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Abstract 

As low-temperature plasmas (LTPs) have gained significant attention in materials processing for the 

microelectronics industry, challenges in spatiotemporal analysis of plasma parameters in an RF 

capacitively coupled plasma (CCP) system necessitate multidimensional numerical simulations. This 

study investigated the conditions under which a kinetic simulation or a fluid model is effective for 

low-pressure CCPs, focusing on the critical role of energy-dependent electron kinetics in LTPs by 

comparing symmetric and asymmetric electrode structures. We provide a comprehensive 

investigation of particle energy distributions, elucidating the kinetic effects of non-Maxwellian 

distributions. The validity of standard fluid approximations, such as the drift-diffusion 

approximation and isotropic pressure assumptions, is assessed by comparing results from a two-

dimensional fluid model with those from a particle-in-cell simulation. The dominance of the ion 

pressure tensor over isotropic approximations in the sheath has been observed, especially in an 

asymmetric electrode structure, which is more representative of realistic process chambers. 

Keywords: particle-in-cell simulation; fluid simulation; low temperature plasma; kinetic effect 

 

1. Introduction 

Low-temperature plasma (LTP) science and engineering fields have witnessed substantial 

advancements in recent decades [1]. Among the diverse applications of LTPs, materials and chemical 

processing are the most prominent. Notably, the semiconductor materials processing industry has 

achieved significant success by harnessing LTPs for critical processes such as etching and deposition. 

Applications of plasma technology include nanoscale processing, such as atomic layer etching and 

nanostructure fabrication [2–7]. Furthermore, LTP technology has a broad impact on materials 

processing, including additive manufacturing [8–10], soft-material processing, and biomaterial 

applications [11–14]. These investigations underscore the multifaceted role of LTP in contemporary 

science and engineering. While exemplary experimental and theoretical studies have contributed to 

our understanding of LTPs, parallel numerical modeling research has been pursued to address the 

challenges of analyzing the spatiotemporal characteristics of plasma systems. 

Various simulation schemes have been developed to analyze plasmas, including fluid and 

particle-in-cell (PIC) simulations, both of which are widely used to analyze LTPs [15–24]. In a fluid 

simulation, a set of fluid and Maxwell's equations is solved [15–19]. The fluid equations are 

approximately derived from the kinetic equation, as detailed in Section 2. While the kinetic equation 

is solved for the time evolution of the distribution function in a six-dimensional space of particle 
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position and velocity, the fluid equations are solved for the time evolution of fluid variables in three-

dimensional space. Consequently, the fluid simulation requires fewer computational resources 

compared with the kinetic simulation. Fluid codes are widely used in the study of LTPs due to their 

relatively straightforward structure and high computational speed, albeit at the cost of accuracy. 

Another type of plasma simulation is the particle-in-cell (PIC) simulation [20–24]. While a fluid code 

involves substantial approximations in assuming particle velocity distribution, a PIC code solves the 

equation of motion for each superparticle trajectory along with Maxwell's equations. 

Collisions in a plasma are demonstrated using Monte Carlo collision (MCC) algorithms. 

Consequently, the PIC-MCC code captures essential information about particle dynamics, including 

the minority population of energetic charged particles and their transport, which plays a crucial role 

in LTPs [25–29]. Despite the distinct advantages of PIC simulations in terms of accuracy and trajectory 

analysis, their use has been limited because treating a statistically significant number of particles 

requires substantial computational time. However, recent advances in graphics processing units 

(GPUs) have enabled PIC codes to surpass the performance of fluid codes [30]. Owing to the rapid 

advances in GPU performance, we can now efficiently use the PIC code to study multidimensional 

LTPs, achieving greater speed and accuracy. However, fluid simulations still offer significant benefits 

in multi-species modeling, as particle-level MCC is still time-consuming. Additionally, not every LTP 

system requires PIC simulation, depending on the context. 

In this work, we provide guidelines for selecting a suitable simulation model by comparing two-

dimensional fluid and PIC simulations of RF-CCPs in symmetric and asymmetric electrode 

geometries. First, we derive the exact fluid-moment equations from the Bol�mann equation and trace 

the hierarchy of approximations that lead to the commonly used drift–diffusion and isotropic-

pressure closures, thereby delineating their formal range of validity. Second, we perform GPU-

accelerated electrostatic PIC–MCC simulations and compare them with a fluid code under identical 

operating conditions to quantify discrepancies arising in low-pressure, nonlocal regimes. Particular 

a�ention is paid to the electron energy probability functions, nonlocal electron temperature profiles, 

and the full ion and electron pressure tensors in asymmetric reactors, which reveal when kinetic 

effects render standard fluid approximations inadequate. Finally, based on these results, we provide 

practical guidance on when fully kinetic or fluid models are required and when advanced fluid 

models remain sufficient for the modeling of low-temperature plasmas used in materials processing. 

