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Abstract

:

Highly indium-rich group-III nitrides are attracting attention for advancing our capacity to create highly effective optical emitters at extended visible/IR wavelengths or for enhancing bandgap engineering possibilities within the group-III nitride material framework. Current methods of synthesis are constrained in their efficacy, partially owing to the low decomposition temperature of indium nitride. Implementation of a new design of a vertical high-pressure spatial chemical vapor deposition (HPS-CVD) reactor with six separated precursor source zones and a rotating wafer carrier disk carrying four 2-inch wafers is proposed and analyzed using COMSOL Multiphysics as a commercial computational fluid dynamics (CFD) program to study the fluid phenomena inside the numerical domain. This study focuses on understanding the different flow patterns within the chambers at super-atmospheric conditions (5 atm to 30 atm) and identifying suitable operating conditions under which smooth and dominant vortex-free flow is achieved. Four 2-inch wafers are heated to maintain a temperature of 1200–1300 K at each pressure and gas type. Three different gas types (nitrogen, hydrogen, and ammonia) are used, and the impacts of different inlet flow velocities and rotational speeds are investigated and discussed. An operating matrix is presented for each analyzed system pressure providing suitable combinations of these operational variables for smooth flow in the chambers. Each gas type was identified to have a range of suitable rotational and inlet velocity regimes at each operating pressure. Overlap of these three gas-specific operating condition windows resulted in the identification of a generally suitable operating condition for smooth flow patterns in the system regardless of the gas type used, as required for the growth of group-III nitride materials.
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1. Introduction


The semiconductor industry has relied upon advances in equipment development to enable new processes and materials with unprecedented controls or capabilities. One area that is critical to enabling devices is the thin-film growth process, which has the ability to deposit films of controlled composition and morphology. Metal–organic chemical vapor deposition (MOCVD) is a widely utilized industrial technique used for the manufacturing of electronic and optoelectronic devices such as light-emitting diodes (LEDs) or electronic devices based on compound semiconductors and the use of heterostructures [1,2,3,4,5,6].



The group-III nitride material family, including aluminum nitride (AlN), indium nitride (InN), and gallium nitride (GaN), has been well-established as III-V materials in the semiconductor industry. This is in large part due to their direct and wide bandgaps that enable them to absorb or emit light at UV/visible wavelengths and provide an avenue for more powerful power electronics. Of the three materials, InN is arguably the hardest to synthesize due to the relatively small decomposition temperature (~560 °C at 1 atm of nitrogen) requiring lower growth temperatures to increase its incorporation into the film, leading to desired alloy compositions [7,8]. The common approach to achieve growth of InxGa1−xN and Al1−xInxN is to reduce the growth temperature up to the point at which the adatom mobility on the surface of the crystal becomes detrimental to the associated crystal quality. This tactic has allowed for the growth of relatively high-quality films of up to 25% indium in In1−xGaxN [9,10] or 17% indium in AlxIn1−xN films [11,12]. Higher indium incorporation typically sees rapid deterioration of the crystal quality, leading to inefficient optical emitters. To mitigate problems resulting from the lower temperature growth of indium-containing III-Ns, improved understandings of precursor chemistries and gas-phase reactions are being investigated [13,14,15,16].



To improve the crystal quality of high-indium-content films and potentially reduce associated point defects, higher growth temperatures are desired. Growth of these materials at higher pressures offers a viable path. By increasing the pressure of nitrogen-containing molecules during the growth of these group-III nitrides, the increased nitrogen activity stabilizes the material, leading to increased decomposition temperatures. Woods [17] concluded that InN could be grown at ~1275 K for a system at ~70 atm. It was also shown that stable growth of the high-In-content In1−xGaxN films is possible where x < 0.65.



Efforts have been made to develop high-pressure horizontal MOCVD systems permitting access to operating under 10 s of atmospheres or pressure [18,19,20,21]. However, due to fluid dynamics limitations, actual operating pressures were limited to ~15 atm due to the onset of turbulence and precursor loss from the flow due to enhanced precursor interactions with themselves and the walls, leading to slow growth rates of ~200 nm/hr and subpar film quality [22].



To address the known limitations of high-pressure MOCVDs, a new CVD reactor design has been proposed that minimizes precursor pre-reactions through spatial separation while also providing optimal fluid dynamics for controlled synthesis of thin films [23]. The design of the reactor must consider fluid dynamics and mass transport to ensure high film quality, uniformity, and deposition rates. A successful CVD reactor design for controlled thin film synthesis should achieve a stable and vortex-free flow pattern under optimal conditions. Computational fluid dynamics (CFD) as a foretelling means has made a significant contribution in simulating actual flow and thermal studies, thereby eliminating the need for expensive and time-consuming physical experiments.



Several researchers have used numerical models to analyze CVD reactors [24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44]. As an example, He et al. [45] used machine learning and the PSO algorithm to conduct a numerical simulation of a MOCVD and found that the flow ratio of the source’s inlets did not have a significant effect on flow states in general.



