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Abstract In this work, we apply optical emission spectroscopy to investigate 

active plasma species to study that plasma nitrogen treatment affects polystyrene 

surfaces. Data concerning these active plasma species are crucial for exploring 

the polystyrene layer's functionality deposited on quartz crystal microbalance 

(QCM) surface. Wettability function in biosensors development is essential aspects 

for biomolecule immobilization. The surface of the polystyrene layer was modified 

by plasma nitrogen treatment. The process parameters affecting plasma species 

and characteristic, and hence the treatment results studied in this work were 

chamber pressure, flow rate, and DC bias. The plasma analysis was conducted by 

optical emission spectroscopy. The spectroscopy was utilized to predict the active 

species of plasma, the electron temperature Te and the electron density Ne. The 

dominant reactive species was N2+ which go through different plasma interactions 

and on the polystyrene surface depending on the DC bias voltage, the nitrogen-

gas flow rate, and the chamber pressure. The plasma treatment results suggest 

that the ion bombardment was the dominant mechanism that changes the 

polystyrene's surface. The plasma behavior and surface interactions were found 

complex with the variation of the process parameter. 
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INTRODUCTION 
 

Plasma treatment is widely used to modify polymers' surface properties and 

improve their performance in various applications. Plasma treatment creates complex 

blends (atoms, molecules, ions, and radicals) that interact with the specimen’s surface 

and affect the surface's physical and chemical properties to produce dramatic changes 

in surface wetting. Generally, a polymer surface exposed to plasma becomes more 

hydrophilic because of the formation of high-energy surface groups in the original 

polymer surface group's reaction with the reactive plasma species (Ionita et al., 2013; 

Šourková, Primc and Špatenka, 2018). In addition to surface chemistry, plasma 

treatment often influences surface topography, which further enhances the effect of 

surface chemistry on the contact angle. The plasma parameters determine the function 

and application of plasma and its role in material modification. The most common 

plasma diagnostic method is the Langmuir Probe, which is widely used to estimate 

plasma parameters (Kolpaková, Kudrna and Tichý, 2013). This method is relatively 

expensive but is technically easy to execute. Optical emission spectroscopy (OES) can 

serve as a complementary diagnostic method; it is non-invasive, easy to implement, 

and enables swift measurements. It records the light emitted by the plasma from the 

electronic transitions of atoms and molecules. The resulted spectrum can be used to 

identify and monitor chemical species in the plasma. Information related to plasma 

intensity and species can be utilized to investigate correlations between plasma 

processing properties and surface characteristics (Zhang and Yadavalli, 2011). The 

plasma state can be predicted from the plasma characteristics given by the electron 

temperature (Te) and density (Ne). The electron temperature and electron density are 

determined by the plasma's control parameters, such as RF voltage, gas pressure, gas 

flow rate, and DC bias. 

Polystyrene(s) is a polymeric material commonly used to develop biosensors,  

and surface properties are crucial for biosensors. The surface properties of sensors or 

their coatings act as a matrix for biomolecule immobilization. Wettability plays a critical 

role in biomolecule immobilizations. It can be improved by modifying the surface 

morphology. Previous studies show that exposing polystyrene to ultraviolet irradiation 

produces more hydrophilic surfaces that can be observed by contact-angle 

measurements (Sakti et al., 2017). Our work also observed the effect of various 

solvents on the surface roughness of polystyrene (Masruroh et al., 2014). The research 

concludes that a rough polystyrene’s surface increases the biomolecules immobilization 

by physical adsorption. Another technique for modifying the polymer surface is plasma 

treatment (Siow et al., 2006; Choudhury et al., 2010). The plasma treatment can 

change the polymer's microstructure and surface character, which results in 

functionalization of the surface of the material. 

In the present study, OES is used to diagnose and determine the state of plasma 

nitrogen, which includes plasma species, electron temperature, and electron density, 

during the plasma-treatment process. This characterization is essential to control the 

treatment of plasma nitrogen on the polystyrene surface. This research thus 

investigates how external parameters, including variations of the DC bias voltage, 

chamber pressure, and flow rate, modify the characteristics of plasma nitrogen and 

thereby affect polystyrene's surface wettability properties. We also discuss the 

relationship between plasma species, Te, and Ne and surface wettability and functional 

groups. 

MATERIALS AND METHODS 

The polystyrene solution used to coat the quartz crystal resonator has a molecular 

weight of 192,000 g/mol (Sigma Aldrich) was dissolved in toluene at a concentration of 

6%. The Quartz resonator was produced by PT Great Microtama, Surabaya, Indonesia. 

