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Abstract: Electron collision cross-sections of c-C4Fg were investigated at low energies by using the R-
matrix method. The static exchange (SE), static exchange with polarization (SEP), and close-coupling
(CC) models of the R-matrix method were used for the calculation of the scattering cross-section. The
shape resonance was detected with all the models at around 3~4 eV, and a Feshbach resonance was
detected with the SEP model at 7.73 eV, in good agreement with the previous theoretical calculation.
The resonance detected was also associated with the experimental dissociative electron attachment of
c-C4Fg, which displayed the resonances at the same energy range. The cross-sections calculated are
important for plasma modeling and applications.

Keywords: electron scattering; R-matrix; elastic cross sections; plasma applications

1. Introduction

Electron-scattering studies with atoms, molecules, and ions are of great importance to
understanding and modeling the low-temperature plasmas (LTPs), which play a crucial
role in technological advancements [1]. c-C4Fg is widely used in thin-film etching processes,
such as Si, SiO,, HfO,, SizgNy, and SiO»-Si3Ny-SiO; stacks [2-6]. It is diluted with various
gases rather than a pure ¢-C4Fg molecule or is often used with SF¢ in a multiple-step deep-Si
etching process [2]. However, since various ions and radicals are generated in ¢-C4Fg mixed
plasmas, it is challenging to understand ¢-C4Fg plasmas. Therefore, many research groups
have conducted research to analyze c-C4Fg plasmas and optimize the process. Li et al.
analyzed experimentally the effect of mixing additional gases to c-C4Fg inductively coupled
plasmas (ICP) on the oxide etch rate [3]. Experiments were conducted by mixing Ar, He,
and Ne in ¢-C4Fg plasmas, and the results showed that the highest ion current density was
obtained when Ar was mixed. Moreover, the etch rate of SiO, depends on the type of noble
gas added to c-C4Fg. Hua et al. investigated the effect of N, dilution on the SizNy and SiC
etch rate in c-C4Fg and ¢-C4Fg/Ar discharges [4]. The results showed that a change in the
steady-state fluorocarbon film thickness caused by the addition of N to the c-C4Fg/Ar
gas mixture has a negligible effect on Si3sNy4. Takahashi et al. conducted HfO, etching
experiments in ICP discharge in which Ar was mixed with CFy or c-C4Fg, and they found
that the etch rate depends on various external and plasma parameters [6].

In particular, Rauf and Balakrishna conducted two-dimensional simulations in a fluo-
rocarbon mixture capacitively coupled plasma (CCP) discharge and calculated the oxide
etch rate on various operation conditions [7]. Moreover, Huang et al. conducted both
reactor and feature profile simulations in Ar/CyFg/O, CCP discharges [8]. Although many
reactions are considered in simulations, several reaction rate coefficients are still assumed,
and some electron collision reactions were neglected. Above all, the collision cross-sections
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are essential input data for plasma simulations, and accurate data feeds directly into the
accuracy of simulations. Electron impact ionization, dissociation, attachment cross-sections,
and momentum transfer and excitation collision cross-sections are essential to obtain more
accurate simulation results [9]. Due to the importance of fluorocarbons in plasma applica-
tions, there has been a surge of studies for fluorocarbons electron collision cross-sections.
Recently, we investigated electron collision studies with CoF; [10], C3F4 [11], and C4F¢ [12]
isomers, for which there were very little data in the literature, highlighting the importance
of the need for more investigation. The importance of investigating fluorocarbons and
other feedstock gases for replacing currently used higher global-warming-potential gases
has been highlighted in a recent review [13]. For c-C4Fg, experimental data of total and
ionization cross-sections are available, but clearly, there is a lack of detailed theoretical
investigation for this important target.

Christophorou and Olthooff [14] gave recommended electron-collision data and
transport-coefficient data for c-C4Fg. Jelisavcic et al. [15] measured the absolute cross-
sections for elastic scattering of electrons from c-C4Fg in the energy range of 1.5-100 eV
and over the scattering angles of 10°~130°. The most recent recommended data for c-C4Fg
was provided by Yoon et al. [16] for the integral elastic (Q,;), momentum transfer (MTCS),
and differential (DCS) cross-sections. Measurements for total cross-sections (TCS) were
made for this gas by Makochekanwa et al. [17], Sanabia et al. [18], and Nishimura et al. [19].
Winstead and Mckoy [20] calculated the Q,;, DCS, and MTCS using the Schwinger multi-
channel (SMC) using a limited CC and SE approximation. In this article, we concentrate on
the low-energy Q,;, MTCS, DCS, and excitation cross-sections (Qexc) using the SE, SEP, and
CC approximation using the R-matrix method.