This paper discusses the design and CFD-based optimization of a new super-atmospheric, vertical MOCVD reactor with spatially separated precursor zones, referred to as a high-pressure spatial CVD (HPS-CVD) reactor. The current authors reported on a systematic study of this reactor in a publication analyzing the performance of this reactor at one atmospheric pressure [46]. They explored the effects of the inlet velocity, inlet chamber area, rotational speed of the susceptor, and turbulent model on the flow behavior within the chamber.




2. Scope of Work


This article is a continuation of the previous study discussed in [46], wherein the authors investigate the flow patterns of ammonia, hydrogen, and nitrogen in a vertical MOCVD reactor. The objectives of this study for operating pressures greater than 1 atm up to 30 atm are (i) to identify smooth flow regimes inside the reactor chambers by selecting appropriate rotational speeds and inlet velocity values while maintaining the wafer temperature within the range of 1200–1300 K and (ii) to define an operating condition matrix (rotational speed (rpm) vs. inlet flow velocity) to provide a basis for future experimental studies.




3. Governing Equations


The equations that governed the current investigation are the steady, compressible Navier–Stokes equations, which consider temperature-dependent properties from the COMSOL material library. The continuity, momentum, and energy equations are presented in [47]. The general properties of nitrogen, hydrogen, and ammonia can be found in [48,49,50,51].




4. Numerical Method


4.1. Geometry and Corresponding Numerical Domain


This study focuses on a vertical HPS-CVD reactor equipped with a rotating wafer carrier disk, as illustrated in Figure 1a in [46]. The design of this reactor minimizes the pre-reactions of the precursors and mitigates their interaction to the period of diffusion through the boundary layer. A flattened and linear presentation of the circular shape of the barrier, boundary layer, and rotational disk can be seen in Figure 1 of [23] for better understanding.



The reactor is composed of various components including a shroud, six chambers, and a wafer carrier disk that accommodates multiple wafers, heaters, insulated zones, susceptors, a disk, and a shaft (refer to Figure 1b,c in [46]). The reactor has six independent precursor zones separated by barriers and a mixing layer where deposition occurs. The mixing layer is filled with fluid located between the barrier and the rotating carrier disk. Each chamber is connected to a dedicated gas source that provides a gas mixture with group-III elements, nitrogen-containing species, inert gases, or dopants precursors, as per user specification. In this design, the present gap between the top of the wafer carrier disk and the lower part of the barrier is 0.12 inches.



As the reactor used in this study is identical to the one presented in [46], details regarding the dimensions and other geometrical features of the reactor can be found there. The working fluid (nitrogen/hydrogen/ammonia) is considered Newtonian, compressible, and to have temperature-dependent properties.



The numerical simulation encompasses both fluid and solid domains. The fluid region is enclosed by the walls of the shroud and carrier disk. The shroud is constructed with a thickness of 4 mm using molybdenum material. The carrier disk comprises multiple solid domains, and the working fluid is in contact with the external surface of some of these domains (such as the wafer, shaft, thermal insulator, and disk sections shown in Figure 1c in [46]). The properties of all the solid domains are provided in Table 1 in [46]. The working fluid enters the system through six inlets, traverses the chambers, and subsequently flows within the gap (0.12 inches) formed between the rotating carrier disk and the barriers. This gap size was optimized (ranging from 0.06–0.18 inches) to get the best possible flow pattern while considering unchanged boundary conditions. Finally, the working fluid exits the domain through the outlet/exhaust.



The numerical domain is discretized to form a grid of elements. Similar to the study presented in [46], an unstructured mesh was used with approximately 2.3 million elements. Notably, the grid is refined in close proximity to the walls to effectively resolve the boundary layers, as depicted in Figure 3b in [46].



In all numerical simulations conducted in this research study, the authors accounted for all three modes of heat transfer: conduction, convection, and radiation. In systems characterized by high temperatures (i.e., T > 1000 K), radiation plays a significant role in heat transfer. Therefore, it was crucial to incorporate radiative heat flux in the numerical modelling of this HPS-CVD reactor. Heat conduction primarily governs heat transfer in solids, while convection comes into play when simulating fluid domains. Within the domain, pockets of flow facilitate energy exchange through internal movements. For further details, additional information can be found in reference books focusing on heat transfer.



For MOCVD reactors, where the Reynolds number criterion lacks clarity and the reactor design incorporates irregular corners, turbulent flow is expected considering the different gas inlet magnitude and rotational speed. Hence, a turbulent flow model in COMSOL Multiphysics [47] was utilized to accurately depict the flow patterns within the reactor. It is worth noting that a turbulent model can handle laminar flows if the minimum required mesh density is met, thus obviating the necessity for a laminar model.



Among the various turbulence models, the k-ω low-Re turbulence model stands out as one of the most frequently employed for analyzing turbulent flow conditions. This model is one type of the Reynolds-averaged Navier–Stokes (RANS) family of turbulence models, where turbulence effects are “modeled” rather than directly solved. The k-ω turbulence model comes in two variants: standard and shear stress transport (SST). The standard k-ω model exhibits superior performance for complex boundary layer flows subjected to adverse pressure gradients. On the other hand, the SST formulation transitions to a k-ϵ behavior (another type of RANS turbulent model) in the free-stream, thus mitigating the sensitivity to inlet free-stream turbulence properties observed with the k-ω model.




