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Abstract  
 
In this experimental research the effects of oxygen-argon plasma on the structure and morphology of Poly Methyl 
Methacrylate (PMMA) polymer doped with orange L-3R dye is investigated. Samples with 0.2 mm thickness were 
produced by drying the solution of PMMA granule in dichloromethane. Experiment was carried out in a low pres-
sure chamber with plane electrodes. Plasma was generated with a RF source of 13.56 MHz frequency at 70 W out-
put power. Samples were exposed to different fraction of oxygen-argon plasma for 5 minutes. Based on AFM results 
surface roughness of samples is significantly altered and the water contact angle is decreased noticeably. With in-
creasing oxygen in the working gas up to 80% the structure of polymer surface and its surface energy are increased 
leads to removal of grooves on polymer samples. Change of absorption coefficient and the energy gaps of treated 
polymers are calculated from their UV-NIR-VIS transmission spectrum. 
 

PACs: 61.25.Hk; 82.33.Xj; 78.40.Me; 47.57.Mg  
Keywords: PMMA; Surface structure; Energy gap; AFM, Plasma treatment. 

 
1. Introduction 
 
As a result of extensive research and development, 
polymers have become the fastest growing segment of 
materials since world war II, with hundreds of poly-
mers being used in an increasing number of applica-
tions [1]. In recent years, an increased trend in replac-
ing traditional materials such as glass, metals, and 
paper by polymeric materials in noticeable in various 
industries. Comparability of physical and chemical 
characteristics of polymers to those of conventional 
materials and their relatively low cost are the primary 
reasons for this increased trend [2]. Polymeric mate-
rials have unique properties such as low density, light 
weight, and high flexibility [1, 2]. The applications of 
polymer include films for food packaging, electrical 
insulation, resins for photoresists, advanced compo-
sites possessing superior mechanical properties, a va-
riety of biopolymers, several kinds of packaging, wa-
ter tubes, window profiles, and lenses for glasses [3, 
4]. Polymers are selected for a given application on 
the basis of their physical, electrical, and chemical 
properties, e.g., thermal stability, coefficient of ther-
mal expansion, toughness, dielectric constant, dissipa-
tion factor, solvent absorption, and chemical resis-
tance [5]. Most polymeric surfaces as well as PMMA 
are inert, hydrophobic in nature and usually have a 
low surface energy. Therefore, they do not possess 

specific surface properties needed in various applica-
tions, and their surfaces need to be treated to obtain 
polymers with desired surface properties in various 
instances [6]. Therefore in many applications there is a 
need to modify the polymer surface with keeping their 
desired unchanged bulk properties [20], so surface 
treatment of polymer materials is a domain of growing 
interest. Plasma processes are widely used in a variety 
of applications including deposition [7,8], etching 
[16–19] and a variety of surface modifications [9]. 
Especially, surface modifications of polymers with 
plasma processes are expected to be one of the most 
promising techniques as low-temperature activation 
and control methods of polymer surface for advanced 
engineering applications. In the surface modifications 
of polymers, interactions of ions and radicals imping-
ing onto the polymer surface play important roles. 
However the ion bombardment with excessive kinetic 
energy for breaking chemical bonds of polymers 
and/or deposited films may cause degradation of the 
polymer surface and/or undesired creation of defects 
in the deposited films [10]. For successful modifica-
tion of polymer surface with plasma processes, it is of 
great significance to avoid unwanted degradation of 
chemical bonding structures of weak organic mole-
cules due to exposure with ions, radicals, photons and 
electrons via polymer degradation processes [11–14]. 
A plasma treatment is a convenient way to obtain 
modifications without affecting the overall quality of 
the material [15]. Plasma technique seems to be po-
werful because its low temperature could be applied to 
a large variety of materials and could change the sur-
face properties to a large extent. In this work, a mix-
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Fig. 4. RMS roughness are varied from 1.5 to 20 Å. 
According to the fact that samples were not heated by 
energetic particles in plasma, the major changes on the 
surface of samples are due to chemical reactions 
caused by oxygen and its reactive species in the plas-
ma. The influence of oxygen amount in the morpholo-
gy of treated surface is clear. The interaction is a kind 
of etching of surface. One expects that the roughness 
change has a direct impact on the surface properties, 

in particular on the wettability and adhesion property 
of the samples. As can be seen in Fig. 4 significant 
effect of oxygen appears when its partial pressure in 
working gas is more than 0.4. 
The microstructure of the thin films was observed 
using scanning electron microscopy (SEM) which is 
shown in Fig. 5. Pictures magnification is × 15000 and 
1 µm scale is shown on the pictures. Several grooves 
can be observed on the surface of pristine sample in 

 

 
Fig. 2. ATR-FTIR spectrum for pristine sample in comparison with sample 2(a) and sample 6(b). 

