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Abstract

:

Plasma plays an important role in semiconductor processes. With the recent miniaturization and integration, the control of plasma became essential for success in the critical dimension of a few nanometers and etch narrow and deep holes with their high aspect ratios. Recently, the etching process has reached physical limitations due to a significant increase in wafer surface temperature under the elevated amount of RF power, affecting not only the warpage phenomenon, but also etching uniformity and etching profiles. Therefore, the plasma characteristics are identified using an invasive single Langmuir probe (SLP) for wafer temperature diagnosis. Optical data is obtained through a non-invasive optical emission spectroscopy (OES) and the plasma parameters are derived to compare and verify with the SLP. Two variables, electron temperature and electron density, are substituted for the heat flux formula to derive the heat flux according to the location. Using a wafer-type temperature sensor, the trends of the derived heat flux values towards wafer chuck were investigated. This study presents a method to calculate heat flux values in real time, anticipate wafer temperatures, and potentially illuminate existing ion heating problems.
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1. Introduction


With the advancements in semiconductor technology, highly integrated and miniaturized designs of semiconductors are being used to improve the overall performance of the devices. In this regard, the high aspect ratio (HAR) patterns prevail with the aim to reduce critical dimensions in the current semiconductor manufacturing processes. Plasma etching techniques such as reactive ion etching (RIE), which employs reactive ionized gases in the plasma, are used for HAR patterning. Studies have examined the importance of suppressing lateral etching and increasing vertical etching in HAR silicon etching so as to achieve a smooth vertical sidewall profile with a high etch rate and selectivity [1]. When the aspect ratio of the etch pattern is increased, 3D-NAND flash memory products have exhibited feature distortions, such as twisting, bowing, and edge roughening [2]. These etch pattern distortion problems are caused by the energetic ions in the plasma, as observed in the retarded etch rate in the high aspect ratio contact (HARC) pattern etch process due to ion charging inside shallow and deep contract holes. This etch rate retardation can be overcome by employing high frequency bias power in semiconductor etch equipment to increase plasma potential in HARC pattern etch so as to increase the ion bombardment energy across the plasma sheath. Ion energy distribution and ion angular distribution that enters a wafer perpendicular to the plasma sheath surface are controlled using low-frequency bias power [3,4]. When the bias power is increased to the level of a few kilowatts, surface collision with the wafer surface increases, causing the heated ions to become uncontrollable which results in the distorted etch sidewall profile. From the thermal perspective, the increased wafer surface temperature may lead to undesirable chemical reactions, and the thermal stress caused by temperature variation or differences in the coefficient of thermal expansion in 3D multilayer structures such as the Oxide/Nitride/Oxide (ONO) stack process may lead to wafer warpage [5,6].



The etched feature profile and critical dimension uniformity are controlled via the temperature of wafer-in-process (WIP) [7]. Wafer-temperature uniformity can create multiple integrated circuits (ICs) that have the etch profiles required for a wafer. Research is being conducted to control wafer-temperature uniformity from the component perspective. In the case of electrostatic chuck that is in direct contact with the wafer, a multi-physics simulation including backside gas flow was investigated to improve WIP temperature uniformity for etch equipment [8]. Studies have also proposed methods to improve WIP temperature uniformity based on the heat transfer or the cooling path shape of the chuck for the contact region between electrostatic chuck and wafer [9,10,11,12]. In addition, the wafer-temperature uniformity is also improved by tuning the height and the baffle shape of the edge ring [13]. Previous research works have showed that controlling WIP temperature is a key parameter to ensure the etching profile in HARC.



The etch process employs reactive ionized gas species, such as SF6, Cl2, or C4F8 with a mixture of additive gases of O2, N2, He, Ar, etc. The ratio and flow rate of the injected gases affect the etch rate and uniformity [14,15,16]. This shows that both the physical reaction of the inert gas and the chemical reaction of the reactive gas on the wafer surface should be considered in the etch process. Excessive chemical reactions in procedures requiring anisotropic etch may result in poor surface uniformity and rough sidewalls due to the isotropic etch and unpredictable radical movement [17]. Thus, the parameters that affect temperature changes need to be optimized to control temperature-sensitive chemical reactions. Temperature sources such as chuck temperature and chamber wall temperature might indirectly affect WIP temperature during the etching process [18,19]. Ions generated from plasma can directly affect WIP temperature. When ions fall from the plasma to the wafer surface, ion bombardment occurs in which the energy of the ions is transferred by converting them into thermal energy [20,21].