In Section 2, accurate fluid equations are derived from the fundamental kinetic equation and 

reduced to yield the approximated forms used in fluid codes. The approximations used for 

simplification and their validity are examined in detail. The theoretical analysis [31–33] clarifies the 

explicit limitations of the fluid approach in specific regimes and highlights the conditions under 

which the PIC method is advantageous. Section 3 presents a comparison of PIC and fluid simulations 

for capacitively coupled plasmas (CCP) in symmetric and asymmetric geometries. The simulation 

results verify the essential features of LTPs that can only be demonstrated by PIC simulations. The 

kinetic theory elucidates the discrepancies in the fluid simulations. The combined efforts using theory 

and simulations are summarized in Section 4, where we highlight the importance of collaborative 

work involving fluid simulations, which remain significant in LTP research. 

2. Governing Equations and Underlying Theory 

Before comparing a PIC simulation with a fluid model, we provide a brief overview of the fluid 

approximations used in LTPs. We derive and analyze fluid equations from a kinetic perspective, 

discussing the underlying physical assumptions alongside the exact fluid equations. This analytical 

derivation provides an explicit evaluation of the validity and applicability of fluid approximations. 

2.1. Kinetic Analysis 

The Bol�mann equation governs the behavior of charged particles in low-temperature plasmas. 

However, solving the full six-dimensional equation is computationally demanding. To reduce this 

complexity, fluid models employ a moment expansion of the Bol�mann equation. By taking 
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successive moments of the distribution function, macroscopic transport equations for quantities such 

as density, momentum, and energy can be derived. In particular, the first-order moment of the 

Bol�mann equation leads to the momentum conservation equation: 

�� �
��

��
+ (� ∙ ∇)�� = ��� − ∇ ∙ П + �, (1) 

where � is the mean velocity, � is the electric field, and � represents the momentum loss due to 

collisions. Pressure tensor П�� is defined as: 

 ��� = ��〈��(�� − ��)〉� , (2) 

where �� = �� − �� is the peculiar velocity in the ith direction, and ⟨⋅⟩� denotes the velocity average 

over the distribution function. In typical fluid models, including this study, the pressure tensor is 

assumed to be isotropic and thus simplified as a diagonal tensor: 

 П = �

� 0 0
0 � 0
0 0 �

� , and thus ∇ ∙ П = ∇�. (3) 

The scalar pressure � is then expressed in terms of the particle density and thermal energy. 

 � =
�

�
��〈|� − �|�〉�  (4) 

To close the system of equations, a thermodynamic equation of state is introduced. Under the 

assumption of a Maxwellian distribution, an isothermal relation is applied: 

� = ���� (5) 

leading to the following pressure gradient: 

 �� = ����� + �����  (6) 

Assuming that the density gradient dominates the temperature gradient, the pressure term is 

approximated as: 

 �� = ����� (7) 

To derive the drift-diffusion approximation (DDA), we further assume that the inertia term and 

the convective acceleration term are negligible. Under this condition, the momentum conservation 

equation [Eq. (1)] reduces to a balance between electric force, pressure gradient, and collisional term. 

 ��� − ∇� + � = 0 (8) 

By substituting the collisional term � =mnνu and assuming a stationary background gas and a 

constant collision frequency, we derive the final form of the DDA. 

 � = ��� − �∇� (9) 

where � is the mobility, and � is the diffusion coefficient of the species. 

2.2. Fluid Simulation 

For the fluid simulation, we employed the Hybrid Plasma Equipment Model (HPEM) [34]. 

HPEM offers several options for evaluating electron-impact reaction rates, including electron Monte 

Carlo Simulation (eMCS) and the local field approximation (LFA) [35]. In this work, the reaction rates 

were evaluated based on the electron temperature �� , which is obtained by solving the time-

dependent electron energy equation: 

 
�

��
�

�

�
������� = ∇ ∙ (κ∇��) + ∇ ∙ (����) = � (10) 

where κ is the thermal conductivity, �� is the electron flux, and 

� = � ∙ � = ���� ∙ � (11) 

represents the power deposition from the electric field. The electron temperature, defined as two-

thirds of the mean electron energy derived from the electron energy probability function (EEPF), 

serves as a key parameter for calculating rate constants. The electron flux is assumed to follow the 

DDA. 