2. Theoretical Methodology

The R-matrix method is the most common ab initio method for studying electron-
molecule interactions at low energies. Tennyson extensively reviewed and explained the
molecular R-matrix method [21,22], and hence, only a brief description of the method will
be presented here. The Quantemol Electron Collision (QEC) code [23], which runs both the
MOLPRO package [24] and the new version of UK molecular R-matrix code UKRMol+ [25],
was used here to study the electron scattering from c-C4Fg. QEC is new expert system
that replaces Quantemol-N [26] and runs the upgraded R-matrix code. Quantemol-N has
been successfully used for low-energy collision cross-section calculations for a variety of
molecular targets [27-31]. Initial studies were performed with Quantemol-N, while the
final results given below were all obtained using QEC.

In the R-matrix method, we divide the configuration space into an inner and outer
region by a sphere of radius (¥ = a). In the inner region, the short-range interactions, such
as static, exchange, and polarization, are important, and one needs to consider their effect
between the incident projectile and the target under study. The adapted quantum chemistry
codes provide the solution of the inner region. The good thing about the inner region
problem is that it needs to be solved only once, as they are independent of the energy of
the scattering electron.

The wave function for the (N + 1) electron system in the CC approximation [32] for
the inner region is given as

‘/J;Z{VH =AY ai]'k@zN(xl,--wa)uiJ'(xN“)
1]

T ZbileN“ (x1,--, XN+1) g

1
where A is the anti-symmetrization operator that accounts for the exchange between the
target electrons and the scattering electron. The diagonalization of the Hamiltonian in the
inner region gives us the variational coefficients a;j; and bj;. The scattering electron is rep-
resented by the continuum orbitals, Ujj. In the first term, CDZN represents the wavefunction
of the ith target state, and x is the spatial and spin coordinate of the Nth target electron,
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and the summation runs over the target plus continuum states used in the close-coupled
expansion. The second term contains configurations that represent the short-range correla-
tions and polarization effects called L2 configurations. These are multi-center quadratically
integrable functions constructed by placing all the N + 1 electrons in the target molecular
orbitals (MOs).

In the outer region, the scattering electron moves in the long-range multipole potential
of the target molecule, where the effect of dipole and quadrupole moments influences
the scattering electron. Hence, in this region, the exchange and correlation effects are
minimal, and we consider only the long-range interactions between the projectile and
molecular target. In the present calculations, the outer region is extended up to 100ag, and
the energy dependence of the scattering electron is carried in this region, where all the
required quantities, such as eigen phase sum and scattering cross-sections, are calculated.

In the present calculations, Gaussian-type orbitals (GTOs) are used to represent the
molecular and continuum orbitals (both occupied and virtual orbitals). The complete
molecular orbitals were obtained from the Hartree—Fock Self-Consistent Field (HFSCF)
method, and the continuum orbitals used were the GTOs of Faure et al. [33]. After obtaining
the solution for the inner region, R-matrix provides the bridge between the inner and the
outer region. The R-matrix constructed on the boundary from the inner region solutions
is propagated outwards up to 100ag until it is matched with asymptotic functions given
by the Gailitis expansion [34]. After matching to the boundary conditions, the symmetric
K-matrices are determined, and all the observables, such as cross-sections, are obtained
using the K-matrix elements. Resonances, an essential part of the low-energy calculations,
are identified and detected using the RESON [35] module by fitting them to the Briet—
Wigner profile [36] to obtain the energies and widths. From the K-matrices, we can obtain
the T-matrices as follows:

2ik
T 1k @)

The T-matrices in turn were used to calculate various cross-sections. The DCS
and MTCS are calculated using the K-matrices in the POLYDCS program of Sanna and
Gianturco [37].