Heat flux refers to the transfer rate of thermal energy in the unit area per unit time with a physical metric unit of W/m2. The heat flux directly affecting WIP temperature from the plasma side surface can be calculated by analyzing the ions. The heat flux from the plasma to the wafer consist of parameters such as the energy of ions and the density of ions [22]. It is essential to determine the effect of changes in process parameters on the ion characteristics in plasma so as to accurately calculate heat with the increase or decrease in the collision of ions in the sheath according to the changes in the mean free path; the source power affects ion density as it controls plasma density, the bias power influences ion energy, and the pressure affects etch rate and etch profile [23]. Thus, the etch profile can be altered depending on the ion energy distribution based on plasma properties or the ion angle distribution applied to the wafer, as shown above [24]. The WIP temperature must be analyzed and controlled to enhance the etching rate and improve uniformity [25]. Different methods such as optical thermometer, thermal flux sensor, and wafer-type monitoring apparatus have been proposed for analyzing WIP temperature [20,26,27,28]. In the present study, heat flux was calculated using inductive coupled plasma-reactive ion etch (ICP-RIE) equipment in an invasive way to predict wafer surface temperature. In addition, the parameters required for calculation were compared using single Langmuir probe (SLP) and optical emission spectroscopy (OES) equipment, and the calculation was verified through an etch-temp-sensor-wafer (ETSW). The remaining sections of this study are detailed as follows: Section 2 describes theory related to heat flux, Section 3 describes the experimental apparatus, Section 4 explains the results, and Section 5 presents the conclusions of this study.




2. Theory


2.1. Heat Flux Calculation Method


Heat fluxes are compared using two models. First, the model can be expressed as follows [29].


    H ˙  s  =  C s     (    ∂  T  suf     ∂ t    )    t = 0    



(1)




where     H ˙   s     denotes the total heat influx,    C s    denotes the heat capacity of the wafer, and    T  suf     denotes surface wafer temperature. The total heat flux value is calculated using the difference between the initial wafer temperature and the temperature after the process, and the heat capacity of the wafer. In this calculation, energy transfer efficiency is considered to substantially apply the ion bombardment energy transfer from plasma to the wafer [30]. The energy transfer efficiency from ions of a specific gas to the wafer is given as follows.


  η =   4 μ      (  μ + 1  )   2     



(2)




where  η  denotes the energy transfer efficiency, and  μ  denotes the mass ratio of bombarding ion (   M  ion   )   to Si atom (   M  Si   )  , as presented in the following equation.


  μ =    M  ion      M  Si      



(3)







In addition, the effect of energy transfer due to the angle at which ions enter the wafer cannot be ignored, and the angle of incidence is assumed to be θ = 90° through the low-pressure condition.



The second model calculates the heat flux incident from the plasma to the wafer and can be expressed as follows.


   Q  in   =  ∫   A  suf      J  in   d A  



(4)




where    Q  in     denotes the total plasma heat flux incident on the wafer,    J  in     denotes the total energy influx, and    A  suf     denotes wafer surface area. The total energy influx parameter should be comprehended and calculated to determine the plasma heat flux. Total energy influx is expressed as follows.


   J  in   =  J i  +  J e  +  J  inter   +  J  gp   +  J  chem    



(5)




where    J i    denotes energy flux due to ion,    J e    denotes energy flux due to electron,    J  inter     denotes energy flux of neutrals due to electron and vibration excitation,    J  gp     denotes energy flux of reactions associated with other gas phases, and    J  chem     denotes energy flux due to chemical reaction in wafer surface. However, this study considers only the physical reaction of ions, which is the main parameter of anisotropic etching and increasing wafer temperature required according to HAR. Therefore, only ion heat flux is considered in this paper. The term summarizing the ion energy flux is as follows.


   J  in   =  J i  kin   +  J i  rec    



(6)




where    J i  kin     denotes kinetic energy of ion, and    J i  rec     is energy balance of the substrate due to recombination. The two terms can be expressed as follows.


