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1. Introduction  

 

Plasma is widely used for various solutions of scientific and specific 

industrial problems. It is generated by applying of electromagnetic field 

to a gas inside a vacuum chamber. This field may be constant (direct-

current discharge) or alternating (radio-frequency or microwave 

discharge). Basically, the plasma consists of ions, free electrons, neutrals, 

free radicals, excited particles and photons. The interaction of these 

plasma components with solid or liquid material may be used to change 

their surface properties in a wide range and to expand the field of 

applications.  

In comparison with wet chemical treatment the plasma processing does 

not require the use of any harmful substances (acids, hydroxides, etc.), in 

other words it is environmentally friendly. At the same time the 

temperature of heavy particles in the plasma is equal or differs little from 

the room temperature, which is required for the treatment of heat-

sensitive materials, e.g. polymers. The combination of low gas 

temperature with high chemical activity makes the non-thermal plasma 

as an attractive tool for material surface processing.  

 

1.1. Research objectives  
 

Nanocomposites can be defined as multiphase solid materials, where at 

least one phase has one, two or three dimensions in the nanometer range 

(up to 100 nm). Often nanocomposite coating consists of a solid matrix 

material and nanoscale reinforcing materials, which can have various 

structure and chemical composition to provide different properties to 

nanocomposites. The area of interaction between a solid matrix and 

reinforcements is by orders of magnitude higher than in conventional 

composites. Thus, even relatively low amount of reinforcements may 

significantly affect on the macroscopic properties of nanocomposites such 
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as dielectric properties, heat resistance, or mechanical properties such as 

stiffness, hardness, and resistance to damage and wear.  

Different techniques are available for producing such nanocomposite 

coatings. One is the gas flow sputtering (GFC).[1] It is based on a hollow 

glow discharge and an inert gas flow supported material transport to the 

substrate. This technique distinguishes itself by the high deposition rates 

in the order of 10 − 20     -     operates at a low vacuum (1 mbar range) 

and is applicable to a wide range of coating materials.[2,3] Among other 

techniques are the magnetron co-sputtering [4,5], co-evaporation [6,7], 

magnetron sputtering from a composite target [8] or a combination of 

evaporation and sputtering with plasma polymerization.[9] 

The present work is arisen from the collaborative research project 

“Plasma hybrid coating: functional surfaces by plasma supported 

nanotechnology” funded by the Volkswagen Foundation. In this project 

the Fraunhofer Institute for Manufacturing Technology and Advanced 

Materials in Bremen, the University of Bremen and the University of 

Greifswald were involved. The goal of this project was the development of 

an innovative nanocomposite coating with functional properties: corrosion 

protection, photocatalytic activity, antibacterial protection and improved 

fluidic properties.  

Three conceptions are outlined in Figure 1.1, involving hybrid processes 

to produce functional thin solid films from a liquid precursor without and 

with nanoparticles. In the first one the liquid polydimethylsiloxane 

(PDMS) film is deposited onto the surface. Afterwards the film is 

crosslinked by the treatment in the low-pressure capacitively coupled 

radio-frequency (CCRF) discharge. The resulting surface is expected to be 

smoother and the plasma modified layer may act as a barrier for the 

oxygen diffusion.  

In the second one a suspension of silver nanoparticles in PDMS is 

deposited on the surface and crosslinked by the non-thermal plasma. 

Silver nanoparticles are toxic for microorganisms, and the surface 

becomes antibacterial properties.[10,11] The third line was realized by 

use of anatase TiO2 nanoparticles dispersed in liquid PDMS. Like in the 

other cases, the liquid film is deposited on the surface and crosslinked by 

the non-thermal plasma. The TiO2 crystalline configurations rutile and 

anatase show a photocatalytic activity. However, the anatase exhibits a 

higher activity compared to the rutile.[12] The band gap of anatase is 

about 3.2 eV.[13,14] It means that the UV radiation with wavelength 

shorter than ca. 386 nm will generate electron-hole pairs, which can 
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initiate chemical reactions for decomposition of organic material on the 

nanoparticle. To increase the photocatalytic efficiency the surface of the 

embedded nanoparticles should be partially free from plasma modified 

PDMS. This was realized by plasma etching of the covering layer in the 

low-pressure CCRF discharge in CF4.[15]  

 

For the development of this technology the presented work is focused on 

fundamental investigations to study the crosslinking mechanisms in 

dependence on the plasma and processing parameters of low-pressure 

CCRF plasma. In particular, the CCRF plasma was analyzed by probe 

measurements and optical emission spectroscopy. Obviously, the main 

plasma component which initiates chemical reactions in the bulk of 

PDMS films is the VUV radiation. The VUV spectrum of the plasma 

induced emission for different processing gases such as Ar, Xe, O2, H2O 

and H2 was obtained for different pressures. It was found that the H2 

plasma is much more advantageous than others because of the strong 

emission from excited hydrogen molecules in the VUV range. Thus, its 

emission spectrum was studied the most detailed for different processing 

parameters: RF power and pressure. The absolute intensity of the VUV 

radiation was measured by the VUV power meter.  

 

Figure 1.1. Basic conceptions of hybrid processes for the realization 

of multifunctional surface coatings. 
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The UV-visible spectrum was monitored to control the purity of 

processing gas and to detect possible emission from radicals leaving the 

film. The idea was to find the correlation between the intensity of radical 

emission with the state of modification of thin film.  

To transfer the plasma modification from laboratory devices to the 

industrial scales it is necessary to know internal plasma parameters. For 

this reason the electron energy distribution function (EEDF) was 

measured by probe diagnostics for various pressure and RF power. From 

EEDF the electron concentration and the effective electron temperature 

were calculated. To avoid the surface bombardment by energetic ions the 

samples were immersed in the plasma bulk at floating potential. In this 

case the difference between plasma and floating potential defines the 

maximal kinetic energy of positive hydrogen ions accelerated in the 

plasma sheath to the sample surface. The probe technique allowed 

measuring the plasma and the floating potential and provided the 

estimation of the ion penetration depth in the film. 

The characterization of thin non-modified and modified films was 

performed by Fourier Transform InfraRed (FTIR) spectroscopy, in 

particular, by InfraRed Reflection Absorption Spectroscopy (IRRAS). This 

sensitive technique allows to obtain spectra of ultra thin films.[16] The 

film thickness and its reduction after the plasma modification was 

determined by the spectroscopic ellipsometry (SE). Various damages, 

surfaces defects and changes of film surface topology were investigated by 

the optical microscopy. 

1.2. State of the art in plasma treatment of 

organosilicones  
 

Modification of polydimethylsiloxane (PDMS) using treatment either by 

direct plasma or by radiation of plasma was realized in different works. 

One of most common cases is the modification by radio-frequency (RF), 

microwave (MW) or corona discharge in different gases.[17-24] Other way 

is to treat PDMS by VUV/UV light from mercury or Xe excimer lamp in 

oxygen atmosphere or in vacuum.[18,20,25-31] Polydimethylsiloxane is 

an excellent material for the fabrication of microfluidic devices used for 

biological purposes.[31-33] Hydrophilicity is needed in certain 

applications, e. g. to provide cell adhesion and facilitate channels to fill 

with aqueous solutions. However, PDMS is a hydrophobic material; its 

contact angle is 105 − 110 degrees.[19,23,24,30]  Plasma treatment of 
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PDMS as reported in various works increases the wettability. The top 

surface transforms into a thin brittle SiOx top layer which also contains 

polar OH groups. Thus, the surface becomes hydrophilic with the contact 

angle in the range of 0 − 30 degrees.[18,19,24] However, the effect is not 

permanent, the hydrophobicity restores. In Hillborg et al. [19] this 

process was investigated by contact angle measurements for samples 

treated in different plasma and, thereafter, stored in various 

atmospheres: dry air, argon and vacuum. The recovery kinetics and XPS 

results showed that it is not due to contamination trough adsorption from 

the atmosphere. A general agreement to this phenomenon is that the 

recovery appears due to diffusion of low molar weight (LMW) species to 

the surface.[19,34] Eddington et al. used thermal pre-treatment of PDMS 

samples, modified later in oxygen plasma.  In this case the hydrophilicity 

of the surface was retained for a much longer time.[35] Vickers et al. used 

chemical treatment to remove LMW species from the bulk of PDMS.[36] 

Then PDMS was oxidized by plasma. The hydrophobic recovery was 

absent during at least 7 days of storage in air.  

The biocompatibility of siloxane intraocular lenses can be improved by 

plasma surface modification.[37,38] In particular, the inflammation of 

eyes after the implantation of a siloxane lens appears foremost due to the 

diffusion of toxic monomer residues with SiH groups to the surface. The 

plasma treatment produces a barrier layer, which blocks monomer 

release to the surface and completely prevents the harmful effect. 

Furthermore, the influence of processing plasmas on integrated circuits 

(IC) during their manufacturing is important to understand. Typical 

materials used for the production of ultra-large scale integrated (ULSI) 

circuits are methylsilsesquioxane (MSQ), hydrogen silsesquioxane (HSQ) 

and low-k SiOCH dielectric films.[39,40] One of the steps of ULSI circuit 

production is the resist ashing (resist removal). Generally, it is realized 

by use of low-pressure capacitively coupled radio-frequency (CCRF) 

discharge in O2. However, this process damages the wafer and decreases 

the performance of produced circuit.[40,41] Namely, this damage results 

in the increase of dielectric constant and higher leakage current in IC. 

[39,40] Alternatively, the ashing can be performed by N2/H2 or H2 

plasmas with reduced damage to low-k SiCOH films.[40,42,43]  
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2. Low pressure capacitively coupled 

radio frequency (CCRF) plasma 
 

2.1. Plasma. Basics. 
 

In the second half of the 70s of the XIX century a member of the Royal 

Society of London William Crookes became interested in gas discharges in 

vacuum. In 1879 Crookes published the paper, where he proposed that: 

“The phenomena in these exhausted tubes  reveal to  physical science a  

new world - a  world where matter may exist  in  a  fourth state… “ [44] 

In the 1920s the future Nobel laureate in chemistry Irving Langmuir was 

investigating gas discharges. Realizing that these discharges have many 

special properties, Langmuir firstly introduced the term plasma for the 

fourth state of matter in 1928.[45] 

Plasma can be defined as a partially or completely ionized gas, containing 

electrons, atomic and molecular ions, free radicals, neutral atoms and 

molecules in the ground and excited states.  The negative and positive 

charges compensate each other so that the total charge is approximately 

zero and plasma is electrically neutral. This property is known as quasi-

neutrality. The charges in plasma shield each other. The Debye length is 

the characteristic distance at which an external electrostatic field is 

screened by charged particles of plasma. The Debye length is equal also to 

the maximum distance at which the separation of charges in the plasma 

is possible. In other words it characterizes the scale over which quasi-

neutrality of plasma can be disrupted. Since deviations from quasi-

neutrality should be small, we can assume that            . (  is the 

potential of point charge).   

In this case, the Debye length can be calculated from formula: 

  
    

   
 

    

 
 

  

 
 

  

       
      

  
              (2.1) 
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Where ne is the concentration of electrons, Te and Ti are temperatures of 

electrons and ions, λDi and λDe – Debye lengths of electrons and ions. 

For non-thermal plasma (     ), assuming that ions immobile in 

comparison with electrons, the Debye length should be defined as: 

    
      

   
 

 

The plasma frequency ωp is another important parameter, which 

describes the frequency of free longitudinal oscillations of space charges 

in homogeneous plasma in the absence of magnetic field. These 

oscillations are caused by the action of an electric field on charges, which 

arises due to a local violation of the plasma quasi-neutrality.   

  
     

     
  

     
    

    

                    
      

    

                 (2.2) 

 

Where Z is ionization multiplicity, me and mi are masses of electrons and 

ions, respectively. Since mi   me, it follows that ωpe   ωpi  . 

Not every system of charged particles can be called plasma. The plasma 

has the following properties: 

 The Debye length must be small in comparison with the characteristic 

size of plasma L. This means that the collective interactions occurring 

in the plasma bulk are more significant than the effects on its 

boundary. If this condition is satisfied, the quasi-neutral plasma can 

be considered for the condition:   

     

If L is comparable with λD we deal with a group of separate charged 

particles, rather than with plasma. 

 The density of charged particles n should high enough so that each of 

them interacts with many surrounding charged particles, rather than 

just with the closest particle. The number of charged particles in a 

sphere with Debye length as radius should be sufficient for the 

appearance of collective effects. Mathematically, this condition can be 

expressed as follows: 
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 The average time between electron-neutral collisions τ must be large 

compared with the period of plasma oscillations. In this case the 

plasma is dominated by electromagnetic interactions over the 

processes of the neutral gas kinetics. It means: 

       

 

Plasmas exist naturally or can be created in the discharge reactor for 

specific purposes. If we take into account that all the stars and a 

significant part of the interstellar medium are plasma, it turns out that 

in the universe in such a state is more than 99% of matter. Plasmas cover 

a very large range of electron temperatures and densities (Figure 2.1). 

 
Figure 2.1. Examples of different plasmas and intervals of values of their 

typical electron density and temperature. Adapted from [46-48] 

 

 The ionosphere stretches from a height of about 50 km to more than 

1000 km upward from the Earth's surface. It contains plasma with 

electron density up to 106 cm-3 and typical electron temperature of few 

tenths of an electron volt.[49,50] Solar corona is the outer layers of the 

solar atmosphere, beginning above the thin transition region above the 

chromosphere, in which the gas temperature increases to 100 times. The 
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integral brightness of the corona ranges from only 0.6·10-6 to 1.3·10-6 of 

the total brightness of solar disk. [51] Therefore, it is not visible in the 

absence of eclipses or without technological tricks (e.g. coronagraph). 

Solar radiation with a wavelength of less than 20 nanometers is entirely 

based on the corona. This means that on the images of the sun made at 

lesser wavelengths only the solar corona is visible, and the chromosphere 

and the photosphere are not seen.[52] The corona electron temperature is 

in the order of 100 eV and the concentration ranges approximately from 

104 to 107 cm-3.[53-55] Solar wind is a stream of ionized particles (mostly 

helium-hydrogen plasma) flowing out of the solar corona into the 

surrounding space at velocities of 300 - 800 km/s. Its electron 

temperature is in the range between 10 and 40 eV and the concentration 

is only about 5 cm-3.[56] For thermonuclear plasma extreme values of 

electron temperature and density are usual. Thermonuclear reaction of 

hydrogen fusion to form helium is the source of Sun energy. Electron 

density of its core reaches 1026 cm-3 and electron temperature is about 

1000 eV. 

Among man-made plasmas are various types of laboratory discharges like 

DC glow discharges, inductively coupled plasma (ICP), capacitively 

coupled plasma (CCP), microwave plasma, barrier discharges (BD) and 

etc. Typical electron concentration in low pressure discharge ranges from 

109 to 1012 cm-3, while the electron temperature (two-thirds of the average 

energy) varies in most cases from 1 to 10 eV.[57] 

 

This work concerns the capacitively coupled radio-frequency (CCRF) 

discharge at low pressures, which will be described in detail in the 

following paragraph. 

 

 

2.2. Specifics of CCRF plasmas 
 

The capacitively coupled plasma (CCP) is one of the most widespread 

plasma sources for materials processing. Standard CCP system is driven 

by a single radio-frequency (RF) power supply. Mostly, the CCRF 

discharges operate at low pressure of between 1 and 104 Pa, but also RF 

discharges at atmospheric pressure can be realized. The simplest setup 

consists of two metallic electrodes separated by a distance: one electrode 

is connected to the RF power supply, and the other one is grounded. The 

electrodes are placed either in the discharge chamber or outside the 

http://en.wikipedia.org/wiki/Radio_frequency
http://en.wikipedia.org/wiki/Electrode
http://en.wikipedia.org/wiki/Ground_(electricity)
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chamber with dielectric walls, respectively. In contrast to the DC, for the 

AC the presence of a dielectric in the circuit is not an obstacle, a 

displacement current flows through a device even in the absence of the 

discharge. This configuration is like a capacitor in an electric circuit, and 

therefore, such discharge is called capacitively coupled discharge. RF 

corresponds to the frequency range from about 1 to 100 MHz. For 

laboratory setups the most often used frequency is 13.56 MHz, which 

corresponds to a wavelength of about 22 m. 

Let’s consider the characteristic case for RF low-pressure discharge: the 

electron mean free path is much smaller than the characteristic 

dimensions of the discharge plasma, the plasma density is low, typical 

electron concentration is about 1010 cm-3. This allows us to ignore the 

influence of charged particles on each other and consider the motion the 

individual particles. 

The equation of motion of an electron in RF field can be written in the 

form [58]: 

                   

  

  

  
                                            (2.3) 

   

where U – drift velocity of electron;  Е – electric field strength; 

me − electron mass, е – electron charge; g – friction coefficient of electrons 

due to the presence of collisions in the plasma. 

Due to the fact that the frequency of elastic collisions between electrons 

and heavy particles is much higher than the frequency of its inelastic 

collisions, the coefficient g can be expressed in terms of the effective 

elastic collision frequency   . The expression follows from the fact that the 

friction force between these particles on the one hand equals gU, and on 

the other, it is the change in momentum per    collisions.  

                                                        (2.4) 

 

The electric field strength with angular frequency ω and amplitude E0 can 

be expressed as follows: 

          
                                              (2.5) 

  

 

http://en.wikipedia.org/wiki/Capacitor
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 Equation (2.3) with respect of (2.4) and (2.5) can be rewritten as follows: 

 

  

  

  
     

                                        (2.6) 

 

At 13.56 MHz the wavelength is about 22 m and we can assume that the 

electric field strength do not alter along the trajectory of electron motion. 