A 50 μL of polystyrene solution was spin-coated with t1 = 5 s, ω1 = 500 rpm, t2 = 60 s, 

ω2 = 3000 rpm. The resulting film on the quartz crystal resonator was annealed for 60 

minutes at 100 °C to vaporize the remaining solvent. The sample was then subjected to 
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plasma treatment with plasma nitrogen in a vacuum reactor for two minutes. The 

schematic of the design plasma treatment is shown in Figure 1, and the OES 

measurement system is depicted in Figure 2.  
 

 
Figure 1. The schematic of the design plasma system used in the treatment. 

 

 

 
 

Figure 2. The arrangement of the OES measurement. 

 

Investigation on the effect of process parameter during the treatment was carried 

out by varying three parameters, i.e. DC bias voltage, chamber pressure and gas 

flowrate. The complete sets of parameters used in this experiment are listed in Table 1. 

 

Table 1. Experimental parameters. 

Variation 1 Variation 2 Variation 3 

Constants 
DC Bias 
(volt) 

Constants 
Pressure 

(Pa) 
Constants 

Flowrate 
(mL/min) 

RF: 2 MHz,  
90 volts  

Pressure: 40 Pa 
Flowrate:  

60 mL/min 

- 100 RF: 2 MHz,  
90 volts  

DC Bias: -400 volts  
Flowrate:  
60 ml/min 

40 RF: 2 MHz,  
90 volts  

DC Bias: -400 
volt, Pressure: 

40 Pa 

40 

- 200 50 50 

- 300 60 60 

- 400  70  70 
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During the plasma-treatment process, the nitrogen-gas plasma spectrum was 

monitored using Optical Emission Spectrometer (Aurora 4,000) with the count integral 

time of 50 ms (Figure 2). The spectrum was presented in a graph of the optical emission 

intensity with the wavelength from 200 to 900 nm. The nitrogen-plasma species were 

identified by using the NIST atomic-transition database. The identified nitrogen-plasma 

species were used to determine plasma parameters; namely, temperature and electron 

density. Assuming that the plasma is in thermodynamic equilibrium, the electron 

temperature can be determined using the Boltzmann plot (Hamed, 2005; Musadiq  

et al., 2012; Naeem et al., 2013). The electron temperature was determined by using: 

 

𝑇𝑒 =  
1

𝑘
 

𝐸𝑖

ln
𝐼2

𝐼1
 − ln(

(𝑔𝐴 
𝑐3

𝜆
 )2

(𝑔𝐴 
𝑐3

𝜆
)1 

)

      (1) 

 

Where I1 and I2 are the emission intensities, λ is the emission wavelength, g is the 

statistical weight, A is the transition probability, and Ei is the transition's upper-level 
energy. The values for g, A, and 𝐸𝑖 are available from the NIST database listed in Table 

2. Equation (1) may be plotted as a linear equation  𝑦 = 𝑚𝑥 + 𝐶, with the slope m being 

negative, which shows that the plasma electrons' temperature (in units of eV) is 1/m. 

The electron density may be determined from Stark broadening or Stark shifts, which 

allows us to use the full width at half maximum (FWHM) value taken from the peak of 

high-intensity measurements. The method can minimize noise and increase the 

accuracy of the calculation (Xiao et al. 2014) compared to other methods such as the 

Saha–Boltzmann equation. Furthermore, because the plasma is in local thermal 

equilibrium, where the electron density must satisfy:  

 
𝑁𝑒 ≥ 1.6 × 1012𝑇𝑒(𝛥𝐸)3      (2) 

 

then the electron density Ne can be determined by using: 

 

𝑁𝑒 = (
∆𝜆1/210

16

2𝜔
)     (3) 

 

where 𝛥𝐸 is the difference between the upper and the lower atomic-transition energy, 

Te is the electron temperature, ∆𝜆1/2 is the FWHM, and ω  is the electron-impact 

parameter calculated from 2𝜋 ⁄  . The contact angle,  (˚) measurements were done 

by using a Contact-Angle Measurement instrument (Sakti et al., 2017), and polar 

groups were observed by using Fourier-transform infrared (FTIR) spectroscopy.  

Table 2. Identified spectroscopy of NII species peaks and its corresponding NIST data. 

