipped with a Mg 
Ka X-ray source (1253.6 eV) and a hemispherical analyzer was 
used for XPS surface analysis. Photoemitted core level electrons 
were collected at  a takeoff angle of 30' from the substrate normal, 
with electron detection in the fixed retarding ratio (FRR, 22:l) 
mode. XPS spectra were accumulated on an interfaced PC 
computer. Instrumentally determined sensitivity factors for unit 
stoichiometry were taken as being C(ls):O(ls):S(2p):N(ls):F( 1s) 
equals 1.000.55:0.540.74:0.53. XPS was used to check the 
cleanliness of the poly(ether sulfone) substrate and for the absence 
of any surface-active inorganic additives. Gross and experimental 
errors were calculated for each surface modification. 

Atomic force microscopy offers structural characterization of 
surfaces in the lol-lO-lo m range without the prerequisite of 
special sample preparation (e.g. metallization). A Digital Instru- 
menta Nanoscope I11 atomic force microscope was used to examine 
the topographical nature of the poly(ether sulfone) surface prior 
to and after electrical discharge exposure. All of the AFM images 
were acquired in air using the Tapping mode* and are presented 
as unfiltered data. This technique employs a stiff silicon 
cantilever oscillating at  a large amplitude near its resonance 
frequency (several hundred kilohertz). The RMS amplitude is 
detected by an optical beam system. A large RMS amplitude is 
used to overcome the capillary attraction of the surface layer, 
while the high oscillation frequency allows the cantilever to strike 
the surface many times before being displaced laterally by one 
tip diameter. These features offer the advantage of low contact 
forces and no shear forces. 

Results 

Clean Poly(ether sulfone). The C:O:S ratio for 
untreated PES film obtained from XPS is in good 
agreement with the theoretically predicted value, Table 
1. The slightly higher concentration of sulfur can be 
attributed to preferential orientation of the sulfone group 
at the polymer s~rface.~JO C(ls) XPS spectra were fitted 
with Gaussian peaks of equal full-widths-at-half-maximum 
(FWHM),ll using a Marquart minimization computer 
program. Aromatic carbon atoms attached to hydrogen, 
sulfone, and ether groups exhibit C(ls) core level binding 
energies of 285.0, 285.6, and 286.6 eV, r e s p e c t i ~ e l y . ~ J ~ J ~  
Low-energy ?r-n* shape-up transitions accompanying core 
level ionization around 291.7 eV were fitted with a Gaussian 
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Figure 1. C(1s) XPS spectra of poly(ether sulfone): (a) clean, 
(b) O2 plasma treated, (c) Hz plasma treated, (d) He plasma 
treated, (e) Ne plasma treated, (0 Ar plasma treated, and (8) CFh 
plasma treated. 

Table 1. Summary of Changes in Elemental Composition 
Following Plasma Modification of Poly(ether sulfone) (20 

W, 5 min) 
treatment % C % S  % O  % N  % F  

theoretical 75.0 6.3 18.7 
untreated 76.3 f 1.5 7.9 f 0.8 15.9 f 0.8 
02 plasma 55.6 f 3.2 7.2 f 0.4 34.4 f 0.04 2.7 f 0.2 
Hz plasma 84.9 f 1.5 3.2 f 0.3 10.9 f 0.2 2.2 
He plasma 64.3 f 1.1 5.4 f 0.5 25.5 f 0.5 3.2 f 0.6 
Neplasma 64.0* 0.5 6.6 f 0.3 24.7 f 0.4 3.9 f 0.2 
Ar plasma 68.4 f 3.03 6.7 f 0.9 26.3 f 3.1 3.0 f 0.6 

1.2 f 0.1 10.3 f 0.1 CFd plasma 40.9 f 0.8 47.5 f 1.1 

peak of a different FWHM in order to assess the level of 
aromaticity present before and after glow discharge 
treatment,13J4 Figure 1. A doublet structure was noted in 
the O(ls) region with a 2:l intensity ratio, which cor- 
responds to twice as many oxygen atoms attached to sulfur 
in sulfone groups (531.9 eV) as there are oxygen atoms 
located in ether environments (533.5 eV),9J2 Figure 2. 
The S(2p1/2,3/2) peak was found to be an unresolved 2:l 
doublet at 168.0 eV, this can be taken as being charac- 
teristic of a sulfone group, rather than a sulfide (163.6 
eV), or sulfate (169.3 eV) e n ~ i r o n m e n t ~ ~ J ~ J ~ J ~  (Figure 3). 

Poly(ether sulfone) is usually found in the amorphous 
state.l6 A very low level of surface roughness was measured 
for the clean poly(ether sulfone) substrate by AFM with 
no evidence for any ordered regions, Table 4 and Figure 
4. 

Oxygen Plasma Treatment. All of the glow discharge 
treatments undertaken in this study were found to result 
in complete disappearance of the C(ls) r-r* shake-up 
satellite and loss of the resolved O(1s) doublet into a broad 
single peak. A small amount of nitrogen was detected 
(approximately 2 5% ) on some treated poly(ether sulfone) 
samples, the most likely origin for this being reaction 
between trapped free radical centers at the surface and 
the atmosphere during transport of the modified substrate 
from the glow discharge apparatus to the XPS spectrom- 
eter. 