 As the result the solution of equation (2.6) can be found in the following 

form: 

  
  

         
                                  (2.7) 

                                 

   
   

        
  

                      
  

        
  

 

  

The complex quantity µe is the coefficient of proportionality between the 

electron drift velocity and the electric field strength of RF field. It is 

called electron mobility in RF field. 

The electron current density j flowing through the plasma in a local 

region of space, for which the electron density ne and temperature Te are 

constant, can be expressed trough velocity U: 

 

                                               (2.8) 

 

   
      

    
    

  
                      

     

    
    

  
 

 

Where σa and σr are the resistive and reactive components of plasma 

conductivity, respectively. It is seen that the behavior of the mobility and 

conductivity depends essentially on the relation between ω and   . 

Consider three cases where ω >>   , ω <<    and ω ~   .  

1. ω>>  .  It follows that μa << μr, σa << σr. In this case the discharge 

plasma is a reactive load for the RF power generator. Electrons move 

mainly in a phase with the RF field alteration. During one half of RF 
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period electron is accelerated and takes energy, during second half it 

loses all energy. The electrons does not heat the plasma, no RF power is 

consumed over one RF cycle. The phase shift between the current and the 

field is close to π/2. 

For this situation the mean free path of the electron λe should 

significantly exceed the amplitude of free electron oscillations A0 in the 

RF field. The value of A0 can be found from the equation of the free 

electron motion along the x coordinate, along which an RF field is 

directed. 

  

   

   
           

  

  

  
           

  
   

    
                            

   

    
                     (2.9) 

                

As an example, we take ω = 85.20 MHz, which corresponds to one of the 

most commonly used in the practice oscillation frequency of 13.56 MHz. 

For the value of Е0 ≈ 10 V/cm, A0 = 2.4 cm. Electron mean free path at a 

pressure p = 100 Pa for H2 and electron energies between 0 and 10 eV is 

about 300 µm. [59,60] Comparing these values, we conclude that the 

present case, where the plasma is predominantly reactive load, is realized 

only at relatively low pressures of less than 1 Pa. 

2. As the pressure increases and the value of    approaches the value ω, 

the active component of mobility and conductivity increases. Plasma 

absorbs the energy of RF field increasingly. This is due to the fact that 

electrons in collisions with heavy particles change the direction of their 

movement, and more often this change coincides with the phase change of 

RF field and electrons are accelerated again over the next half-period of 

the electric field. Thus, the transfer of RF field energy to electrons in the 

plasma bulk occurs due to the presence of collisions. This is the main 

difference between the RF and DC discharge physics, where the only 

consequence of collisions between electrons and charged particles is the 

loss of the energy. Described case is called alpha mode.  

3. ω <<   . In this case, mainly resistive current flows through the 

plasma. The situation takes place at relatively high pressures. This 

pressure range can be approximately determined from the condition 

λe << A0. Let’s take A0/λe > 100, it gives p > 100 − 200 Pa for different 
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gases. The heating of heavy particles in the plasma enhances with the 

increase of pressure and   . Gas temperature grows more, which does not 

provide a low-temperature processing of thin films. That is why, in 

practice, a relatively narrow range of plasma gas pressure 20 − 200 Pa is 

used. 

An equivalent electric circuit of a CCRF discharge is shown in the Figure 

2.2.[61,62] The power is applied to one electrode usually via a blocking 

capacitor Cb, which is a part of the matching network. The capacitor is 

not an obstacle for the RF field, but it acts like an open circuit for 

the direct current. Therefore, the net charge transport through the 

discharge averaged over one RF period cycle is zero. If the blocking 

capacitor is present and when both electrodes have different size, where 

the area of the powered electrode is usually smaller than the effective 

area of grounded electrode, a negative DC self-bias voltage is formed at 

the powered electrode. The massive ions do not follow instantaneously the 

alternating RF field. On the other hand, the electrons follow the field, 

reach the electrode and it becomes negatively charged. This causes a DC 

field and corresponding DC bias voltage Vbias (see Figure 2.3) in the 

plasma additionally to the RF field. The DC field accelerates positive ions 

towards the powered electrode. 

 

Figure 2.2. Equivalent electric circuit of CCRF discharge. 

 

Consider the voltage on the powered electrode has the form:  

                                                    (2.10)    

                   

 

http://en.wikipedia.org/wiki/Open_circuit
http://en.wikipedia.org/wiki/Direct_current
http://en.wikipedia.org/wiki/Ion
http://en.wikipedia.org/wiki/Alternating_current
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Vbias is the self-bias voltage; VRF is the amplitude of RF field. If the sheath 

is purely capacitive, the plasma potential can be expressed as follows: 

            
                                               (2.11) 

 

     – time-averaged plasma potential. 

 

      can be determined by capacitive voltage division of VRF  [63] 

      
    

         
                                  (2.12)    

 

Where Cpow is the capacitance of the sheath at the powered electrode, and 

Cgr – at the grounded electrode. 

 

The electron mobility is much higher than the ion mobility. It means that 

the instant plasma potential should be not less than the instant potential 

of any surface, which contacts with plasma. In the considered case it 

gives: 

           
                    

           
                                           (2.13) 

 

As far as the blocking capacitor is included in the circuit no net current 

flows through the powered electrode. Over an RF period the ion current is 

compensated by the electron current. The plasma potential reaches the 

potential of powered electrode and the sheath collapses for a brief period 

during the RF cycle to allow electron current to the electrode. For the 

grounded electrode the net current must also be zero, the plasma 

potential reaches ground potential, too.  

Therefore, inequations (2.13) become equations (see Figure 2.4). For this 

case we obtain: 

     
 

 
                                             (2.14) 

 



2. Low pressure capacitively coupled radio frequency (CCRF) plasma 

 
21 

 

Figure 2.3. Time-averaged potential between powered and grounded 

electrode. 

 

Figure 2.4. Temporal behavior of plasma potential Vp and the potential on 

the powered electrode for asymmetric CCRF discharge (idealized). The 

case of larger grounded electrode area relative to the powered one. 

                                 

In combination with equation (2.12) it gives the self-bias voltage Vbias 

expressed trough VRF and capacitances of the electrode sheathes Cpow 

and Cgr 

       
         

         
                                  (2.15) 
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3. Experimental setup, diagnostic 

methods and thin film preparation 
 

3.1. Plasma apparatus and processing 

parameters 
 

The film treatment was performed in a vacuum chamber using an 

asymmetric capacitively coupled RF discharge with the excitation 

frequency of 13.56 MHz. (see Figure 3.1) The vacuum chamber contains a 

circular planar electrode (Ø ≈ 10.73 cm), which was powered via the air-

cooled matching network ENI MW-10D by a RF generator ENI ACG-6B. 

Walls and the electric shielding of the powered electrode were grounded. 

The RF power generator is able to deliver up to 600 watt and monitors 

simultaneously the forward and reflected power. The matching network 

consists of a tuner unit and a digital controller. It contains constant 

blocking capacitors Cb and two rotary variable capacitors to match the 

impedance for optimal energy transfer into the RF discharge. The tuner is 

connected with the powered electrode through a copper wire, which was 

specially made short for better transfer of the RF power and to avoid of 

RF interferences. The substrate was fixed by a ceramic (aluminum oxide) 

holder on the distance of 2 cm above the powered electrode and was kept 

under floating potential. It was oriented horizontally and the film was 

faced to the RF electrode surface. Before the treatment, the reactor 

chamber was evacuated to the base pressure, which did not exceed 0.1 Pa. 

Hydrogen was used as a processing gas at the pressure between 

10 and 500 Pa, which was measured by the absolute capacitance 

monometer (MKS Instruments, Baratron 626AX, 0.001-10 mbar). The gas 

flow between 3 and 7 sccm was provided by the elastomer-sealed mass 

flow controller (MKS Instruments, Mass-Flo 1179BX, full scale range: 20 

sccm of nitrogen). Before each treatment the samples were stored in the 
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processing chamber at the base pressure during 10 minutes for degassing.  

All main process parameters are listed in the Table 3.1.  

 

Table 3.1. Main process conditions 

Processing gas H2 

Discharge type CCRF, 13.56 MHz 

Base pressure < 0.1 Pa 

Process pressure p 10-500 Pa 

Gas flow f 3-7 sccm  

Forward power 10-300 W 

Full reactor volume V ca. 5 L 

Residence time tr 63 s for 7 sccm and 150 Pa 

Powered electrode surface 

area  
90  cm2 

Treatment time 1-1800 s 

Residence time is calculated from formula     
  

   

 

3.2. Plasma diagnostics 

3.2.1. VUV - vis emission spectroscopy 

 

VUV monochromator 

The plasma emission spectrum was registered by an Acton Research 

Corporation model VM-521-SG of vacuum monochromator with a focal 

length of 1 m. It was separated from the chamber by MgF2 window with 

the light transmission cutoff at about 115 nm. Light enters the 

monochromator through a narrow entrance slit and is dispersed by a 

grating with 1200 grooves/mm. This configuration provides the possibility 

to measure between ca. 115 and 335 nm. In the experiments 500 μm 

width of entrance and exit slit resulted in the resolution of 0.4 nm. The 



3.2. Plasma diagnostics 

 
24 

typical operation pressure inside the monochromator was better than 

10-6 mbar. 

VUV power meter 

The Hamamatsu C9536 VUV power meter with the H9535 sensor head 

was applied to measure the integral VUV emission intensity through a 

short tube with a narrow MgF2 window on the top side of chamber. This 

tube has a thread, which effectively decreased the reflection of plasma 

radiation from its inner side. The detector contains a phototube with the 

circular photocathode of 6 mm diameter. The diamond layer of the 

cathode is the wide-bandgap semiconductor with the bandgap of about 5.5 

eV.[64-67] Thus, it is blind to the light with a wavelength above 225 nm. 

The device is able to measure intensities in the range from 1 µW/cm2 to 

200 mW/cm2. The detector was calibrated at the wavelength of 146 nm, 

for which the relative expanded uncertainty is 11% (k = 2, level of 

confidence ca. 95%). The gap with the atmosphere between phototube 

window and the chamber window is 90 ± 20 µm, which amounts in 

75 ± 5 % transmittance for 160 nm.[68-71] The relative standard 

deviation for all measurements of VUV intensity didn’t exceed 12%. 

UV-visible monochromator 

UV-visible spectrum of plasma emission was monitored by Acton 

Research Corporation SpectraPro-750i monochromator. It was applied 

trough a soda-lime window on the side face of chamber.  The plasma 

emission was imaged by a lens with the focal length of 175 mm and an 

iris diaphragm with the aperture of 3 mm to the entrance of the quartz 

glass fiber, which guided optical signal to the entrance slit. The lens focus 

was 2 cm over the surface of powered electrode and on the discharge axis. 

The device has Czerny-Turner design and includes a triple grating turret 

with 300, 1800 and 2400 grooves/mm. The latter was used for most of 

measurements. The focal length is 75 cm and the aperture ratio is f/6.5 

for 68x68mm gratings. An acceptable signal level and the resolution of 

0.2 nm were obtained setting the entrance and exit slits to 500 μm 

widths. The signal from the Acton Research Corporation photomultiplier 

PD-438 is registered by the oscilloscope Textronix TDS 520, which sends 

the data to the computer via General Purpose Interface Bus (GPIB). The 

high voltage DC power supply of PMT is provided by Stanford Research 

PS325/2500V-25W. 
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Figure 3.1. Schematic of the experimental setup (side-look).  

The scheme (A) shows the adaption of the RF power supply, the 

spectroscopic techniques and VUV power meter, whereas the 

schemes (B) and (C) present additionally the sample holder and the 

Langmuir probe position, respectively. The light blue windows are 

made of MgF2, dark blue – of ordinary soda-lime glass. 
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3.2.2. Electric probe measurements 

Probe circuit design 

A self-made system for probe measurements was applied from the the 

side face (Figure 3.1 C). A multimeter Keithley 2400 Sourcemeter was 

used to set the probe potential relative to the ground potential and to 

measure the probe current. The communication of the multimeter with 

the computer was arranged through the GPIB interface. 

 

The probe tip made of tungsten has the length of 5 mm and the diameter 

of 145 µm. It was situated on the discharge axis and 2 cm over the surface 

of the powered electrode. The probe wire was threaded into a thin 

alumina tube with the outer diameter of 1 mm. For the compensation of 

an RF pickup on the probe the system proposed by Sudit and Chen was 

manufactured.[72] The RF filter consisted of two pairs of RF chokes for 

the first and second harmonic of an RF field (Figure 3.2). It was installed 

inside the plasma chamber to reduce a length of probe wire and, 

therefore, to minimize its stray capacitance, which can decrease the 

efficiency of filtering. The whole filter was protected in a glass jacket, 

which was covered by several layers of aluminum foil. The RF 

compensation electrode was coupled with the probe circuit trough a 1 nF 

capacitor. It was realized in the form of tungsten coil with 20 windings 

and had the total length of 8 mm and the diameter of ca. 1.5 mm. 

 

 

Figure 3.2. Probe circuit design. Light and dark blue wires are 

made of tungsten. 
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3.3. Thin film diagnostics 

3.3.1. Spectroscopic ellipsometry 

 

Ellipsometry is a sensitive and precise technique for investigation of 

dielectric properties of thin films. It measures a relative change in 

polarization state of light transmitted or reflected from material. Thus, 

the technique does not depend on absolute intensity until the signal is 

sufficient for detection. In ellipsometry linearly polarized light at an 

oblique incidence becomes elliptically polarized (see Figure 3.3.). An 

amplitude ratio psi (Ψ) and the phase difference delta (Δ) represent the 

change in polarization state. The measured signal is a function of optical 

properties (refractive index and absorption coefficient) and thickness of 

thin films, which, therefore, can be evaluated by ellipsometry. Other 

possible application of ellipsometry is the determination of the surface 

roughness and the thickness non-uniformity. 

Investigations on ellipsometry can be performed by single wave-length 

technique (Single Wavelength Ellipsometry (SWE)) with laser as a light 

source. In this case two measured values Ψ and Δ determine only two 

properties. It is enough for transparent films to evaluate the refractive 

index n and the thickness d. However, if the film absorbs light (k ≠ 0) the 

results on determination of n and d will be incorrect. Even for a 

transparent film the ellipsometric data (Ψ, Δ plot) is a periodic function 

of the film thickness.[73] The solution gives multiple possible thicknesses 

separated by a cycle period, and thus an additional guess is needed to 

find the real thickness. 

Nowadays, spectroscopic ellipsometry (SE) is common in different 

research fields. It uses broad band light sources emitting in VUV, visible 

or IR regions. The amount of acquired data is increased as measurements 

are done for many wavelengths. Unlike the refractive index, the film 

thickness does not depend on the wavelength, and therefore SE 

overdetermines it. E. g. 100 wavelengths provide 100 (Ψ, Δ) pairs of data   

for only 101 unknowns. This gives a unique result and helps to overcome 

the problem with periodical solution for the thickness. 

The mathematical theory of ellipsometry is based on Fresnel equations, 

which result from solutions of Maxwell’s equations.[74] The basic 

equation of ellipsometry, which connects the ellipsometric parameters Δ 
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and Ψ and the complex Fresnel reflection coefficients of the sample    

and    for p- and s- polarizations is: 

  
  
  

 
       

       
 

    

    
                              (3.1) 

 

Figure 3.3. The general principle in ellipsometry. 

 

For a model ambient/film/substrate SE measures   as a function 

of                 , where    is refractive index of ambient,         are 

complex refractive index of a film and a substrate, respectively, 

   − wavelength,   − angle of incidence and d is a film thickness. Complex 

refractive index         represents refractive index   and extinction 

coefficient  , which are functions of wavelength.   describes a change in 

the phase velocity and    describes a change of an amplitude of the 

electromagnetic wave propagating through a substance. For transparent 

materials    is zero. From measured values of Δ and Ψ one solves the 

inverse problem using a selected optical model, which results in the 

determination of unknown            and  . 

Figure 3.4 outlines the process of measurement and analysis used in SE. 

At the beginning Δ and Ψ data is acquired in certain wavelength range. 

Next an optical model for a sample should be created, and then optical 

constants and a thickness of each layer should be selected. If the optical  
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Figure 3.4. Flow chart for the solution process in ellipsometry. Adapted 

from [73]. 

 

constants and the thickness of some layers are unknown, a model is 

proposed to describe them. There are different models, which are suitable 

for different type of materials.[75-77] They contain mathematical 

dispersion equations to describe the dependence of optical constants 

versus wavelength for several layers. Additionally, the models may 

describe macroscopically inhomogeneous media (Effective Medium 

Approximation (EMA)), e.g. metal − dielectric composite, porous and 

polycrystalline materials.[75,78] They can contain the information about 

roughness of a surface or interfaces and a thickness gradient. In the next 

step the data analysis is performed by linear regression analysis. Usually, 

the Levenberg - Marquardt regression method is used.[76] The predicted 

values of Δ and Ψ are compared with experimental data. Parameters of a 

model for layers with unknown optical constants and thicknesses are 

varied to find the best coincidence between predicted and measured data. 

The Mean Squared Error (MSE) estimation is used to quantify the 
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difference between experimental and predicted data.[75,76] As less this 

value as the result is better. 
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Where N is number of (Ψ, Δ) pairs, M − number of variable parameters in 

the model,   
    and   

    − data calculated from a model,   
   

 and 

  
   
− the set of experimental data,   − standard deviation for 

experimental data.  

If a reasonably good result cannot be achieved, it may be useful to change 

or upgrade the model, e.g. to introduce the surface roughness or surface 

oxide layer, and repeat the routine. Even if a low MSE is achieved, it does 

not guarantee that the solution is correct. The result may be non-unique 

if too many models parameters are used for fitting. It is necessary always 

to justify the result using additional information obtained from other 

measurement techniques. An educated guess may also help to weed out 

incorrect results. 