Wavelength λ 
(nm) 

Species Upper Transitional 
Energy (𝑬𝒊) (eV) 

Transition Probability 
A(s-1) 

Statistical 
Weight g 

313.089 NII 24.389 1.68x107 5 

388.883 NII 24.374 3.71x107 3 

424.693 NII 23.571 1.93x105 3 

 

 

RESULTS  
 

The relationship between the process parameters, which are the DC bias voltage, 

gas flow rate, chamber pressure, plasma species, electron temperature Te, and electron 

density Ne, was studied by analyzing the plasma's emission spectra under different 

conditions. Figure 3 shows a typical spectrum of the nitrogen plasma measured in our 

system. The spectrum reveals the presence of atomic nitrogen by the peaks from 700 

to 900 nm and of molecular nitrogen by the peaks from 200 to 700 nm. The emission 

of molecular nitrogen originates from the first, second positive system, and the fourth 

positive system of the transition. The identification of the peaks in the spectrum related 
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to the band system is detailed in Table 3. The molecular species dominate the spectrum, 

which indicates reactions occur at a relatively low temperature. Strong intensities are 

found in the second positive band system of the N2
+ transitions, especially the peaks at 

388.883 and 424.693 nm (Shah et al., 2014). We use the peaks to calculate the electron 

density and the electron temperature. 

 

 
 

Figure 3. OES spectrum of nitrogen plasma for a chamber pressure of 40 Pa, 

DC bias of 200 volts, and gas flow rate of 20 mL/min.  

 
Table 3. Peak Identification from spectral data shown in Figure 1 (Sharma and Saikia, 

2008). 

No Wavelength (nm) Species Transitions Band System 

1 313.089   

2nd Positive System 

2 334.122   

3 354.872   

4 388.883 N2
+ C3Πu

+ − B3Πg
+ (14eV) 

5 424.693   

6 468.102   

7 658.381 N2* B3Πg
+ − A3∑u

+ 1st Positive System 

8 744.688 NI(N*) 2s22p2(3P)3p2s22p2(3P)3s 

Atomic Nitrogen 9 771.170 NI(N*) 2s22p2(1D)3d2s22p2(3P)4p 

10 869.477 NII (N+) 2s22p5s2s22p4p 

 

This work investigated the emission spectra under three essential parameters in 

plasma processing, i.e., DC-bias voltage, gas flow rate and chamber pressure. First, the 

optical emission spectra at various DC bias voltages were acquired at the fixed flow rate 

and pressure of 60 ml/min and 70 Pa, respectively. The prominent peak observed due to 

the voltage variation is the N2
+ peak at 388.88 nm, as shown in Figure 4.  
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Figure 4. Molecular nitrogen-plasma spectra at a pressure of 70 Pa and a flow 

rate of 60 ml/min for several DC bias voltages. 

 
The second parameter was the gas flow rate is also one of the critical parameters 

in vacuum plasma processing. In general, at a given pressure, a lower flow rate means 

that the gas remains in the system for a longer time, and vice versa. If the gas remains 

longer in the vacuum chamber, it undergoes more complex reactions. Figure 5 shows 

the OES for various flow rates. 

The last parameter investigated was the chamber pressure. The emission 

spectrum of various pressure was measured at the gas flow rate of 40 ml/min.    Figure 

6 shows the OES of nitrogen plasma spectra detected the effect of the chamber pressure 

variation on the emission intensity. 

 

Figure 5. The optical emission spectrum of nitrogen plasma at 40 Pa, RF 

voltage of 90 V, and flow rates of 20, 40, 50, and 70 ml/min. 
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Figure 6. OES spectrum of nitrogen plasma at a flow rate of 40 ml/min and 

various pressures. 

 

The plasma treatment effect at the various parameters on the wettability of the 

polystyrene was determined by surface contact angle measurements. In this study,  

a reduction contact angle, Δθ, was used. The Δθ is defined as the difference between 

the contact angle of the untreated sample and the nitrogen-plasma-treated sample, i.e. 

Δθ = Δθ untreated - Δθ treated. The contact angle for samples before plasma treatment 

average is 85.66°. Table 1 shows how the various parameters affect the Δθ. After the 

nitrogen plasma treatment, the contact angle decreases, which indicates a change in 

the wettability of the polystyrene layer from initially hydrophobic to more hydrophilic. 

 

Table 4. The reduction contact angle (Δ) of samples treated at various process 

parameters. 