   J i  kin   =  j i   E i  =  j i   e 0   (   V p  −  V  bias    )  = 0.6  n e      k  T e     m i        e  (   V p  −  V  bias    )   



(7)






   J i  rec   =  j i   E  rec    



(8)







Kinetic energy of ion consists of ion flux density    j i    and ion mean energy    E i   , and the recombination energy of ion is replaced by ionization energy    E  iz     instead of ion mean energy. The expression of ion flux density is used according to the pressure or other conditions. The Bohm-flux equation expressed in Equation (9) was utilized since it is used in the target process at a low-pressure level (<10 Pa). In addition, ion mean energy may be expressed as a difference between plasma potential    V p    and bias potential    V  bias    , as shown in Equation (10).


   j i  = 0.6  n e      k  T e     m i       



(9)






   E i  =  e 0   (   V p  −  V  bias    )   



(10)






   V p  −  V  bias   =   k  T e    2 e   ln  (     m i    2.3  m e     )   



(11)







With reference to Figure 1, the plasma characteristics for potential leak (  k  T e  / 2 e  ) are considered and applied [31]. Applying Equation (11) to the Maxwellian electron energy distribution function (EEDF) in Equation (7) of kinetic energy of ion gives the final equation to obtain plasma heat flux, which may be expressed as follows.


   J  in   =  J i  kin   +  J i  rec   =  j i   (   E i  +  E  iz    )  = 0.6  n e      k  T e     m i       [    k  T e   2     {  ln  (     m i    2.3  m e     )  − 1  }  +  E  iz    ]   



(12)







Thus, electron density (   n e   ) and electron temperature (   T e   ) are the main parameters of the finally organized heat flux equation.




2.2. OES Line Ratio Method


As described above, the major plasma parameters for the plasma heat flux value are compared using OES. The OES sensor monitors the intensity of a particular wavelength produced by an excited electron of an atom as it travels back to a lower state in plasma. Although OES measures optics, the values of electron density and electron temperature can also be obtained using the line-ratio method. The line-ratio method is categorized into a corona model and a collisional-radiative model (CRM). The corona model has low electron density and high electron temperature and is used under very low-pressure (<1 Pa) and low ionization ratio (<10−5) conditions. In comparison, the CRM model has wider applications. The CRM model has high electron density and low electron temperature and is used under relatively high-pressure (1–10 Pa) conditions and high ionization ratio (>10−5). The CRM was used in this study because of its suitable pressure and argon discharge conditions required for the calculation of the plasma heat flux.



In the case of excited argon atoms, electron impact excitation and spontaneous radiation are the dominant processes at low-pressure levels. The concentration of atoms in excited states is calculated by the ratio of electron impact excitation (  e +  R g  → e +  R p  )   rate coefficient to the sum of electron impact de-excitation (  e +  R p  → e +  R g  )   rate coefficient and spontaneous radiation (   R p  →  R r  + h v )   rate coefficient. Therefore, it is a function of electron density and electron temperature; in addition, the intensity ratio of the two emission lines is a function of two parameters [32]. By using the ratio coefficient and the ratio balance equation of the electron impact process of the corona model, Q is expressed as follows.


  Q =   ∫  0 ∞  σ  (   E e   )      2  E e     m e       g e   (   E e   )  d  E e   



(13)







Here,    E e    denotes electron kinetic energy,    m e    denotes electron mass,    g e    EEDF, and  σ  denotes the cross-section of the relevant electron impact process. CRM is considered because of the high-lying ns or nd level, unlike the process in the corona model. Other than these reactions, the electron impact transition between excited levels (  e +  R p  → e +  R r  )   and the radiation trapping process (   R g  + h v →  R  hr   )   are complicated and difficult to consider. Therefore, to simplify CRM, the excitation from metastable in the rate balance equation should be ignored by selecting a specific np level, a zero total angle momentum quantum number (  J = 0  ) of argon gas. Note that data for argon  n  p levels with   J = 0   were quoted from the previous research work [33]. Thus, when   J = 0  , the total excitation rate coefficient is summarized as follows [33].