4.2. Boundary and Initial Conditions


This study presents steady-state calculations of fluid flow conducted within a reactor featuring a rotating disk. The initial conditions were set such as the numerical domain depicted in Figure 2a in [46] and had a constant temperature of 873.15 °C, with the working fluid initially at zero velocity. A good choice of initial temperature can accelerate the speed of a simulation. In Figure 1a [46], the outer walls of the chambers are subjected to radiation and forced convection, while the inner walls of the chambers trade heat through radiation. The radiative heat transfer is considered transparent for both the working fluid and the wafers. The chamber walls were assumed to have a no-slip condition. As for the carrier disk walls, which include the external surface of the wafers, thermal insulating areas, and the disk section, they were treated as moving walls due to the rotational speed, and the appropriate velocity treatment was applied to them. The pressure outlet was also placed at the chamber’s exhaust. Further details regarding the default operating conditions used in all simulations of this paper can be found in Table 1.




4.3. Numerical Set Up


In accordance with Figure 3 in [46] and the description provided in Section 4.1, a non-structured and non-uniform grid was implemented. The governing equations with the specified initial and boundary conditions were solved numerically using COMSOL Multiphysics [47]. This commercial software employs the finite element method to discretize the governing equations. The momentum equation was discretized using the P1 + P1 method, while the energy equation was discretized using the linear method. In the present study, a direct solver was employed in a multi-step analysis due to its robustness, despite its higher RAM usage. A relative tolerance of 5 × 10−3 was applied in all solver steps.




4.4. Mesh Study


A study on mesh convergence was conducted using three distinct grids, consisting of 1.7 million, 2.3 million, and 4.1 million elements. The temperature of the fluid inside the reactor as well as of the wafers was monitored across all three grids. The measured percentage error between grids 2 and 3 was found to be below 5% in all locations.



Each simulation duration varied from 14 to 40 h on 32 cores of the Intel Xeon processor, depending on the operating pressure and density of the grid used in the calculations. Considering the outcomes of the mesh convergence study, the authors selected the 2.3 million-element grid size as the default and performed all simulations accordingly. The grid of 2.3 million elements comprised various types of elements, including tetrahedrons, quads, pyramids, prisms, triangles, and hexes. For a comprehensive overview, a detailed summary of the characteristics of the 2.3 million-element mesh is provided in Table 2.





5. Results and Discussion


This section presents an in-depth investigation of the flow patterns within the depicted geometric configuration shown in Figure 1 in [46], employing numerical analysis and investigations. The top view of the numerical domain, aligned parallel to the XY plane as depicted in Figure 1a in [41], is utilized to analyze flow patterns across the numerical domain. By analyzing the obtained data, a proposed range of operating conditions (for N2 and H2 at 5, 10, 20, and 30 atm and for NH3 at 5 and 10 atm) is put forth to achieve smooth flow patterns inside the reactor while maintaining a minimum flow rate (slm). The streamlines in the chambers were evaluated quantitatively and qualitatively.



In Section 5.1, Section 5.2 and Section 5.3, the numerical outcomes for N2, H2, and NH3, respectively, are showcased, considering various inlet velocities, rotational speeds, and operating pressures.



5.1. Nitrogen


This section focuses on the influence of changes in inlet velocity magnitude and rotational speed on the flow streamlines within chambers at 5 atm (presented in Figure 1, Figure 2 and Figure 3, depicting a top view of the reactor). These figures illustrate the circulation of nitrogen in the numerical domain for three different rotational speeds (rpm) at 5 atm. Figure 1 displays the nitrogen circulation for a fixed rotational speed of 50 rpm (rotational speed of the carrier disk) and four different inlet velocity magnitudes: 0.5, 0.6, 0.7, and 0.8 m/s. It is important to note that the velocity streamlines in this figure (and all other similar figures of this article) are color-coded based on temperature, with the legend bar indicating higher temperatures in the red range and lower temperatures in the blue range.



As with the previous part of this system, present in [46], the current authors opted for total of 10,000 streamlines for the whole system to accurately capture the underlying physics of the fluid, considering its continuous nature. Increasing the number of streamlines enhances the fidelity of the simulated flow patterns. It is possible to employ a lower number of streamlines, 1000 as an example, but this may result in certain flow pattern details being overlooked.



Reviewing Figure 1, it becomes apparent that as the inlet speed goes up, the flow patterns become smoother over the majority of the wafers’ area. This can be attributed to the balance between the inlet flow velocity and the rotational speed of the carrier disk, resulting in a weakened formation of vortices due to the momentum balance. Additionally, some localized disturbances can be observed in the center of the plots in Figure 1. As these small and localized chaotic movements do not significantly impact the overall flow patterns across the majority of the wafers’ areas, the authors consider them to be minor deviations. It should be noted that these small areas are predominantly visible when using a total of 10,000 streamlines within the system. By reducing the number of streamlines, the disturbances become minimal and typically are eliminated from view.



