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Plasma is used to application with wide range which used the structure of transformer coupling plasma 

(TCP) to generate and keep the plasma stability. This study applied Paschen’s Law to analyze 

breakdown voltage when argon gas is used to control pressure in a process chamber. Changes in radio 

frequency power were detected by observing variations in plasma voltage. As the use of nano process 

increases, the experimental results can be used to predict plasma voltage and to optimize stability of 

the plasma source. 
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1. INTRODUCTION 

The plasma has been extensively used in various fields for integrate circuits (IC), micro-

electro-mechanical systems (MEMS) and electrochemical devices [1-3]. The electronic chips in LCD 

panels or household appliances are closely related to the plasma. The plasma is generally applied to the 

dry etching process of semiconductor. The plasma is used for dry etching on silicon wafer. The tested 

accurate etching rate is applied to different processes. The plasma is electrically neutral, but the 

positively or negatively charged molecules are very active. They react with other gas molecules, 

thereby can be extensively used in semiconductor dry etching process. 

The semiconductor technology changes quickly, and diversified electronic products are 

developed. The electronic products rely on R&D of integrated circuit. In order to increase the 

productive capacity and profit, reducing the nanometer process technology is of the greatest 

importance. With the advances of nanotechnology, the wire thickness of components is reduced, so 

each unit area of wafer can hold more transistors. Furthermore, an advanced R&D technology can 
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increase the chip computing speed greatly. The present nanotechnology has evolved from the early 90 

nm process into 20 nm process over a course of several years. In order to develop a more advanced 

nanotechnology, the change in the plasma under low pressure has been researched actively. 

Theoretically, when the reaction chamber is in vacuum state, as the mean free path of gas is increased, 

it contributes to the generation of plasma. However, if the radio-frequency power is too high, the 

activity of gas molecules in the reaction chamber is increased greatly. As the pressure in the reaction 

chamber is low, the plasma formation is likely to be influenced by the radio-frequency power. If the 

plasma is unstable, the etching rate will be influenced significantly.  

According to the published literatures [4-11] to form extensive and uniform glow plasma in the 

atmosphere, the electrode structure, discharge gas and power supply frequency are the key factors.  

Paschen's Law [12  was concluded  rom the plasma e periment by  riendrich Paschen in     . 

 admilo i -Rad eno i  [13] discussed the disruptive voltage of different gases changed after the 

distance between parallel plate electrodes was changed. It is equivalent to the extension of Paschen's 

Law.  

Park [14] indicated that the gas molecule collapse of radio frequency plasma in the atmosphere 

depended on the type of gas. When the radio-frequency power is 13.56 MHz, the disruptive voltage is 

closely correlated with the decomposition of pressure and space. This is similar to Paschen's Law that 

the variance in disruptive voltage is related to the radio-frequency power. If the gas molecules increase 

in the process, as the gas molecules will not be ionized, the disruptive voltage increases greatly.  

Lisovskiy [15] studied the disruptive voltage between radio-frequency power and gas 

molecules. The charge in the argon and hydrogen radio-frequency power was measured under low 

pressure to discuss the decay of charge particles in the disruptive voltage derived from radio-frequency 

power and gas molecules in different processes. 

Verdonck [16] explain, briefly and simplified, the most used plasma etching techniques and 

give an overview of the basic etch mechanisms as they are accepted today. 

            You [17] indicated that compared to conventional RF plasma sources such as inductively 

coupled plasma (ICP) or capacitively coupled plasma (CCP), transformer-coupled toroidal plasma 

(TCTP) demonstrates a higher power density (near 5~10 W/cm
3
) and neutral gas temperature 

(temperatures of several thousands of Kelvin) [18]. 

The aim of the investigation is that as the use of nano process increases, the experimental 

results can be used to predict plasma voltage and to optimize stability of the plasma source. 

