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Abstract

:

Gathering data on electron collisions in plasmas is a vital part of conducting plasma simulations. However, data on neutral radicals and neutrals formed in the plasma by reactions between different radicals are usually not readily available. While these cross-sections can be calculated numerically, this is a time-consuming process and it is not clear from the outset which additional cross-sections are needed for a given plasma process. Hence, identifying species for which additional cross-sections are needed in advance is highly advantageous. Here, we present a structured approach to do this. In this, a chemistry set using estimated data for unknown electron collisions is run in a global plasma model. The results are used to rank the species with regard to their influence on densities of important species such as electrons or neutrals inducing desired surface processes. For this, an algorithm based on graph theory is used. The species ranking helps to make an informed decision on which cross-sections need to be calculated to improve the chemistry set and which can be neglected to save time. The validity of this approach is demonstrated through an example in an SF   6  /O   2   plasma.
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1. Introduction


Plasma simulations are vital tools in both academic and industrial settings to investigate plasma discharges in order to gain a better understanding of the underlying processes and improve plasma applications. In general, plasma simulations consist of two domains: the physical model, such as fluid or particle-based numerical model; and the chemistry set which describes the chemical reactions taking place in the plasma. For a successful simulation, both the physical model and the chemistry need to be chosen carefully so that they take all important effects into account; on the other hand, the investigator does not want to spend time on, for example, gathering data on chemical reactions which ultimately do not have a significant influence on the results or include those in the chemistry set which potentially increases the calculation time significantly without any benefit. One type of data which are regularly missing for a complete chemistry set are cross-sections for electron collisions with neutral particles which are formed in the plasma; especially in gas mixtures with multiple molecular gases, new species are created by chemical reactions between the fragments of electron collision dissociation. Such cross-sections can be calculated, for example, with the UK R-Matrix codes [1,2]. However, this is a time-consuming process and calculating cross-sections for all possible species formed might not be necessary as their impact on important plasma parameters such as the density of electrons or neutrals participating in desired surface reactions is negligible. Therefore, we present a structured approach to identify species which have a significant influence on the discharge before conducting precise cross-section calculations; this allows the investigator to improve the chemistry set without spending time on unnecessary calculations. The paper is structured as follows: First we present the different steps in this approach. It requires running a global plasma model, so a short overview of the model used is given. Then the method, based on the directed relation graph theory [3,4,5,6], of identifying key species for which cross-sectional data are missing is presented. This is followed by an overview of the actual cross-section calculations. After the general discussion, an example of using this method for an SF   6  /O   2   plasma [7,8,9,10,11,12,13,14,15,16,17] is given, showing the impact of adding new cross-sectional data to a chemistry set using estimated data for electron collisions. Finally, conclusions are drawn.




2. Materials and Methods


In this work, we present a methodical approach to identify species with unknown cross-sections in a plasma chemistry set for which precise cross-section calculations improve the accuracy of the plasma simulation significantly. On the other hand, this also prevents one from performing time-consuming cross-section calculations which ultimately will not have a significant influence. This method consists of three steps:




	
Running a plasma simulation;



	
Identifying species significantly influencing the densities of specified target species;



	
Calculating missing cross-sections.








2.1. Plasma Simulation


In the first step, a plasma simulation is conducted to produce densities and, specifically, production and consumption rates in both the gas phase and via plasma-surface interactions. In general, any kind of plasma simulation from which these rates can be extracted can be used; to keep the calculation time short, a global plasma model is the recommended choice, however. In this work, we use the Quantemol GlobalModel which is available online in Quantemol DataBase (QDB) [18], a plasma chemistry database. Detailed documentation can also be found in QDB, see https://quantemoldb.com as of 20 October 2021. In short, this global model solves the reactor-averaged continuity equations for heavy particles and the electron energy balance equation. The electron density is obtained via charge neutrality. The input parameters are power, pressure, neutral gas temperature, flows, and geometrical factors to determine the power density and diffusive losses. Rates for chemical reactions, for both electrons and ions, are characterised by parameterized rate coefficients; currently the modified Arrhenius form is supported. The values of the parameters can be obtained from Maxwellian electron energy distribution functions (EEDF) or ones obtained from a Boltzmann solver by fitting them to a set of electron temperature–rate coefficient pairs. In this work, Maxwellian EEDFs were used to keep the calculation time short. The result of the global model comprises the densities of all used species and the electron temperature. From these, the rates for both gas phase and plasma–surface interactions can easily be obtained in combination with the reaction set and the geometrical factors. In order to use the model to identify important species with missing cross-sections, electron collisions for these species need to be included. In the absence of precise data, this means that estimated rate coefficients, for example in analogy to the same processes for similar species, must be used. This way, the influence of a specific species can at least be estimated, if not precisely predicted.