This approximation is widely employed in low-temperature plasma modeling [36–39], where it 

provides a reasonable balance between physical fidelity and computational efficiency. Although 

more complete models (e.g., solving the full momentum equation) may offer improved accuracy in 

capturing transient behaviors, the DDA remains a practical and validated choice for simulating the 

spatial evolution of electron density and energy in many LTP applications. While DDA is applied to 
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electrons for computational efficiency, the momentum conservation equation is used for ions to 

capture their transport dynamics. 

2.3. PIC Simulation 

A GPU-parallelized electrostatic PIC simulation is employed in this study [40]. The overall PIC 

algorithm proceeds in a loop comprising particle mover, MCC, and charge deposition (weighting), 

followed by solving the Poisson equation to obtain the updated electric field. The motion of charged 

particles is computed by solving Newton's equation of motion: 

 m
��

��
= ��  (12) 

where the magnetic field B is neglected (B=0). Particle collisions with background neutrals are 

modeled using an MCC algorithm. For each time step, the collision probability ��,� is calculated for 

a particle with velocity �� and energy �� using 

 ��,� = 1 − ����−����(��)��∆�� (13) 

where ��  is the neutral gas density, and ��  is the energy-dependent cross section for the k-th 

collision. While both fluid and PIC methods solve the same electrostatic equations, the PIC method 

is distinguished by its direct simulation of particle motion. 

3. Comparison of PIC and Fluid Simulations 

Figure 1 shows the symmetric and asymmetric structures used for both PIC and fluid 

simulations. In the symmetric configuration [Figure 1(a)], the powered top electrode and grounded 

bo�om electrode have equal surface areas. To suppress sidewall effects, a dielectric material with a 

thickness of 3.5 cm and a relative permi�ivity (��) of 2.2 is inserted. This configuration is specifically 

designed to mimic a one-dimensional (1D) geometry closely. In contrast, the asymmetric case [Figure 

1(b)] includes a sidewall, introducing a strong electric field due to the difference in electrode area. 

 

Figure 1. Schematic diagrams of the simulation domain: (a) a symmetric geometry and (b) an asymmetric 

geometry. 
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Table 1. Numerical conditions for PIC and HPEM simulations. 

Parameter Value 

Frequency 13.56 MHz 

Voltage 100 V 

Pressure 100 or 500 mTorr 

Gas Argon 

Gap distance 

Sidewall gap 

2-3 cm (Symmetric), 

0.8-3 cm (Asymmetric) 

Grid size 200 μm (PIC) vs. 500 μm (HPEM) 

Time step 14.4 ps (PIC) vs. 184 ps (HPEM) 

The numerical conditions are summarized in Table 1. The gap distance (d in Figure 1) refers to 

the electrode spacing in the symmetric case and the sidewall spacing in the asymmetric case. Identical 

collision cross-section data [41] are used in both models. 

Using a GPU-accelerated 2D PIC code, we capture the pressure tensor effect and associated 

forces that are not fully resolved by fluid simulations. To compare results, we analyze spatial profiles 

of steady-state CCPs averaged over 10 RF cycles. The spatial and temporal resolutions satisfy the CFL 

condition, and the number of superparticles ensures convergence. Despite the smaller time step and 

the finer grid resolutions in the PIC simulation, the total computation time (~12 hours) was 

comparable between the GPU-PIC (RTX 3090) and the fluid simulation (Xeon E5-2697 v2, 12 cores). 

3.1. Symmetric Structure 

A comparison of the 2D electron density distributions is shown in Figure 2 (PIC) and Figure 3 

(fluid). In both simulations, the electron density increases with gas pressure because the higher 

neutral density enhances the ionization rate. However, only the PIC simulation exhibits an 

enhancement in the uniformity of the density profile and an expansion of the bulk plasma region as 

pressure increases. 