Figure 2 and Figure 3 present comparable data sets for nitrogen at the operating pressure of 5 atm, with rotational speeds of 100 rpm and 200 rpm, respectively. Similarly in Figure 1, the observation drawn from the data is that as the inlet velocity increases, the streamlines appear noticeably more streamlined.



In line with the previous study [46], the current authors incorporated a pass/fail standard to evaluate flow patterns within the numerical domain. It is noteworthy that the objective was to identify the smoothest flow patterns on top of the wafer, and out of the 10,000 streamlines examined, not all inlet velocity values met the passing criterion. The authors adopted the same failing/passing criterion (more than one bad streamline in 10,000 streamlines as failing) as in [46] and provide a summary of the pass/fail results for nitrogen at an operating pressure of 5 atm, along with the corresponding rotational speeds, in Table 3. In Table 3, a cross mark indicates a failure, while a checkmark represents a pass. A greyed background against a checkmark indicates simultaneous passing conditions for all three gases of the system.



Based on the data presented in Table 3, it is evident that an inlet velocity of either 0.7 m/s or 0.8 m/s is required at all rotational speeds to achieve a smooth flow on the surface of the wafers and meet the defined pass/fail criterion for an operating pressure of 5 atm. Given that lower flow rates and rotational speeds are preferable, it can be inferred that nitrogen at 5 atm would necessitate an inlet velocity of 0.7 m/s for optimal performance within the chambers.



The same methodology was applied to nitrogen at higher pressures of 10, 20, and 30 atm to determine the range of inlet velocity magnitudes and rotational speeds that would result in smooth flow patterns with minimal disruption on the surface of the wafers. By employing the identical pass/fail criterion, the authors compiled the data and present it in Table 3. Visual representations of the progression of flow pattern figures for nitrogen at higher pressures are made available in the supplementary document (Section S1 and Figures S1–S9).



In general, two regimes were found to exist with respect to pressure. At pressures at and below 20 atm, the system exhibits a relatively large operating window for higher inlet velocities with a wide range of acceptable combinations between disk rotation speed and inlet velocities. With increasing pressure, a need to increase the rotational speed was found to be necessary to stabilize the flow. Going from 10 atm to 20 atm, the increased momentum coming from the inlet flow at these pressures appeared to stabilize the low pattern at lower inlet velocities. At 30 atm, higher rotational speeds and inlet velocities were needed to avoid the onset of vortex generation and poorer flow conditions in the individual chambers.




5.2. Hydrogen


The numerical results of various operating pressures inside the numerical domain using hydrogen as the working fluid are presented in this section. Figure 4, Figure 5 and Figure 6 present comparable information as in Figure 1, Figure 2 and Figure 3 but for hydrogen as the working fluid. The defaulting number of 10,000 velocity streamlines, temperature color-coded, was implemented to depict the flow patterns in the numerical chambers. As can be understood, the chaotic gas flow movements in the chamber became weak as the inlet gas speed increased from 0.5 to 0.8 m/s. By applying the identical passing/failing criterion, the results for hydrogen at 5 atm and various rotational speeds are condensed and presented in Table 4. Visual representations of the progression of flow patterns figures for hydrogen at higher pressures are made available in the supplementary document (Section S2 and Figures S10–S18), and the pass/fail criteria are provided in Table 4.



Table 4 reveals that similar to nitrogen, higher rotational speeds are needed to stabilize the flow pattern in the system. Smaller operating windows were found for hydrogen and can be traced back to the lighter molecules, resulting in a lower momentum contribution to the flow. In particular, the system is less flexible to accommodate higher rotational speeds of the disk, leading to the onset of vortices. As the system transitions from 20 atm to 30 atm, as with nitrogen gas, the system undergoes a transition in stability for the flow. Contrary to the nitrogen case in which the system becomes overall less stable, enhanced stability is observed for the gas of hydrogen, allowing for a large operating window with reduced inlet velocities and rotational speeds yielding stable flow patterns.



These results, when combined with the observed nitrogen behavior, suggests that a hydrogen–nitrogen gas blend in which the properties are graded from the two pure gas endpoints may stabilize the system over a wide range of operating conditions at all pressures.




5.3. Ammonia


Ammonia, chosen as the third working fluid, was utilized to explore the flow and thermal patterns within the computational domain. Like in Section 5.1 and Section 5.2, the authors examined various flow patterns at different inlet velocities and rotational speeds to identify the most favorable conditions for achieving smooth flow patterns over the wafer. Contrary to nitrogen and hydrogen, for which the data were sourced from the internal COMSOL library for the properties, the properties of ammonia were taken from the National Institute of Standards and Technology (NIST) webpage and from [42] to allow for an assessment of this system at higher pressures. Ammonia was only investigated up to a pressure of 10 atm, as it is anticipated that it would condense in the system and supply lines feeding the system above these values due to its liquid/gas transition pressure of 10.5 atm at 300 K.