 

Instrumentation for spectroscopic 

ellipsometry 

 

Nowadays different ellipsometer configurations are available. Each of 

them has different features and advantages.[74-76,79,80] The null 

ellipsometer was historically the first ellipsometer. This type has simple 

construction and can be operated manually. It contains a polarizer and a 

compensator (quarter-wave plate), which has a ”fast” and a ”slow” axis 

leading to a phase shift of 90° between the components of electric field 

strength E along these axes. The quarter-wave plate transforms a 

linearly polarized light into elliptically polarized. When linearly polarized 

light is  incident  on  a  sample,  the reflected  light  will have in  general  

an  elliptical  state  of polarization. The same elliptical state of 

polarization with a reversed sense of rotation after reflection from a 

sample will become a linearly polarized state. With the combination of a 

polarizer and a quarter-wave plate it is always possible to find an 
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elliptical polarization that produces a linearly polarized reflection. This 

linearly polarized state can be determined using the second polarizer as 

an analyzer after a sample. The beam will be extinguished when the 

analyzer transmission axis is set perpendicularly to the axis of the linear 

polarization. 

Another class of ellipsometers is a photometric ellipsometer. Photometric 

ellipsometer construction contains a rotating analyzer or a rotating 

polarizer. The ellipsometer measures the radiation intensity as a function 

of periodically modulated azimuthal angle of polarizer or analyzer.  

In this work a Rudolph Research spectroscopic ellipsometer S2000 was 

used. The  system  consists of a 75 W xenon short arc lamp → collimator 

→ fixed polarizer → rotating  polarizer → sample → fixed analyzer → 

monochromator and photomultiplier, it is so-called PRPSE 

configuration.[81,82]. The operating range of device is 250 − 850 nm. The 

angle of incidence was equal to 70° in all measurements. The resulting 

signal is modulated at 2ω and 4ω, where ω is an angular frequency of 

rotating polarizer. The ellipsometric parameters  tan(Ψ)  and  cos(Δ) are 

derived  from  Fourier coefficients of  the  second  and  fourth  harmonics 

of  the  signal  and azimuthal angle positions of fixed polarizer and 

analyzer.[81,82] Each value of Ψ and Δ was measured 10 times and 

averaged.  The acquired data was analyzed by WVASE32 software.[77] 

Finally, for the best fit with the lowest MSE the relative standard 

deviation of film thickness was below 5 % for all experiments. 

 

3.3.2. Fourier Transform Infrared 

Spectroscopy.  

Fourier Transform InfraRed (FTIR) spectroscopy is a fast, and 

non-destructive technique used to identify functional groups of chemical 

compounds by their vibrational modes.[16,83-86] This technique employs 

the interference of two beams to obtain an interferogram, − the signal 

being a function of the path length between two beams. The 

interferogram can be transformed to the absorption spectrum, a function 

of frequency, by the Fourier transform.[87] The principal scheme of an 

FTIR spectrometer is shown in Figure 3.5.[85] The mid-IR radiation is 

typically generated by Globar source, as it was in this work. Globar is a 

thermal light source, which is made of an electrically heated SiC 

ceramic rod. It emits an IR radiation like approximately a black-body 
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radiator. The main part of the FTIR spectrometer is the Michelson 

interferometer, which consists of a beam splitter, a fixed and a moving 

mirror. 

In this work the beam splitter was made from KBr material. Ideal beam 

splitter reflects 50% of the incident radiation towards the fixed mirror 

and 50% is transmitted towards the moving mirror. The two beams 

reflected from the mirrors return back to the beam splitter where they 

interfere. Finally, 50% of the original light passes into the sample 

compartment while 50% is reflected back in the direction of the source. 

When the sample compartment is empty the background interferogram is 

measured by a detector. When a sample is loaded the background 

interferogram is affected by absorption bands of a sample compound. 

 

 

Figure 3.5. Principal scheme of an FTIR spectrometer. 

 

There are two types of detectors commonly used for the mid-IR region: 

deuterium tryglycine sulfate (DTGS) and mercury cadmium telluride 

(MCT).[86,88,89] MCT detectors are more sensitive because their high 

quantum efficiency. The limitation of MCT detectors is that they need to 

be cooled by liquid nitrogen to reduce noise produced by thermally excited 
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charge carriers. In this work pyroelectric DTGS detector was employed 

for measurements. It operates at room-temperature conditions. 

Optical path difference (OPD) is the product of the distance difference 

between the beams travelling through the two arms of an interferometer 

and the refractive index of the medium in the interferometer. Moving 

mirror provides the variation of OPD. An interferogram is recorded by the 

detector as interference signal vs. varied OPD. The second reference 

interferometer with He-Ne laser (632.8 nm) as a radiation source is used 

for the detection of position of the moving mirror.[86] The sampling of the 

main interferogram is triggered in zero-crossings of sinusoidal reference 

interferogram. This method provides high wavenumber accuracy in the 

resulting infrared spectrum. 

The interferogram I(δ),− the intensity of radiation coming to the detector 

as a function of the difference in path length δ, can be represented as 

follows: 

          

  

  

                                         (3.3) 

 

It is one-half of a cosine Fourier transform pair. The other shows the 

variation in intensity as a function of wavenumber   . 
 

          

  

  

                                        (3.4) 

 

Each of them can be converted into the other by Fourier transformation. 

There are three main advantages for FTIR spectrometers over dispersive 

spectrometers. 

1. The multiplex or Fellgett's advantage. The signal from all 

wavelengths is measured simultaneously. It results in a shorter 

scan-time for a given resolution. 

2. The throughput or Jacquinot's advantage. The energy 

throughput in an interferometer can be higher than in a dispersive 

spectrometer. The FTIR spectrometer does not require entrance 

and exit slits to improve resolution. The slits restrict the amount of 

radiation passing through the monochromator. The interferometer 

throughput is restricted only by the diameter of the collimated 

beam coming from the source. 
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3. Connes advantage. This advantage arises from the fact that 

noving mirror position is determined by a reference interferometer 

with He-Ne laser as a source. The wavelength of the laser is known 

accurately. As a result, a wavelength (or wavenumber) calibration 

of FTIR spectrometer is more precise. 

 

Fourier Transform Infrared Reflection 

Absorption Spectroscopy (FT-IRRAS) 

 

Conventional FTIR transmission techniques allow to measure absorption 

spectra of various material. However, if a film is very thin the special 

methods have to be applied to improve the sensitivity. One of such 

methods, the InfraRed Reflection Absorption Spectroscopy (IRRAS) was 

employed in this work.[16,86,90-92] In this method the absorption 

spectrum of a film deposited onto a plane substrate (usually metallic) is 

obtained at grazing incidence. 

Let’s consider the situation when the IR light is reflected from a metallic 

surface (Figure 3.6). It is seen that for an electric field directed across a 

metal surface an oppositely directed field will be induced. As a result, the 

net tangential component of electric field in the reflection point is zero. 

Thus, a film of an absorbing material at the metal surface which 

thickness is much less than the wavelength of the IR light will not 

interact with the tangential electric field. For the normal component in 

the point of reflection the constructive interference will take place and 

the resulting component of field Ez will be doubled. From the Figure 3.6 it 

is clear that the closer the angle of incidence to 90° the higher the 

enhanced electric field in the point of reflection. This is well illustrated by 

the behavior of the phase shift of the electric field in reflection at different 

angles of incidence (Figure 3.7). For s-polarized light the phase shift 

remains at approximately 180°. Another situation is for p-polarized light, 

for which the phase shift varies monotonically from 180° to 0° as the 

incidence angle varies from 0° to 90°. The intensity of radiation is 

proportional to the square of the electric field amplitude. Therefore, for 

p-polarized light and grazing incidence of light the increase of intensity is 

nearly four times. Another reason to use grazing incidence for 

investigations is that the path of beam inside the film with the 
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thickness d increases as the angle of incidence   rises like        . 

Robert Greenler calculated in his work that the absorbance of a thin layer 

obtained by IRRAS at optimum conditions strongly exceeds the 

absorbance obtained by transmission through the unsupported film at 

normal incidence.[91] 

 

 

 

 

Figure 3.6. Reflection of light from metallic surface. Dashed arrows 

denote the electric field induced in metal. 

 Index “pi” is for incident p-polarized beam,  

“si” − for incident s-polarized,  

“pr” − for reflected p-polarized,  

“sr” − for reflected s-polarized. 
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Figure 3.7. Variation of the phase change for an IR beam reflected from 

metallic surface as a function of the incidence angle. The figure is 

adapted from [86] 

 

Instrumentation for FT-IRRAS 

The IR absorption spectrum of PDMS thin films and the following 

changes due to the plasma treatment were studied by means of IRRAS. 

For this the vacuum FTIR spectrometer (Bruker, VERTEX 80V) was 

applied with a special reflection unit which allows the variation of the 

incidence angle and the state of polarization. Prior measurements the 

optical bench and the sample compartment were evacuated to 2 mbar to 

reduce the absorption of water vapor and CO2. All spectra were obtained 

in the wavenumber range from 4000 cm-1 to 600 cm-1 with the spectral 

resolution of 0.7 cm-1. In this work all absorption spectra are presented as 

the decadic absorbance. The IR light was p-polarized. The size of the 

beam spot on the sample surface at grazing incidence may become larger 

than the sample dimensions. Moreover, in practice the light propagates to 

the sample in the cone with the apex angle of 5° − 12°.[16,86] Therefore, 

for incidence angles close to 90° a part of light will go out of the sample. 

Thus, the incidence angle of only 75° was selected for measurements. 
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Optimal settings for FT-IRRAS 

measurements 

 

Absorbance of thin film vs. incident angle and 

polarization state 

 
The dependence of peak absorbance for one of the main PDMS absorption 

bands is presented in Figure 3.8. The other absorption bands show the 

same behavior up to a constant factor. We see that, as it was expected, 

the absorbance strongly grows at grazing incidence. At 75° the 

absorbance amounts to 40 % of absorbance at 88°, which should be the 

maximal value according the following literature.[16,91,93] Similar 

behavior was also demonstrated by K. Molt.[94] In this work the 

absorbance at 75° for all important bands is strong enough for the 

thinnest investigated films and significantly exceeds the noise level. 

 

Figure 3.8. The decimal peak absorbance of Si-O-Si asymmetric 

stretching band as the function of incidence angle. The film thickness is 

27 nm; the incident IR light is p-polarized. 
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Figure 3.9 demonstrates the absorbance as a periodic function of 

polarization plane orientation. As it was shown in the previous section, 

for s-polarization the change of phase is near 180°, which results in the 

absence of absorption for thin films. On the contrary, in the case of 

p-polarization the absorbance is maximal because of constructive 

interference in the point of reflection. 

 

Figure 3.9.  Decimal absorbance of the band peak as a function of 

orientation of the polarization plane at the incidence angle of 75°.  

Red squares: Si-O-Si asymmetric stretching at 1112 cm-1 (~ 8990 nm). The 

film thickness is 27 nm. Black circles: CH3 asymmetric stretching at 

2965 cm-1 (~ 3370 nm). The film thickness is 310 nm. 

 

As the film thickness comes closer to the IR radiation wavelength an 

additional absorption of the bulk takes place, which is similar with the 

absorption regime in the standard transmission measurements. For very 

thick films the bulk absorption will dominate. In our case the film 

thickness does not exceed 1 µm. Thus, both, the absorption from the layer 

near the interface metal - film and from the bulk, can make a comparable 

contribution to the absorbance (it depends on relation between IR 

radiation wavelength and film thickness). In this case the resulting 

absorbance is also a periodic function, but it is not equal to zero at 

s-polarization as demonstrated in Figure 3.9. However, even in this case 
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the p-polarized light remains the most advantageous case for 

measurements.  

 

3.3.3. Scanning electron microscopy (SEM) 

The scanning electron microscopy utilizes a high-energy electron beam to 

produce different signals at a sample surface. Among these signals are 

x-rays, secondary and backscattered electrons. Their analysis provides 

information about surface morphology, chemical composition, and 

crystalline structure of sample material.  The electron beam scans the 

surface in a raster mode. As the result, the detected signal in combination 

with the beam position provides the information to build a surface image. 

In this work Zeiss Supra 40 VP microscope was used for experiments 

described in the Section 4.4.1. To prevent an accumulation of negative 

charge on the surface, a golden layer of the thickness of ca. 10 was 

deposited on the sample by magnetron sputtering. An in-lens detector 

was used to collect secondary electrons. 

 

3.4. Preparation of Thin 

Polydimethylsiloxane (PDMS) Films 

3.4.1. Physical Properties of PDMS 

Polydimethylsiloxane (PDMS) belongs to a group of inorganic polymers, 

which are called linear siloxanes. Their backbone is a chain of alternating 

silicon and oxygen atoms. In addition, each silicon atom in PDMS is 

bonded with two methyl groups. The backbone can be terminated by 

various groups, in our case it always will be the trimethylsiloxy group 

(see Figure 3.10). 

 

Figure 3.10. Chemical structure of trimethylsiloxy-terminated 

polydimethylsiloxane. 
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At ambient conditions the polymer can be a pourable or viscous liquid and 

rubberlike solid material. Because of weak intermolecular forces the 

polysiloxanes remain liquid over a very wide range of molecular weights. 

They are insoluble in water, their physical properties, such as viscosity 

and thermal conductivity, depend weakly on the temperature.[95-97] 

The compound with n = 0 is called hexamethyldisiloxane (HMDSO, see 

Figure 3.10). As it is seen from Table 3.2, it has the smallest density and 

viscosity. With the increase of the monomer unit number n the polymer 

chains become loosely entangled and the kinematic viscosity grows. It 

ranges from 0.65 cSt for the shortest possible chain (HMDSO) to more 

than 2∙107 cSt for elastomers with high polymerization degree. [97] At 

molecular weights above 10000 the PDMS molecules become entangled 

and the polymer exhibits a viscoelastic response. 

Thermal stability 

The strong difference of the electronegativities for Si (1.9) and O (3.44) 

leads to a very polarised Si-O bond, highly ionic and with a large bond-

dissociation energy, 5.9 eV.[98] This results in considerable thermal 

stability to PDMS, the degradation starts at ambient conditions only at 

temperatures exceeding approximately 350 °C.[98-100] The Si-O bonds 

are much more strong than the C-C bonds of carbon based polymers (C-

C dissociation energy ~ 3.6 - 3.9 eV), which are, therefore, less durable to 

thermal degradation.[101] This makes PDMS very attractive to use in 

high-temperature applications, e. g., lubricant for brake components and 

heat transfer fluids. In this work the sample temperature during the 

plasma modification did not exceed 60 °C. Thus, no thermal 

decomposition of PDMS films takes place. 

High permeability for different compounds 

Membranes made of PDMS have high permeability coefficient for oxygen, 

nitrogen and other gases, which is attributed to the large free volume of 

the compound.[102-106] The cornea receives oxygen normally by diffusion 

from atmosphere rather than from blood vessel, and, therefore, soft 

contact lenses contain sometimes siloxanes.[107] PDMS is permeable to 

different organic vapors even more than to oxygen and nitrogen. This 

makes it useful for cleaning of air or decontamination of water by 

pervaporation.[108,109]  

 

http://en.wikipedia.org/wiki/Brake
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Physiological compatibility and medical use 

Silicone is a suitable material for use in medical applications. It is non-

toxic and has excellent physiological compatibility with human tissue. 

Therefore, it is used for artificial organs, prostheses, objects for facial 

reconstruction, tubing and catheters, and vitreous substitutes in the 

eyes.[112,113] Simethicone, a mixture of polydimethylsiloxane and 

hydrated silica gel, is an anti-foaming agent that helps to reduce bloating, 

discomfort and pain caused by excess gas in the stomach.  It decreases 

Table 3.2. Properties of polydimethylsiloxanes with different 

monomer unit number in the chain. 

Approximate 

Molecular 

Weight, Mn 

Calculated 

number of 

monomer 

units, n 

Kinematic 

Viscosity, 

cSt, 25 °C 

Density, 

g/cm3, 25 

°C 

Refractive 

Index, nD 

25 °C 

162 0 0.65 0.758 1.3748 

384 3 2 0.868 1.3902 

1200 14 10 0.937 1.399 

1900 23 20 0.947 1.400 

3700 48 50 0.952 1.402 

6700 88 100 0.965 1.403 

11300 151 200 0.968 1.4031 

15800 210 350 0.969 1.4032 

19000 255 500 0.969 1.4033 

26400 355 1000 0.971 1.4035 

35000 471 2000 0.971 1.4035 

63400 855 12500 0.974 1.4035 

91700 1237 30000 0.976 1.4035 

116500 1572 60000 0.976 1.4035 

139000 1876 100000 0.977 1.4035 

Data is taken from [96,98,110,111]. Number n is calculated from 

the molecular weight according   
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the surface tensions of gas bubbles and joins them so that gas is more 

easily released away.[114] 

Optical transparency and resistance to oxidation and 

photo-ageing 

PDMS is optically transparent in UV and visible regions.[115-118] 

Because of this reason, it suits for the fabrication of waveguides.[119] 

Some other polymers absorb UV light, which initiates their chemical 

changes. Under solar radiation at ground level PDMS oxidizes very 

slowly and show relatively little change in physical properties. It was 

shown in experiments [120] that silicone elastomers survive the natural 

ageing conditions very well.  Even after 20 years bent loop elastomers in 

the most cases were still intact and uncracked at temperate climate 

conditions. However, the hot-wet jungle climate caused considerable 

damage. Good sustainability to photo-ageing and, additionally, high 

electric resistivity (4x1013 Ω·m [102]) makes PDMS elastomers ideal to 

use as high voltage outdoor insulators. [121]  

 

3.4.2. Preparation of PDMS/HMDSO 

mixture 

The focus of this work is directed on the plasma treatment of PDMS films 

with the thickness ranging from ten to several hundreds of nanometers. 