Clearly the greatest degree of oxidation occurs for the 
oxygen plasma treatment, Table 1. There was virtually 
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Figure 2. O(ls) XPS spectra of poly(ether sulfone): (a) clean, 
(b) 02 plasma treated, (c) Hs plasma treated, (d) He plasma 
treated, (e) Ne plasma treated, (0 Ar plasma treated, and (g) CFr 
plasma treated. 
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Figure 3. S(2p1/2,3/2) XPS spectra of poly(ether sulfone): (a) 
clean, (b) 02 plasma treated, (c) Hz plasma treated, (d) He plasma 
treated, (e) Ne plasma treated, (0 Ar plasma treated, and (g) CFd 
plasma treated. 

no change in the S(2p1/2,3/2) binding energy value, or in 
its FWHM. Sulfate species are absent following oxygen 
glow discharge treatment of poly(ether sulfone), whereas 
these groups are generated during the UV photooxidation 
of poly(ether sulfone).17 The most likely explanation for 
this difference in behavior is that a less oxidized surface 
will form during the course of plasma oxidation, due to 
there being simultaneous sputtering and UV photo- 
irradiation of the substrate.'a 

Oxygen plasma treatment of poly(ether sulfone) has a 
severe influence on the surface topography. A very uneven 
surface is generated which exhibits a globular texture, 
Figure 4. 
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Figure 4. Atomic force micrographs of poly(ether sulfone): (a) clean, (h) 02 plasma treated, (e) HZ plasma treated. (d) He plasma 
treated, (e) Ne plasma treated, (0 AI plasma treated, and (9) CF, plasma treated. 

Hydrogen Plasma Treatment. An increase in the 
amount of carbon and a drop in oxygen and sulfur content 
wasnoted forhydrogenglowdischargetreatment. Astrong 

attenuation in the relative proportionofoxygenated carbon 
centers is discernible in the C(1s) XPS envelope. The 
S(2p1/2,3/2) region displays an extra shoulder toward the 
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Table 2. Summary of Peak'Fits of S(2p1/2~/2) Spectra 
Following Plasma Modification of Poly(ether sulfone) (20 

W, 5 min) 

treatment 164.3 eV 167.7 eV 
% -c-s-0- % o=s=o 

theoretical 0.0 100.0 
untreated 0.0 100.0 
0 2  plasma 0.0 100.0 
Hz plasma 12.8 f 0.1 87.2 f 0.1 
He plasma 5.6 f 0.6 94.4 f 0.6 
Ne plasma 3.2 f 1.1 96.8 f 1.1 
Ar plasma 3.4 f 0.6 96.7 f 0.6 

Table 3. Comparison of the Theoretical and Experimental 
Values for Completely Fluorinated Poly(ether sulfone) (20 

W, 5 min) 