Similar to the previous figures, Figure 7, Figure 8 and Figure 9 illustrate the flow pattern within the numerical domain from a top view, utilizing 10,000 temperature color-coded streamlines for three different rpms: 50, 100, and 200 at 5 atm. Employing a similar approach as in the previous sections and using comparable criteria, it is feasible to establish a range of inlet velocities and rotational speeds for ammonia at 5 atm. This range ensures the formation of minimal vortices within the numerical domain, and the results are summarized in Table 5. Supplementary figures (Section S3 and Figures S19–S21) illustrating ammonia streamline patterns at 10 atm can be found in the supplementary section of this article, and the pass/fail criteria outcomes are included in Table 5.



As observed in Table 5, an inlet velocity of 0.8 m/s satisfies the criteria for ammonia at both operating pressures of 5 and 10 atm, albeit at different rotational speeds: 50 rpm and 100 rpm, respectively. Review of acceptable operating conditions for the other two gases suggests operating conditions that are communal to all three gases at the same time, suggesting this to be the desired operating state of the system if a generally stable system is desired regardless of what gas type or composition is being flown into each individual chamber (see Table 6 for a summary).



To operate the system with ammonia at pressures exceeding 10 atm, the ammonia would need to be blended with additional nitrogen and/or hydrogen. This act would lead to a fluid with properties determined by the ratio of the different gases. Review of the three gas characteristics suggest that while few overlapping conditions exist between the pure gases, suitable flow patterns with gas mixtures is possible at a wider range of operating conditions, though at unknown composition mixtures. Further studies on the impact of gas blends on the identification of suitable operating conditions is hence encouraged.





6. Summary


This study presents 3D numerical simulations of a vertical high-pressure MOCVD reactor in COMSOL Multiphysics. The key goal of this paper is to determine the minimum gas inlet speed required at several high operating pressures inside the reactor to observe smooth/dominant vortex-free motion on top of wafers. The analysis of the results involved examining velocity streamlines on the X-Y plane in the numerical domain. For the fluid flow analysis, the influence of the inlet flow rate and the rotational speed of the carrier disk was investigated for three different working fluids: N2, H2, and NH3 at four different operating pressures: 5, 10, 20, and 30 atm.



The analysis of the streamlines indicated that establishing a smooth gas flow pattern within the reactor requires a correlation between the rotational speed of the carrier disk and the inlet flow velocity. Consequently, a thorough and parametric study was conducted for each gas type to determine the minimum inlet velocity values at their respective rotational speeds, ensuring the attainment of a smooth flow pattern over the majority of the wafers’ areas.