 

 

2. EXPERIMENTAL PRINCIPLE 

The Transformer Coupling Plasma (TCP) is a simple and extensively used plasma source. The 

main function of TCP is to generate and maintain plasma. The electric field generated by electromagnetic 

induction heats the plasma electrons for free reaction. The time-varying magnetic field for 

electromagnetic induction is generated by conducting AC current to plain conductor. The conductor is 

wound into cylindrical or flat coil, and the frequency of AC time-varying current is mostly tens of kHz to 

hundreds of MHz. Figure 1 is the schematic diagram of TCP. The coil is outside the vacuum dielectric 
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window, and the radio-frequency current through the coil generates a time-varying magnetic field 

circling the current direction. This magnetic field penetrates through the dielectric window. An electric 

field opposite to the radio-frequency current is generated inductively in the plasma chamber. This electric 

field accelerates electrons and forms plasma current inductively. This electromagnetic induction 

mechanism is identical with transformer principle. The coil is the primary side of transformer, and the 

plasma is the secondary side. When the inductive coupling plasma is at low input power (low plasma 

density), the coupling of radio-frequency power is mainly the capacitive effect resulted from high 

potential difference between coil and plasma. Only if the formed plasma current is higher than a low 

threshold current value, the mechanism generated by plasma can be operated in inductive coupling mode. 

As the power absorption of inductive coupling mode is better than that of capacitive coupling mode, the 

plasma density is increased significantly.  

 

 
 

Figure 1.  Schematic of TCP. 

 

 

3. RESULTS 

This experiment used inert gas argon, and applied TCP to generate and maintain plasma. The 

disruptive voltage of plasma under low pressure was determined upon Paschen's Law.  

 

3.1 Disruptive voltage test  

3.1.1 Gas flow control test  

According to Paschen's Law, each gas has a different disruptive voltage. The disruptive voltage 

refers to the minimum voltage for forming plasma. The three elements of plasma formation include gas 

molecule, radio-frequency power and pressure. The gas molecule can determine the change in 

pressure, so the pressure must be controlled by external force. Therefore, the first condition for 
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forming plasma is to control the pressure properly. Generally, the gas flow for dry etching is 20 to 500 

sccm, and can be controlled below 100 mTorr accurately by pressure controller. The gas flow was set 

as 200, 150, 120, 100 and 95 sccm respectively in this experiment. The pressure controller was used 

for low pressure test. According to the experimental result in figure 2, when the gas flow is 95 to 200 

sccm, the pressure inside the reaction chamber can be controlled accurately. It is stable even under 3 

mTorr.  

According to the experimental result in figure 3, when the pressure is controlled at 2 mTorr, the 

gas flow 200 sccm cannot control the 2 mTorr pressure inside the reaction chamber. The minimum 

pressure approaches to 2.2 mTorr. The remainder gas flow is still in the control range.  

According to the experimental result in figure 4, when the pressure is controlled at 1.5 mTorr, 

the gas flow 200 and 150 sccm are controlled under 2.2 and 1.7 mTorr respectively. The pressure 

cannot be controlled in the reaction chamber accurately.  

According to the experiment in figure 5, when the pressure is as low as 1 mTorr, only 95 sccm 

gas flow can be controlled accurately. The remainder gas flow at 100, 120, 150 and 200 sccm can be 

controlled under 1.1, 1.2, 1.7 and 2.2 mTorr respectively. In order to meet all the pressure conditions, 

the gas flow is set as 95 sccm for testing disruptive voltage.  

 
 

Figure 2.  Gas flow and pressure control test. 

 
 

Figure 3.  Low pressure control test (2 mTorr). 
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Figure 4.  Low pressure control test (1.5 mTorr). 

 

 
 

Figure 5.  Low pressure control test (1 mTorr). 

 

3.1.2 Radio-frequency power test  

According to the pressure control result in Section 3.1.1, there are no severe problems in 

general gas flow for pressure control. However, if the pressure is too low, when the gas flow is 

changed, it is unstable. According to the test result in figure 6, when the pressure is controlled within 3 

to 100 mTorr, the pressure is stable. In order to test the disruptive voltage, the gas flow is set as 95 

sccm and the reaction chamber pressure is controlled at 10 mTorr.  

 The magnetic field in the reaction chamber is easily accelerated by TCP source. The plasma 

can be generated without very high radio-frequency power. The maximum power output of general 

radio frequency generator is about 1900 W. The most universal scope of application is 700 to 1200 W. 
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According to the experimental result, stable plasma can be generated easily below 100 W radio-

frequency power output.  

 

 
 

Figure 6.  Pressure stabilization area. 