   Q  ∞ , p   =  K 0  δ e x p  (  −    E 0     T e     )   



(14)




where    Q  ∞ , p     denotes the sum of    Q  g − p     (ground state to np levels) and    Q  g − h r     (ground state to high-lying ns and nd levels). The constants    K 0   ,    E 0    and    C 0    can be found in [33], and the rate equation is expressed as follows.


   n e   n g   Q  ∞ , p   =  A p   n p   (  1 +    n e     n  eC , p      )   



(15)




where    n e    denotes the electron density,    n g    denotes gas density,    A p    denotes total Einstein coefficient,    n p    denotes the population density of species, and    n  eC , p     denotes the characteristic density of electron impact transition. The final equation of electron density and temperature according to the intensity ratio using the preceding equations is expressed as follows.


     r I     =    I  A  r 1       I  A  r 2      =    r b 1  ·  A p 1   n p 1     r b 2  ·  A p 2   n p 2    =    r b 1  ·  n g 1   Q  ∞ , p  1     r b 2  ·  n g 2   Q  ∞ , p  2    ·   1 +    n e     n  eC . p  2      1 +    n e     n  eC , p  1               =    r b 1  ·  n g 1  ·  K 0 1  ·   (  T e  )      C 0   1       r b 2  ·  n g 2  ·  K 0 2  ·   (  T e  )      C 0   2      ·    (  1 +    n e     n  eC . p  2     )     (  1 +    n e     n  eC , p  1     )    exp  (     E 0 2  −  E 0 1     T e     )      



(16)




where    r I    denotes intensity ratio of different emission line of argon, and    r b    denotes the branching ratio of emission lines.





3. Experimental Apparatus


3.1. Experimental Equipment and Sensor Used


Figure 2 illustrates the experimental procedure followed in the study. As shown in the figure, plasma was generated using an ICP-RIE, developed by Plasmart, Daejeon, Korea. The ICP source power was 13.56 MHz, bias power was 12.56 MHz, and the RF matching unit was configured. The vacuum system comprised a roughing pump and a turbo molecular pump to set-up and maintain a low-pressure environment of tens of mTorr or less. In the case of process gas, a gas distribution plate located above the chamber is injected into the chamber by a set value through a mass flow controller. There are two viewports in the sidewall of the chamber. To conduct the experiment, an OES sensor, which is a non-invasive method for diagnosing plasma, was mounted on the front part, and an SLP, which is an invasive method, was mounted on the side part of the chamber. OES used the SM245 (Korea Spectral Products; Seoul, Republic of Korea), which has an optical resolution range of less than 10 nm and a measurable wavelength range of 200 nm to 1050 nm. By using the controller and the Wise Probe from P&A Solutions Product, SLP acquired data on    n e    and    T e    by monitoring the electron energy probability function (EEPF), the current-voltage (I-V) curve, and harmonics.




3.2. Experiment 1: OES Wavelength Selection


The experiment is categorized into a preliminary experiment for OES data analysis for wavelength selection and a main experiment for heat flux calculation. In the preliminary experiment, a 6-inch dummy wafer was placed on the chuck, and then Ar gas was injected into the chamber to discharge plasma. To select an appropriate wavelength, a wavelength value with a certain trend should be determined and then the line ratio should be analyzed without a dramatic difference in intensity tendency despite changes in process parameters. Therefore, the Ar flow rate was fixed, and the pressure and source power were selected for the process parameter to select the wavelength. This is because light emission is caused by excitation and de-excitation reactions that require specific energy. At this point, the reaction is mainly caused by the mean free-path value. The pressure and source power parameters affect the density of plasma, which in turn affects the mean free path. Therefore, gas density was set, and the source power and pressure parameters were chosen to determine the amount of energy transfer that generates a reaction. Pressure was split in units of 10 mTorr from 30 mTorr to 70 mTorr, and source power was split in the incremental step of 100 W from 100 W to 300 W. Wavelength data collection through the OES sensor was conducted and analyzed.




3.3. Experiment 2: SLP vs. OES


Table 1 presents the experimental process. The RF source power was set to be 200 W, the Ar flow rate was set to 30 sccm, and the temperature was set to room temperature. As a preliminary experiment, the pressure range was determined to understand the plasma characteristics, and the SLP was moved by 15 mm in the radial direction as it was 75 mm up to the center-to-edge based on the 6-inch wafer. The relative altitude value from the ESC of the SLP tip performed in the experiment is 25 mm. Figure 3 shows the SLP measurement positions at distances of 0 mm, 15 mm, 30 mm, 45 mm, 60 mm, and 75 mm in bulk plasma. An experiment was carried out by setting bias power to 10 W, 30 W, and 50 W depending on the location alone under a pressure condition of 30 mTorr to consider the effect of bias power, which is a crucial parameter in the etching process. Additionally, the heat flux according to radial position was compared and confirmed using OES and KLA’s ETSW in a 12-inch mass production equipment, Lam Research Kiyo 45, to confirm the heat flux produced from OES and SLP data. The ETSW monitors the temperature before and after the wafer process by using wireless communication in real-time. Its temperature range is 20 °C to 140 °C and is measured by 65 temperature measuring units, with the sensor accuracy of ±0.2 °C.