The electron power-absorption profiles for both simulation methods are nearly identical, as 

shown in Figures 4(a) and 4(b), which depict broadened bulk plasma in the y-direction with 

increasing gas pressure. Figures 4(c) and 4(d) show the space-charge density for both simulations. At 

500 mTorr, the PIC results show a more pronounced increase in space charge density and a greater 

reduction in the sheath width compared with the fluid simulation. This stronger electric field 

accelerates sheath electrons toward the plasma bulk during the sheath expansion phase, driven by 

the oscillating external voltage source. The intensified electric field also promotes stronger stochastic 

heating near the bulk-sheath boundary, generating energetic electrons that enhance ionization there 

and help sustain the broader bulk plasma. 

In contrast, notable differences appear in the bulk region. Figure 5 presents the electron power 

absorption profiles along the y-direction near the center. Overall power absorption is higher in the fluid 

simulation than in the PIC simulation. Moreover, Ohmic heating in the bulk plasma for the PIC simulation 

(dashed lines) is negligible at 100 mTorr but becomes significant at 500 mTorr. On the other hand, the fluid 

results (solid lines) show noticeable ohmic heating at both pressures. Similar trends have been reported 

in previous 1D simulation studies [42]. This discrepancy arises from the use of the DDA to solve the 

electron energy equation (equation 10), in which transport properties depend only on the electric field and 

diffusion. Since this assumption holds better at higher pressures, the electron flux in low-pressure regimes 

is overestimated, leading to electron power absorption (�� ∙ �) in the bulk that resembles high-pressure 

behavior. It proves that the DDA is not appropriate for low-pressure RF discharges. 

Figure 6 compares the time-averaged electron density, plasma potential, electron temperature, and 

power-absorption profiles for the PIC simulation (left column) and the fluid model (right column). 

While electron density, potential, and electron power absorption quantities exhibit similar trends, a 

significant discrepancy is observed in the electron temperature profiles. In the PIC results, a local 

minimum in the electron temperature is observed within the bulk region, as shown in Figure 7. 
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Figure 2. Time-averaged 2D profiles of electron density in PIC simulations for (a) 100 mTorr and (b) 500 mTorr. 

1D profiles are extracted at (c) y = 1.5 cm in the horizontal direction, and at (d) x = 0.5 cm in the vertical direction. 
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Figure 3. Time-averaged 2D profiles of electron density in fluid simulations for (a) 100 mTorr and (b) 500 mTorr. 

1D profiles are extracted at (c) y = 1.5 cm in the horizontal direction, and at (d) x = 0.5 cm in the vertical direction. 
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Figure 4. Time-averaged 2D profiles of electron power absorptions in (a) PIC and (b) fluid simulations for 100 

mTorr and 500 mTorr. 1D profiles of the time-averaged space charge density are measured at x = 0.5 cm in the 

vertical direction for (c) PIC and (d) fluid simulations. 

 

Figure 5. Time-averaged 1D profiles of electron power absorption are extracted at x = 0.5 cm in the vertical 

direction for (a) 100 mTorr and (b) 500 mTorr. 
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Figure 6. Time-averaged 2D profiles of electron density, potential, electron temperature, and electron power 

absorptions in PIC (left) and fluid (right) simulations for the symmetric electrodes. 

This local drop in temperature appears near x = 8.5 cm in Figure 7(a) and at the gap center (y/d 

= 0.5) in Figure 7(b), particularly for the 2 cm gap. This temperature profile cannot be obtained from 

the fluid simulation. Finally, it was shown that the fluid model introduces errors in nonlocal electron 

kinetics. Similar phenomena have been reported in previous studies [42,43] and are a�ributed to 

nonlocal electron kinetics in low-pressure, collisionless regimes. In such regimes, electron transport 

is governed by individual kinetic energy and the local electric potential rather than by electron-

neutral collisions. As a result, electrons conserve their total energy as they oscillate within the 

ambipolar potential formed by the presheath. Low-energy electrons, whose kinetic energy is 

insufficient to overcome the sheath potential, remain confined within the bulk plasma. 

 

Figure 7. Electron temperature profiles with changing pd values. Time-averaged 1D profiles are extracted at (a) 

y = 1.5 cm in the horizontal direction, and at (b) x = 0.5 cm in the vertical direction. In Figure (b), �/� represents 

the �-axis normalized to the gap distance. 

In contrast, high-energy electrons can reach the sheath edge and contribute to stochastic heating. 

This results in the local extrema in the electron temperature profile near the sheath boundary. Fluid 
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models, which assume quasi-Maxwellian distributions sustained by frequent collisions, inherently 

fail to capture these kinetic effects, yielding smoother but less accurate temperature profiles under 

such conditions. Despite the discrepancy in electron temperature, all other profiles in Figure 6 are in 

good agreement between the two simulations. It is also due to electron nonlocal kinetics, which 

extends the energy-relaxation length and thus primarily affects the plasma density profiles via 

diffusion. 

