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RF PLASMA TREATMENT OF POLYCARBONATE SUBSTRATES*
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The effect of Ar, Ar/C,HsOH, O, and Ar/O, RF (13.56 MHz) plasma treatments on surface
free energy and morphology, optica properties and adhesion of polycarbonate (PC)
substrates has been studied. Changes in the surface properties were followed as a function of
the plasma treatment time. The polar and dispersion components of the polymer free surface
energy were determined on the basis of the theory of Owens, Wendt, Kaelble and Uy. It was
found that all RF plasma trestments led to an increase in the polar component of PC, mainly
due to an increased hydrogen bonding ability. The increase in surface free energy reached its
maximum at short plasma treatment with 3:1 gas mixture of Ar/O,. Thistreatment also led to
pronounced improvement of the adhesion of thin SiO, films plasma deposited on modified
PC substrates, while the treatments with pure oxygen or Ar/ethanol plasma had negative
effect on the adhesion.
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1. Introduction

In recent years organic polymers are frequently able to replace traditional engineering
materials such as metals, glasses and ceramics because of their many desirable physica and
chemical characteristics [1]. Polycarbonate is well known commercially available optical polymer
used in a variety of optica applications due to its combination of chemical stability, optical and
mechanical properties. However, its desirable bulk properties are compromised by its unfavourable
surface characteristics, such as low hardness, low resistance to arasion and scratching, and low
surface energy, which generally leads to low wettability and poor adhesion of the films deposited
directly onit [1, 2].

Over the years several methods have been devedoped to modify polymer surfaces for
improved wettability, adhesion, etc. [3-12]. They include mechanica or wet chemical treatment,
exposure to flames, corona discharges and glow discharge plasmas. Modification of polymer surface
by plasma treatment, both corona and low pressure glow discharge presents many important
advantages and overcomes the drawbacks of the other process mentioned above. Corona dischargeis
the longest established and most widely used in plasma process [4]. It has the advantage of operating
at atmosphere pressure, the reagent gas usually being ambient air. However, this circumstance is
important limitation for the chemica effects achievable with reagent gases other than air. These
restrictions are largely absent in the case of low pressure glow discharge treatment (for review see
[3]). In a low pressure (<1Torr) high frequency (>1 MHz ) discharge the heavy particles (gas
molecules and ions) are essentidly at ambient temperature (~ 0.025 €V), while the electrons have
enough Kinetic energy (several eV) to break covaent bonds, even to cause further ionization. The
chemically reactive species and energetic photons generated by the discharge can participate in
homogeneous or heterogeneous reactions with solid surface in contact with the plasma. Since this
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type of plasmatreatment takes place at near-ambient temperature, it is very appropriate for thermally
sensitive materials as polymers [3].

Plasma surface modification of polymersis very efficient method for adhesion enhancement
due to combination of plasma induced effects involving surface cleaning, ablation, cross-linking and
surface chemica functionalization [3-6]. The effect of plasma treatment depends on a variety of
parameters such as the kind of plasma (DC, radio frequency (RF) or microwave (MW)), the
discharge power density, the pressure and flow rate of the gas or gas mixture, as well as the
treatment time 3, 7- 9].

It has been found that noble gas plasmas (eg. He or Ar) are effective in creating free
radicas, but do not add new chemical functionalities from the gas phase [3]. Typicdly, a reactive
plasma (H,O or O,) is used to add apolar functionad group (hydroxyl, carboxyl, ether, carbonyl ec.),
which can dramatically increase the surface free energy of the polymer [3, 9, 10]. In our previous
paper we have shown that the introduction of ethanol in Ar plasma gas leads aso to pronounced
increase in the polar component of free surface energy of PMMA and PC substrates, but at the same
time results in more uniform, defect free and undamaged, polymer surfaces (especialy for PMMA)
compared to those modified with pure Ar or Ar/water plasma gas [13].

In the present paper we compare the effects of RF plasma treatments of Ar and Ar/C,HsOH
with those of O, and gas mixtures with different ratio of Ar/O, on the free surface energy, the
morphology and the optical properties of polycarbonate substrates. The influence of plasma
treatments on the adhesion of thin SiO, films, plasma deposited on the modified PC substrates is
also studied.