elemental % fluorinated PES exDtl PES 
theoretical 

~~~ 

C 38.3 40.9 f 0.8 
0 12.8 10.3 f 0.1 
S 8.5 1.2 f 0.1 
F 40.4 47.5 f 1.1 

Table 4. AFM Measurements 

treatment roughnesshm heighthm globules per pm2 
gas RMS globule no. of 

clean 0.4 
02 9.8 
H2 5.1 
He 11.0 31.5 f 5.4 445 
Ne 3.0 6.6 f 1.7 380 
Ar 5.5 15.5 f 2.0 452 
CF4 2.5 

low binding energy side of the main -5'02 peak at 164.3 
eV (this is consistent with a -C-S-0- cross-linked 
environment);'g the corresponding C(1s) binding energy 
for this linkage is 285.6 eV.9J2 From these experiments 
it can be concluded that hydrogen glow discharge treat- 
ment causes surface reduction: the constituent phenyl 
rings in poly(ether sulfone) probably undergo hydrogena- 
tion and cross-linking, whereas the ether and sulfone 
linkages are eliminated as gaseous H20 and HzS, respec- 
tively. 

AFM of hydrogen plasma treated poly(ether sulfone) 
shows a significant degree of disruption compared to the 
clean surface with a strong variation in the surface 
topography, Figure 4. 

Inert Gas Plasma Treatment (Helium, Neon, and 
Argon). Helium, neon, and argon glow discharge modi- 
fication of poly(ether sulfone) yield very similar chemical 
changes at the polymer surface. The carbon and sulfur 
content decrease during plasma treatment, whereas there 
is a buildup of oxygenated functionalities. This behavior 
is similar to that reported previously for the argon glow 
discharge treatment of a structurally related polysulfone 
p01ymer.l~ A slight shoulder toward lower binding energy 
is evident in the S(2p1/2,3/2) spectra, this can be attributed 
to the occurrence of a small level of sulfone reduction, 
Table 3. There are a number of plausible explanations 
for the rise in oxygen content during surface modification 
by these non-oxygen containing glow discharges: (i) 
reaction of the activated polymer surface with the 
atmosphere during sample transfer to the XPS spectrom- 
eter; (ii) photochemical main chain scission,20 which could 
lead to preferential elimination of sulfone groups attached 
to chromophoric phenyl species; (iii) subsequent recom- 
bination of sputtered oxygen species with different sites 
at the poly(ether sulfone) surface; or (iv) surface rear- 
rangement. I t  is surprising that the amount of sulfur 
retained at the polymer surface varies as argon - neon 

> helium; this is contradictory to what might have been 
expected in terms of a simple momentum transfer sput- 
tering model. 

All three types of inert gas plasma result in the growth 
of a uniform columnar surface topography, this effect being 
greatest with helium plasmas, Figure 4. Much larger 
globular features have been observed previously during 
corona treatment of polypropylene;21v22 this was attributed 
to the agglomeration of low-molecular-weight oxidized 
materiaP which could be washed off with solvent. This 
possibility was checked for by comparing the AFM 
micrographs of noble gas plasma treated poly(ether 
sulfone) surfaces before and after washing with water, 
isopropyl alcohol, and hexane. No change in the surface 
texture was observed following rinsing in these solvents. 
Hence it can be concluded that the helium glow discharge 
causes the greatest chemical and physical disruption at 
the poly(ether sulfone) surface. 

CF4 Plasma Treatment. CFI plasma treatment of 
poly(ether sulfone) results in a substantial amount of 
fluorination at the surface (approximately 50%). This is 
accompanied by a dramatic change in the C(1s) XPS 
spectrum: 13% is CF3 (293.6 eV), 40.9% is CF2 (291.2 
eV), and there are also some CF-CF, (289.5 eV) func- 
tionalities which overlap in binding energy with oxygenated 
carbon centers.12 The 2:l O(1s) doublet can no longer be 
resolved, and the S(2p1/2,3/2) feature is strongly attenuated. 

Contrary to what might have been expected in terms of 
the highly reactive nature of CF4 glow discharges, the 
treated poly(ether sulfone) surface exhibits the smoothest 
texture among the series of feed gases under investigation, 
Figure 4. A similar behavior has been previously reported 
using SEM characterization of polymer surfaces which 
has been exposed to pure CF4 plasma~.~4 

Discussion 
A range of energy transfer mechanisms are in operation 

within a low pressure RF discharge; these include electron 
acceleration in the bulk of the plasma, electron deflection 
from sheath potentials, and ion and electron acceleration 
in the wall boundary sheaths.25 In terms of surface 
modification, the most important criteria of a glow 
discharge are the nature, the arrival rates, and the angular 
and energy distributions of the species impinging upon 
the surface.26 Electron impact processes influence the 
density of ions, radicals, metastebles, and photons con- 
tained within the plasma. 

Inert gas plasmas interact with organic substrates via 
a direct energy transfer component arising from ions and 
metastables down to -10 A, and a radiative transfer 
component consisting of vacuum ultraviolet (VUV) photo- 
irradiation which can penetrate up to -10 pm below a 
polymer s u r f a ~ e . ~ ~ - ~ ~  Typically, ion densities lie in the 
range 108-1010 ~ m - ~  with energies of 0-100 eV,30-33 while 
mean electron energies ( e )  span 0-20 eV with a high energy 
tail reaching out to 100 eV due to reflections at  sheath 
b o u n d a r i e ~ . ~ ~ ? ~ ~  Crossed-beam electron impact induced 
fluorescence studies with argon atoms have shown that 
the most intense VUV emission lines appear a t  104.8 and 
106.7 nm; these give rise to the Ar I transitions between 
the lowest lying electronically excited states and the ground 
state of the atom (Le. 3s23p54s1 - 3 ~ ~ 3 ~ 9 . ~ ~ 3 ~ ~  The excited 
ion Ar I1 resonance lines a t  91.98 and 93.21 nm also emit 
strongly and correspond to the 3s13p6 -. 3s23p5 transitions. 
Spin-orbit coupling results in pairs of lines.29 The 
aforementioned Ar I lines display a maximum excitation 
cross section at  - 30 eV electron energies, whilst this occurs 
a t  - 50 eV for the Ar I1 lines.35 In general, the M I emission 
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Table 5. Most Intense Vacuum UV Emission Lines for 
Inert Gas  plasma^^^^^ 

Macromolecules, Vol. 27, No. 19, 1994 

which overlap in binding energy with oxygenated carbon 
centers.l* This is consistent with fluorine atoms attacking 
the aromatic group in phenyl containing polymer~.~~~59~60 

Conclusions 
Nonequilibrium glow discharge treatment of poly(ether 

sulfone) using nonpolymerizable gases results in surface 
modification. Oxygen plasma treatment gives rise to the 
highest level of oxidation. A hydrogen glow discharge 
treatment causes simultaneous loss of both oxygen and 
sulfur from the surface. Inert gas plasma treatment 
promotes the formation of a uniform columnar texture, 
while substitution of C-H bonds by C-F bonds in the 
poly(ether sulfone) structure takes place during CF4 glow 
discharge treatment. 
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