Figure 8 presents the electron energy probability functions (EEPF) for cases 1-3, corresponding 

to increasing pd values in the order: case 3 < case 1 < case 2. As pd increases, the EEPF evolves from a 

bi-Maxwellian shape (case 3) to a quasi-Maxwellian (case 1), and finally to a Druyvesteyn distribution 

(case 2). The EEPF in case 3 shows a clear separation: low-energy electrons (��<5 eV) are confined by 

the ambipolar potential, while higher-energy electrons (��>5 eV) reach the sheath edge and undergo 

stochastic heating. In case 1, this separation becomes less distinct, indicating a partial transition 

toward collisional behavior. Case 2 exhibits a qualitatively different profile. The elevated momentum-

transfer collision frequency leads to significant Ohmic heating in the bulk plasma, as evidenced by 

Figures 4 and 5. This mechanism increases the energy of low-energy electrons (e.g., ε < 11 eV), 

broadening the distribution. However, above the inelastic threshold energy (e.g., 11.55 eV for 

excitation), inelastic collisions dominate, causing a sharp drop in the EEPF beyond 11 eV. 

 

Figure 8. Electron energy probability functions (EEPF) at the center of the gap for the cases 1-3. 

3.2. Asymmetric Structure 

The asymmetric structure introduces kinetic behaviors that differ fundamentally from those in 

symmetric configurations. Figure 9 shows that, in addition to discrepancies in electron temperature, 

the asymmetric case exhibits marked spatial nonuniformity between the PIC and fluid simulations. 

As shown in Figure 10, a local minimum in electron density forms along with a corresponding 

potential well. These extrema appear only in the PIC simulation, while the fluid model yields a 

broader, smoother profile without localized features. This behavior arises because the electron energy 

relaxation length depends on kinetic energy [43,44]. In the PIC model, energetic electrons with 

energies exceeding the ionization threshold energy (15.76 eV) are accelerated near the sidewall, where 

they induce ionization locally and form a peak in electron density. 
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Figure 9. Time-averaged 2D profiles of electron density, potential, electron temperature, and electron power 

absorptions in PIC (left) and fluid (right) simulations for the asymmetric electrodes. 

 

Figure 10. Normalized (a) electron density, (b) plasma potential, (c) electron temperature profiles in the 

asymmetric domain, measured at y = 2 cm in the horizontal direction. All values are normalized with respect to 

the center value (� = 0). 

In contrast, low-energy electrons with longer relaxation lengths traverse a wider region without 

contributing to ionization. This results in a nonuniformity in electron density between the wall and 

the central plasma region. The time-averaged electron temperature increases from the center toward 

the edge, indicating enhanced electron heating near the sidewall. In addition, the PIC results reveal 

localized trapping of low-energy electrons in regions where the potential exhibits a local maximum 

[45,46]. This energy-dependent trapping, characteristic of kinetic transport, cannot be captured by 

fluid models and contributes to the formation of spatial nonuniformities in the electron distribution. 

Figure 11 illustrates the trajectories of sampled electron superparticles over one RF cycle in the 

asymmetric geometry with d = 0.8 cm at 100 mTorr. Trapped electrons (○, □) oscillate within the 

potential well, whereas untrapped electrons (△, ◇) traverse the domain with sufficient kinetic 
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energy. This visualization, accessible only through PIC simulations, directly demonstrates the 

energy-dependent trapping mechanism described above. 

Beyond the nonlocal and nonlinear behaviors discussed earlier, our results reveal that the 

plasma also exhibits pressure anisotropy due to non-negligible ion viscosity. Although the ion 

momentum equation is solved in fluid models, these models typically assume isotropic pressure and 

neglect shear-stress effects. In contrast, the PIC results presented here reveal that off-diagonal 

components such as ��� can reach up to 10% of the diagonal terms. It indicates the importance of off-

diagonal components of the pressure tensor in asymmetric plasma conditions. This observation 

corresponds to a case with a 3 cm sidewall gap, as discussed below. 

 

Figure 11. Trajectories of sampled electron superparticles (○ , □ : trapped electrons; △ , ◇ : untrapped 

electrons) at different RF phases (�̂ = ����) for d = 0.8 cm at 100 mTorr. The background color map represents the 

time-varying electric potential. Arrows indicate the velocity direction of each particle. 