2.2. Identifying Key Species


An algorithmic method is used to identify which species have a significant influence on the modelled densities of the set of user-specified species, referred to as species of interest. The set of species of interest is one of the inputs to the method, and needs to be identified by the researcher. The species of interest will generally be tailored to a specific modelling application. As an example, some major etchant species might be appropriately identified as species of interest for a specific etching process model, as well as electrons (as the electron density is a fundamental plasma parameter). The method is loosely based on the directed relation graph (DRG) theory of Lu and Law [3,4,5], originally developed for the combustion modelling community, but adapted for a plasma environment and expanded to also include the effects of plasma–surface interactions. Only a brief overview of the algorithm is given here, while the reader is referred to the full description of the fast graph–theoretical species ranking method given in [6].



To identify which species significantly influence the densities of some of the specified species of interest, a directed graph is instantiated with all the species present in the modelled system represented by the graph nodes. The directed edges in the graph are weighted by the direct interaction coefficients, which are generally functions of the reaction rates   R j   of the volumetric and surface reactions in the chemistry set, and represent a measure of asymmetric coupling between two species (or the edge nodes) that are directly related through some of the reactions. Coupling between two species, however, exists even if they do not share any elementary reactions. The indirect asymmetric coupling coefficients   W AB   between species A and B are therefore defined, reflecting the global (often indirect) effect of the presence of species A (or rather all of its reactions) on the modeled density of the species B. The indirect coupling coefficients are computed by a methodology based on the well-established Dijkstra’s search for the “shortest path” in the chemistry graph [19].



Each species X   i   is then given a ranking score C, such as


   C i  =  max k   W   X i   X k    ,  



(1)




where the index k runs over all the species of interest specified by the user, while the index i runs over all the remaining species. The input to the method (next to the set of species of interest) are the reaction rates of all the volumetric and surface reactions in the chemistry set (obtained from the plasma simulation, as described in Section 2.1) The output is a listing of all the species (except the species of interest), ranked with regard to how much they influence the densities of the species of interest. This allows one to make an informed decision on what additional rigorous cross-section calculations are required. It should be noted that there is no strict criterion on which ranking score threshold distinguishes significant species, so this still lies within one’s discretion. For example, one might first aim to calculate cross-sections for reactions without precise data involving the higher-ranked species, and if that proves not to change the results for the species of interest significantly, one might neglect the lower-ranked species.




2.3. Cross-Section Calculations


In this work, ionization and dissociation cross-sections for SOF   4   are calculated with the QEC (Quantemol-Electron Collisions) software developed by Quantemol Ltd for calculating electron collision properties [2]. The calculations are based on the ab initio R-Matrix theory [20], specifically, it employs the UKRmol+ code suite [1]. In order to ensure good convergence, the cc-pVDZ basis set and configuration interaction level of theory was employed for the calculations allowing for excited electron configurations. There were 52 electrons frozen in 26 orbitals, while the active space was 4 fully occupied and 4 virtual orbitals.



Ionization cross-sections are calculated using the semi-empirical Binary-Encounter-Bethe (BEB) method [21]. The implementation of BEB within QEC uses Hartree–Fock wave functions and Koopman’s theorem to provide thresholds to ionization [22] which are obtained from the quantum chemistry code MOLPRO [23].



The total dissociation cross-sections are obtained by adding up the excitation cross-sections to dissociative states of the target molecule. The dissociation limit is calculated by building a potential energy curve. Stretching the S-F bond(s) and the S-O bond and calculating the total energies at these stretched geometries is carried out in order to determine the most likely ionisation channel. We find that S-F bond breaking is more likely to occur. In this approximation, the state is considered dissociative if the excitation energy exceeds the dissociation energy. According to [24], the bond strength is 4.2 eV while the excited state is found at 8.5 eV above the ground state. Therefore, we consider all excited states dissociative. Moreover, the excitation energy is more than twice the bond breaking energy, and we assume that 2 S-F bonds will be broken in the dissociation process.





