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Abstract

:

In order to further understand the excitation process of inductively coupled plasma (ICP) and improve the etching efficiency of silicon carbide (SiC), the effect of temperature and atmospheric pressure on plasma etching of silicon carbide was investigated. Based on the infrared temperature measurement method, the temperature of the plasma reaction region was measured. The single factor method was used to study the effect of the working gas flow rate and the RF power on the plasma region temperature. Fixed-point processing of SiC wafers analyzes the effect of plasma region temperature on the etching rate. The experimental results showed that the plasma temperature increased with increasing Ar gas until it reached the maximum value at 15 slm and decreased with increasing flow rate; the plasma temperature increased with a CF4 flow rate from 0 to 45 sccm until the temperature stabilized when the flow rate reached 45 sccm. The higher the RF power, the higher the plasma region’s temperature. The higher the plasma region temperature, the faster the etching rate and the more pronounced the effect on the non-linear effect of the removal function. Therefore, it can be determined that for ICP processing-based chemical reactions, the increase in plasma reaction region temperature leads to a faster SiC etching rate. By processing the dwell time in sections, the nonlinear effect caused by the heat accumulation on the component surface is effectively improved.
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1. Introduction


Silicon carbide (SiC), one of the popular third-generation semiconductor materials, has excellent properties, such as a wide bandgap, a high critical breakdown electric field, and high thermal conductivity [1]. It is widely used in 5G communication, aerospace, and semiconductor lighting [2,3]. Due to the covalent bonding between Si and C atoms and the ordered, tightly packed structure, SiC has extremely high hardness (Mohs hardness 9.2) and chemical inertness, which makes SiC a typical hard-to-process material [4,5]. The current SiC ultra-precision machining techniques mainly include electrochemical polishing (ECMP), chemical mechanical polishing (CMP), and magnetorheological processing (MRF). In the above technology, CMP is the only effective means to achieve both surface planarization and global polishing, but the polishing efficiency is generally low. ECMP adds an electric field based on CMP to improve the material removal rate and can process arbitrarily shaped workpieces, but its processing cost is high, and the polishing liquid has the possibility of chemical pollution. MRF has the advantages of a good removal effect and strong controllability. However, the properties of magnetorheological fluid are easily affected by external factors, such as temperature and viscosity; the removal effect is unstable; and the high cost of MRF devices makes it difficult for practical application in industrial fields [6,7,8,9,10]. With the growing demand for processing SiC materials, atmospheric pressure plasma processing methods are gaining more and more attention.



According to the different methods of plasma excitation generation, atmospheric plasma can be divided into inductively coupled plasma (ICP) and capacitively coupled plasma (CCP) [11,12]. Among the institutions that have conducted plasma research, it is mainly Osaka University in Japan and the Institute of Surface Modification (IOM) in Germany that used CCP to generate plasma. Osaka University adopted various forms of electrodes for different machining requirements, which were named plasma chemical vaporization machining (PCVM) [13]. IOM had inherited the technological advantage of ion beam processing by using a 2.45 GHz microwave plasma power source to generate excited plasma, called plasma jet machining (PJM) [14]. The Lawrence Livermore National Laboratory (LLNL) first proposed reactive atomic plasma (RAP) processing in 1999, which uses ICP to obtain plasma in a high gas pressure environment [15]. However, because the ICP will generate a large amount of joule heat, it is difficult to cool down the plasma inside the generator to ensure the safety of the process. To solve this problem, Cranfield University tried to minimize the negative effects caused by high temperatures during processing and found that improving the temperature by changing the flow rate of the reaction gas had a very limited effect [16]. The scholar Renaud Jourdain built a simulation model and confirmed that the nozzles have a significant cooling effect on the plasma jet [17]. However, the nozzles also bring a certain degree of influence to the process. In the study of RAP processing of ultra-low expansion coefficient glass after adding nozzles and fused silica glass, it was found that the volume removal of material from static fixed-point processing elements was not fully linear but rather had a distinct curvilinear relationship. They tentatively attributed the generation of this phenomenon to nonlinearity due to the effect of temperature on the chemical reactions produced [18]. Different from the above techniques, atmospheric pressure plasma polishing (APPP), proposed by the Harbin Institute of Technology, is characterized by the use of CCP for micro-trimming surface shape and ICP for fast and efficient removal [19].