As shown in Figure 12, the ion pressure tensor exhibits distinct spatial variation across regions. 

Within the sheath, where the electric field primarily drives ion motion, the diagonal components are 

dominant. In this regime, the influence of off-diagonal terms remains negligible, supporting the use 

of isotropic approximations. However, in the bulk plasma region for 4 < x < 10 cm, the off-diagonal 

components become comparable in magnitude to the diagonal terms. These off-diagonal components 

alternate in sign across space and significantly influence the divergence term ∇ ∙ �⃡�  as detailed in 

Figure 13. 

The relative discrepancy between the realistic forces (top row) and the approximated forces with 

the isotropic pressure (second row) is more severe in the x-direction than in the y-direction. It means 

that the 1D PIC simulation cannot account for the effects of the anisotropic pressure tensor. The 

anisotropic pressure contributions (third row) primarily arise in the sheath regime, including the 

plasma-material interface. However, the x-directional force is very strong in the bulk plasma for 4 < 

x < 10 cm, which holds significant importance in LTPs. It is worth noting that the asymmetric 

geometry discussed in this section is a simplified example of a process equipment configuration. In 

realistic plasma equipment with complex geometries and various dielectric materials, PIC 

simulations remain essential for the precise analysis of LTPs. 
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Figure 12. Spatial components of the ion pressure tensor ��
�⃖⃗   obtained from PIC simulation with asymmetric 

electrodes. Note that by definition ��
�⃖⃗ = �� ∫ ��������, the pressure tensor is symmetric (��� = ���). 
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Figure 13. Spatial components of ∇ ∙ ��
�⃖⃗ , the divergence of the ion pressure tensor associated with the diffusion 

force, obtained from PIC simulation with asymmetric electrodes. 

The electron pressure tensor exhibits distinct behavior, as shown in Figure 14. ��� and ��� are 

nearly identical in magnitude and spatial dependence, whereas ���  exhibits a different spatial 

distribution and is smaller than the diagonal components by about two to three orders of magnitude. 

This contrast is consistent with the electron heating sequence [47]. During the expansion and collapse 

of the sidewall sheath, the electron velocity distribution becomes anisotropic, whereas momentum-

transfer collisions in the bulk isotropize the electron distribution. This regime holds when the energy-

relaxation frequency (��) greatly exceeds the RF field frequency (ω), ��"ω, meaning electron energy 

relaxation is faster than the field oscillation. The divergence term associated with the electron 

pressure tensor ∇ ∙ �⃡� is shown in Figure 15. The realistic x- and y-directional forces (top row) are 

dominated by the gradients of the isotropic pressure (second row). In contrast, the anisotropic 

pressure contributions (third row) are smaller by about two to three orders of magnitude and 

therefore negligible for electrons. This behavior contrasts with that in the ion case in asymmetric 

geometries, where significant shear stresses induce off-diagonal components. 
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Figure 14. Spatial components of the electron pressure tensor ��
�⃖�⃗  obtained from PIC simulation with asymmetric 

electrodes. 
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Figure 15. Spatial components of ∇ ∙ ��
�⃖�⃗  , the divergence of the electron pressure tensor associated with the 

diffusion force, obtained from PIC simulation with asymmetric electrodes. 

Figure 16 presents the ion pressure-gradient force ∇ ∙ �⃡� in a symmetric geometry. Unlike the 

asymmetric case, the x- and y-directional forces are negligible across the bulk region and become 

appreciable only within the sheaths. The anisotropic pressure tensor terms (third row) in the bulk are 

essentially absent, since their enhancement relies on an anisotropic velocity distribution driven by 

the sidewall sheath, which is not present in the symmetric configuration. A previous study [48] 

showed that the treatment of ion transport, whether modelled using a DDA or the full ion momentum 

equation, can markedly alter edge uniformity and the formation of local minima near electrode edges. 

Accurate interpretation of ion dynamics is crucial because it affects the density and potential profiles 

and is indispensable for analyzing asymmetric configurations. 