3. Example SF   6  /O   2   Plasma


SF   6  /O   2   discharges are commonly used, for example, for etching silicon [7,8,9,10,11,12,13,14,15,16,17]. The main chemical etchant is atomic F [10,11,14,16,17]. The addition of oxygen can serve two purposes; they induce reactions of the form


   SF x  + O →  SOF  x − 1   + F  



(2)




which increase the density of atomic F [7,9,16]. On the other hand, oxygen atoms can form a protective layer on the side wall of an etched trench, prohibiting isotropic chemical etching by F [8,11,12,13,14,15,17]. Cross-section sets for SF   6   and O   2   separately are quite easily obtained. However, no such data exist in ready-to-use form for the SOF   x   species generated by reaction (2). It is, however, conceivable that under specific process conditions, the ionization and dissociation of these species can significantly contribute to the respective production processes as well as the collisional electron energy losses. Hence, we present an example of how to use the discussed method to identify significant missing cross-sections and their calculation.



For the first step, the initial plasma simulation, we constructed an SF   6  /O   2   set the following way:




	
Electron collision processes for O   2   and O species were taken from [25,26,27];



	
Electron collision processes for SF   x   were taken from [28,29,30];



	
Electron collision processes for F were taken from [31];



	
Neutral–Neutral reactions, specifically the creation of SOF   x   species, were taken from [7];



	
Ion–Ion recombination and charge exchange, both symmetric and asymmetric, were included for all possible combinations with generic rate coefficients;



	
Electron collision ionization and dissociation for SOF   x   were included with estimated rate coefficients in analogy to SF   x  , e.g., SF   5   rate coefficients were used for SOF   4  . We assumed that the neutral dissociation process splits one F and the ionization produces the SOF   x +   ion. One exception is SOF   4   which produces SOF   3 +   + F on ionization.








For similar reaction sets used in plasma simulations see, for example, [15,16]



The global model was run using this set with the following process parameters:




	
Power: 500 W;



	
Pressure: 10 Pa;



	
Radius: 10 cm;



	
Height: 10 cm;



	
Total flow: 100 sccm;



	
Relative oxygen flow: 10–90%.








It should be noted that these process parameters are not intended to reproduce a specific experiment/process but were chosen to demonstrate the effect of using our proposed method.



The species ranking algorithm was employed with F and electrons as species of interest. Figure 1 shows the 5 highest ranking species for a relative oxygen flow of 50%. Out of the SOF   x   species SOF   4   and SOF   3   are among them, with SOF   4   ranking higher. Thus, ionization and dissociation cross-sections for SOF   4   were calculated.



Figure 2 shows the calculated ionization cross-section and resulting rate coefficient in comparison with the estimated one; Figure 3 shows the same for the dissociation. We observe some major differences:




	
The calculated ionization cross-section is significantly larger than the estimated ones, by about a factor of 4 throughout the entire energy range up to a 1000 eV. However, the threshold energy is also larger, 15.19 eV compared to 11.8 eV for the estimated cross-sections. As a result, the ionization rate coefficient for the calculated cross-section is smaller for low electron temperatures and larger for high electron temperatures. The rate coefficients differ by about a factor of 2 at most.



	
While the calculated dissociation cross-section shows significantly smaller values over a large range of energies, it also has a lower threshold energy; concerning the rate coefficients, the larger values of the estimated cross-section has a larger influence than the higher threshold energy. Hence, the estimated rate coefficient is significantly larger than the precisely calculated one over the majority of the investigated electron temperature range.



	
The analysis of the neutral dissociation also showed that a breakup into SOF   2   + 2F is more likely than into SOF   3   + F (see the explanation above). Hence, this dissociation reaction was also changed with regard to the reaction products.








To illustrate the effect of using calculated cross-sections instead of estimated ones, Figure 4 shows the density for F and electrons for a varied oxygen flow under otherwise the same process conditions. The calculated, precise cross-sections yield consistently higher densities of both F and electrons; only for very small oxygen flows <20% no significant difference is observed.