 
Dc Bias 
(volts) 

 (°) Flow rate 
(mL/min) 

 (°) Chamber 
pressure (Pa) 

 (°) 

-100 50.93 40 66.74 40 64.42 

-200 56.67 50 67.06 50 61.21 

-300 57.73 60 64.42 60 52.91 

-400 64.42 70 62.31 70 38.48 

 

Further investigations were carried out by infrared (FTIR) measurements on the 

untreated sample and the samples treated under the various DC-bias voltage. The 

infrared absorption measurement by the polystyrene samples was focused in the range 

of 2,200 cm-1 to 2,400 cm-1. The treated samples show new absorbance peaks in the 

wavenumber range 2,300–2,400 cm−1, as shown in Figure 7. 
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Figure 7. The difference in FTIR absorbance spectra for nitrogen-plasma-

treated samples for untreated samples and various DC bias voltages. 

 

The peaks at 2,360 cm-1 and 2,340 cm-1 are assigned to the C≡N functional group 

(Masruroh et al., 2018). The application of the various DC bias voltages changes the 

relative absorption of the C≡N group. However, the change of the absorbance was 

randomly oscillating with the increase of the voltage.  

DISCUSSION 

To analyze the character of plasma nitrogen from spectral data, it is essential to 

consider the kinetic reactions described below. First, the reaction between nitrogen 

molecules and energetic electrons which can ionize nitrogen molecules. The reaction is 

caused mainly by collisions between electrons and nitrogen molecules: 

N2 + e → N2
+ + 2e. (4) 

The energy of electrons during the collisions affect the products of reactions. The 

higher energy of electrons triggers dissociations process producing atomic ions rather 

than the molecular ion.  The nitrogen ion is not stable and usually recombines, 

generating a neutral atom (Ziaur Rahman, 2018). The reaction is: 

N2
+ + e → N2. (5) 

The N2
+ species produced by the ionization process in equation 4 was detected  

by the emission at 388.465 and 424.729 nm. The emissions were utilized to predict the 

electron temperature Te and the electron density Ne based on the formula in  

equation 1. The electron density Ne was in the range of 1018 cm-3, comparable to the 

Langmuir measurement on the similar system (Aizawa, 2018). 
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Figure 8. Electron temperature and electron density in nitrogen plasma as a 

function of DC bias voltage. 

During the experiment, the gas was turned into plasma by the application of 2 

MHz RF voltage. The negatively biased DC voltage was then applied to accelerate ions 

toward the polystyrene surface (ion bombardment). It can be seen from Figure 8, that 

the DC bias voltage controls the electron energy and the electron density. The electron 

temperature in the plasma depends on the DC bias voltage: increasing the magnitude 

of the negative DC bias voltage decreases the electron temperature and the electron 

density. The negative DC bias voltage thickens the plasma sheath at the anode area, 

creating a counter electric field that decelerates the electrons. A lower electron 

temperature increases the possibility of recombination, which equates to an increase in 

electron capture by ions, forming neutral atoms or molecules. The recombination leads 

to lower electron density, as indicated by equation (5).  

Another critical parameter in plasma processing is the gas flowrate. It can be seen 

in Figure 5 that the intensity of emission at 388 nm in the spectrum initially increased 

with increasing flow rate. However, the spectrum intensity at the flow rate of 70 ml/min 

is lower than the one at 50 ml/min. 

 

Figure 9. Electron temperature (Te) and density (Ne) of nitrogen plasma as a 

function of gas flow rate.  
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Calculations of the electron temperature and the electron density from the spectra 

measured with the flow rate variation are shown in Figure 9.  One of the possible 

mechanisms to describe the change is the dissociation reaction. At a certain chamber 

pressure, the higher gas flow rate supplies more “fresh” gas into the chamber replacing 

the processed gas. The first reaction experienced by the gas in the chamber is the 

dissociation.  The higher concentration of fresh gas injected into the chamber leads to 

more nitrogen molecules undergoing dissociation reactions. However, it can be seen 

from Figure 9, the measurement at 70 mL/min resulted in a lower Te and Ne. The 

explanation of this condition is related to the recombination. At the higher flow rate, the 

abundance of N2
+ ions resulted in more interactions between the ions and electrons 

producing neutral N2. In our case, this happens between the flow rates of 50 and 70 

ml/min. 

The last parameter investigated in this work is the chamber pressure. The spectral 

data in Figure 6 shows that the electron temperature and electron density were 

calculated and plotted in Figure 10.  

 

Figure 10. Electron temperature and electron density in nitrogen plasma as a 

function of chamber pressure. 

The electron temperature tent to decrease with increase chamber pressure. 

However, at higher chamber pressures, the electron temperature increased. The 

decrease can be caused by the increasing number of particles or species in the chamber. 