2. Experimental details
2.1. Plasma treatment

All samples of commercial PC substrates of optical quality, used widdy in polymer optics
were carefully cleaned before plasma treatment. The cleaning procedure first involved washing with
a 1% detergent solution and then with deionised water in an ultrasonic cleaner. The gas plasma was
excdted by a 13.56 MHz RF generator in a GENUS 8720 plasma enhanced chemica vapour
deposition facility at constant power of 1000W and total gas pressure of 150 mTorr. During
treatment, the substrates were exposed to plasma gases of pure Ar and O,, Ar/O, gas mixture with
ratio of 3:1, 1:1 and 1:3 and Ar/ethanol. Argon was bubbled through ethanol at room temperature,
thus saturating the inert gas with alcohol vapours. The plasma treatment time was varied between 1
and 30 min.

SiO, films with thickness of about 150 nm were plasma deposited at rate of 0.25 nm s™* by
an oxidation of hexamethyldisilazane in the same vacuum cycle immediately after plasma tresting.

The transmittance (T) and specular reflectance ® of the samples were measured a normal
light incidence in the spectral range A=350-800 nm by a Cary 5E spectrophotometer with an
accuracy of 0.5%.

Scanning € ectron micrascopy (SEM) was applied for characterising the surface morphol ogy
of the modified PC substrates.

2.2. Determination of free surface energy

Owens and Wendt [14], and independently Kaeglble and Uy [15] proved that thetotd surface
energy of asolid, ys can be expressed as the sum of contributions from dispersion y< and polar v force
components. These can be determined from the contact angle () data of polar and non-polar liquids
with known dispersion y,,° and polar v, parts of their surface energy, viathe equation

Vi (@+cos8) = 2ySyd +2,yPy @

In our study, the contact angles of bidistilled water and methyleneiodi de were measured by
the sessile drop method proposed by Bickerman [16], described in details in our previous paper [13].
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2.3. Adhesion measurement

Adhesion of SIO, films on PC substrates was evduated by cutting an “X” mark on the films
with angle of 30°. An adhesive tape (3M Scotch Magic Type 810) was carefully adhered to the
surface of the film on room temperature. After adhesion for 1 min, the tape was pulled off rapidly
back upon itsdf at about an angle of 180°. The pedling of the film at the X-cut area was then
observed by optical microscope. Adhesion scae according to ASTM D3359-97 is following [17]:
BA — no peding or removal occurs a dl; 4A — trace peding or removal aong incisions; 3A - —
jagged removal along incisions occurs up to 1.6 mm; 2A —jagged removal along incisions occurs up
to 3.2 mm; 1A — most of the area of the X under the tape is removed; OA - remova of the film
beyond the area of X ocurrs.

3.Results and discussion

The higher water contact angle indicates the lower polar part of the free surface energy of
the solids. The water contact angle on untreated PC substrates is 88° and the corresponding polar
component of surface energy has very low vaue of 1.2 mJ m? which clearly points out the
hydrophobic nature of PC substrates. The changes in polar v and dispersion y< parts of the surface
energy of PC, determined on the basis of the contact angle data, after Ar, Ar/C,HsOH, O, and Ar/O,
plasma treatments are shown in Fig. 1. As seen the polar component is atered significantly after al
RF plasma treatments. vs° increases rapidly for the first 1 min and then remains almost constant. The
exception of this tendency is observed only for plasma gas mixture Ar/O, = 1:3. For this gas mixture
and pure oxygen is obtained the relatively smallest increase in y’. The increasing of Ar content in the
Ar/O, mixtureto theratio of 3:1 leads to the rdativdy greatest enhancement of the polar component of
the free surface energy which indicates the most hydrophilic and wettabl e surface. The results obtained
show that in contrast to the polar component, the dispersion component decreases dightly after all
plasma gases treatments.
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Fig. 1. The polar v and dispersion y¢ components in free surface energy of PC treated in Ar,
Ar/C;HsOH,, O, and Ar/O, plasmavs treatment time.