Based on the findings, it can be concluded that a minimum inlet velocity of 0.8 m/s is required for all three gases at 5 and 10 atm to simultaneously meet the specified passing criterion. At a pressure of 20 atm, an inlet velocity of 0.8 m/s and rotational speed of 300 rpm were needed to achieve smooth flow patterns on the surface of wafers. Similarly, for 30 atm, an inlet velocity of 0.7 m/s and rotational speed of 400 rpm were identified.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/cryst14040377/s1. Figure S1. A top-down depiction showing 10,000 velocity streamlines color-coded according to temperature within the chambers, under the conditions of N2 at 10 atm pressure. The disk rotates at 100 rpm, while gas is introduced at inlet velocities of (a) 0.5 m/s, (b) 0.6 m/s, (c) 0.7 m/s, and (d) 0.8 m/s. Gas temperature is consistently color-coded across all panels, varying from 300 K (blue) to 1235 K (red); Figure S2. A top-down depiction showing 10,000 velocity streamlines color-coded according to temperature within the chambers, under the conditions of N2 at 10 atm pressure. The disk rotates at 200 rpm, while gas is introduced at inlet velocities of (a) 0.5 m/s, (b) 0.6 m/s, (c) 0.7 m/s, and (d) 0.8 m/s. Gas temperature is consistently color-coded across all panels, varying from 300 K (blue) to 1234 K (red); Figure S3. A top-down depiction showing 10,000 velocity streamlines color-coded according to temperature within the chambers, under the conditions of N2 at 10 atm pressure. The disk rotates at 300 rpm, while gas is introduced at inlet velocities of (a) 0.5 m/s, (b) 0.6 m/s, (c) 0.7 m/s, and (d) 0.8 m/s. Gas temperature is consistently color-coded across all panels, varying from 300 K (blue) to 1158 K (red); Figure S4. A top-down depiction showing 10,000 velocity streamlines color-coded according to temperature within the chambers, under the conditions of N2 at 20 atm pressure. The disk rotates at 200 rpm, while gas is introduced at inlet velocities of (a) 0.5 m/s, (b) 0.6 m/s, (c) 0.7 m/s, and (d) 0.8 m/s. Gas temperature is consistently color-coded across all panels, varying from 300 K (blue) to 1376 K (red); Figure S5. A top-down depiction showing 10,000 velocity streamlines color-coded according to temperature within the chambers, under the conditions of N2 at 20 atm pressure. The disk rotates at 300 rpm, while gas is introduced at inlet velocities of (a) 0.5 m/s, (b) 0.6 m/s, (c) 0.7 m/s, and (d) 0.8 m/s. Gas temperature is consistently color-coded across all panels, varying from 300 K (blue) to 1196 K (red); Figure S6. A top-down depiction showing 10,000 velocity streamlines color-coded according to temperature within the chambers, under the conditions of N2 at 20 atm pressure. The disk rotates at 400 rpm, while gas is introduced at inlet velocities of (a) 0.5 m/s, (b) 0.6 m/s, (c) 0.7 m/s, and (d) 0.8 m/s. Gas temperature is consistently color-coded across all panels, varying from 300 K (blue) to 1126 K (red); Figure S7. A top-down depiction showing 10,000 velocity streamlines color-coded according to temperature within the chambers, under the conditions of N2 at 30 atm pressure. The disk rotates at 200 rpm, while gas is introduced at inlet velocities of (a) 0.5 m/s, (b) 0.6 m/s, (c) 0.7 m/s, and (d) 0.8 m/s. Gas temperature is consistently color-coded across all panels, varying from 300 K (blue) to 1288 K (red); Figure S8. A top-down depiction showing 10,000 velocity streamlines color-coded according to temperature within the chambers, under the conditions of N2 at 30 atm pressure. The disk rotates at 300 rpm, while gas is introduced at inlet velocities of (a) 0.5 m/s, (b) 0.6 m/s, (c) 0.7 m/s, and (d) 0.8 m/s. Gas temperature is consistently color-coded across all panels, varying from 300 K (blue) to 1257 K (red); Figure S9. A top-down depiction showing 10,000 velocity streamlines color-coded according to temperature within the chambers, under the conditions of N2 at 30 atm pressure. The disk rotates at 400 rpm, while gas is introduced at inlet velocities of (a) 0.5 m/s, (b) 0.6 m/s, (c) 0.7 m/s, and (d) 0.8 m/s. Gas temperature is consistently color-coded across all panels, varying from 300 K (blue) to 1288 K (red); Figure S10. A top-down depiction showing 10,000 velocity streamlines color-coded according to temperature within the chambers, under the conditions of H2 at 10 atm pressure. The disk rotates at 100 rpm, while gas is introduced at inlet velocities of (a) 0.5 m/s, (b) 0.6 m/s, (c) 0.7 m/s, and (d) 0.8 m/s. Gas temperature is consistently color-coded across all panels, varying from 300 K (blue) to 1306 K (red); Figure S11. A top-down depiction showing 10,000 velocity streamlines color-coded according to temperature within the chambers, under the conditions of H2 at 10 atm pressure. The disk rotates at 200 rpm, while gas is introduced at inlet velocities of (a) 0.5 m/s, (b) 0.6 m/s, (c) 0.7 m/s, and (d) 0.8 m/s. Gas temperature is consistently color-coded across all panels, varying from 300 K (blue) to 1337 K (red); Figure S12. A top-down depiction showing 10,000 velocity streamlines color-coded according to temperature within the chambers, under the conditions of H2 at 10 atm pressure. The disk rotates at 300 rpm, while gas is introduced at inlet velocities of (a) 0.5 m/s, (b) 0.6 m/s, (c) 0.7 m/s, and (d) 0.8 m/s. Gas temperature is consistently color-coded across all panels, varying from 300 K (blue) to 1350 K (red); Figure S13. A top-down depiction showing 10,000 velocity streamlines color-coded according to temperature within the chambers, under the conditions of H2 at 20 atm pressure. The disk rotates at 200 rpm, while gas is introduced at inlet velocities of (a) 0.5 m/s, (b) 0.6 m/s, (c) 0.7 m/s, and (d) 0.8 m/s. Gas temperature is consistently color-coded across all panels, varying from 300 K (blue) to 1388 K (red); Figure S14. A top-down depiction showing 10,000 velocity streamlines color-coded according to temperature within the chambers, under the conditions of H2 at 20 atm pressure. The disk rotates at 300 rpm, while gas is introduced at inlet velocities of (a) 0.5 m/s, (b) 0.6 m/s, (c) 0.7 m/s, and (d) 0.8 m/s. Gas temperature is consistently color-coded across all panels, varying from 300 K (blue) to 1355 K (red); Figure S15. A top-down depiction showing 10,000 velocity streamlines color-coded according to temperature within the chambers, under the conditions of H2 at 20 atm pressure. The disk rotates at 400 rpm, while gas is introduced at inlet velocities of (a) 0.5 m/s, (b) 0.6 m/s, (c) 0.7 m/s, and (d) 0.8 m/s. Gas temperature is consistently color-coded across all panels, varying from 300 K (blue) to 1330 K (red); Figure S16. A top-down depiction showing 10,000 velocity streamlines color-coded