3.4. Experiment 3: ESTW vs. OES


Compared to the ICP-RIE chamber that uses a 6-inch wafer, the ETSW sensor measures the WIP temperature in mass production equipment using a 12-inch wafer. The ETSW was used in an experiment in a 12-inch etcher environment to verify the suitability of the energy influx value derived from sensors in a changed environment. The experimental procedure was the same as that followed for the 6-inch wafer. The ETSW measurement includes temperature trigger and recording delay methods. In this study, we used the recording delay method, which automatically measures after the set time. First, the time (100 s) taken by plasma to be generated after sensor operation was confirmed through 180 s of pre-sensor data measurement, as shown in Figure 4. The recording delay time was set to 250 s to receive wafer temperature data for 5 s after 150 s of plasma generation. OES data was obtained through an operating program using an OES sensor installed in the equipment.





4. Result and Discussion


4.1. Experimental Result


The electron density values of the radial position according to the pressure variation in the experiment using SLP are shown in Figure 5. In the experimental data, the electron density shows a similar trend across all ranges and tends to increase at each radial position as the pressure increases. The electron temperature values of the radial position according to the pressure variation in the experiment using SLP is shown in Figure 6. In the experiment, except for the data value at 30 mTorr, the electron temperature shows an increasing tendency at the 15 mm radial position and then decreases continuously to the edge. Based on the pressure range, the electron temperature generally tends to gradually decrease from the center to the edge, and the plasma density at the center is typically larger than that at the edge [34,35]. Our results confirmed that the plasma parameters in bulk plasma are dominant in source power, and bias power cannot affect the parameters when compared to source power [23]. Figure 7 shows the electron temperature and electron density values at radial positions obtained by SLP due to bias power variation at 30 mTorr. In our experiment, the source power value was always in inductive mode (H-mode). Therefore, with the increase in bias power, the electron density value decreases and the electron temperature value increases [36].



A wavelength selection experiment was conducted to use the line-ratio method of OES. Through the OES data as shown in Figure 8, the intensity value of the Ar wavelength was compared by referring to the reference [33], and peak with a constant tendency according to the parameter change was confirmed. Three peaks at 751.5 nm, 750.4 nm, and 419.8 nm were selected and then used to derive electron density and electron temperature. In general, there is a difference between the plasma parameter obtained through OES data and the SLP data [37].



Figure 9 shows the normalization of the plasma parameter that was calculated using Equation (16). Although this obtained value is different from the experimental value, the result of normalization is significant with the tendency of the experimental value in the case of electron density. However, in the case of electron temperature, the value in the radial position tends to increase with the increase in pressure, in contrast to the trend that typically appears. As a result, the plasma parameter calculated as OES is different to the SLP data value but resembles the tendency. Additionally, the plasma parameter cannot be derived according to the variation in bias power through OES. As the bias power varied, the intensity value of a particular Ar peak remained constant and was identical to the intensity value calculated using corresponding pressure. Therefore, bias power cannot affect the intensity value because it is not the main factor for direct plasma generation. The electron density can be altered depending on the radial position by bias power that affects bulk plasma uniformity. In addition, the difference in potential affects the main parameters of WIP temperature, such as ion energy, so the effect of bias power must be considered [38]. Thus, ETSW is used to determine heat flux based on the variation in bias power.




4.2. Heat Flux Calculation


Table 2 shows the energy influx calculation results obtained by applying electron density and electron temperature obtained by the measured SLP data to Equation (12). Our results showed that energy influx has a tendency to increase with the radial position as the pressure increases. In addition, the energy flux at the edge is lower than the value at other radial positions. When the pressure in the ICP etcher is 30 mTorr, the energy influx was found to be 5580.8 W/m2, 7255.0 W/m2, 8851.9 W/m2, and 10,179.4 W/m2 at the source power of 300 W, 400 W, 500 W, and 600 W, respectively [31]. The energy influx value of the center, 4908.1 W/m2, showed a similar tendency under the conditions of 30 mTorr and 200 W.