Al-covered glass slides with the size of 26×60 mm were used as 

substrates, for a part of experiments they were substituted to Si polished 

wafers (Cemat Silicon S.A., (111) crystalline orientation) of the same size. 

The metallic film with the thickness of about 150 nm, deposited on the 

glass slide, play the role of the reflective layer used in Fourier 

Transformed Infrared Reflection Absorption Spectroscopy (FT-IRRAS). It 

was applied by the evaporation of Al wire in vacuum. The wire was placed 

inside the tungsten coil and heated by current in the range between 1 

and 2 A. Before the evaporation process the chamber was evacuated to 

the pressure of 3∙10-4 mbar to avoid the oxidation of Al. The film 

deposition on the Al layer is performed by spin-coating, for that the liquid 

PDMS in the form of SILFAR® 1000 (Wacker Chemie GmbH, Germany) 

was used. Its mean kinematic viscosity is about 1000 cSt. To reach the 

required diapason of thickness it is necessary to decrease the original 

viscosity. For this reason PDMS was mixed with HMDSO 

(Fluka Chemie AG, purity ≥ 98.5 %) in various volume proportions of 



3. Experimental setup, diagnostic methods and thin film preparation 

 
43 

PDMS/HMDSO ranging from 1/5 to 1/250. Initially these mixtures were 

stored in glass flasks with rubber stoppers over the long period for 

regular use. During storage the original transparent liquid became 

straw-colored. Figure 3.11 shows the alteration of the IR absorption 

spectrum. The appearance of CH2 group was seen already after 2 weeks, 

further its concentration was increasing gradually. From the set of the 

appeared peaks one can suggest that the formed structure is likely 

≡Si-CH2-CHn-CH3. The progressed alteration was observed over one 

month.  

 

Figure 3.11. Normalized IR absorbance of PDMS films with the thickness 

of ca. 85 nm. The films were prepared from mixture stored in a flask with 

rubber stopper after various periods. The spectra normalization is done 

for Si-CH3 symmetric deformation vibration peak at 1265 cm-1, which is 

absent here. 

 

This modification is due to the interaction of mixture with stopper: it 

evaporates, reacts with the stopper and flows down. To overcome this 

problem rubber stoppers were changed to polyethylene (PE) ones. In 

Figure 3.12 are liquids stored in flasks with 2 different stoppers: with PE 

stopper neither yellowing nor alteration of IR absorption spectrum is 

observed over at least one year. Another problem for the mixture 

preparation was the presence of transparent globular particles in SILFAR 

1000 (see Figure 3.13). The size of particles varied between 5 and 15 µm. 

FTIR analysis of the liquid showed the absence of other chemical 

compounds. Therefore, most probably, these spherical particles are solid 

agglomerates of entangled long-chain PDMS molecules. If such non-
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filtered film is modified in H2 CCRF discharge, globular inclusions 

become solid together with the film. In the places of solidified globular 

particles the film is fragile. Slight rubbing removes them leaving 

numerous holes in the film. To avoid this problem the silicon oil 

SILFAR 1000 was filtered through the disposable vacuum filtration 

system VACUFLO with 0.2 µm cellulose-mixed-ester membrane 

(Whatman Schleicher & Schuell).  As a result, the liquid was clean of any 

microparticles.                                                                                                          

 

Figure 3.12. Photograph of PDMS/HMDSO mixtures stored over one year 

in a flask with rubber (straw liquid) and PE stopper (transparent, 

unmodified liquid).  

 

Figure 3.13. Micrograph of non-filtered silicone oil SILFAR 1000. 
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3.4.3. Spin-coating 

For spin-coating a self-made device “Mister Twister” was manufactured. 

The stationary part contains a current circuit with a coil. The rotating 

platform has two magnets disposed diametrically opposite. Each time a 

magnet goes past the coil the excited current is registered by an 

oscilloscope, this way the setup measures the frequency of rotation. In the 

deposition process it is between 7600 and 7800 rpm. The drop of mixture 

with the volume of 20 µL is deposited in the time of spinning. It is enough 

to cover the entire surface of the substrate by a homogeneous film. The 

thickness decreases rapidly versus the spin time and reaches quickly a 

constant level after about 10 s.[122,123] For convenience the spin time 

was set to 30 seconds in all procedures. In stored mixtures more heavy 

PDMS molecules go the bottom of flask. Therefore, just before the 

deposition the mixture is stirred to avoid the separation of PDMS and 

HMDSO.  

Figure 3.14 demonstrates the behavior of the thickness versus the 

relative content of PDMS in the drop by volume, which is proportional to 

the concentration of PDMS in the mixture. The explanation of the 

behavior, supported by theory and experimental results are given in the 

article of D. Schubert and T. Dunkel.[123] They distinguish three regimes 

 

Figure 3.14. Thickness of spin-coated films vs. relative content of PDMS 

in the drop. Dash-dotted line is for regime II, dashed describes regime III. 
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of the film formation corresponding to three different ranges of solution 

concentrations. Regime I denotes the case where the film cannot be 

deposited. It happens if the concentration of PDMS is so small that its 

molecules do not overlap with each other to form continuous film during 

the spin coating process. They are washed off the substrate together with 

the solvent. In Figure 3.14  this region absents. Apparently, the value of 

minimal concentration, which is necessary for film formation, is so small 

that it cannot be defined from the plot. In regime II, at concentration 

higher than minimal one the film can be deposited. Here, the film 

thickness is proportional to the volume ratio until it is less than 5 %. The 

concentration of PDMS is already high enough for the efficient formation 

of the film since some spinning time. In regime III the situation is 

similar. But due to higher concentration of PDMS in HMDSO the 

interaction of molecules starts since very beginning of spinning, less 

PDMS is washed off the substrate and the film thickness increases faster. 

 

 

Figure 3.15. Thickness profile of a spin-coated film and scheme of beam 

spot positions in the measurements of thickness by the spectroscopic 

ellipsometry. 

 

 



3. Experimental setup, diagnostic methods and thin film preparation 

 
47 

The centrifugal force is responsible for the dispensation of liquid over the 

surface. It increases linearly versus the radial distance, and, therefore, 

the thickness profile of a film is not uniform along the whole radial 

direction. The absolute film thickness measured by spectroscopic 

ellipsometry (SE) at different positions is presented in Figure 3.15. The 

length of the rectangular area covered by PDMS is 4 cm, the width is 

2.5 cm. The film thickness averaged over an elliptical beam spot was 

measured in four positions (see Figure 3.15). Major axis of an ellipse was 

1.5 cm long, minor - 0.25 cm. It is seen that the thickness varies weakly 

within the circle with the radius of 1 cm. Beam spots of any experimental 

technique used in this work were located in the substrate center and 

always were inside this quasi-uniform area. 

 

 

Figure 3.16. Variation of film thickness in series of four spin-coatings for 

different mixtures of PDMS/HMDSO (1/40, 1/60, 1/80, 1/100, 1/250). 

Horizontal lines show the average of each series. 

 

As it can be seen from the Figure 3.16 the thickness deviation is small, 

when one mixture is used for all spin-coatings in the series. Relative 

deviation from an average does not exceed 10%, and the reproducibility of 

the sample preparation is good. 
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In conclusion, it is demonstrated that a mixture of HMDSO and PDMS 

can be stored over very long time period without any chemical 

modification. The spin-coating method is characterized by 

 

 short time of deposition process  

 reasonably good uniformity of thickness 

 good reproducibility of film thickness  

for a series of depositions 

 very low consumption of material. 
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4. Experimental results and 

discussion 
 

The information about internal plasma parameters and processes is 

crucial to select main factors affecting on the modification process of 

PDMS coatings. Going from this information the potential of the 

innovative method to produce thin film coatings with nanoparticles can 

be understood and the plasma processing can be optimized. 

4.1. Influence of different plasma 

components in the interaction with PDMS 

In the direct hydrogen plasma treatment different components, which 

modify thin PDMS films, have to be considered: neutral atoms and 

molecules, radicals, ions (  ,   
 ,   

 ) and the VUV radiation. The 

penetration depth of particles is very limited. For example, the 

interaction of atomic hydrogen with amorphous hydrogenated carbon 

(a-C:H) films was studied by von Keudell et al., and the depth of H atom 

penetration into a-C:H film was estimated to 2 nm. [124] The interaction 

depth of impinging ions from hydrogen plasma is also very low.  In the 

main experiments the PDMS sample was at floating potential. The 

electric probe measurements have shown that the typical difference 

between plasma and floating potential does not exceed 10 − 20 V (see 

Figure 4.12). This means that the maximum kinetic energy of positive 

hydrogen ions bombarding samples was in the order of 10 eV. As it will be 

shown later the near-surface region of PDMS films is very rapidly 

transformed into a SiOx layer upon the plasma treatment. The TRIM 

(Transport of Ions in Matter) simulations demonstrated for    ions 

striking the SiO2 material the penetration depth of 3 nm for 10 eV 

monoenergetic ion flux.[125] Even for significantly higher ion energy of 

100 eV the penetration depth is only 10 nm. It was also verified that 

there is no etching or sputtering of the top SiOx layer in the experiment. 

For this, the PDMS films of 10 nm thickness were prepared and treated 

in the hydrogen discharge. After at most 30 s the whole film is converted 

in a methyl-free SiOx layer. The following extended plasma treatment up 

to 30 min showed no further thickness reduction.  
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Thereby, particles in plasma cannot modify bulk of films with a thickness 

of hundreds nanometers. However, their contribution in the modification 

of top near-surface region is important as it was shown in the following 

works.[41,126,127]  

On the other hand, the VUV radiation has typical penetration depths in 

the order of few hundred nanometers.[128,129] The dissociation energies 

of chemical bonds in PDMS amount to about 4.2 eV for C-H, 3.4 eV for 

Si-C and 5.9 eV for Si-O.[130,131] The photon energy of the H2 plasma 

corresponding to the VUV range and over the cut off (115 nm for MgF2 

window) is in the range between 6 and 10.8 eV. Hence, the VUV photons 

are able to cleave chemical bonds and initiate photochemical reactions in 

the PDMS film.  

 

4.2. VUV radiation of capacitively coupled 

low-pressure discharge in H2, O2, Ar, Xe and 

H2O.  

Different gases were used to investigate, for which of them the plasma 

produces the most intensive VUV radiation. For that the capacitively 

coupled discharge was ignited in a glass reactor at low-pressure and the 

excitation frequency of 165 kHz.  

 

Figure 4.1. VUV emission spectra of the O2 and Ar discharge (excitation 

frequency 165 kHz, forward power 10 W, pressure 27 Pa). 
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Figure 4.2. VUV emission spectra of H2 and Xe discharge (excitation 

frequency 165 kHz, forward power 10 W, pressure 27 Pa). 

 

Figure 4.3. Integral emission intensity between 115 and 200 nm versus 

gas pressure for O2, Ar, H2 and Xe discharge (excitation frequency 

165 kHz, forward power 10 W, pressure 27 Pa). 

 

The excitation frequency of discharge, described in this section, is less 

than that of discharge, where films were treated (165 kHz vs. 

13.56 MHz). Nevertheless, qualitative relations between the VUV 
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emission intensity of O2, Ar, H2 and Xe plasmas are similar for both mid-

frequency and radio frequency discharges.[132,133] The argon discharge 

demonstrates minor emission in the range between 115 and 200 nm as it 

can be seen in Figure 4.1. It is known, however, that Ar plasma has 

strong emission lines at 104.8 and 106.7 nm.[134-136] For these 

wavelengths, as it will be shown later, the penetration depth into PDMS 

is very limited. In test experiment it was confirmed that the bulk of 

PDSM films is not affected by VUV radiation of the Ar plasma. For the 

top layer of ca. 10 − 30 nm the modification effect was similar with those 

of H2 plasma. Oxygen atoms in plasma emit weak resonance triplet lines 

around 130.4 nm.[132,133,137-139] Its intensity further decreases with 

increasing pressure from 27 to 575 Pa. The low-pressure discharge in Xe 

exhibits only one, but strong emission line at 147 nm (Figure 4.2). 

However, Xe is an expensive gas to use it industrial plasma technologies. 

Furthermore, it loses in comparison with H2 discharge, which 

demonstrates continuous emission in the VUV range (Figure 4.2). Figure 

4.3 represents the integrated VUV emission intensity in the region 

115 − 200 nm. It is seen that the absolute champion is H2 plasma, which 

shows the strongest integral intensity at all pressures in the range 

between 27 and 575 Pa. The flat maximum of the integral H2 emission 

intensity is between about 250 − 300 Pa. 

 

 

Figure 4.4. VUV emission spectrum of H2O discharge (excitation 

frequency 165 kHz, pressure 55 Pa and forward power 10 W). 
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Another potential candidate for the treatment of thin PDMS films was 

the low-pressure discharge in H2O. However, it showed the strong 

emission only in the less energetic UV region (peaks at 283 and 309 nm) 

due to the transition X2Π − A2Σ+ for OH radical (see Figure 4.4). The 

molecular hydrogen emission in H2O discharge in the VUV region is very 

weak. Its integrated value for example shown in Figure 4.4 is only about 

1% of that in H2 discharge at the same pressure and forward power. 

 

4.3. CCRF  hydrogen discharge for plasma-

chemical modification of thin PDMS films 

4.3.1. Electron energy probability function. 

Well-defined plasma processing of material requires information about 

the internal plasma parameters. Electric probe measurements provide us 

floating and plasma potentials, the electron energy distribution function 

(EEDF) or the electron energy probability function (EEPF, 

(EEDF =    * EEPF)), from which it is possible to calculate electron 

concentration ne and electron mean energy (or effective electron 

energy Te). The setup, described in Chapter 3, measures probe current as 

a function of probe voltage. A typical current-voltage (I-V) characteristic 

curve is presented in Figure 4.5. It can be divided into three regions.  

When the voltage is sufficiently negative, the probe collects mostly 

positive ion current, which is called the ion saturation current. To the 

right from this region, at more positive voltages, positive ions and 

electrons contribute to the probe current. This region is called the 

transition region. The voltage at which the electron current compensates 

the positive ion current, defines the floating potential Vfl. Further 

increase of the positive probe potential repells more and more positive 

ions. Firstly, the plasma potential will be reached, at which no plasma 

sheath exist and the electron collection corresponds to wall current 

according to their EEDF. Shortly after, the curve will go into the electron 

saturation region. Basically, the shape of this part of I-V curve depends 

on the probe geometry. In the electron saturation region the electron flux 

remains constant, but the probe sheath thickness growth continuously 

with increasing probe voltage. Therefore, the electron current rises with 

increasing voltage for cylindrical or spherical probe tip, and remains 

constant for a planar probe geometry. The knee, which approximately 

defines the position of plasma potential Vpl, is distinct for a planar probe, 
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round-off for a cylindrical probe and absents for spherical one. In practice, 

the plasma potential is derived as the position of inflection point from the 

zero value of the second derivative of the I-V curve. 

 

 

Figure 4.5. Typical I-V curve of a cylindrical probe in hydrogen 

RF plasma discharge (27 Pa, 200 W). The subplot plot demonstrates the 

same curve in the ion saturation region. 

 

In this work the determination of EEDF from I-V curves is based on the 

Druyvesteyn method.[140] Additionally to that theory, practical and 

technical guidance for the probe diagnostics can be found in following 

works. [72,141-154] The Druyvesteyn method ideally should be applied in 

the collisionless regime, when electron mean free path is much less than 

the sum of characteristic probe dimension and probe sheath thickness. 

The data on collision cross-sections can be found elsewhere.[59,60] The 

sheath thickness can be estimated from the following formula [58,155]: 

          
    

    
 

   

                                 (4.1) 

 

Where V is the probe potential relative to plasma potential Vpl. 

For a typical electron temperature of 3.5 eV and electron concentration of 

1010 cm-3     equals to 140 µm. Then for V equal to a typical value of 



4. Experimental results and discussion 

 
55 

floating potential Vfl = 8 eV, we have h = 285 µm. The characteristic probe 

dimension for cylindrical probe is given by the following expression: 

       
  

  
                                          (4.2) 

 

Taking into account the probe radius R = 72 µm and length L = 5 mm the 

characteristic probe dimension results in d = 290 µm. In Figure 4.6 the 

mean free paths of electrons for different pressures are compared with 

the sum d + h. 

 

Figure 4.6. Mean free path of electrons related to elastic collisions for 

different pressures and compared with the probe dimension d and the 

sheath thickness h. The data on cross-section is taken from Yoon [60].  

 

It is seen that no ideal collisionless regime takes place for all pressures. It 

means that calculated EEDF will have differences with real one, and as 

the pressure is higher as the difference will be stronger. The influence of 

relation between the probe geometry and the electron mean free path on 

the deviation of EEDF derived by the Druyvesteyn method from some 

model EEDF was investigated in [156,157]. 
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According to the Druyvesteyn method the electron energy probability 

function fp(eV) can be evaluated from the second derive of the I-V curve: 

        
     

   
 
    
   

                           (4.3) 

 

Here, V is with respect to the plasma potential. S is the probe area.  

From EEPF the effective electron temperature Te and the electron 

concentration ne can be calculated. 