In addition to the above concerns, during atmospheric plasma excitation, many factors, such as gas flow rate, directly affect the plasma region temperature, which influences the chemical reaction rate during material removal. Some scholars have studied the temperature variation of CCP [20], but the study of plasma region temperature for the ICP excitation process has not been published. Therefore, in this paper, based on the ICP excitation method, the following studies were conducted: firstly, we measured the temperature of the plasma reaction region by infrared thermometry and investigated the influence of the excitation gas Ar flow rate, reaction gas CF4 flow rate, and RF power magnitude on the plasma region temperature by the single-factor method. Then we studied the influence of plasma region temperature and dwell time on the SiC etching efficiency by using fixed-point etching of SiC material, which laid the foundation for the subsequent study of SiC planarization processing.




2. Materials and Methods


The ICP processing system mainly consists of five subsystems, including the mechanical motion control system, gas supply system, plasma-generating device, RF power supply, and external modules, as shown in Figure 1a.



The mechanical motion control system includes motion stages (e.g., X- and Y-axis tables) and a numerical control system that controls the motion of the plasma-generating device. The gas supply system provides two gases: one is the excitation gas, which is the main source of protective plasma and consists mainly of the rare gas Ar; the other is the reaction gas, which is the main source of reactive plasma and consists mainly of F-containing gas (CF4 or SF6) and O2. CF4 is used in the following experiments as the reaction gas. The external module is an infrared thermometer, which is responsible for measuring the temperature of the plasma reaction area. The outer layer of the plasma generator is connected to an inductive coil, and when the RF power supply is powered up, the tube ionizes the gas under the coupling effect of the electric field and the peripheral coil to produce reactive etching particles F*, which react with the substrate material to convert the solid substrate material into a gaseous compound. The expression of the reaction between F* and SiC material is as follows:


  SiC +  F *  + O → Si  F 4  ↑ + C  O 2  ↑ + CO ↑  



(1)







In the above equation, SiC is the main material of the substrate; the active particles F* and O are formed by ionization of CF4 and O2, respectively; and the products SiF4, CO2, and CO are volatile gases. A physical picture of the processing system is shown in Figure 1b.



The atmospheric plasma removal function is similar to conventional ion beam machining in that it has a Gaussian shape. The removal profile cross-section after fixed-point processing, which uses common processing parameters, is shown in Figure 2. The APPP removal profile is generally fitted with a standard Gaussian function with the following expression:


  R  x  = a ∗  e     x 2  +  y 2    2  σ 2       



(2)






  F W H M = 2   2 ln 2 σ    



(3)







In the above formula,  a  is the removal depth, that is, the peak of the removal function; the peak of the removal function per unit time can also be expressed as the removal rate. FWHM indicates the size of the half-height width of the removal function, that is, the width value in the horizontal direction when the removal depth is half of the peak; σ is the standard deviation of the Gaussian function, determined by the half-height width of the removal function, FWHM, as shown in Equation (3) above.




3. Temperature Measurement Method


The most commonly used methods for plasma region temperature measurement are the spectral intensity method, the probe method, and the infrared thermometry method [21]. The principle of the spectral intensity method is to use a spectrometer to measure the absolute intensity of different spectra emitted by the plasma, combined with an analysis of the spectral emission theory to obtain the plasma’s internal temperature. However, since most spectrometers still measure the relative intensity of the emission spectrum rather than the absolute intensity, experimental spectral thermometry research for measuring atmospheric plasma is not yet complete, and the probe method is not suitable for an atmospheric pressure environment. In contrast, infrared thermometry has many advantages, such as speed, lightness, and safety, which have made the use of infrared thermometry increasingly popular in various fields [22]. Therefore, in this paper, infrared thermometry is chosen to measure the plasma region’s temperature. Erroneous use of infrared thermometers may cause significant errors in the measured temperature. Therefore, the temperature measurement experiment follows these specifications: (1) fix the infrared thermometer to keep the measuring distance and the measuring angle constant; (2) select the correct material emissivity; (3) after adjusting the experimental parameters, wait for a certain time to measure after the plasma region temperature is stable. Figure 3 shows the diagram of the infrared thermometer and the infrared radiation of the plasma torch.