According to the kinetic theory of gas, the greater number of particles or species in a 

container leads to a higher probability of collisions. The exchange of energy and 

momentum in the ideal gas resulted in a constant temperature. On the other hand, the 

collisions in the plasma decrease the electron energy through molecular ionization, 

dissociation and molecular excitation.  

The interaction between the electrons and the nitrogen atoms sets free more 

electrons at the higher pressure, thereby increasing the number of electrons in the 

chamber. This interaction can be seen in the dramatic increase of the electron density 

at 70 Pa in Figure 10.  These abundant electrons create momentum transfer to generate 

stochastic heating at the sheath edge near the electrode or the wall of space at the 

sheath edge near the electrode, consequently increasing the electron energy 

(Kawamura, Lieberman and Lichtenberg, 2006, 2014). This energy transfer 

phenomenon is called the “hard wall model,” which envisions electron interactions with 

a potential barrier sheath, whereby electrons collide elastically with the sheath of the 

electric field and are reflected from a moving sheath that changes their energy (Godyak, 

B. and Alexandrovich, 1992). The result is energy transfer to the electrons, which 
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increases the electron temperature slightly as the chamber pressure increases from 60 

to 70 Pa. 

Further discussion is related to the role of the N2
+ ion on surface reactions during 

treatment. This insight is vital because the ion is dominant and is reactive. In our work, 

the plasma treatment was utilized to modify the surface of polystyrene from 

hydrophobic into hydrophilic. A smaller contact angle indicates a higher surface 

wettability. Our work describes the plasma treatment effect by determining the 

reduction of the angle, Δθ. The Δθ measurements on the samples treated with various 

conditions of plasma can be seen in Table 3 and are plotted in Figure 11.  

 

Figure 11. The difference in contact angle due to nitrogen-plasma treatment 

as a function of the various process parameters: DC bias voltage, gas flow rate, 

and chamber pressure. The contact angle of the untreated sample was 85.66°. 

In general, the treatment increased the wettability (decrease of the Δθ) of the 

sample.  It can be seen in figure 11 that the DC bias voltage and the chamber pressure 

have dramatic effects on the results of the treatment. The increase of the DC bias 

voltage increased the reduction contact angle linearly. The energetic N2
+ ion can change 

the polystyrene's surface by ion bombardment or surface chemical reaction mechanism. 

As discussed earlier, both the electron density and the electron temperature decreased 

with the DC bias increase. The decrease reduces collisional interactions in the plasma, 

especially near the surface of the electrode where the sample was fixed. Although the 

ion's density also decreased with the DC bias increase, there can be more ion reach the 

surface resulted in greater surface change. Observations on the effect of the DC bias 

voltage on the C≡N functional group, as shown in Figure 7, suggest that the chemical 

reaction due to the N2
+ ion on the surface is likely. The process indicates that the 

microstructure or morphology increases the polystyrene surface's wettability (Masruroh 

et al., 2018). 

On the contrary, the decrease of the Te and Ne with the chamber pressure increase 

greatly reduced the reduction contact angle. The chamber pressure effect on the Te and 

Ne controlled by the ion bombardment was due to the stochastic heating process. During 

the energy transfer process, the energy of the N2
+ species was significantly reduced. 

This energy reduction resulted in less surface change in the sample. At the pressure of 

70 Pa, the reduction contact angle continued to decrease although the Te and Ne were 

Δ


 

(
) 
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increased. The increase of the Te and Ne in the plasma increase the potential barrier 

sheaths.    

It can be seen from Figure 9 that generally, the Te and Ne were increased with 

the increase of the flowrate of nitrogen gas. In higher flowrate, the high concentration 

of the N2
+ species was due to the dissociation of more fresh gas. This species spent less 

time in the chamber, which kept in constant pressure. That is why there was only a 

small effect of the variation of flowrate on the plasma treatment process.   

CONCLUSION 

The analysis of the optical emission spectra of nitrogen plasma as a function of 

various process parameters reveals that the plasma character can be controlled to obtain 

a certain degree of wettability of a plasma-treated polystyrene surface. The reactive 

species N2
+ are dominant in this work and undergo different interactions at the 

polystyrene surface depending on the DC bias voltage, the nitrogen-gas flow rate, and 

the chamber pressure. We also detect the formation of the polar functional C≡N group, 

indicating chemical surface reaction during the treatment. However, the ion physical ion 

bombardment was the dominant mechanism that changes the surface of the polystyrene. 

This study also concludes that the process parameter variation resulted in complex plasma 

behavior and surface interactions. 
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