            

 

 

                                (4.4) 

                         

   
 

 
    

 

   

           

 

 

                      (4.5)   

       

It has been found that EEPFs in H2 discharge are neither Maxwellian nor 

Druyvesteyn under the investigated discharge conditions. Figure 4.7 

shows the effect of discharge power on the EEPF in H2 RF discharge at 

the pressure of 26.7, 50, 100 and 150 Pa. With the increase of pressure 

the measurements of EEPFs at low forward powers were technically 

unable. The plasma potential shifted to more positive values, and the 

attempts to reach it by the probe potential caused always the glowing in 

the sheath around the probe. In this mode a part of the I-V curve was 

inappropriate for analysis.  

A second peak in EEPFs is observed under most discharge conditions. Its 

position drifts to higher energies when the forward power is decreased 

(see Figure 4.8). In the same time the second peak decreases. When the 

gas pressure is increased, the second peak shifts stronger to higher 

energies with decreasing RF power.  A similar second peak and 

dependence on process parameters were observed by Hong Li in ICP 

discharge in N2 at 0.7 and at 13.3 Pa, and in H2 in the pressure range 

0.7 − 6.7 Pa.[158] In another work the second peak was observed by 

Mahony et al. in CCRF discharge at 13.56 MHz.[159] The operating 

pressure was in the range from 33 to 133 Pa. The time-averaged electron 

energy probability functions were measured in H2 and D2 discharges 

using a passively compensated Langmuir probe technique like in this 

work. 
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Figure 4.7. EEPFs for different forward powers and pressures. 
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The existence of the second peak was theoretically predicted by 

Francis F. Chen.[160] The distribution function of the non-thermal 

electrons depends on the acceleration mechanism. According the model it 

is assumed that the electrons are concentrated at the maximum of the RF 

field at which the electric field is directed properly to accelerate them. A 

runaway population of these electrons is rapidly accelerated well above 

their thermal speeds before a collision. These electrons will remain 

accelerated by the electric field until they fall out of phase or make a 

collision with a particle. It is supposed that collisional mechanism 

dominates. If their collision cross section changes like 1/v (v is their 

velocity), then the collision frequency will be constant. This means that 

the velocity gained by each electron will be the same regardless of its 

initial value. This will lead to the shift of Maxwellian EEDF. In another 

case, if the cross section is constant, the electrons will be averagely 

accelerated for a given distance. The energy gained by each electron will 

be the same, leading to the transformation of Maxwellian EEDF to 

another one with a second peak. According to the author's comments the 

real distribution will probably lie in between these two extreme cases. In 

the case of H2 the mean free path close to its minimum is nearly constant 

vs. electron energy as it seen from Figure 4.6. 

 

Figure 4.8. Position of the second peak in the EEPF for various pressures 

and powers. 
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To calculate the concentration from EEPFs all electrons were separated 

in two groups: beam electrons belonging to the second peak and the rest − 

electrons of the main group. The electron concentration of the main group 

is presented in Figure 4.9. For all investigated pressures the electron 

concentration grows monotonically with increasing RF power.  

 

Figure 4.9. Electron concentrations of the main group for different 

pressures and forward powers. 

 

Another behavior was found for the electron concentration of the second 

peak in the EEPF (Figure 4.10). With the exception of small RF powers, 

the beam electron concentration rises linearly with increasing RF power. 

The slopes of all graphs are very close to each other. There is only a slight 

difference between concentrations at 26.7 and 50 Pa, while for higher 

pressures the difference is stronger. With the decrease of the forward 

power the second peak of beam electrons disappears. 
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Figure 4.10. Beam electron concentration for different pressures and 

forward powers. 

 

The effective electron temperature is presented in Figure 4.11. For both 

groups it decreases with increasing RF power. For beam electrons and 

low forward power a pressure increase leads to a rising effective 

temperature. With increasing forward power the temperature becomes 

less dependent and, finally, almost independent of the pressure. Such 

behavior of a convergence to an equal effective temperature was not 

observed for the main group electrons. It is interesting that the mean 

energy of hot electrons from the second peak can exceed the energy, 

necessary for the excitation of molecular levels. In this case such 

electrons should stimulate the emission of plasma. If their energy exceeds 

about 11.3 eV, they will be involved in the excitation of the B1Σu
 
  state. If 

the electron energy exceeds about 12.3 eV, than they reach the threshold 

to excite the C1Πu state.[60,161]  
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Figure 4.11. Effective temperature of the main group and beam electrons 

as functions of RF power and pressure. 
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The measured set of plasma and floating potentials for different 

pressures and forward powers is presented in Figure 4.12. Both 

potentials were measured relative to the ground potential. The difference 

of plasma and floating potentials defines the maximal kinetic energy of 

positive hydrogen ions accelerated in the sheath towards the film surface. 

From Figure 4.12 we see that for 26.7 and 50 Pa the difference Vpl  Vfl 

depend weakly on the forward power and is about 8 – 11 V. For higher 

pressures it decreases from 25 – 27 V to ca. 8 V with the increase of 

forward power. 

 

 

Figure 4.12. Plasma and floating potentials as functions of forward power 

and pressure. 
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It is interesting to observe the dependence of the ratio 
Vpl - Vfl

Te
 vs. 

forward power and pressure. (Here, Te is in eV). For electrons of the main 

group for forward powers above 100 W this ratio does not depend on the 

power, but depend only on the pressure: the higher the pressure is the 

higher the ratio is. For hot electrons from the second peak the ratio is also 

almost constant vs. forward power. But, unlike the case of main group 

electrons, it decreases weakly vs. pressure. If the ratio is known at one 

value of forward power, its constancy can be used to calculate the electron 

temperature Te from the difference Vpl - Vfl at other forward powers. In 

the case of second peak electrons it can be done as estimation for different 

pressures. The difference Vpl - Vfl can be measured, for example, by the 

emissive probe or the floating emissive probe technique.[162]  

 

 

Figure 4.13. Ratio of plasma and floating potential difference, and the 

effective temperature for main group electrons. See the next page for 

continuation. 
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Figure 4.13. Ratio of plasma and floating potential difference, and the 

effective temperature for beam electrons. 
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4.3.2. VUV - visible radiation of the H2 

plasma  

 

Going from results presented in the previous section the H2 gas was 

selected for the plasma processing of PDMS films. The emission spectrum 

of CCRF discharge ignited in the setup, described in the 3rd chapter, was 

measured between 115 and 335 nm. The strongest radiation in this region 

comes from molecular Lyman bands emission which is marked in red in 

Figure 4.14. This emission appears due to transitions from vibration 

levels of the upper state B1  
  to vibration levels of the ground state X1  

  

(Figure 4.15). It occupies the wavelength region from the cutoff at 115 nm 

to 170 nm with the most intensive peaks at 158 and 161 nm. The detailed 

scheme of vibronic transitions for B1  
  → X1  

  is given in following 

works.[163,164] This emission is contributed also by cascade transitions 

from higher states.[163,165]. The primary cascade contribution appears 

due to the transition E,F1  
  → B1  

   (Figure 4.15).  Additionally, the 

molecular Werner bands marked in green in Figure 4.14 arise from 

rovibronic transitions C1   → X1  
 . These Werner bands are overlapped 

with the atomic Lyman alpha line at 121.6 nm and molecular Lyman 

bands.[166-168] The emission from Werner bands was quite weak at all 

processing conditions. Moreover, this emission is below 130 nm, where, as 

it will be shown in the next section, the depth of radiation penetration 

into PDMS films is small.  

From the side of larger wavelengths the emission is represented by the 

transition a3  
  → b3  

 .[169] Although this emission is not very intensive, 

it is continuous, extending from approximately 160 nm, where it overlaps 

with B1  
  → X1  

  , to about 500 nm. In  

Figure 4.15 the upper bound and the lower repulsive state for the 

transition a3  
  → b3  

  are presented by blue potential curves. The 

spectrum features denoted “2nd order” in Figure 4.14 come from the 

2nd diffraction order of the diffraction grid of the VUV monochromator. 

They are situated at doubled wavelengths of real plasma emission bands 

and Ly-α line. 
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Figure 4.14. VUV and UV spectrum of a CCRF discharge in H2 for the 

forward power of 250 W and the pressure of 150 Pa. 
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Figure 4.15. Potential curves and energy levels diagram of the hydrogen 
molecule. Adapted from [164]. 

 

The visible emission of H2 plasma was investigated in the region 

330 − 800 nm. Any traces of emission of other gases were not observed. 

The emission from OH radicals from H2O, which always presents in the 

chamber as impurity, is below the cutoff. Additionally, in the case of 

PDMS plasma treatment any emission from CH3, CH or C2 radicals was 

not detected in the flow mode with 3 sccm and in the case of a closed 

chamber. 

The emission shown in Figure 4.16  is typical for a hydrogen RF 

discharge.  For example, a similar spectrum is presented in the PhD 

thesis of K. Dittmann.[170] The atomic radiation is represented by 4 

observable lines of the Balmer series: H  at 656.3 nm, Hβ at 486.1 nm, 
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Hγ at 434.1 nm and Hδ at 410.2 nm. The molecular radiation is more 

complicated. The dissociation continuum a3  
  → b3  

  starts in VUV 

region and continues up to about 500 nm. (The VUV/UV part of 

dissociation continuum was demonstrated previously in the 

Section 4.3.2). A part of other molecular bands is overlapped with the 

dissociation continuum and with each other. Their detailed identification 

can be found in following work.[171] The information about other 

molecular bands between 550 and 800 nm is presented 

elsewhere.[172,173]  

 

Figure 4.16. Typical emission spectrum of the CCRF hydrogen plasma 

(200 W, 150 Pa) in the range from 330 to 800 nm. The cutoff of glass 

window is at 330 nm. 

 

4.3.3. Absorption coefficient of PDMS, TMS 

and SiOx in VUV region 

Absorption coefficient of PDMS and TMS 

Now it is important to compare the VUV emission spectrum of the H2 

plasma with the absorption coefficient of PDMS to obtain additional 

information about the PDMS modification under the action of radiation. 

The data on the absorption coefficient can be found in various 

articles.[128,129,174,175] It is seen in Figure 4.17 that the onset of 
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absorption is close 190 nm. Next, the absorption coefficient rises up to the 

local maximum at 175 nm due to the absorption band and declines to the 

minimum at 163 nm. From approximately 160 nm (7.7 eV) the VUV 

radiation is so energetic that causes the ionization of PDMS increasing 

photoconductivity of PDMS.[176,177] (Additional data on the 

photoelectron emission for PDMS can be found in Koizumi et al.[178]) 

This contributes strongly to the increase of the absorption coefficient. 

Thus, the depth of radiation penetration decreases rapidly with the 

decrease of wavelength. For example, close to the emission maximum at 

160 nm the transmittance is equal to 10% for PDMS film with thickness 

of 470 nm, with the thickness of 130 nm at the wavelength of 140 nm and 

with the thickness of only 30 nm at 120 nm.[128,175] 

 

Figure 4.17. Decimal absorption coefficient according Cefalas et al. [128] 

(blue) and photoconductive current of PDMS (green) according Gulefucci 

et al. [176,177]  (in a.u.), decimal absorption coefficient of liquid TMS 

according Saik et al.[179]  and typical emission of H2 plasma in this work 

vs. wavelength. 

The information on the correlation of the absorption coefficient behavior 

and photophysical processes can be found in literature for 

tetramethylsilane (TMS), which consists of four methyl groups bonded to 

Si. Thus, the TMS molecule can be compared with PDMS because of the 

similar monomer unit. Accordingly, the absorption coefficient of PDMS 

and TMS behave similarly (see Figure 4.17)[179,180]. Saik et al.[179] on 

the basis of scientific works [180,181] (and others cited therein) stated 

that Rydberg transitions dominate the absorption spectrum of TMS in the 

region 125 – 190 nm. In particular, the band with the onset at 189 nm 

and the maximum at 166 nm is due to the allowed N → 4s Rydberg 
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transition, and the minimum at 155 nm appears due to the symmetry 

forbidden N → 4p Rydberg transition.[180]  

The VUV photolysis of TMS was studied in different works.[182-184] It 

was found out that the photodecomposition goes in two channels: the 

photoexcitation into the Rydberg state is followed by simple Si-C bond 

breaking or by methane elimination. The cleavage of Si-C bond, which 

has the least dissociation energy among all in PDMS, and the following 

release of CH3 radicals or CH4 molecules are in agreement with the 

results observed by FTIR in this work for PDMS. It was measured clear 

degradation of vibration bands indicating the destruction and removal 

process of CH3 and Si-CH3 groups. Additionally, in Lee and Graves the 

influence of VUV radiation on low-k SiOCH films was studied.[135] It 

was shown that the VUV photons cause the demethylation of material 

and the formation of SiOx overlayer. Here, the release of CH3 radicals was 

detected by mass spectrometry. In other works stable products such as 

CH4, H2 and C2H6, composed of two CH3 radicals, were also observed. 

[129,185] 

Absorption coefficient of SiOx 

During plasma modification the top layer of the PDMS film experiences 

the most intensive influence of VUV radiation. As a result it is 

transformed into SiOx layer, where all CH3 groups are destroyed and 

removed. This layer can have the absorption coefficient more or less than 

that of PDMS and, therefore, to hinder or to ease the penetration of VUV 

radiation to deeper layers of the film. The data on optical properties of 

SiOx in VUV region is found in following works [186,187]. In Figure 4.18 

the natural absorption coefficient of SiOx for different x is compared with 

that of PDMS. In the region below about 180 nm the absorption 

coefficient of PDMS is between the absorption coefficients of SiO1.5 and 

SiO1.75. The original ratio Si/O in PDMS is equal to 1. However, during 

transformation of the top region into SiOx this ratio can change. 

Spectroscopic investigations of the H2 discharge showed no traces of air 

inside the chamber (no emission from N2 and O2 and their derivatives). 

But an observed weak emission from OH radical with a maximum at 306 

nm revealed the presence of H2O vapor in the discharge, which is the 

source of additional oxygen. The thickness of the SiOx layer in 

experiments was between 10 and 60 nm. This layer, whole or in part, can 

be influenced by the presence of oxygen, and the stoichiometric index x 

can be increased. In this work the index x was not measured, and the 

question about the absorption of VUV radiation by the SiOx top layer 

remains open.  
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Figure 4.18. Natural absorption coefficient of SiOx for different x, and of 

PDMS (red curve) [128]. Adapted from [187]. 
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4.3.4. Integrated VUV spectrum of the 

CCRF hydrogen plasma.  

 

To optimize the intensity of the VUV radiation of H2 CCRF plasma the 

pressure and forward power were varied. The spectrum was registered  

by the VUV monochromator from the side face of the plasma chamber as 

shown in Figure 3.1. The entrance slit of monochromator with the height 

of 5 mm and the width of 500 µm was located at the height of 1 cm above 

the surface of the powered electrode and at the discharge axis. This 

position was chosen to acquire the most intensive radiation in the 

discharge near the sheath edge at the powered electrode.[188]  

 

Figure 4.19. Integrated intensity of VUV radiation (115-200 nm) in a.u. 

vs. forward power and pressure. The intensity was normalized for 

comparison with the Figure 4.23. 
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The intensity integrated over the VUV region is presented in Figure 4.19. 

As it was already demonstrated in the section 4.3.2 the vast contribution 

to the integral intensity comes from the Lyman bands. For the case 

presented in Figure 4.14 the Lyman band contributes ca. 73% of the total 

integral value in the range 115 − 200 nm, dissociation continuum 

a3  
  → b3  

  − ca. 22%, the Werner bands and the Ly-  − 3.5 and 

1.5 %, respectively. The total integrated intensity rises monotonically 

with the increase of the forward power for all pressures. At rising 

pressure from 12 to 500 Pa the intensity shows a flat maximum. The 

position of this maximum gradually drifts from 200 to 250 Pa as the 

forward power is increased from 150 to 300 W. The absolute maximum of 

intensity for the given range of forward power and pressure was found at 

300 Pa and 300 W.  

 

 

4.3.5. Absolute VUV intensity of the H2 

plasma radiation. 

 

The absolute VUV irradiance (mW/cm2) was measured by a power meter 

applied from the top of the plasma chamber with the detector on the 

discharge axis (see Figure 4.20). The photocathode of detector is made of 

diamond semiconductor with the bandgap of 5.5 eV and, therefore, it is 

blind to the UV and visible radiation.  

The power of radiation coming from plasma is decreased due to the 

absorption of the MgF2 window and the oxygen in the gap (90 ± 20 μm) 

between the window and the detector head. The gap appears due to a 

constructional feature of the detector. The transmittance of window with 

the thickness of 4 mm is taken from the manufacturer Korth Kristalle, 

the transmittance of oxygen – from [69,189]. This data is in a good 

agreement with that from other sources [68,70,71]. Additionally, the 

detector has variable spectral response and it is calibrated for the 

wavelength of 146 nm. (see Figure 4.21).  

 

 

 



4. Experimental results and discussion 

 
75 

All these factors taken into account in an appropriate manner give the 

formula to recalculate the real irradiance from measured one: 

        λ

  

  

     

 

    

   λ

  

  

                    (4.6) 

   is the measured intensity,    is the spectral irradiance in a.u. 

(spectrum measured by VUV monochromator),    – transmittance of 

MgF2 window,    – transmittance of air gap,   – relative spectral 

response,      = 0.934 – value of relative spectral response at 

146 nm.  

 

Figure 4.20. Schematic of the plasma chamber and the applied sensor 

head of the VUV power meter. The sample with PDMS film was absent 

during the measurement of VUV irradiance. 
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Figure 4.21. Transmittance of the MgF2 window with the thickness of 4 

mm, transmittance of oxygen in the air gap with the thickness of 90 μm 

and relative spectral response of the power meter. Data for absorption of 

oxygen is taken from Lu et al. and Ackerman et al.[69,189] 

 

Figure 4.22. The emission spectrum of the CCRF hydrogen discharge at 

300 W and 250 Pa (dotted line) and the same spectrum distorted due to 

the absorption in the optical system and the influence of the spectral 

response.  
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Figure 4.22 compares both integrals for example with the RF power of 

300 W and the pressure of 250 Pa. Their ratio is equal to 1.54. From the 

formula it is seen that this ratio depends on the spectral irradiance. But 

as the spectral distribution for different RF powers and pressures are 

similar, the ratio remains almost constant. 