                 Table 2.The magnitudes of the peak intensity of IR transmission of samples. 
 

Sample 6Sample 5 Sample 4 Sample 3 Sample 2Sample 1 ࣅ ሺିࢉሻ Functional 
group 

96.7 92.2 90.5 97.1 92.6 89.5 1070 C-O 

93.3 86.8 85.2 93.4 86.3 81.6 1500 Aromatic 

67 65.6 65 70.6 67.7 61 3550 O-H 

(b) 

(a) 
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Fig. 5 (a). They are due to drying the polymer solution 
in room temperature. They make polymer unflexible 
and brittle. After treatment with 60% oxygen in work-
ing gas these grooves are disappeared significantly 
(Fig. 5 (b)) and plasma treatment with 80% oxygen 
has removed all grooves completely as is shown in 
Fig. 5 (c). So treatment has increased the flexibility of 
samples. This is the effect of increasing of surface   
energy. 

3.3. Contact angle and surface energy 
 
The wetting properties of samples are investigated 
using contact angle measurements. The wetting ability 
is the ability of a liquid to adhere to a solid and spread 
avers its surface. Hydrophilicity is a characteristic of 
materials exhibiting an affinity for water. Such mate-
rials readily adsorb water. One way for characterizing 
the surface hydrophilicity is to measure the contact 

                  
 

                   
                   

           
Fig. 3. AFM micrographs of samples 1-6 indicated with a-f, respectively. 
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angle made by a drop of liquid on the surface at the 
point where the two phases meet. For a given droplet 
on a solid surface: the contact angle is a measurement 
of the angle formed between the surface of a solid and 
the line tangent to the droplet radius from the point of 
contact with the solid. A contact angle of zero results 
in wetting, while an angle between 0 and 90° results in 
spreading of the drop (due to molecular attraction). 
Angles greater than 90°  indicate the liquid tends to 
ball-up and run off the surface easily.The contact an-
gle of water and diodomethane drops on the surface of 
samples is presented in Table 3. As can be seen the 
water contact angle is decreased noticeably. This is 
because of increasing the O-H molecules on the sur-
face of samples. It means that the polar part of surface 
energy is increased. Variation of the contact angle of 
diodometane is not significant, shows that the disperse 
part of surface energy of sample is not changed signif-
icantly in the treatment. 
    For calculating the surface energy Young model is 
employed. Classical model by Young suggests that: 
 
ௌߛ ൌ ߛ ݏܿ ߠ   ௌ,                                              (1)ߛ
 
where ߠ is the measured contact angle, ߛௌ the surface 
tension of solid in contact with air, ߛ  the surface 

tension of the liquid in contact with air, and ߛௌ is the 
surface tension between the solid and the liquid. The 
work of adhesion ܹ between the solid and liquid can 
be expressed in terms of the Dupre equation as fol-
lows: 
 

ܹ ൌ ௌߛ  ߛ െ  ௌ.                                              (2)ߛ
 
By combining these two equations, the Young – Du-
pre equation becomes: 
 

ܹ ൌ ௌሺ1ߛ  ݏܿ  ሻ.                                               (3)ߠ
 
The solid surface tension can be separated into the 
intermolecular attraction of polar interaction ߛ௦

  and 
dispersion interaction ߛ௦

ௗ as: 
 
௦ߛ ൌ ௦ߛ

ௗ  ௦ߛ
.                                                            (4) 

 
Therefore, the work of adhesion can be expressed as 
the sum of the different intermolecular forces at the 
interface. 
 

ܹ ൌ 2ሺߛ
ௗ ௦ߛ

ௗሻଵ
ଶൗ  2ሺߛ

 ௦ߛ
ሻଵ

ଶൗ .                           (5) 
 
Then 

Table 3. Values of disperse and polar parts of surface energy, and water and diodo-methan contact angles on the sur-
face of pristine sample and oxygen – argon treated samples. 
 

Samples 
number 

Water 
Contact Angle ( ° ) 

Diodo 
Methane Contact Angle ( ° )

࢙ࢽ
  

(mN/m) 
࢙ࢽ

 ࢊ
(mN/m) 

1 70.7 37.9 40.65 6.84 
2 53.9 31.7 43.53 14.34 
3 56.3 29.2 44.56 12.67 
4 54.5 41.4 38.88 15.82 
5 50.8 38.9 40.15 17.42 
6 57.4 43 38.05 14.5 

 
   

 Fig. 4. RMS roughness of surface versus sample number. 
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Then   
 
ሺ1ߛ  ݏܿ ሻߠ ൌ 2ሺߛ

ௗ ௦ߛ
ௗሻଵ

ଶൗ  2ሺߛ
 ௦ߛ

ሻଵ
ଶൗ         (6) 