4. Results and Discussion


4.1. Effect of Processing Parameters on Plasma Region Temperature


4.1.1. Effect of Ar Gas Flow Rate


Ar gas, as one of the most common inert gases, does not form stable compounds with other elements at room temperature, so it is mainly used as an excitation gas or protective gas in ICP excitation. After the RF power supply is charged, the Ar molecules are continuously hit by high-energy electrons in the strong electromagnetic field to obtain internal and kinetic energy, and the particles are transformed from the ground state to the high-energy state. This refers to active Ar atoms, which are mixed with high-energy electrons and a variety of ground-state particles in the field to form an electrically neutral Ar plasma. If Ar gas is the main source of plasma generation and its flow rate is too low or too high, the formed plasma flame will be unstable or even extinguished, so the Ar gas flow range is generally around 11–27 slm. This section sets the experimental parameters under different Ar flow rates, as shown in Table 1.



The experimental results are shown in Figure 4. The plasma region temperature keeps rising when the Ar flow rate is between 10 and 15 slm, then decreases instead of rising as the Ar gas flow rate increases, which is due to the limited ionization capacity of the RF power of 500 W. The ionization capacity is saturated when the Ar gas flow rate reaches 15 slm, at which time there are no more free electrons generated in the electromagnetic field and no more heat can be released. The excess Ar gas is passed through the plasma field in the form of low-energy molecules flowing from the nozzle to the air, which plays the role of heat dissipation, so the temperature of the plasma decreases. Additionally, the molecular form of Ar inhibits the generation of active reaction particles, thus making the etching efficiency decrease. Excess Ar gas also makes the plasma flame formed from the nozzle more elongated, so the shape of the removal profile of the workpiece also changes, and the Ar gas flow rate generally cannot be too low.




4.1.2. Effect of CF4 Gas Flow Rates


When CF4 is the reaction gas, the addition of a small amount of O2 gas serves to enhance the F* etching efficiency and inhibit deposit generation [23,24], and its excitation principle is similar to that of CF4 gas. Therefore, this paper only focuses on the effect of the CF4 gas flow rate on the plasma region temperature. After CF4 is passed into the generator, it undergoes multi-stage decomposition under the influence of the active Ar plasma atmosphere and the internal electromagnetic field. Active F-atoms are generated, and this particle interacts with the substrate surface to achieve removal. Considering the completeness of the experiment and the fact that this section only deals with the effect of the gas flow rate on the plasma region temperature, CF4 gas flow rates of 0 sccm and 5 sccm were added for comparison, as shown in Table 2.



The plasma region temperature change curve with CF4 flow is shown in Figure 5. When the CF4 flow range is around 0–45 sccm, a large number of free electron collisions constantly enter the F atom and get enough energy after being excited by high-energy F ions to lead to a sharp rise in the plasma torch temperature, and at this time the plasma flame at the nozzle will become light green. This is because in the high-energy state, active F atoms are not stable, and a large number of photons are released in the process of returning to the ground state. When the flow rate of CF4 is greater than 45 sccm, after the RF electric field excitation capacity reaches saturation, the excitation ratio of F atoms in the generator remains unchanged. The excess CF4 gas flows out in its original form, so the temperature of the plasma torch tube gradually flattens out with the increase in CF4 gas flow rate and even slightly decreases. This is the same reason why the temperature drops when the Ar gas flow rate is excessive. However, because the CF4 gas flow rate increases by only 10 sccm, which is too small compared to the proportion of Ar gas in the tube, the cooling trend of the plasma is less obvious.




4.1.3. Effect of RF Power


The RF power supply is the energy input source for the plasma processing system. RF input power indicates the energy input to the plasma torch and is an important parameter of plasma excitation. The size of the RF input power determines whether it can discharge and the size of the discharge intensity. When the electric field strength is greater, the electron concentration increases, a large number of electrons hit the reaction gas, dissociate more active etching particles, and the APPP etching rate increases. Theoretically, the higher the RF input power, the higher the Ar gas excitation intensity, and the temperature will increase [25]. This section sets the parameters under different RF power values, as shown in Table 3, to experimentally prove that the reasonable RF input power range based on this parameter is around 350–700 W. Too high or too low will produce an arc-pulling phenomenon or even quenching.