The detector was applied from the top of the plasma chamber and the 

PDMS samples were treated inside at the height of 2 cm above the 

surface of the powered electrode. The difference in positions means the 

difference in the intensity of radiation coming from plasma to the surface 

of film and to the detector. To recalculate the intensity a simple model is 

proposed. The VUV radiation comes to the photocathode surface of 

circular the detector with the radius a = 0.33 cm from the circular disc 

located slightly above the powered electrode. The distance between the 

detector and the emitting disc is 11.8 cm. The radius of this disc is equal 

to that of power electrode (b = 5.4 cm). It emits the VUV light like a 

Lambertian radiator. Lambertian radiator - is an emitter, which 

luminance is constant and does not depend on the direction, i. e. it is 

independent of the position of a point on the surface and the angle of 

observation. In this case the luminous flux of photon Ф trough the surface 

of detector is expressed as follows: [190] 

   
 

 
π                                      (4.7) 

 

 L is a luminance of the emitting disc. 

To compare irradiancies one can select a circular area in the center of the 

sample of the same area as the area of the detector photocathode. Then, 

the ratio of geometrical factors in brackets for different distances can be 

used to calculate the irradiance of circular area on the sample from 

measured one. Taking into account all factors: the absorption in the 

optical system, the spectral response, the position of the detector head 

and the sample, we obtain the factor 8.4. The resulting VUV irradiance is 

presented in Figure 4.23. Its dependence vs. pressure and forward power 

is similar with the previously presented dependence of the integrated 

intensity (see Figure 4.19). The strongest irradiance of a sample appears 

at 300 W and 200 − 250 Pa and amounts to about 13 mW/cm2. This value 

exceeds more than 1000 times the irradiance from the Sun in the range 

115 − 200 nm and beyond the atmosphere.[191] 
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Figure 4.23. VUV irradiance (mW/cm2) vs. forward power and discharge 

pressure. On the right   denotes the region of pressures and powers at 

which modified films remain undamaged,   − become damaged. 

 

In Figure 4.24 and Figure 4.25  the same data is presented as irradiance 

vs. forward power and as irradiance vs. pressure. For pressures in the 

range between 12 and 150 Pa a linear increase of the irradiance with 

rising RF power is observed. At that, the higher is the pressure, the faster 

increases the irradiance. For another range from 200 to 500 Pa the 

linearity is not observed anymore and the irradiance increases slightly 

faster than linearly. The dependence of irradiance vs. pressure is 

non-monotonic. As the forward power increases the main maximum 

gradually shifts from 100 to 250 Pa. Another ill-defined peak at 300 Pa 

exists in the power range from 150 to 225 W, in the range 250 − 300 W it 

is absent.  
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Figure 4.24. VUV irradiance (mW/cm2) vs. forward power at different 

hydrogen pressure, (A) 12 − 150 Pa and (B) 200 − 500 Pa. 
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Figure 4.25. VUV irradiance (mW/cm2) vs. pressure for different RF 

forward power (150 − 300 W). 

 

When the pressure is decreased the intensity of VUV plasma emission 

quickly drops down, and the film treatment becomes disadvantageous 

since the treatment time should be strongly increased to irradiate a film 

with a sufficient dose. In conclusion, it should be added that the sample 

with a film located in the chamber will disturb the plasma. Therefore, the 

plasma emission intensity in experiments with and without a sample 

treatment can be different. To investigate it, instead of a sample a MgF2 

dummy, transparent for VUV (made of MgF2), was installed. At low 

pressures the sheath edge at the powered electrode with intensive 

emission extends to the position of dummy and is influenced by it. As the 

result for pressure of 25 Pa the irradiance amounts in only 70 % from the 

initial value. With an increase of pressure the difference reduces and 

disappears completely above 50 Pa. 
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4.3.6. Damage of thin films at high VUV 

intensities 

In Figure 4.23 two regions are marked by dotted lines. There, the 

influence of VUV radiation on the quality of film surface was studied. It 

was found that the intensive radiation may cause the damage of thin 

films (Figure 4.26 (a)).  

The dynamics of PDMS damage by hydrogen plasma radiation can be 

divided in several periods depending on the treatment time at fixed RF 

power and pressure. After about 0.5 - 1 min of treatment time bubbles are 

produced with a diameter below 2 mm. Between 1 min and 5 min their 

diameter continuously increases up to 2 - 4 mm, and new bubbles appear. 

After approximately 3 - 5 min the bubbles start to explode intensively and 

damage the film. Then, the bubble production decelerates and the 

damage process stops completely after about 5 -10 min, a strongly eroded 

surface remains.  

 

Figure 4.26. Photograph of films modified during 10 minutes at different 

pressure and forward power: (A) 250 Pa , 300 W, (B) 150 Pa, 200 W. The 

violet bright field in (B) is the reflection of the camera objective. 

As it was already written the treatment of PDMS films causes the 

cleavage of the Si-C bond and the release of CH3, H and other radicals. 

The association reaction of radicals leads to the formation of stable 

products: H2, CH4 and C2H6.[129,185]  

As it was shown in our paper the top layer of PDMS is completely 

modified into SiOx material.[192] According Chatham the SiOx layer acts 

like a barrier for oxygen.[193] In our case this top layer may prevent the 
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release of the above mentioned gaseous products and leads to their 

accumulation with further film damage.  

The simplest way to avoid damages is to perform the modification at 

optimized radiation intensities. Bubbles do not appear for lower 

intensities, even if the treatment time is increased and the irradiation 

dose is comparable with that for higher intensities and shorter time. It 

means that gas products are released due to the diffusion through 

plasma-modified film or/and pores with a rate equal or less a production 

rate.  

 

4.4. Characterization of plasma-modified 

PDMS films 

4.4.1. Characterization of thin 

plasma-modifed PDMS film surface by 

optical and SEM microscopy 

In Section 4.3.6, Figure 4.26 B the image of undamaged plasma modified 

film was presented. Here, in addition to it, the scanning electron 

microscopy (SEM)[194] image demonstrates a successfully modified 

PDMS film. For SEM imaging technique the film surface should be 

conductive to prevent the accumulation of negative charge. For this 

purpose the H2 plasma-modified film was covered by a golden layer with 

the thickness of about 10 nm by means of magnetron sputtering 

technique. Because of its small thickness the golden layer can mask only 

small defects like open pores and cracks. Grains, which are especially 

prominent in Figure 4.27 B, are the part of the golden layer, but not of 

modified PDMS film. From Figure 4.27 A and B it is seen that the surface 

is smooth, flat and without strong defects. The initial thickness of this 

film measured by spectroscopic ellipsometry (SE) was 185 nm. During the 

H2 plasma modification the PDMS undergoes cross-linking and also 

losses methyl groups. This results in a shrinking of the film. The reduced 

film thickness was measured by SE and compared with that determined 

by SEM. Both results are in the good agreement: 135 and 140 nm. (The 

value 140 nm obtained by SEM is derived as 150 – 10 nm of golden layer.) 

The effect of film shrinking for different process parameters like 

treatment time, discharge pressure and forward power will be described 

in the next chapter. 
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Figure 4.27. SEM image of the top (A) and side (B) view of a plasma 

modified PDMS film with the initial thickness of 185 nm. In (A) the light 

rectangular on the left side is a burnout arisen from an intensive electron 

beam used in SEM. 
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Even if the film silicone oil is filtered, the ideal case presented in Figure 

4.27 does not occur always. Figure 4.28 demonstrates the H2 

plasma-modified PDMS film with a wavelike structure, which contains a 

dust particle in the centre. This particle stuck to the liquid PDMS film 

before treatment. Similar structures of plasma-modified PDMS films 

were observed in other works.[22,195-200] Figure 4.29 demonstrates 

images reprinted from them. In the case “A” we see the unordered 

wavelike structure.[22] Crosslinked PDMS film containing the stabilizer 

Tinuvin® 770 was exposed to 2.2 h corona discharge in dry air at 

atmospheric pressure. In the case “B” the silicone based paint CV-1146 

was heated in the effusion cell at the temperature of 125 °C for 12 to 

24 h.[198] Outgassing product of this paint was identified by FTIR 

spectroscopy as PDMS. Afterwards, collected PDMS was treated by VUV 

radiation of deuterium lamp or RF discharge in Ar. In the case “C” and 

“D” the structures were prepared in a three-step procedure: heating of 

PDMS to expand it, its exposition in oxygen plasma to produce a thin 

surface layer of silica-like material and, finally, the cooling.[196] 

The procedure started with heating the PDMS in an oven at a constant 

temperature between 50 and 250°C during no less than 45 min. Then 

PDMS was taken from the oven and immediately loaded into a 

Anatech SP100 plasma cleaner and oxidized in RF plasma in oxygen at a 

pressure of at a pressure of 0.04 − 0.13 Torr. Due to the dissipation of 

energy from plasma the inner tube of the cleaner had a temperature of ca. 

80°C maintaining the PDMS slab warm. After the oxidation, the PDMS 

was extracted from the cleaner and allowed to cool down to ambient 

temperature. During the cooling the waves were formed on the surface. If 

initial PDMS was flat and without bas-reliefs, the surface was covered by 

waves locally ordered, but globally disordered (Figure 4.29 C). (In our 

work similar disordered structures were also observed in the absence of 

dust particles in vicinity.) When the surface was patterned with bas-

relief, the wavelike structure became ordered like in Figure 4.29 D. This 

structure is like that presented in Figure 4.28, where the dust particle 

plays the role of bas-relief. In the above-described and in our work the top 

surface of PDMS is modified by plasma in SiOx layer with x between 1 

and 2. The volumetric thermal expansion coefficient of SiO2 material is 

equal to about       -    -  , for SiOx films it is  0.6 – 10)·10
-6

 °C
-1

,[201-

203] and for PDMS at temperatures in the range between 20 and 200 °C 

it is (0.9 – 1)·10
-3
 °C

-1
.[102,204] (In some mentioned sources the data is 

given in the form of linear thermal expansion coefficient. For isotropic 

materials and for small expansions it is approximately 1/3 of the 

volumetric one.) The difference is great; it means that during cooling the 
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bulk volume will decrease much stronger and produce the compressive 

stress in the SiOx top layer. This stress buckles the plasma-modified SiOx 

layer leading to formation of observed wavelike patterns.  

 

Figure 4.28. Optical image of a wavelike surface topography of the H2 

plasma-modified thin film with the initial thickness of ca. 180 nm. Here, 

in the centre of the structure is a dust particle. 

 

Figure 4.29. Wavelike structures of plasma modified films reprinted from 

different articles: A from [22] and B from [198], C and D are from [196].  
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In some series of experiments in this work the samples were placed on 

the surface of the powered electrode. There they became heated to the 

temperature of ca. 65 − 70 °C due to the dissipation of energy in plasma. 

In main series, when samples were above the powered electrode at 

floating potential, their heating resulted in lower temperature of ca. 

35 − 40 °C. In this second case, unlike the first one, the effect of buckling 

was absent on the flat dust-free part of film. It existed only around dust 

particles, which create additional stress as bas-reliefs in aforementioned 

work [196]. 

It should be added that in our case the VUV radiation of H2 CCRF 

discharge crosslinks the film bulk under the SiOx top layer. Therefore, its 

thermal expansion coefficient can differ from that of non-modified PDMS. 

However, deep regions are weakly affected by the VUV radiation, and it is 

expected that the thermal expansion coefficient of the bulk material 

remains higher than that of SiOx top layer.  

 

Figure 4.30. Cracked surface of a H2 plasma modified PDMS film, which 

had initial thickness of ca. 480 nm. Blurred dark spots arise from dust 

particles in the optical way of microscope. More clear spots are dust 

particles appeared on the film after the modification. 

 

Another example of surface defects is given in Figure 4.30. If the initial 

thickness of PDMS films exceeds 300 − 400 nm, then plasma-modified 

films become covered with a net of microcracks over their total area. In 

this case the VUV radiation absorbed in upper layers is not able to modify 



4. Experimental results and discussion 

 
87 

the bottom of films. As a result, the films are not adhered to the 

substrate. In the case with the formation of wavelike structures all films 

were thinner and, therefore, modified across the whole depth and well 

adhered to substrates. The reaction force from the interface substrate-

film bottom prevents strong compression in the lateral direction. (The 

substrate material, either Al coated glass or Si, - in both cases the 

volumetric expansion coefficient is strongly less than that of PDMS.) For 

thicker films with a liquid bottom the reaction force is negligible and the 

lateral compression should be stronger and. Thus, it leads to the cracking 

of SiOx top layer. 

 

 

Conclusions 

Careful monitoring of the film deposition and the plasma processing 

conditions on all stages allows avoiding the. Specifically, it is necessary: 

 

o To avoid the accumulation of dust in the liquid film. Samples should be 

immediately loaded to a plasma chamber. The work in a cleanroom will 

be useful in this case. 

 

o The intensity of ultraviolet radiation should not to exceed 

5 − 7 mW/cm2 to prevent the accumulation of gaseous products of VUV 

photolysis in the film leading to film damage. 

 

o To prevent film heating (e.g. by cooling), which leads to their expansion 

and, afterwards, to buckling or cracking during cooling down. 

 

o The thickness of the film should not exceed 300 - 400 nm to avoid the 

film cracking. Otherwise, the film should be crosslinked over the whole 

depth in a more efficient way, e.g. by more intensive excimer or 

exciplex lamps/lasers ( e2
 
, ArF

 
), which have a narrow emission 

spectrum in the region of relatively small absorption coefficient (see 

Figure 4.17). 

Following these requirements it is possible to produce solid films of good 

quality. Such films are well adhered to the substrate, can withstand 

moderate load during rubbing and scratching. Their surface is smooth, 

what was necessary for their diagnostics and characterization by means 

of IRRAS and SE in this work. 



4.4. Characterization of plasma-modified PDMS films 

 
88 

4.4.2. Optical properties of prepared and 

plasma modified PDMS films 

 

A single layer Cauchy model without absorption [75,76] was used to for 

non-modified and modified PDMS films to calculate the film thickness 

and dispersion of the refractive index from the measured ellisometric 

angles Psi and Delta in the wavelength range from 300 nm to 800 nm.  

       
 

  
 

 

  
                                    (4.8) 

 

As it will be shown later, modified thicker films have non-uniform 

structure across the film thickness: the SiOx top layer, transitional cross-

linked region with gradual increase of CH3 group concentration and very 

weakly cross-linked region. Nevertheless, the single layer model for 

plasma modified film was applied because of following reasons. In the 

film the refractive index changes gradually between two limit values for 

top SiOx and for non-modified PDMS (see Figure 4.31).  

 

Figure 4.31. Refractive index of PDMS, measured from 12 nm film and 

refractive index the same film, measured after its complete 

transformation to methyl-free SiOx layer by H2 plasma treatment. 
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It is seen that the refractive index dispersion curves for these two cases 

are close to each other. Moreover, there is no distinct interface between 

the top methyl-free SiOx and the below-lying region. It was tried to apply 

the Cauchy model with two layers to describe simultaneously the SiOx top 

layer and the modified bulk. The iterative routine always converges to the 

state, when the thickness of SiOx layer is zero and the thickness of bulk is 

nearly equal to those in single layer Cauchy model. It was also tried to fix 

the thickness of SiOx layer at some virtual value, for example. In this case 

the total film thickness was equal to the thickness for the single layer 

model. Going from these results and considerations the application of a 

multilayer model is not very reasonable. The same model for non-

modified as well as for modified PDMS films were applied elsewhere.[205-

207] In particular in [206,207] the application of single layer model was 

explained as follows: 

“The apparent thickness reported is the result of analysis of the data with 

a single layer model. Because the SiOx layer was very thin, attempts to 

model the film thickness by a two-layer model (i.e. PDMS plus SiOx) did 

not provide superior representations of the data than did a simple single 

layer model.” [206,207] 

 “In general SE is rather sensitive to small changes in the refractive index 

and/or layer thickness. However, in the case of stratified layers the 

correlation between refractive index n and layer thickness d is significant 

and small changes of n may be compensated by changes of d. The 

refractive indices of PDMS (1.405) and SiO2 (1.457) are very similar; 

therefore, applying a multilayer model is not very reasonable, and the 

analysis was limited to a single layer model.” [205] 
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4.4.3. IR absorption spectrum of non-

modified and plasma modified PDMS films 

 

Absorption spectra of non-modified films 

 

The characteristic absorption spectrum of a thin PDMS film with the 

thickness of about 210 nm is shown in Figure 4.32. The spectrum of the 

PDMS thin film is characterized by methyl groups which exhibit two 

stretching vibration modes: asymmetric one at 2965 cm-1 and symmetric 

one at 2906 cm-1. [113,116,208] Further, the strong and very sharp band 

at 1266 cm-1 belongs to symmetric deformation vibration of Si-CH3 group, 

and the asymmetric deformation band for Si-CH3 at 1413 cm-1 has peak, 

respectively. The bands at 866 cm-1 and at 824 cm-1 correspond to Si-

(CH3)2 asymmetric and symmetric rocking vibrations. The last one is 

overlapped with the band at approximately 800 cm-1 for the Si-C 

asymmetric stretching vibration in Si-(CH3)2. The bands at 1043 cm-1 and 

1112 cm-1 represent the Si-O-Si asymmetric stretching vibrations.  