 
For water: ߛ ൌ 72.8 ݉ ߛ ,

ௗ ൌ 21.8 ݉ܰ/ , ߛ 
 ൌ

51.0 ݉ܰ/݉.  
and for diodomethane: ߛ ൌ 50.8 ݉ܰ/݉ , ߛ

ௗ ൌ
ߛ,݉/ܰ݉ 49.5

 ൌ 1.3 ݉ܰ/݉ [10,14]. 
    The surface energy depends on the liquid used for 
measurement, and the polar and disperse (non-polar) 
components of the surface energy are determined by 
using polar and non-polar solvents. In order to under-
stand the hydrophilic and hydrophobic modifications 
achieved on PMMA surface due to RF plasma treat-
ment water and diodomethane, ߛ௦

  and ߛ௦
ௗ  values of 

total surface energy and the water and diodomethane 
contact angle values are tabulated in Table 3. RF 
plasma with different percentages of oxygen in the 
working gas, although does not make specific changes 
in nonpolar surface energy, but increases the polar part 
of the energy levels which in turn increases the total 
energy surface of polymer. The surface energy of 
samples is shown in Fig. 6. Generally it can be 
claimed a part of our goal which is increasing the sur-
face energy of PMMA is achieved. It can be seen that 
the water contact angle of polymer surface is de-
creased and hydrophilicity of polymer is increased by 

plasma treatment.  
 
3.4. Absorption coefficient and band gap energy 
 
ܶሺߣሻ , the transmittance spectrum of samples in the 
UV-Vis-NIR region is measured at room temperature. 
Using this spectrum in the relation:  
 
α ൌ ଵ

ୢ
ln ቂଵ

T
ቃ,                                                                        (7) 

 
α the absorption coefficient of samples is extracted. 
Variation of absorption coefficient of samples is plot-
ted in Fig 7. Two absorption peaks at 280 nm and 470 
nm wavelength can be observed. According to refer-
ences the peak at 280 nm belongs to PMMA while the 
peak at 470 nm is related to orange L-3R color. Al-
most for all samples the absorption coefficient is in-
creased after treatment. This increase is proportional 
to the amount of oxygen in the working gas. 
    The optical band gap is the value of optical energy 
gap between the valance band and the conduction 
band. The optical band gap of the samples is deter-
mined from the absorption spectra near the absorption 
edges. The photon absorption in many amorphous 
materials is found to obey the Tauc relation [4, 20], 
which is of the form:  
 

 
   

              

 

Fig. 5. SEM microstructure of PMMA matrix composite in sample 1 (a), sample 5 (b) and sample 6 (c). 
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ߥ݄ߙ ൌ ߥ൫݄ߚ െ  ൯,                                                      ሺ8ሻܧ
  
where ܧ is the band gap energy,  ߙ is the absorption 
coefficient, hν is the photon energy, factor  ߚ depends 
on the transition probability and can be assumed to be 
constant within the optical frequency range [21], and 
the nis related to the distribution of the density of 
states. The index n has discrete values like 1/2, 3/2, 2 
or more depending on whether the transition is direct 
or indirect and allowed or forbidden, respectively. In 
the direct and allowed cases, the index n = 1/2 whe-
reas for the direct but forbidden cases it is 3/2. But for 
the indirect and allowed cases n = 2 and for the for-
bidden cases it is 3 or more. The value of n for sam-
ples is estimated from the slop of the log (ߙ) vs. log 
 ,plots by taking a linear fit is found to be 2 [21 (ߥ݄)

22]. To calculate ܧ , the usual method is plotting 
ሺߥ݄ߙሻଵ ⁄  against ݄ߥ . The values of the band gap 
energy of pristine and treated samples are tabulated in 

 
 
Fig. 6. Surface energy of treated samples versus samples number. 
 

 
 
 

Fig. 7. Absorption coefficientandsamplechartof crudeplasmasamplesunder70watts. 

Table 4. Eg values for different samples in eV 

Eg Eg Samples 

4.79 3 Pristine 

4.76 3.06 100% Ar 

4.72 2.96 80% Ar 

4.79 3.03 60% Ar 

4.82 3.03 40% Ar 

4.75 2.96 20% Ar 
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Table 4. As can be seen this magnitude is not changed 
significantly in the treatment process due to low pow-
er of the applied plasma.  
 
4. Conclusion 
 
In this experiment, the results of PMMA polymer sur-
face exposed to RF plasma with mixture of oxygen 
and argon as the working gas is investigated. Results 
prove that argon atoms break the bonds of sample 
surfaces and oxygen species change the structure 
chemically. AFM images show that surface is etched 
by active oxygen species. Energy of the polymer sur-
face is increased in this experiment which is con-
firmed by decreasing the grooves on the surface of 
polymer as can be seen in the SEM images. Treatment 
has also changed the main optical parameter of sam-
ples such as transmission and absorption coefficient. 
But band gap of samples is not changed significantly 
by the treatment. 
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