Figure 6 shows the change curve of the plasma region temperature at different RF power, the RF power from 350 W to 700 W plasma region temperature steadily increases, which is also in line with the above theory. The acceleration of temperature rise increases when 600 W, so the RF power should be controlled below 600 W in practical processing.





4.2. Study on the Removal Function of Silicon Carbide by ICP Processing


4.2.1. Effect of Plasma Region Temperature on the Removal Function


Atmospheric plasma processing is not affected by the physical properties of the material, so it can perform efficient and rapid processing of the material, the essence of which is material removal through the chemical reaction between the active particles generated under the active atmosphere of the plasma and the surface of the substrate. Its reaction rate is also in accordance with the Arrhenius formula with the following expressions [26,27]:


  k = A  e  -    E a    R T      



(4)







In the above equation, k is the chemical reaction rate constant; A is the Arrhenius constant; Ea is the reactivity energy, in units (J/mol); T is the absolute temperature, in units K; and R is the molar gas constant, in units (J/mol-K). The etching efficiency of ICP-processed silicon carbide varies with the temperature of the plasma reaction region. In order to study the effect of plasma region temperature on silicon carbide under the same process parameters, in this section, the experimental parameters of the conventional processing were made constant. The processing distance between the nozzle tip and the sample surface was 4 mm, the dwell time was 30 s, the Ar flow rate was 19 slm, the CF4 flow rate was 60 sccm, the O2 flow rate was 10 sccm, and the RF power supply power was 500 W. It should be noted that the workpiece must be completely cooled at intervals to prevent thermal accumulation. The experimental results were obtained by preheating to get the plasma reaction area temperatures of 256 °C, 288 °C, and 297 °C for three groups of fixed-point etching, which were recorded as points A, B, and C, respectively.



The profile data of the machined section at three points were measured using a Taylor profiler and imported into Matlab to obtain Figure 7. The peak removal depths were 3.64 μm, 3.93 μm, and 4.47 μm at points A, B, and C, respectively. The increase in longitudinal etching caused the peak removal profile to increase with temperature, indicating that the increase in plasma region temperature promotes the etching rate of the active particles on the SiC material. Hence, the higher the plasma region temperature, the higher the removal depth peak for the same dwell time. Comparing the temperature change, it is found that when the temperature increases from 256 °C to 288 °C, the peak removal depth increases by 0.29 μm, with a ratio of about 0.009 μm/°C to the temperature increment, while from 288 °C to 297 °C, the peak removal depth increases by 0.54 μm/min, with a ratio of about 0.06 μm/°C to the temperature increment. This is much larger than the first two points of difference ratio change, which indicates that the influence of the plasma area temperature on the etching efficiency is more significant with the increase in temperature. Therefore, in the actual processing, it is necessary to ensure the stability of the processing environment while controlling the plasma temperature within a small range to ensure the stability of the plasma removal capacity.




4.2.2. Effect of Dwell Time on the Removal Function


In ICP fixed-point or planar processing, the plasma flame equivalent to a fixed-point heat source will continuously conduct heat transfer to the substrate surface to increase its temperature, as shown in Figure 8, so the relationship between the dwell time and etching rate will not be a simple linear fit [28].



To investigate the effect of heat removal due to increasing dwell time, the dwell time is set in this section, as shown in Table 4, and other parameters are the same as in the previous section. In addition to this, the same five processing points were set without changing other parameters, and their dwell times were divided into 10-s increments, as shown in Table 4. For example, the processing point with a dwell time of 6 × 10 in the table means that the point was processed six times for 10 s each time. Sufficient intervals were made between each processing so that the surface of the SiC wafer processed twice was sufficiently cooled to minimize the temperature accumulation on the wafer surface. To facilitate the distinction between the two types of processing, the processing point with uninterrupted dwell time is recorded as a single processing point, and the interval division is recorded as multiple processing.