The energy influx value was derived by applying the ETSW data to Equation (1). The OES data was used to derive the plasma parameter in a 12-inch environment through the line-ratio method. The energy influx value according to the radial position was derived by applying the SLP data obtained at 6 inches. We measured the increase in plasma energy influx due to bias power using a wafer-type temperature sensor because there were limitations in using OES to extract plasma parameters with respect to changes in bias power. However, five of the 65 sensors were used, as shown in Figure 10, since the 12-inch radial position differs from the existing 6-inch radial position depending on the ETSW sensor position. The temperature sensor data was used at the 0 mm, 37 mm, 74 mm, 110 mm, and 147 mm positions. The ETSW temperature uniformity data by pressure variation is shown in Figure 11, and the temperature data by bias variation is shown in Figure 12.



Figure 13 shows the pressure variation energy influx derived from OES data equipped with 12 inches without applying bias power. Pressure and bias power variation energy influx with Equation (1) applied in ETSW data is shown in Figure 14 and Figure 15.




4.3. Discussion


The electron density in the experiment shows a similar tendency. The tendency of electron density according to radial position is similar, and the difference lies only in the tendency of density to increase as pressure increases. When comparing the electron density tendency at a lower pressure of 3 mTorr and a higher pressure of 150 mTorr beyond the experimental pressure range, the experiment in the paper shows an intermediate tendency [39]. The main cause of this difference is the electron energy relaxation length and the variation in electron heating mechanism. At high pressures, collisional heating dominates and heated electrons near the plasma boundary lose energy through inelastic and e–e collisions in the skin layer before reaching the plasma bulk. Therefore, the RF power is mainly deposited in the skin layer near the plasma boundary, and the maximum plasma density occurs at the chamber boundary. However, at low pressures, non-local electron kinetics can explain the different tendency. Electrons heated by the vortex electric field can pass through the skin layer in a short time and acquire net energy. They then traverse the entire volume before losing energy. Additionally, due to ambipolar diffusion, the maximum plasma potential exists at the center of the discharge chamber, leading to maximum kinetic energy for electrons at the center. As a result, the region of maximum ionization occurs near the center of the chamber, where there is an absent or weak RF field.



The electron temperature in the experiment shows a tendency to increase and then decrease once at the 15 mm position, except for the case of 30 mTorr. This difference is likely due to the variation in coil shape. Additionally, when comparing simulations and experiments with the same coil shape as the actual experiment, the differences in plasma potential distribution or electron temperature distribution can be observed [40]. The coil shape is determined by factors such as the coil thickness, the gap between coils, the number and the positioning of the coils. These elements can vary, potentially impacting the strength, the distribution of magnetic fields and the shape of the plasma source region.



One of the plasma diagnostic sensors, OES, had limitations in measuring plasma parameters due to bias power variation among process parameters. Therefore, to derive plasma energy influx through OES, it is necessary to complement plasma parameters according to bias power variation using other diagnostic sensors. Energy influx values derived from 12-inch equipment using measurement sensors are at least twice as large as energy influx values derived from ETSW data and differ by up to five times. This is because the wafer temperature decreases due to the cooling effect of the ESC backside gas, which results in a difference between the energy influx value calculated in plasma bulk and the energy influx value calculated in ETSW. Additionally, there was a difference in the value of the bulk plasma parameter obtained by each measurement sensor. As a result, a difference in energy influx values was observed. The energy influx derived from the 6-inch equipment tends to gradually decrease towards the edge, while the ETSW energy influx tends to increase as it goes towards the edge. The wafer temperature in the wafer edge region can be increased by plasma and focus ring [41]. As a result, the ETSW sensor temperature increases further in the edge region than in the center region. In addition, the temperature difference increases, leading to the higher value of energy influx in the edge than in the center region. Thus, the increases in bias power and energy influx are similar for each radial position. Energy influx with center-to-edge bias power variation also exhibits a similar tendency. Figure 12 shows that wafer-temperature uniformity improves as bias power increases under the same conditions.