We used the three different scattering models of SE, SEP, and CC to model the scattering
processes. In the SE model, all the target electrons are kept in the ground-state configuration
(frozen electrons). In this configuration, HFSCF target wavefunctions are used and are not
allowed to be polarized by the incident electron. However, this approximation is well-suited
for detecting shape resonances but not good enough for detecting Feshbach/core-excited,
which involves the excitation of bound electrons. The logical advance to the SE model
is the SEP approximation, where the effect of target polarization is taken into account.
The polarization effects are taken into account by promoting an electron from a target
to a virtual orbital, and also, the scattering electron is put into the virtual orbital giving
two particles and one hole configuration [21]. In the R-matrix method, this is done by
the use of L2 configuration in Equation (1). The third model (CC) is a more sophisticated
approximation than SE and SEP, and in this case, one can include many electronic excited
states into the calculation in the expansion of equation (1). Here, some electrons are frozen
in the ground, and some are allowed to move freely in the active space, which helps to
incorporate electronic states into calculations, leading to the much better description of
the polarization effects, which gives us the more accurate cross-sections and resonance
energies. Due to the inclusion of the excited states into the calculations, this approximation
is well-suited for detecting Feshbach/core-excited resonances at low energies.

Target Models

The Gaussian 09 [38] program suite was used to optimize the geometry of c-C4Fg. The
equilibrium geometry of c-C4Fg was obtained by fully optimizing the molecular structure
and orbital parameters using DFT-wB97X-D [39] hybrid functionals and Dunning’s [40]
aug-cc-pVTZ basis set. The optimized structure of c-C4Fg is given in Figure 1.
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Figure 1. Equilibrium structure of neutral c-C4Fg at wB97X-D/aug-cc-pVTZ. The ring-puckering
angle is 16.33°.

c-C4Fg is a closed-shell target that belongs to a D,; point group symmetry. The
calculations are performed in the Cy, symmetry, which is the subgroup of D,;. The ground-
state Hartree-Fock electronic configuration of c-C4Fg molecule is 1by?, 1a12, 1b1?, 2212, 2b;?,
3a;2, 4a12, 2by2, 5a12, 3by2, 3b12, 6a12, 7a12, 4by2, 4b12, 8a12, 9a12, 5b12, 5b,2, 10212, 11a12,
6b,2, 6b12, 12a12, 13a12, 1ay2, 14a12, 7b,y2, 7b12, 8b12, 8by2, 15a12, 2a,2, 9by2, 9b12, 16a;2, 3a52,
10by?, 10b12, 17212, 4252, 18a12, 11b,2, 11b;2, 19212, 12by2, 12b;?, 5a,2 in the Cy, symmetry.
For the scattering calculations, we used the complete active space—configuration interaction
(CAS-CI) model to represent the target wavefunction with cc-pVTZ basis set and 15 target
states in our calculations. Of 96 electrons, only 8 electrons are located in the active space
composed of 19a;, 20a;, 21a;, 12bq, 13by, 12by, 13by, and 5a; molecular orbitals in this
CAS-CI model. The accuracy of the scattering data depends on the choice of the target
wave function, and hence, careful and critical assessment of the target wavefunction is
essential. The number of configuration-state functions (CSF) generated for the ground state
is 900, and 225 channels are included in the present scattering calculation. To accommodate
the target electrons’ charge cloud inside the inner region, the inner region radius of 10a
was sufficient and provided a stable calculation in the present case. Two virtual orbitals
were included in the SE, SEP, and CC scattering calculations.

The present CC model predicts the ground-state energy of c-C4Fg to be —946.85 Hartree.
The triplet and singlet excited-states thresholds are 8.80 and 9.04 eV, which compares well
with the 8.52 and 9.13 eV triplet and singlet excited-states thresholds computed using the
single-excitation configuration-interactions (SECI) calculations [20]. At the energy mini-
mum of the ground state, the vertical excitation energies to the six lowest-lying electronic
excited singlets and triplets are provided in Table 1.
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Table 1. Electronic vertical excitation energy at the c-C4Fg ground-state geometry. The results are

compared with previous theoretical calculations [20] in eV.