according to temperature within the chambers, under the conditions of H2 at 30 atm pressure. The disk rotates at 200 rpm, while gas is introduced at inlet velocities of (a) 0.5 m/s, (b) 0.6 m/s, (c) 0.7 m/s, and (d) 0.8 m/s. Gas temperature is consistently color-coded across all panels, varying from 300 K (blue) to 1330 K (red); Figure S17. A top-down depiction showing 10,000 velocity streamlines color-coded according to temperature within the chambers, under the conditions of H2 at 30 atm pressure. The disk rotates at 300 rpm, while gas is introduced at inlet velocities of (a) 0.5 m/s, (b) 0.6 m/s, (c) 0.7 m/s, and (d) 0.8 m/s. Gas temperature is consistently color-coded across all panels, varying from 300 K (blue) to 1350 K (red); Figure S18 A top-down depiction showing 10,000 velocity streamlines color-coded according to temperature within the chambers, under the conditions of H2 at 30 atm pressure. The disk rotates at 400 rpm, while gas is introduced at inlet velocities of (a) 0.5 m/s, (b) 0.6 m/s, (c) 0.7 m/s, and (d) 0.8 m/s. Gas temperature is consistently color-coded across all panels, varying from 300 K (blue) to 1282 K (red); Figure S19. A top-down depiction showing 10,000 velocity streamlines color-coded according to temperature within the chambers, under the conditions of NH3 at 10 atm pressure. The disk rotates at 200 rpm, while gas is introduced at inlet velocities of (a) 0.5 m/s, (b) 0.6 m/s, (c) 0.7 m/s, and (d) 0.8 m/s. Gas temperature is consistently color-coded across all panels, varying from 300 K (blue) to 1313 K (red); Figure S20. A top-down depiction showing 10,000 velocity streamlines color-coded according to temperature within the chambers, under the conditions of NH3 at 10 atm pressure. The disk rotates at 300 rpm, while gas is introduced at inlet velocities of (a) 0.5 m/s, (b) 0.6 m/s, (c) 0.7 m/s, and (d) 0.8 m/s. Gas temperature is consistently color-coded across all panels, varying from 300 K (blue) to 1252 K (red); Figure S21. A top-down depiction showing 10,000 velocity streamlines color-coded according to temperature within the chambers, under the conditions of NH3 at 10 atm pressure. The disk rotates at 400 rpm, while gas is introduced at inlet velocities of (a) 0.5 m/s, (b) 0.6 m/s, (c) 0.7 m/s, and (d) 0.8 m/s. Gas temperature is consistently color-coded across all panels, varying from 300 K (blue) to 1212 K (red).
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Figure 1. A top-down depiction showing 10,000 velocity streamlines color-coded according to temperature within the chambers, under the conditions of N2 at 5 atm pressure. The disk rotates at 50 rpm, while gas is introduced at inlet velocities of (a) 0.5 m/s, (b) 0.6 m/s, (c) 0.7 m/s, and (d) 0.8 m/s. Gas temperature is consistently color-coded across all panels, varying from 290 K (blue) to 1250 K (red). 
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Figure 2. A top-down depiction showing 10,000 velocity streamlines color-coded according to temperature within the chambers, under the conditions of N2 at 5 atm pressure. The disk rotates at 100 rpm, while gas is introduced at inlet velocities of (a) 0.5 m/s, (b) 0.6 m/s, (c) 0.7 m/s, and (d) 0.8 m/s. Gas temperature is consistently color-coded across all panels, varying from 300 K (blue) to 1213 K (red). 
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Figure 3. A top-down depiction showing 10,000 velocity streamlines color-coded according to temperature within the chambers, under the conditions of N2 at 5 atm pressure. The disk rotates at 200 rpm, while gas is introduced at inlet velocities of (a) 0.5 m/s, (b) 0.6 m/s, (c) 0.7 m/s, and (d) 0.8 m/s. Gas temperature is consistently color-coded across all panels, varying from 300 K (blue) to 1242 K (red). 
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Figure 4. A top-down depiction showing 10,000 velocity streamlines color-coded according to temperature within the chambers, under the conditions of H2 at 5 atm pressure. The disk rotates at 50 rpm, while gas is introduced at inlet velocities of (a) 0.5 m/s, (b) 0.6 m/s, (c) 0.7 m/s, and (d) 0.8 m/s. Gas temperature is consistently color-coded across all panels, varying from 300 K (blue) to 1227 K (red). 
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Figure 5. A top-down depiction showing 10,000 velocity streamlines color-coded according to temperature within the chambers, under the conditions of H2 at 5 atm pressure. The disk rotates at 100 rpm, while gas is introduced at inlet velocities of (a) 0.5 m/s, (b) 0.6 m/s, (c) 0.7 m/s, and (d) 0.8 m/s. Gas temperature is consistently color-coded across all panels, varying from 300 K (blue) to 1245 K (red). 
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Figure 6. A top-down depiction showing 10,000 velocity streamlines color-coded according to temperature within the chambers, under the conditions of H2 at 5 atm pressure. The disk rotates at 200 rpm, while gas is introduced at inlet velocities of (a) 0.5 m/s, (b) 0.6 m/s, (c) 0.7 m/s, and (d) 0.8 m/s. Gas temperature is consistently color-coded across all panels, varying from 300 K (blue) to 1270 K (red). 
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Figure 7. A top-down depiction showing 10,000 velocity streamlines color-coded according to temperature within the chambers, under the conditions of NH3 at 5 atm pressure. The disk rotates at 50 rpm, while gas is introduced at inlet velocities of (a) 0.5 m/s, (b) 0.6 m/s, (c) 0.7 m/s, and (d) 0.8 m/s. Gas temperature is consistently color-coded across all panels, varying from 300 K (blue) to 1242 K (red). 
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Figure 8. A top-down depiction showing 10,000 velocity streamlines color-coded according to temperature within the chambers, under the conditions of NH3 at 5 atm pressure. The disk rotates at 100 rpm, while gas is introduced at inlet velocities of (a) 0.5 m/s, (b) 0.6 m/s, (c) 0.7 m/s, and (d) 0.8 m/s. Gas temperature is consistently color-coded across all panels, varying from 300 K (blue) to 1250 K (red). 
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Figure 9. A top-down depiction showing 10,000 velocity streamlines color-coded according to temperature within the chambers, under the conditions of NH3 at 5 atm pressure. The disk rotates at 200 rpm, while gas is introduced at inlet velocities of (a) 0.5 m/s, (b) 0.6 m/s, (c) 0.7 m/s, and (d) 0.8 m/s. Gas temperature is consistently color-coded across all panels, varying from 300 K (blue) to 1249 K (red). 
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Table 1. Parameters and their values in all models unless stated otherwise.
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	Parameter
	Value (s)