 

Figure 7 shows the test result of input radio-frequency power based on 10 mTorr. When the 

100 W radio-frequency power is imported into the reaction chamber, only 7 to 10 W power is 

consumed, meaning that the plasma in the reaction chamber is very stable. When the radio-frequency 

power output is increasingly low, the consumed power decreases gradually, but the consumed 

proportion of power increases. The result shows that when the radio-frequency power is 20 to 40 W, 

the radio-frequency power consumption in the reaction chamber is very high, even higher than its 

output power. This suggests that the plasma in the reaction chamber is very unstable.  

 

 
 

Figure 7.  Radio-frequency power test (20 ~ 100 W). 
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Figure 8.  Radio-frequency power test (24 ~ 30 W). 

 

 
 

Figure 9.  Plasma threshold test. 

 

According to Paschen's Law, in order to test the disruptive voltage, the minimum and stable 

plasma source must be found. According to the experimental result in figure 7, when the radio-

frequency power is 20 to 40 W, the plasma state is very unstable. Therefore, the radio-frequency power 

for the minimum and stable plasma source is assumed to be 20 to 30 W. As shown in figure. 8, when 

the radio-frequency power decreases gradually from 30 W, the plasma state is very unstable when the 

power consumption is 24 W, but it is very stable when the power consumption is 25 W. According to 

figure 8, there is unstable plasma formed when the radio-frequency power is below 24 W, but the 
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plasma state can be maintained. In sum, the reaction chamber pressure is controlled by argon gas flow, 

combined with the output of radio-frequency power. The disruptive voltage (plasma potential) can be 

obtained.  

As shown in figure 9, the plasma potential can be increased by increasing the flow rate of gas 

molecules. When the radio-frequency power is lower than 7 W, the plasma cannot be generated. Even 

if the gas flow in the reaction chamber is increased to increase the probability of collision between gas 

molecules, the plasma cannot be generated.  

 

3.1.3 Plasma potential test  

According to the experimental results in Sections 3.1.1 and 3.1.2, 95 sccm argon flows in the 

reaction chamber to increase the pressure gradually (0.5~100 mTorr), the radio-frequency power 

output is fixed at 25 W to research the variance in plasma potential.  

As seen in figure 10, if the radio-frequency power is fixed, the plasma potential increases as the 

pressure inside the reaction chamber decreases. When the pressure inside the reaction chamber is lower 

than 5 mTorr, the plasma potential is changed greatly. When the pressure increases gradually, the 

plasma potential decreases and becomes stable gradually.  

 

 
 

Figure 10.  Relationship between plasma potential and pressure variation. 

 

If the gas flow in the reaction chamber is increased to 200 sccm, and the pressure is controlled 

in the same range as shown in figure 10. The radio-frequency power increases from 300 W to 1500 W 

(tested once at intervals of 100 W), so as to observe the variance in plasma potential. According to the 

experimental result in figure 11, the gas molecules are increased by increasing the gas flow in the 

reaction chamber. Even if under the same pressure, the concentration of gas molecules is relatively 

high, so the plasma potential is relatively high. The increase in the radio-frequency power accelerates 
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the gas molecule reaction in the reaction chamber. The gas molecule reaction becomes more intense as 

the radio-frequency power increases, and the plasma potential increases accordingly. Similarly, the 

plasma potential increases as the pressure inside the reaction chamber decreases. This study applied 

Paschen’s Law to analyze breakdown  oltage when argon gas is used to control pressure in a process 

chamber. Changes in radio frequency power were detected by observing variations in plasma voltage. 

This paper is different from the published literatures [16-18], as the use of nano process increases, the 

experimental results can be used to predict plasma voltage and to optimize stability of the plasma 

source.  

 

 
 

Figure 11.  Relationship between high radio-frequency power and plasma potential. 

 

 

 

4.  CONCLUSION 

The formation of plasma is easy, but it is difficult to be controlled accurately. The plasma 

generated in the dry etching process contains a certain plasma potential, which determines the overall 

concentration of plasma. The plasma concentration affects the DC bias, i.e. the result of dry etching, 

directly. The plasma potential discussed in this paper is based on minimum and stable plasma, and 

tested under different pressures to observe the result of variation. In sum, the concentration of plasma 

can be predicted, and the plasma potential is adjusted according to the process requirement, thus 

controlling the etching rate accurately.  
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