The higher density of F for the set with the calculated cross-sections can be explained by the significantly higher electron density which increases the production of F from SOF   4   despite the smaller rate coefficient. The higher electron density in turn is a result of differences in the energy necessary to create one electron-ion pair  ϵ . This is defined as


  ϵ =  ϵ  i o n   +  ∑ i     ϵ i   k i    k  i o n     



(3)




with the ionization potential   ϵ  i o n   , the characteristic energy loss per collision   ϵ i   and the rate coefficients   k  i o n    for ionization and   k i   for other electron collisions. The sum is taken over all other collision types. This parameter determines the plasma density achieved in a given gas mixture; the lower  ϵ , the higher the plasma density. Figure 5 shows this energy for SOF   4   using the estimated and calculated rate coefficients. As can be seen,  ϵ  is about an order of magnitude smaller for the calculated rate coefficients, mostly as a result of the much smaller rate coefficient for dissociation. For relative oxygen flows above 20%, SOF   4   is one of the most abundant neutrals, only topped by either F or O. Figure 6 shows the  ϵ  for SOF   4  , F, and O weighted by their relative densities for each simulated case. As can be seen, when using the estimated cross-sections, electron collisions with SOF   4   significantly contribute to the collisional energy losses and can even be the major contributors. When using the precisely calculated ones, however, its weighted  ϵ  is at least one order of magnitude smaller than either the one for F or O both of which do not differ significantly between the different sets. This leads to the significantly increased electron density for the set using calculated cross-sections.



Furthermore, if we repeat the ranking on the simulation using the calculated cross-sections, we see in Figure 7 that SOF   3   is now missing from the top-ranked species due to the missing dissociation channel from SOF   4  . Other SOF   x   also do not appear, so it is unlikely that calculation of cross-sections for these would improve the simulation significantly. Therefore, by doing the analysis via the species ranking we could




	
improve the accuracy of our plasma simulation by calculating precise cross-sections which were formerly missing and had to be estimated;



	
save time by ruling out species for which precise cross-section calculations will unlikely improve the simulation significantly.









4. Conclusions


We have presented a method to identify important missing cross-sections in a chemistry set and how adding them to a chemistry set affects the results of plasma simulations. The method consists of three steps:




	
Run a plasma simulation such as a global model with a chemistry set containing estimates for missing cross-sections.



	
Use the results of the plasma simulation in a species ranking algorithm. This identifies the species with missing cross-sections who potentially influence the densities of target species such as major etchants.



	
Calculate precise cross-sections for high-ranking species and substitute these for the estimated ones.








This method gives a fast option to identify for which species precise cross-sections are needed and for which more precise data are not necessary to significantly improve the results of the simulation, preventing wasted time on unnecessary calculations.



This method was demonstrated for an SF   6  /O   2   plasma. For a specific set of process conditions, SOF   4   and SOF   3   were identified as potential targets for precise cross-section calculations. As higher-ranking species, first only cross-sections for SOF   4   were calculated. Adding them to the existing set showed major differences in both the density of F and electrons. Furthermore, SOF   3   was not among the highest-ranking species anymore, so the calculation of cross-sections for this species could be skipped. Hence, the suitability of the proposed method to quickly improve plasma simulations via targeted cross-sections calculations was demonstrated.
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Figure 1. Species ranking with regard to the productions of electrons and F for a relative oxygen flow of 50%. Cross-sections for all SOF   x   species are estimated. 
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Figure 2. Calculated and estimated ionization cross-section and rate coefficient for SOF   4  . 
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Figure 3. Calculated and estimated dissociation cross-section and rate coefficient for SOF   4  . 
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Figure 4. Electron and F density for a variation of the relative oxygen flow. The graphs compare the respective densities between the chemistry set with precisely calculated and the set with estimated cross-sections for the dissociation and ionization of SOF   4  . 
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Figure 5. Energy per electron–ion pair for SOF   4   as a function of electron temperature derived from calculated and estimated cross-sections. 
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Figure 6. Electron energy per electron–ion pair weighted by their respective relative densities for SOF   4  , F, and O as a function of the relative oxygen flows. 
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Figure 7. Species ranking with regard to the productions of electrons and F for a relative oxygen flow of 50%. Cross-sections for SOF   4   are precisely calculated. 
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