	Rotational speed (rpm)
	50, 100, 200, 300, 400



	Operating pressure (atm)
	5, 10, 20, 30



	Heat transfer coefficient (W/m2·K)
	50



	Inlet velocity/chamber (m/s)
	0.5–0.8



	Inlet gas temperature (K)
	298.15



	Input power/wafer (watt)
	Varied



	Surrounding temperature (K)
	298.15



	Area per inlet (in2)
	0.1064



	Molybdenum emissivity
	0.1










 





Table 2. Mesh statistics considering 2.3 million elements.
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	Metric
	Minimum Value
	Average





	Skewness
	0.002
	0.659



	Growth rate
	0.0
	0.57



	Maximum angle
	0.05
	0.77



	Volume versus length
	3.3 × 10−4
	0.49










 





Table 3. Pass/fail assessment of conditions for N2 across various operating pressures, rotational speeds, and inlet speeds. Failing conditions are denoted by red cross marks, while passing conditions are indicated by green checkmarks, according to the criterion of no more than 1 ‘bad’ streamline out of 10,000. Passing criteria for all gases under the same conditions are shown up in grey.
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N2

	
System Pressure (atm)




	
Inlet Speed (m/s)

	
5

	
10

	
20

	
30




	
Rotational Speed of Disc (rpm)




	
50

	
100

	
200

	
100

	
200

	
300

	
200

	
300

	
400

	
200

	
300

	
400






	
0.5

	
❌

	
❌

	
❌

	
❌

	
❌

	
❌

	
❌

	
❌

	
❌

	
❌

	
❌

	
❌




	
0.6

	
❌

	
❌

	
❌

	
❌

	
❌

	
❌

	
✓

	
✓

	
✓

	
❌

	
❌

	
❌




	
0.7

	
✓

	
✓

	
✓

	
✓

	
✓

	
✓

	
✓

	
✓

	
✓

	
❌

	
❌

	
✓




	
0.8

	
✓

	
✓

	
✓

	
✓

	
❌

	
✓

	
❌

	
✓

	
✓

	
❌

	
❌

	
✓











 





Table 4. Pass/fail assessment of conditions for H2 across various operating pressures, rotational speeds, and inlet speeds. Failing conditions are denoted by red cross marks, while passing conditions are indicated by green checkmarks, according to the criterion of no more than 1 ‘bad’ streamline out of 10,000. Passing criteria for all gases under the same conditions are shown up in grey.






Table 4. Pass/fail assessment of conditions for H2 across various operating pressures, rotational speeds, and inlet speeds. Failing conditions are denoted by red cross marks, while passing conditions are indicated by green checkmarks, according to the criterion of no more than 1 ‘bad’ streamline out of 10,000. Passing criteria for all gases under the same conditions are shown up in grey.





	
H2

	
System Pressure (atm)




	
Inlet Speed (m/s)

	
5

	
10

	
20

	
30




	
Rotational Speed of Disc (rpm)




	
50

	
100

	
200

	
100

	
200

	
300

	
200

	
300

	
400

	
200

	
300

	
400






	
0.5

	
❌

	
❌

	
❌

	
❌

	
❌

	
❌

	
❌

	
❌

	
❌

	
✓

	
✓

	
❌




	
0.6

	
✓

	
❌

	
❌

	
❌

	
❌

	
❌

	
❌

	
❌

	
❌

	
✓

	
✓

	
❌




	
0.7

	
✓

	
✓

	
❌

	
✓

	
❌

	
❌

	
❌

	
❌

	
❌

	
✓

	
✓

	
✓




	
0.8

	
✓

	
❌

	
❌

	
✓

	
❌

	
❌

	
✓

	
✓

	
❌

	
✓

	
✓

	
✓











 





Table 5. Assessment of pass/fail operating conditions for NH3 across varying operating pre