The polar force component arises from the orientation of permanent dectric dipoles, which
includes dipole-dipole interactions, dipole-induced dipole interactions, hydrogen bonds, n-bonds,
charge transfer interactions, etc [14, 15]. From the results, it is apparent tha the surface free energy
(y9) of the modified polymer surfaces increases after all RF plasma trestments due to the increase in
the polar character of the surface after modifications. This result indicates that a large incorporation
of hydrophilic character capable of hydrogen bonding is added to polycarbonate surface
simultaneously with the completdy removing the organic contaminants. Dispersion forces, on the
other hand, are rdated to the internal & ectron motions, independent of the dipole moments [14, 15].
Thus, the incorporation of hydrophilic character capable of hydrogen bonding to a polycarbonate
surface should not have much effect on y&!, which is consistent with the results obtai ned.
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It is wel known that the wettability of a polymer surface is affected by the surface
morphology, especialy surface roughness [3]. We performed SEM study to examine the changes in
surface morphology induced by the RF plasma treatment. Fig. 2 shows SEM micrographs of PC
substrates, plasmatreated for 5 min. It is seen some enhancement of surface roughness after treating
with pure oxygen and Ar/O, gas mixture with ratio 1:3, while the other gases used leads to
negligible damage in treated surfaces. Therefore, the great drop in water contact angle obtained for
al RF treatment is more dependent on polar component in surface free energy rather than surface
roughness. It was found, however, that the further increase in plasma treatment time resulted in
etched surfaces with signs of patchiness or inhomogeneities. It should be noted that the last effect is
the least expressed on surfaces treated with Ar/ethanol plasma.

Fig. 2. SEM micrographs of polycarbonate surfaces: untreated (a) and treated for 5 minin
plasmaof Ar (b); Ar/C,HsOH (c); O, (d); 1:3 Ar/ O, mixture (e); 3:1 Ar/ O, mixture (f).

The spectral transmittance and reflectance of the plasma treated PC substrates are given in
Fig. 3. Asarule shortly (up to 5 min.) plasma treated surfaces retain their optical properties.
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Fig. 3. Spectrd transmission (T) and reflectance (R) of PC substrates, plasmatreated with
indicated gases for 5 min.

The effects of various plasma treatments on the adhesion of thin SiO, film were a so studied.
In order to avoid the deactivation of the deaned and modified polymer surface by air
contaminations, SiO, films were plasma deposited in the same vacuum cycle straightaway after
plasma treating. The results from the adhesion test are given in Table 1. It is seen that the most
effective in improving film adhesion is Ar/O, gas mixture with ratio of 3:1, while the pure oxygen
plasma has negative effect on the adhesion. With properties similar but not as strong as the 3:1
Ar/O; gas mixture, the pure Ar plasmais the second effective one. The introduction of ethanol in Ar
plasma gas reduces pronouncedly the adhesion.

Table 1. Adhesion of 150 nm thick SiO; films deposited on PC substrates, plasma treated for
5 min with different gases.

Plasma trestment with: Adhesion

untreated 2A

Ar 3A
Ar/C,H,OH 1A

3:1 Ar/O, 5A

1:1 Ar/O, 2A

1:3 Ar/O, 0A

0O, 0A

These results are unexpected and surprising from the point of view of the surface roughness
and enhanced surface energy of PC, obtained after dl RF plasma treatments. Obvioudly, the
adhesion depends strongly on the type of polar functional groups attached to the plasma modified
PC surface. It has been generaly observed that plasma deposited films, as SiO, films in our case,
exhibit adhesion to pol ymers superior to that of the evaporated or sputtered films [18]. The adhesion
improvement was related to the formation of an interfacia region between the underlying polymer
and the film. Thereis strong evidence that upon plasma deposition the interphase contains a cross-
linked region followed by aregion over which the film is covalently bonded to pol ymer substrate [3,
18]. Formation of such an interphase may be attributed to the synergistic effects on the polymer
surface of charged particles, energetic photons and chemically species generated in the plasma
environment during plasma treatment and during initial stage of the film growth. The effects of dl
these factors depend strongly on the distinct experimenta conditions used. Obviously more detailed
investigation is necessary to explain the results obtained. Additional insight into the mechanism of
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adhesion may be obtained by XPS analysis of the SiO,/PC interface region, which will be an object
of our next study.

4. Conclusion

On the basis of contact angle data it is shown that the surface free energy of the
polycarbonate surface increases after all RF plasma treatments. This is attributed to the increase in
the polar character of the polymer surface after all modifications. This polar character is mainly due
to increased hydrogen bonding ability, which reaches its maximum after short plasma treating with
3:1 Ar/O, gas mixture. This treatment also leads to the pronounced improvement of the adhesion to
the PC substrates, while treatments with pure oxygen or Ar/ethanol have negative effect on the
adhesion. Asarule, dl shortly RF plasmatreated PC surfaces preserve their optical properties.
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