The experimental results are shown in Figure 9. Figure 9a shows the results of single processing, and Figure 9b shows the results of multiple processing. The blue curve in the figure represents a simple linear fit to the removal depths of the first two processes to compare the extent to which the experimentally obtained removal depth curves deviate from linearity. Theoretically, when the dwell time of a section is constant, then the total dwell time of the same removal amount should be equal. However, when comparing the peak depth of removal curves of single processing and multiple interval processing, it can be found that the greater the dwell time, the greater the deviation from the linear curve of single processing under the same cumulative dwell time of both. This is consistent with the conclusion about the effect of temperature on the depth of removal in the previous section. This indicates that the thermal accumulation on the wafer surface is the reason for the non-linear relationship between the dwell time and etching rate, and the longer the dwell time accumulation, the greater the effect on the instability of the etching rate. Therefore, in the planarization processing, the temperature accumulation on the wafer surface can be reduced by speeding up the process multiple times, and at the same time, the temperature accumulation on the wafer surface can be dissipated as much as possible.






5. Conclusions


In this paper, based on ICP processing of SiC material, the temperature variation in atmospheric plasma processing was measured by infrared thermometry, and the influence of the three main processing parameters, Ar, CF4, and RF power, on the temperature in the plasma region was analyzed by the single-factor method. The following conclusions were drawn in combination with the profilometer measurements:




	(1)

	
In atmospheric plasma processing, plasma temperature fluctuations affect the working gas excitation, the decomposition process, and the energy and distribution of active particles on the surface of the components, which further affect the removal stability of the material. Infrared thermometry reveals that the plasma region temperature rises with increasing Ar gas flow rate, reaching a maximum of 325 °C at 15 slm. With the reaction gas CF4 flow rate in the interval of around 0–45 sccm, the plasma will be continuously exothermic with the ionization of the system’s overall temperature increase until the flow rate reaches 45 sccm, at which point the system’s ionization capacity reaches saturation after the temperature stabilizes with only a small decline. The size of the RF input power determines the size of the discharge and its intensity. When the RF power is around 350–700 W, the plasma region temperature increases with the increase in RF power.




	(2)

	
The higher the plasma region temperature under the same parameters, the faster the etching rate of ICP-etched SiC, and the higher the plasma region temperature, the more easily the removal rate is affected. Additionally, the dwell time has a non-linear relationship with the peak removal depth due to the effect of heat accumulation on the wafer surface.
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Figure 1. ICP processing system. (a) schematic diagram; (b) physical picture. 
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Figure 2. APPP removal contour. 
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Figure 3. Schematic diagram and effect drawing of the infrared thermometer. 
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Figure 4. Influence of Ar flow rate on plasma temperature. 
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Figure 5. Influence of CF4 gas flow on plasma temperature. 
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Figure 6. Influence of RF power on plasma temperature. 






Figure 6. Influence of RF power on plasma temperature.



[image: Micromachines 14 00992 g006]







[image: Micromachines 14 00992 g007 550] 





Figure 7. Cross-sectional profile of the removal function at different plasma temperatures: (a) point A, 256 °C; (b) point B, 288 °C; and (c) point C, 297 °C. 
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Figure 8. Plasma thermal radiation schematic. 
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Figure 9. Removal function and dwell time variation curve: (a) single processing; (b) multiple processing. 
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Table 1. Processing parameters under different Ar flow rates.
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	Parameter
	Value





	Ar flow rate/slm
	10, 12.5, 15, 17.5, 20, 22.5, 25, 27



	CF4 flow rate/sccm
	60



	O2 flow rate/sccm
	10



	Input power/W
	500
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Table 2. Processing parameters under different CF4 flow rates.
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	Parameter
	Value





	Ar flow rate/slm
	19



	CF4 flow rate/sccm
	0, 5, 10, 15, 25, 35, 45, 55, 65, 75, 85



	O2 flow rate/sccm
	10



	Input power/W
	500
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Table 3. Processing parameters under different RF power values.
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	Parameter
	Value





	Ar flow rate/slm
	19



	CF4 flow rate/sccm
	60



	O2 flow rate/sccm
	10



	Input power/W
	350, 400, 450, 500, 550, 600, 650, 700
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Table 4. Experimental parameters with different dwell times.






Table 4. Experimental parameters with different dwell times.





	Processing Method
	Dwell Time/s





	Single process
	10, 20, 30, 40, 50, 60



	Multiple process
	10 × 1, 10 × 2, 10 × 3, 10 × 4, 10 × 5, 10 × 6
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