 

Figure 16. Spatial components of ∇ ∙ ��
�⃖⃗ , the divergence of the ion pressure tensor associated with the diffusion 

force, obtained from a PIC simulation with symmetric electrodes. 
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4. Discussion 

The effectiveness of a fluid model and the necessity of PIC simulations for studying LTPs have 

been reviewed. Quantitative evaluations have been performed using fundamental kinetic theory and 

a PIC code, comparing with the HPEM fluid code. The kinetic analysis, based on both theory and 

simulations, clearly reveals inherent approximations and discrepancies in fluid analysis arising from 

misinterpretations of EEPFs. The results demonstrate that PIC simulations are indispensable tools for 

achieving an authentic understanding of kinetic effects. 

Section 2 presented a detailed process for deriving the fluid approximations used in fluid codes. 

The primary concept behind these approximations is to predefine the distribution function as quasi-

Maxwellian (e.g., Druyvesteyn, bi-Maxwellian) or as linear combinations thereof, assuming that 

collisions dominate in the plasma. These approximations substantially simplify the fluid equations, 

making numerical calculations feasible. However, in LTPs, the effects of electric fields can 

predominate, causing the distribution to deviate from the quasi-Maxwellian shape. Strong electric 

fields are observed in the sheath near the plasma-wall interface, a key parameter in most LTPs. Due 

to simplifications in EEPFs, fluid codes can yield non-negligible discrepancies, particularly at low 

pressures and in asymmetric electrode geometries. Field-induced non-Maxwellian effects, which are 

not captured by the fluid approach, include the generation of energetic particles, nonlocal transports 

of particle and heat fluxes, and viscosity in sheath regimes. The theoretical analysis is validated using 

PIC simulations, which are compared with fluid simulations. Detailed simulation results for 

symmetric and asymmetric geometries were presented in Section 3, where discrepancies between 

PIC and fluid simulations were demonstrated and analyzed from a kinetic perspective. 

Even in idealized geometries simpler than a real processing chamber, critical discrepancies are 

observed. Given that non-Maxwellian effects, reproduced only by PIC simulations, play crucial roles 

in most LTP scenarios, PIC simulations are imperative for LTP analyses. However, in certain cases, 

the fluid model remains effective to simulate LTP. The primary challenge in using the PIC code is the 

long computation time, which is a�ributed to the large number of superparticles, even when 

employing multi-CPU parallelization. However, this limitation has been mitigated by the 

development of modern GPUs. GPU acceleration has enabled 2D PIC codes to outperform multi-

CPU 2D fluid codes in terms of speed. While GPU-accelerated PIC simulations are highly effective 

for analyzing LTP, it is crucial to emphasize that fluid simulations offer distinct advantages and 

remain valuable tools. A fluid model can handle complex gas chemistry without requiring cross-

section data. Additionally, advanced fluid codes can handle more complex 3D geometries using the 

finite element method (FEM) or the finite volume method (FVM). They can accommodate a larger 

number of species and reactions. Therefore, PIC, fluid, and their hybrid schemes should be 

collaboratively developed and used to study LTPs efficiently. 

5. Conclusions 

We have examined the effectiveness of fluid models and the necessity of kinetic PIC simulations 

for analyzing low-temperature RF-CCPs by combining kinetic theory with two-dimensional 

simulations in symmetric and asymmetric geometries. Fluid simulations can reproduce global 

quantities such as the electron density and plasma potential in geometrically symmetric reactors, but 

they fail to capture the nonlocal electron-temperature profiles and the strongly non-Maxwellian 

electron-energy-probability functions that appear at low pd. 

In asymmetric configurations that more closely resemble realistic process chambers, the PIC 

simulations showed strong spatial nonuniformities in electron density and temperature, energy-

dependent electron trapping, and local potential wells, all absent in the fluid results, highlighting the 

limitations of assuming local transport and quasi-Maxwellian distributions in such regimes. Most 

notably, the full ion pressure tensor obtained from PIC exhibits substantial anisotropy, with off-

diagonal components reaching up to 10% of the diagonal terms in the bulk plasma, leading to 

diffusion forces that cannot be represented by isotropic pressure gradients alone. In contrast, the 
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electron pressure tensor remains nearly isotropic due to efficient collisional relaxation, supporting 

the continued use of isotropic closures for electrons while calling for more sophisticated treatments 

of ion viscosity in asymmetric low-pressure plasmas. 

A clear modeling strategy is that fluid simulations remain appropriate for higher-pressure, 

geometrically symmetric discharges with short electron-energy-relaxation lengths. In contrast, PIC 

approaches are required for low-pressure, strongly asymmetric reactors in which nonlocal kinetics 

and pressure anisotropy are significant. 
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