 

Absorption spectra of plasma modified PDMS films 

 

The hydrogen plasma treatment of the PDMS film results in strong 

changes of the IR spectrum (Figure 4.32). The overall decrease of 

characteristic PDMS absorption bands, that means all methyl group 

bands and the Si-O-Si asymmetric stretching band at 1112 cm-1, as well 

as the formation of a new band at 1230 cm-1 were observed. The band 

degradation for vibration modes of CH3 and Si-CH3 groups is an 

indication of partial demethylation in the film, which appears due to the 

photodegradation of PDMS. In Lee and Graves the influence of VUV 

radiation on low-k SiOCH films was studied.[135] It was shown that, the 

VUV photons cause the demethylation of material and the formation of 

SiOx overlayer. The release of CH3 radicals was detected by mass 

spectrometry as the evidence of Si-C bond scission. In another work the 

mechanism of VUV photolysis of tetramethylsilane (Si(CH3)4)  was 

studied.[182] It was found out that the photodecomposition has two main 

channels: the photoexcitation into the lowest Rydberg state is followed by 

Si-C bond breaking or by methane elimination, respectively. For the 

symmetric deformation vibration mode of Si-(CH3) not only degradation, 

but also the appearance of a shoulder, situated between 1270 cm-1 and 

1285 cm-1, was observed (Figure 4.32 C). This shoulder arises due to 
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substitution of methyl groups by oxygen atoms, and is the evidence of 

CH3 group removal from the film.[209,210] 

 

 

 

 

 

Figure 4.32. The IR spectra of non-modified (black) film with the 

thickness of 210 nm and film treated during 10 min (red) for different 

wavenumber intervals. Part C is on the next page. 
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The strongest modification of the PDMS film is observed for the top layer, 

leading to the rapid removal of all CH3 groups and formation of SiOx 

layer. In the IR spectrum the presence of this layer is indicated by the 

new absorption feature at 1230 cm-1 called the Berreman mode. [211,212] 

It is the longitudinal optical (LO) phonon structure generated by surface 

charges due to the normal component of electric field strength of incident 

 

 

 

Figure 4.32. The IR spectra of non-modified (black) film with the 

thickness of 210 nm and film treated during 10 min (red) for 

different wavenumber intervals.  
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IR radiation. Additionally, all modified films have small content of CH2, 

which is indicated by the presence of two weak bands at 2875 cm-1 and 

2933 cm-1 for symmetric and asymmetric stretching vibrations. The 

appearance of Si-H bonds is confirmed by the band at 2235 cm-1.The 

detailed list of main absorption bands is presented below in the Table 4.1. 

 

Table 4.1. List of the main absorption bands of non-modified and plasma 

modified PDMS (SILFAR® 1000) films 

Non-modified PDMS film 

Wavenumber, cm
-1

 Mode of vibration Ref. 

2965 CH – asymmetric stretching, CH3 [84] 

2906 CH – symmetric stretching, CH3 [84] 

1443 CH – asymmetric deformation (in-phase), CH3 [208,213] 

1413 CH – asymmetric deformation (out-of-phase), CH3 [84,214] 

1266 CH – symmetric deformation, CH3 (Umbrella) [84,214] 

1112 Si-O-Si asymmetric stretching [84,214] 

1043 Si-O-Si asymmetric stretching [84,214] 

866 CH3 – asymmetric rocking, Si-(CH3)2 [113,117,214] 

~845 CH3 – asymmetric rocking, Si-(CH3)3 [113,117] 

824 CH3 – symmetric rocking, Si-(CH3)2 [113,117,214] 

~800 Si-C  – asymmetric stretching, Si-(CH3)2 [113,117] 

 

New bands in modified PDMS film 

Wavenumber, cm
-1

 Mode of vibration Ref. 

3100 − 3700 OH, stretching vibration, H2O and SiOH    [84,214] 

2930 CH – asymmetric stretching, CH2 [84] 

2873 CH – symmetric stretching, CH2 [84] 

2235 Si-H, stretching vibration [84,214] 

1660 OH, scissoring vibration, H2O [84,214] 

1230 LO phonon band (Berreman mode), SiOx [211,212] 

945 Si-O, stretching vibration, Si-OH [84,214] 
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4.4.4. Chemical reactions in PDMS films 

during the plasma modification 

 

From the comparison of the spectra of modified and non-modified films it 

is possible to propose several reactions which take place in films during 

the plasma modification. The CH2 groups appear because of the formation 

of Si-CH2-CH3 or cross-linking with the production of Si-CH2-Si and/or Si-

CH2-CH2-Si (see Reactions 1-3). The presence of Si-CH2-CH2-Si structure 

in PDMS films modified by VUV photolysis was also suggested by Skurat 

and Dorofeev. [129] 

 

 

 

 

The reaction 4 demonstrates the way of Si-H group production trough the 

reaction of atomic hydrogen with the dangling bond. It was observed that 

the absorbance of the corresponding band (Figure 4.32) is very weak and 

1 

3 

2 
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does not depend on film thickness.  Therefore, the formation of Si-H takes 

place only on the surface of films. The formation of this bond was 

observed only in H2 plasma, but not in Ar, Xe or O2. Thus, we can 

conclude that atomic hydrogen comes to the surface from the H2 plasma. 

Also the intensity of the Si-H stretching vibration band does not depend 

on the film thickness if it exceeds 5 – 10 nm. It means that the 

penetration depth of hydrogen atoms is very limited and Si-H bonds are 

concentrated only in the near-surface layer. 

 

 

 

The appearance of a shoulder of the Si-CH3 symmetric deformation band 

at 1266 cm-1 can be explained by the reaction 5. According P. J. Launer 

the position of this band shifted to higher wavenumbers indicates the 

substitution of the CH3 group by an oxygen atom.[209] 

 

 

Reactions taking place in the film are not limited to these five. An 

additional analysis can help to reveal other reaction channels of PDMS 

plasma modification. 

 

 

 

5 

4 
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4.4.5. Interference effect in thin film IRRAS 

spectra. 

 

The absorbance of non-modified and, therefore, homogeneous films can be 

measured and compared with the thickness determined by SE. Then the 

plot “absorbance vs. thickness” gives the opportunity to derive film 

thickness from the absorbance spectrum.  

It might be erroneously assumed, that like in the standard transmission 

technique the Beer-Lambert law takes place and the dependence is 

linear. However, for thin films it can be not the case. Figure 4.33 

demonstrates us peak absorbances of various bands vs. film thickness 

(see Table 4.1). 

 

Figure 4.33. IR peak absorbance of various bands as functions of PDMS 

film thickness. 

 

Initially the linear function becomes non-linear for all bands. The 

thickness, where the function is still linear, is smaller for bands with 

higher wavenumbers (i. e. with lower wavelengths). The effect arises due 

to the interference taking place for thin films. A part of IR beam 

undergoes multiple reflections from interfaces vacuum − PDMS film and 

PDMS film − substrate, a part of it comes back in a vacuum and 

interferes with another part of beam reflected from the interface 
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vacuum − PDMS as it is demonstrated in Figure 4.34. It should be noted, 

that this effect is not because the optical path difference between the 

incident and reflected radiation. For example, the wavenumber of 824 cm-

1 corresponds to the wavelength of 12.136 µm, which strongly exceeds the 

thickness of films studied in our work. Therefore, the effect due to the 

optical path difference is negligible, and for the spectral region without 

absorption such interference does not exist. Actually, a phase difference 

between the incident and reflected beam accumulates due to the 

absorption and leads to the observed interference effect.[211,215-218] 

 

Figure 4.34. Explanatory drawing for the interference effect. 

 

This effect can be calculated. The final expression for the reflection 

coefficient R, which is the ratio of the total intensity of all beams reflected 

by the system to the intensity of the incident beam, can be found in 

following works.[211,215,217] The formula from [211,215] is convenient 

for programming: 

   
                                          

                                          
 

 

            (4.9)    

where        for s-polarized radiation, 

           for p-polarized radiation, 

                           ,      
    

         ,           

              - incidence angle,    and    - refractive index and extinction    

                   coefficient, respectively. 

             In our case 1 is for vacuum, 2 for PDMS, 3 for substrate. 
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4.4.6. Treatment of ultrathin films 

(~ 10 nm) by the VUV radiation from H2 

plasma vs. direct plasma treatment. 

 

As it was described in the Chapter 6 the depth of penetration of ions 

accelerated in the powered electrode sheath can be up to 5 - 10 nm. In 

this connection it was interesting to study to compare influence of only 

plasma VUV radiation and direct plasma (VUV, ions, atoms molecules,…) 

on films with the thickness of ca. 10 nm. For that, the separate 

experiment was realized, which scheme is presented in Figure 4.35. (see 

also [192]) Plasma treatment conditions were comparable with those for 

the main line of experiments (see Chapter 5, Table 3.1). The main 

parameters of the discharge are listed in Table 4.2. 

 

 

Figure 4.35. Scheme of the experiment for the comparison of influence of 

only plasma VUV radiation and direct plasma (VUV, ions, atoms 

molecules,…) on films with the thickness of about 10 nm. A gas exchange 

between reactor and internal volume of the housing is free. In the series 

of experiments with direct plasma treatment the aluminum housing with 

window was absent. 
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Table 4.2. Parameters of the discharge for the separate experiment 

described in this section. 

Processing gas H2 

Discharge type CCRF, 27.12 MHz 

Base pressure ≈ 2 Pa 

Process pressure p 26.7 Pa 

Gas flow f 28 sccm  

Forward power 200-300 W 

Full reactor volume V ca. 30 L 

Residence time tr 17 s  

Powered electrode surface area  64  cm2 

Treatment time 30 - 1800 s 

 

The samples were placed on the surface of the powered electrode. In one 

series of experiments they experienced the influence of all plasma 

components.  In another series they were covered by aluminum housing 

with a window. The housing covered all area of powered electrode, and it 

had free gas exchange with the main volume of chamber. On its top a 

window covered the circular 25 mm aperture to avoid the interaction of 

the PDMS film with the plasma particles, but to allow the radiation to act 

on the film. The housing prevented also excitation of plasma in its 

internal volume. The distance between the PDMS film and the top side of 

the window was 5 mm.   

Three different window materials were used in different experiments: 

soda-lime glass with the cutoff of 330 nm and with the thickness of 1 mm, 

quartz glass (SQ 1) with the cutoff of 160 nm and with the thickness of 1 

mm, and the MgF2 window with the thickness of 2 mm and transmittance 

exceeding 90 % for normal incidence of light with wavelength in the range 

between 120 nm and 200 nm. (See Figure 4.21, another thickness in this 

case should be taken into account for recalculation of transmittance)).  

The treatment with soda-lime glass has no effect on liquid PDMS films as 

expected. During the treatment with the quartz glass window  the 

samples were irradiated by a part of VUV radiation, mostly by radiation 

from dissociation continuum (see Figure 8 in [192]) . The strongest VUV 

emission of hydrogen plasma is located below 165 nm, but the 
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transmission cut-off of the quartz glass is about at 160 nm. In this case 

the transmitted radiation is not intensive, which results in the small 

effect in the PDMS film modification. The H2 plasma irradiation of PDMS 

film with thickness of 10 nm during 180 s showed reduction of only 13 % 

for peaks indicating the presence of methyl groups and 8 % of Si-O-Si 

asymmetric stretching peak. In the third series of experiments the PDMS 

sample was screened with the MgF2 window. In this case the treatment 

effect is much stronger (Figure 4.36). This result is concordant with 

results already reported in Jung et al., where the influence of H2 plasma 

VUV radiation  filtrered by LiF window was compared for alkyl- and 

silanol-containing SiO2 aerogel films.[219]  

 

Figure 4.36. IR absorbances of thin films with initial thickness of 10 nm, 

modified by H2 plasma (red) or by H2 plasma VUV radiation (blue). 

 

The latter case of irradiation through MgF2 window is compared with the 

direct H2 plasma action in Figure 4.36. The IR spectrum of the 10 nm film 

treated during 30 s in H2 plasma exhibits only LO phonon band, all 

methyl groups are removed and destroyed. On the other hand, the 
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IR spectrum of the 10 nm film treated during 30 s by plasma VUV 

radiation demonstrates the degradation of all main characteristic PDMS 

bands, but no appearance of LO phonon band at 1230 cm-1. Further 

increase of treatment time to 180 s, 600 s and up to 1800 s leads to a 

continuous change of the IR spectrum. We see the appearance of LO 

phonon band, indicating the presence of SiOx . This band shifts gradually 

to higher wavenumbers up to 1230 cm-1. Mirley and Koberstein modified 

Langmuir-Blodgett layers of diacid-terminated PDMS into ultrathin SiOx 

films by treatment with the low pressure mercury-quartz lamp, which 

generates VUV/UV light in the 185 and 254 nm range.[220] Dölle et al. 

transformed 220 nm PDMS films in nitrogen atmosphere (the vessel was 

evacuated to the pressure of 50 mbar and then filled with nitrogen) to 

carbon containing SiOx material by strong VUV radiation of  e2
 
 excimer 

lamp.[221] In both works, like in our, the gradual shift of LO phonon 

peak to higher wavenumber was observed. Even when the irradiation 

intensity is strong, like that in Dölle et al. (about 70 mW/cm2), the LO 

peak shifts slowly (tens of minutes) to the final position at 1230 cm-1.[221]  

The shift to higher wavenumbers can take place due to the increase of the 

stoichiometric index of SiOx material, as it was calculated in Lehmann et 

al.[222] In our case additional oxygen in the film can appear in plasma as 

residual impurities like O2 and H2O molecules. The emission of O2 

molecules was not observed by OES, the emission from OH radicals 

originating from H2O is always present. Another interpretation of the 

band shift is connected with the change of SiOx film porosity. In Brunet-

Bruneau et al. the peak shift from 1120 cm-1 to 1245 cm-1 was related to 

the porosity decrease from 50 to 0 percents in the SiO2 film.[223,224] But 

the shift is most likely the result of consecutive changes in the chemical 

structure of the film as it looks from comparison of absorbance spectra for 

different treatment time. The immediate appearance (within few seconds) 

of this peak at 1230 cm-1 is typical only for direct plasma treatment. This 

situation demonstrates us the rapid transformation of PDMS to SiOx, but 

not gradual, like in the case of the treatment by plasma VUV radiation. 

Increase of the treatment time results also in the degradation of all 

bands, indicating the presence of methyl groups. This degradation of CH3 

bands is accompanied by the shift of Si-CH3 symmetrical deformation 

band due to the substitution of methyl group by oxygen atoms (like it was 

described in Section 4.4.3). Following substitution or destruction of the 

last CH3 group bonded to Si removes the shifted shoulder, and after 600 s 

of irradiation only a weak residual peak of symmetrical deformation band 

is seen at the initial position. Meanwhile, the Si-O-Si asymmetric 
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stretching band undergoes prominent changes. Initially, the band 

absorption intensity decreases, withal the band shape broadens out.  

Finally, after 1800 s of treatment by plasma VUV radiation the 

absorbance spectrum is similar with that for direct H2 plasma treatment 

over 30 s, − the final state of films is the same − methyl-free SiOx layer.  

It should be noted that in the experiments with housing different factors 

reduce the intensity of irradiation by VUV light, and decelerate the thin 

film modification. One of them is the intensity reduction due to the 

decrease of the angular aperture to about 136°. Another one is the 

absorption of radiation by the window material, which is stronger for 

non-normal incidence.  Also, H2 plasma exhibits emission below the cut-

off wavelength (115 nm) of the MgF2 window.[225] This radiation is 

missing in experiments with the treatment by only VUV light.  However, 

its intensity is expected to be much weaker than that of the Lyman band 

system, and its influence should not be strong. All this factors, however, 

don’t explain the drastically slower modification effect of thin film by 

plasma VUV.               

As it was mentioned previously (see Section 4.1) the ion bombardment at 

the powered electrode is energetic enough to dissociate chemical bonds 

and modify the film. Additionally, fast or thermal hydrogen atoms can 

modify the top layer of the film. Therefore, this rapid transformation 

should be referred to the action of particles (H
 
, H2

 
, H3

 
, H, H2) striking 

the film surface, which is likely the main factor in modification of very 

thin (~ 10 nm) films or the top layer of thicker films by the direct 

H2 plasma treatment. 
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4.4.7. Shrinkage of films during plasma 

modification and distribution of CH3 groups 

across the film thickness. 

 

 

In this Section the influence of radiation on films with initial thickness in 

the range 10 - 600 nm will be discussed. As we know the plasma particles 

can only modify very top surface layer of PDMS. On the other hand VUV 

radiation penetrates deeper and modifies the film bulk. Its intensity 

decreases continuously on the way of propagation. Therefore, upper 

layers experience strong irradiation, while the deeper regions can remain 

unmodified, if the film is originally thick. An intensive VUV radiation 

dissociates chemical bonds, crosslinks the film, destroys and removes CH3 

groups. This leads to a film shrinkage during the treatment and to the 

formation of gradient distribution of CH3 along the film thickness. The 

shrinkage was studied by SE and the distribution of CH3 groups by 

IRRAS. 

 

 

Shrinkage of modified PDMS films 

The thickness reduction of plasma modified PDMS films is presented in 

Figure 4.37 for different initial thickness and plasma treatment time. All 

plots show initially the linear dependence. For this part of plot the IR 

spectrum reveals that PDMS is completely converted into a SiOx layer. 

Under the assumption that the Si content does not change during the 

PDMS film conversion into SiOx layer, the shrinking ratio 

(final thickness initial thi kness)  should be 0.55.[226] In our experiments 

such films had the shrinking ratio of approximately 0.55 - 0.60. This 

coincidence, additionally to SEM results (see Figure 4.27), shows the 

absence of big pores or voids in the SiOx layer. No further thickness 

decrease and alteration of the IR spectrum of the SiOx film was observed 

in subsequent plasma treatment. It should be noted here, that the 

thickness reduction of SiOx layer due to etching or sputtering in plasma is 

absent for samples positioned at floating potential or at the surface of the 

powered electrode. This was proved in experiments. For example, 10 nm 

PDMS films were transformed to methyl-free SiOx during 30 s. 