In instances of experimental errors, it is possible that discrepancies could arise due to the neglect of electron and neutral reactions, with the estimation focusing solely on ions in the plasma energy influx. Additionally, variations between the energy influx and plasma energy influx values as calculated by ETSW can be attributed to factors such as the survival rate of ions capable of traversing the sheath and interacting with the wafer, as well as the assumed angle. These factors contribute to the inaccuracies in the heat flux value.





5. Conclusions


In this paper, we calculated energy influx with a radial position considering plasma characteristics using SLP, OES and ETSW sensors. In a 6-inch experimental environment, plasma parameters were derived and compared from the intensity ratio of a specific peak of OES and SLP by process parameter variation, and energy influx was derived from the equation of ion energy approximation in the total energy influx. Energy influx values derived using measurement sensors and ETSW sensors with 12-inch production equipment were compared with those fitted with 6-inch equipment. We found that the change in bias power had a greater impact on energy influx than chamber pressure although the wafer edge region showed some amount of mismatch of the energy influx trends and ETSW measurement. Finally, the bulk plasma diagnostic sensor had difficulty in calculating the exact heat flux by interpreting the actual behavior occurring on the wafer surface. In the future, considering peripherals, such as ESC and focus ring, and various assumptions, such as incident angle, the increase in energy influx caused by bias power will enable more accurate wafer-temperature prediction.
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Figure 1. Schematic diagram of an ion behavior in the plasma sheath region. 
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Figure 2. Schematic of 6-inch ICP-RIE. 
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Figure 3. Position of SLP measurement. 
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Figure 4. Pre-experiment on the process time to plasma generation. 






Figure 4. Pre-experiment on the process time to plasma generation.



[image: Applsci 13 09533 g004]







[image: Applsci 13 09533 g005] 





Figure 5. Experiment data of electron density of radial position by pressure variation. 
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Figure 6. Experiment data of electron temperature of radial position by pressure variation. 
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Figure 7. Experiment data of (a) electron density and (b) electron temperature of radial position by bias power variation at 30 mTorr. 
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Figure 8. Ar intensity of OES data. 
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Figure 9. Normalization (a) electron density and (b) electron temperature calculated from Equation (16). 
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Figure 10. ETSW data analysis enabled sensors. Numeric expression on 1–5 in the right hand side are showing the five different locations of the measurement. 
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Figure 11. ETSW temperature uniformity data by pressure variation (a) 30 mTorr (b) 40 mTorr (c) 50 mTorr (d) 60 mTorr and (e) 70 mTorr. 
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Figure 12. ETSW temperature uniformity data by bias power variation at 30 mTorr (a) no bias (b) 10 W (c) 30 W and (d) 50 W. 
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Figure 13. Pressure variation energy influx obtained from 12-inch equipment sensor data. 
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Figure 14. Pressure variation energy influx with Equation (1) from ETSW. 
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Figure 15. Bias power variation energy influx with Equation (1) from ETSW. 
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Table 1. Process recipe of argon plasma by radial position experiment.
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No.

	
RF Power

[W]

	
Bias Power

[W]

	
Pressure

[mTorr]

	
Gas [sccm]




	
Ar






	
1

	
200

	
0

	
30

	
30




	
2

	
10

	
30




	
3

	
30

	
30




	
4

	
50

	
30




	
5

	
0

	
40




	
6

	
0

	
50




	
7

	
0

	
60




	
8

	
0

	
70











 





Table 2. The energy influx calculation result.






Table 2. The energy influx calculation result.





	
    Energy   Influx   (  J   i n    )   [ W /  m 2  ]    




	
Radial Position

[mm]

	
Pressure [mTorr]




	
30

	
40

	
50

	
60

	
70






	
0

	
4908.1

	
6335.6

	
8176.4

	
10,388.2

	
12,521.3




	
15

	
5888.1

	
8232.9

	
10,399.7

	
13,579.1

	
17,169.1




	
30

	
3257.1

	
6487.4

	
9597.5

	
12,069.7

	
14,253.7




	
45

	
6779.4

	
8565.2

	
11,013.8

	
12,829.6

	
14,647.5




	
60

	
3678.3

	
5977.2

	
7715.7

	
9270.9

	
10,758.5




	
75

	
3234.5

	
5094.0

	
6738.0

	
8136.9

	
9402.5
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