Afterwards, their thickness and IR absorption spectrum were measured, 

and the treatment was continued until 1800 s. Interim and final 
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measurements showed no thickness decrease and no IR absorption 

spectrum change. 

Film regions below 100 nm are characterized by residual CH3 content 

even after 30 minutes and lower shrinkage.  For this case, the curves 

show the deviation from the initial linearity and, afterwards, a smooth 

transition into another linear part, which continues to the 

film-Al interface. For different treatment time the second linear part 

appears at different depth: for 3 minute – at 50 nm, for 10 minutes – at 

150 nm and for 30 minutes – at 200 nm. In this region the radiation 

intensity is reduced because of the absorption in the overlaying material. 

It leads to weaker degree of CH3 removal and weaker cross-linking in this 

region, and hence, to the lower thickness reduction. This linear part of 

the film is shrinked uniformly and shows approximately the same 

shrinking ratio of ca. 0.90 - 0.95 for different treatment times. Films with 

such weakly crosslinked region are characterized by low adhesion on the 

substrate. They can be easily wiped.  In Graubner et al. PDMS films with 

the initial thickness between 50 and 730 nm were irradiated by    
 

 

excimer lamp at 172 nm, and the reported results are similar to that 

demonstrated for the film shrinkage in this paragraph.[205]  

 

The distribution of CH3 across the film thickness in 

plasma modified PDMS 

 

The distribution of the methyl group over the whole depth of the film is 

shown in Figure 4.37 A.  It is seen that the top layer contains no CH3 

groups. This layer has only the IR absorption band indicating the SiOx 

structure. Its thickness grows from 15 to 60 nm as the treatment time 

increases from 3 to 30 min. The removal of CH3 groups due to the plasma 

treatment decreases their concentration in the film. On the other hand, 

the shrinking due to the crosslinking can increase the concentration of 

CH3 groups. The slope of absorbance curves is proportional to the 

concentration of CH3 in the film. Below the methyl-free layer the slope of 

curves and the concentration of CH3 for modified films rise gradually. In 

the weakly cross-linked bulk the shrinking effect and the amount of 

removed CH3 are low. Therefore, the slopes of curves tend to rise to those 

in the non-modified films. For 3 min treatment the slope in the bulk is 

already close to the slope for non-modified films. Longer treatment time 

leads to stronger removal of CH3 in deeper film regions, which is 

indicated by the further reduced slopes (for example, 3 min vs. 30 min in 

Figure 4.37 B).  
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In figure (B) and (C) open symbols denote the absorbance of non-modified 

PDMS films and are plotted vs. initial film thickness, while closed ones 

for modified films are plotted vs. final film thickness. Additionally, for 30 

min equal numbers show corresponding points to compare the IR 

absorbance and the thickness before and after treatment. 

 

See the next page for continuation 
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Figure 4.37. Thickness difference before and after treatment vs. thickness 

after treatment (A), and IR decimal absorbance of symmetrical rocking 

vibration peak of Si-(CH3)2 at 824 cm-1 for films treated during 3, 10 and 

30 min (closed symbols) compared with that for films before treatment 

(open symbols) (B) and (C).  

 

4.4.8. Influence of the treatment time on 

CH3 reduction. 

In Figure 4.38 the absorbance of CH3 vs. treatment time is plotted for 

various initial thicknesses. Thin films with the thickness below 50 nm 

have lost almost all the methyl groups after 3 minutes treatment time 

and were converted into SiOx material. With increasing treatment time 

the thickness of the top SiOx layer gradually grows. However, films with 

the thickness greater than 100 nm are not modified completely into SiOx 

after 30 minutes. A part of VUV radiation is absorbed by upper layers 

and the intensity decreases gradually for deeper film regions. Therefore, 

the rate of CH3 group removal decreases with the time and the curves 

have a tendency to go into the constant value. Thus, an increased 

treatment time is very inefficient for the treatment of thick films. The 

strongest removal rate of CH3 groups is observed at the beginning of the 

treatment. This dynamics correlates with the above described quick 

appearance and the growth of bubbles containing gaseous products 

including CH3 groups. After about 5 - 10 min the rate of CH3 removal 
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decelerates strongly and the damage effect stops. These and similar 

results were presented in articles. [192,227] 

 

Figure 4.38. Absorbance for symmetrical rocking vibrations of Si-(CH3)2 

at 824 cm-1 vs. treatment time for different initial thickness. The data are 

taken from the plots in Figure 4.37. 

 

4.5. Photocatalytic performance of 

composite layers with TiO2 nanoparticles 

One of the basic ideas was to produce composite films consisting of TiO2 

nanoparticles embedded in a H2 plasma-modified PDMS matrix. These 

composite films were provided by the Fraunhofer Institute for 

Manufacturing Technology and Advanced Materials in Bremen.[15] 

To create a stable dispersion from hydrophilic anatase TiO2 nanoparticles 

and hydrophobic PDMS it is necessary to perform a special routine for 

compatibilization.[228] It was realized by the bead milling of TiO2 

dispersed in a block copolymer. In this process polyether (in blue 

rectangle in Figure 4.39) is adhered to the surface of nanopraticles and 

silicone chains are oriented towards PDMS. It makes nanoparticles 

wettable by PDMS. 



4.5. Photocatalytic performance of composite layers with TiO2 nanoparticles 

 
108 

 

Figure 4.39 Compatibilization of TiO2 nanoparticles with PDMS. 

Figure is adapted from [228]. 

 

Afterwards, the dispersion of PDMS and compatibilized TiO2 

nanoparticles was deposited to substrates by spin-coating and treated by 

plasma to create a solid photocatalytically active coating. As an example, 

the SEM micrographs of a plasma modified PDMS film with TiO2 on a Si 

wafer are presented in Figure 4.40. Some particles merged into big 

agglomerates during the preparation, a part of particles remained 

separately. One of the TiO2 crystalline configurations is anatase, which is 

advantageous for photocatalysis. It has a bandgap of ca. 3.25 eV.[229] The 

irradiation of TiO2 nanoparticles by light of higher photon energy 

generates electron-hole pairs. A part of these pairs recombines in the bulk 

of TiO2 nanoparticles, while the rest reaches the surface. The holes act 

like oxidants and the electrons like reductants initiating chemical redox 

reactions with adsorbed compounds. If holes react with H2O molecules, 

OH radicals are produced, which have strong oxidizing potential of 

2.8 eV. Redox reactions degrade different organics, viruses, bacteria, 

fungi, algae, and cancer cells to CO2, H2O, and harmless inorganic 

anions.[229-231] 

The test of the photocatalytic performance was realized in the Fraunhofer 

Institute for Manufacturing Technology and Advanced Materials in 

Bremen. Two cuvettes, one with a composite film consisting of embedded 

TiO2 nanoparticles in the plasma cross-linked PDMS film and another as 

a reference, were filled by aqueous solution of methylene blue (MB) to test 

MB degradation (Figure 4.41). Afterwards both cuvettes were irradiated 

by UV-A light during 24 hours. MB decomposition was detected by 

measurement of the absorbance in the visible range (Figure 4.41) and 

compared with the reference. 



4. Experimental results and discussion 

 
109 

 

 

Figure 4.40. SEM micrographs of H2 plasma modified PDMS film with 

TiO2 nanoparticles. Side and top view. Adapted from [15,232,233] 
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Figure 4.41. Illustration of performance tests of composite coatings with 

TiO2 particles, and absorbance of aqueous solution of methylene 

blue.[232,233] 

 

In Figure 4.40 it is seen that the top surface of particles is covered by thin 

layer of plasma-modified PDMS. This layer prevents the diffusion of 

electron-hole pairs to the surface, and may also absorb and reflect UV 

light needed for the activation of photocatalyc effect. As the result, it 

decreases the performance of photocatalytic activity of coatings. To open 

the surface of TiO2 nanoparticles and improve the efficiency of coatings, 

the modified PDMS overlayer was etched in a low-pressure asymmetric 

CCRF discharge (13.56 MHz) in CF4 gas. The design of reactor is 

described in details in the PhD thesis of S. Stepanov ([234], pp. 37-39). 

Main processing parameters of the CF4 plasma etching are presented in 

Table 4.3. 

The samples were placed on the surface of the powered electrode or 2 cm 

above at floating potential and faced towards the powered electrode. In 

the latter case no etching effect was observed. For samples on the 

powered electrode energetic particles (ions and neutrals) struck the 

surface of samples, which resulted in the etching with the constant rate of 

about 0.8 nm/s. 
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Table 4.3. Main processing parameters of the etching process. 

Processing gas                 CF4 

Discharge type Asymmetric CCRF, 13.56 MHz 

Process pressure 20 Pa 

Gas flow 15 sccm 

Forward power 100 W 

Full reactor volume ca. 20 L 

Powered electrode surface area 50  cm2 

Treatment time 10 − 90 s 

 

 

Figure 4.42. Thickness reduction as the function of etching time. Initial 

thickness of films was 145 - 160 nm. The data are taken from 

[15,232,233]. 

 

Figure 4.43 compares micrograph of a non-etched film and films etched 

during various time. The thickness reduction due to plasma etching is 

clearly seen. When the reduction exceeds ca. 50 - 70 nm, the top surface of 

TiO2 particles is strongly opened, and the improvement of the 

photocatalytic performance is optimal. Figure 4.44 demonstrates this 
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improvement tested on the decomposition of methylene blue.[15] The 

photocatalytic activity of composite films with TiO2 was also compared 

with that of Pilkinkton ActiveTM, which is a benchmark photocatalyst film 

for comparison with other photocatalyst.[235] It is seen in Figure 4.44 

that after etching the composite films are not inferior to the Pilkinkton 

ActiveTM coating. 

 

 

Figure 4.43. SEM micrographs of a non-etched film and films etched 

during various time. Yellow numbers show the thickness reduction. 

Figures 4.43 and 4.44 are published with permission of the authors. Data 

is adapted from [15,232,233] 
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Figure 4.44. Enhancement of the photocatalytic activity after 24 h UV-A 

irradiation vs. etching time. Negative numbers over bars indicate the 

thickness reduction. The green line demonstrates the photocatalytic 

efficiency of Pilkinkton ActiveTM glass.  
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5. Summary and Outlook 

 

The development of innovative coatings with multifunctional properties is 

an ambitious task in modification of material surfaces. Besides 

conventional technologies, e.g., the Chemical Vapor Deposition (CVD) as 

a thermal process, the non-thermal plasma is widely applied to deposit 

thin functional films from the plasma chemical conversion of precursors 

or from sputtered target material in magnetron discharges. Furthermore, 

thin functional composite films consisting of a bulk matrix layer with 

embedded nanoparticles are synthesized, e.g., by co-deposition of a 

plasma polymer film and nanoparticles from magnetron sputtering.   

A novel approach is a hybrid method combining the non-thermal plasma 

processing with nanotechnology for the development of multifunctional 

surface coatings.  

The conception of the hybrid coating process is based on three steps: 

 the preparation of a suspension consisting of an organic liquid and 

functional nanoparticles, 

 the deposition of the suspension as a thin liquid film on the material 

surface, and 

 the plasma modification of the liquid organic film to achieve a thin 

solid composite film with embedded nanoparticles demonstrating 

multifunctional properties and good adherence on the substrate 

material.    

In this work the liquid polydimethylsiloxane (PDMS) was applied as a 

model system, and the experimental investigations were focused on the 

PDMS plasma modification. In particular, the specific role of the different 

plasma components and the influence of the plasma and processing 

parameters on the PDMS modification were studied. The applied 

capacitively coupled radio frequency (CCRF) plasma was analyzed by 

electric probe measurements and optical emission spectroscopy, whereas 

the molecular changes in PDMS due to plasma-induced chemical 
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reactions were studied by the Fourier transform infrared reflection 

absorption spectroscopy. Additionally, the photocatalytic activity of thin 

composite films consisting of plasma cross-linked PDMS with embedded 

TiO2 nanoparticles was demonstrated. 

During the investigation it was found that the CCRF discharge modifies 

efficiently thin liquid PDMS films to solid coatings. The penetration 

depth of particles like neutrals, ions, electrons and radicals in the film is 

strongly limited. The samples were positioned in the plasma bulk at 

floating potential, and by means of probe measurements it was measured 

that the difference between plasma and floating potential is typically 

10 − 20 V. This potential difference corresponds to the boundary sheath 

voltage at the sample and determines the maximum kinetic energy of 

positive ions impinging on the PDMS surface. But by such low energy 

ions can penetrate only in a surface layer with the thickness of few 

nanometers (< 5 nm). The penetration depth of plasma electrons, neutrals 

and radicals does not even exceed that of ions. Though, plasma particles 

impinging on a PDMS film do not penetrate in the film bulk, they 

contribute in the modification of the top layer with the approximate 

thickness of 5 nm.  The heating of samples in the CCRF discharge is weak 

to modify PDMS by itself and only the plasma radiation is able to 

transform the liquid bulk to solid one. It is known that the absorption 

onset of PDMS lies in the VUV region (below 200 nm). The energetic VUV 

radiation penetrates into the PDMS film on a thickness from several 

hundred nanometers to few micrometers and initiates photochemical 

reactions there. Thus, different gases like Ar, Xe, O2, H2O, air and H2 

were tested to provide the strongest VUV emission intensity of the CCRF 

discharge. Discharge pressure and power were varied for all these gases 

and it was found that at all conditions the H2 plasma demonstrates 

drastically stronger emission. Thus, this gas was selected for the plasma 

treatment of liquid PDMS films.  

The IRRAS analysis revealed the transformation process of PDMS with 

the degradation of CH3 groups, the formation of new groups like SiOH, 

CH2 and SiH, the formation of the SiOx material and crosslinking. Here, 

it is known that abstracted H atoms and CH3 radicals leave the film and 

form stable gaseous products like H2, CH4 and C2H6 and participate in 

further chemical reactions. It was found that the modification effect is not 

uniform across the film thickness. The top region with an initial 

thickness up to 100 nm loses all CH3 groups, in the underlying region the 

CH3 concentration increases gradually from zero to the value for PDMS, 

if the film was thick enough. The methyl-free SiOx top layer contains also 
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SiOH and SiH groups. Furthermore, the SiH groups are concentrated 

only in a very thin layer with a thickness below 10 nm. The presence of 

the unscreened polar SiOSi and SiOH groups on the surface causes the 

adsorption of H2O from the atmosphere, which was also observed by 

IRRAS.  

By means of the spectroscopic ellipsometry it was found out that all above 

described regions experience a shrinking. The reason is the crosslinking 

and loss of material. The most shrunken layer is the top SiOx layer with 

the shrinking ratio (final thickness initial thi kness)  of 0.55 - 0.60. 

Further, this ratio gradually rise up to the value of 0.95 in the deeper 

region, which has the concentration of CH3 groups of about that for 

PDMS. After the analysis of all results the depth of effective modification 

was estimated at 300 - 400 nm for the most optimal conditions. 

The optimization of the plasma VUV intensity was realized by variation 

of discharge pressure and power. The strongest plasma emission at 

studied conditions provided the irradiance of the sample of ca. 13 

mW/cm2. However, such strong radiation causes very strong production 

rate of the abovementioned gaseous products. These products leave the 

modifying film slower as they are produced, what causes their 

accumulation in there. Their pressure grows up leading to formation of 

bubbles, which can later explode. Finally, the film becomes heavily 

damaged. To avoid this effect the pressure and the RF power were 

changed to reduce the irradiance to 6 - 7 mW/cm2. This resulted in the 

absence of any damages.  

Dust particles and any original impurities in PDMS oil stimulate 

formation of fragile bumps in the treated film. Besides impurities, 

processing conditions can affect also on the film quality. The heating of 

samples due to the dissipation of energy forwarded to the discharge leads 

to their expansion. At the same time, the film undergoes a non-uniform 

change in the chemical structure across their thickness. The bulk of film 

has much higher expansion coefficient than the top SiOx layer. Thus, 

during cooling the film shrinks non-uniformly and the films gets a 

wavelike structure. Here, dust particles and impurities cause a 

redistribution of tension forces around themselves in heated films and 

stimulate additionally the formation of complex wave-like patterns. 

The carried out investigation is not comprehensive. For instance, 

the VUV radiation intensity decreases strongly with the thickness. 

Therefore, the increase of treatment time to increase the irradiation dose 

is inefficient. The film should be crosslinked over the whole depth in 
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another way, e.g. by more intensive excimer or exciplex lamps/lasers ( e2
 
, 

ArF
 
), which have a narrow emission spectrum in the region of relatively 

small absorption coefficient (see Figure 4.17). In this case, the effective 

depth of modification can reach micrometer scale. 

Another interesting possibility is to realize the model of propagation of 

VUV radiation through thin PDMS film, including the effect of 

modification of its chemical composition within time, like it was done in 

[135]. Such model includes balance equations for species in modifying 

material (Si-O, Si-C, C-H and others) and Beer-Lambert law in 

differential form. All functions depend on spatial coordinate and time. 

The solution will provide information about concentration profiles of all 

species in the model across the film thickness for different treatment 

time. These results can be compared with IR absorbance profiles 

presented in Figure 4.37 B and C. 

X-ray photo electron spectroscopy (XPS) or Auger electron spectro-

scopy (AES) can be combined with layer-by-layer sputtering of film, for 

instance by energetic Ar+, to obtain the elemental composition across the 

whole film thickness.[200,236,237]  
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