State (Cy,) Present Theory [20]

1A, 0

3A, 8.80 8.52

N 9.04 9.13

2

3A, 11.54

SE 12.23

1A, 12.45

1E 13.53

3. Results and Discussion

Figure 2 shows the eigenphase diagram for various doublet scattering states 2A, 2E,
and 2A; of the c-C4Fg system using the SE, SEP, and CC models in the C,, point group
symmetry. The eigenphase diagram is important for the study of resonances at low-energy
regimes. In Figure 2, the scattering state 2A; shows a hump at around 3~4 eV with all
three models. As expected, the SE model detected the resonance at slightly higher energy
than the other two models due to the exclusion of the polarization and correlation effects
in its calculations. The SEP model detected a shape resonance at 3.12 eV and a Feshbach
resonance at 7.73 eV, as indicated by a hump at the same energies in the eigenphase sum due
to the 2A; and 2E scattering states. The position of the resonance and their corresponding
widths for ¢-C4Fg below 10 eV are presented in Table 2 along with the resonance data of
Winstead and Mckoy [20] and the experimental dissociative electron attachment (DEA)
thresholds [41-44], which can be associated with resonance at different positions.
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Figure 2. Eigen phase diagram for the doublet scattering states of e-c-C4Fg scattering in C,,, symmetry.
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Table 2. Resonance position and widths for c-C4Fg were detected in the present calculations in eV
along with the comparison of Winstead and Mckoy [20] and experimental DEA [41-44] data.

. Experimental
States Present (SE) Present (SEP) Present (CC) Winstead and Mckoy [20] DEA Results
(Cx)
@ Position Width Position Width Position Width Position Width Position
2A4 421 1.01 3.12 0.95 3.37 0.92 3.0 0.33 3.75 [41]
8.0 [41],
2E 7.73 1.07 8.1 1.2 8.2 [42],8.5~8.8
[43], 7.9 [44]

Figure 3 shows the Q,; and MTCS from the R-matrix method’s SE, SEP, and CC models.
The results obtained with different models are compared with the experimental, theoretical,
and recommended datasets. In Figure 3a,c, the Q, and MTCS are compared that are
calculated using different approximations. All the models detect the presence of a shape
resonance at around 3~4 eV, with the SEP model predicting the resonance at lower energy
compared to the other two models, as seen for both Q,; and MTCS. The 7.73 eV resonance
is detected in the SEP model and is also supported by the eigenphase diagram. The shape
resonance is detected at 4.21, 3.12, and 3.37 eV, with the corresponding widths of 1.01, 0.95,
and 0.92 eV in the SE, SEP, and CC models, respectively.

Here, we discuss only the resonances detected below 10 eV in our calculations, which
are compared with those of the calculations of Winstead and Mckoy [20] and the experi-
mental data for the dissociative electron attachment. The shape resonance detected with
all the three models in the present calculation at around 3~4 eV due to 2A; state of the
C,y symmetry is associated with the 2B, resonance of Winsted and Mckoy [20] in the Dy,
symmetry. The Feshbach resonance detected at 7.73 eV due to 2E state with the SEP model
in the present calculations can be associated with the 8.1 eV resonance of Winstead and
Mckoy due to the 2E state in the D,y symmetry. The present shape resonance at 3.12, 3.37,
and 4.21 eV due to SEP, CC, and SE models could also be associated with the 3.75 eV
observed dissociative attachment maximum to ¢-C4Fg of Lifshitz and Grajower [41]. The
present Feshbach resonance at 7.73 eV could be associated with the experimental disso-
ciative electron attachment to ¢-C4Fg at 8.0, 8.2, 8.5~8.8, and 7.9 eV due to Lifshitz and
Grajower [41], Bibby and Carter [42], Harland and Thynne [43], and Sauers et al. [44].

The present Q,; and MTCS results are compared in Figure 3b,d with other available
datasets for elastic and total cross-sections. The present and the data of Winstead and
Mckoy [20] for Q,; show a large disagreement with the experimental data [18,19] and
recommended dataset of Christophorou [14] and Yoon et al. [16] at low energies below
8 eV, after which they follow the experimental and recommended data. The shape reso-
nance detected in the previous and the present calculations is missing in the experimental
data [18,19] for total cross-section. Since the target is quite large and complex, the effects of
correlation and polarization are not sufficiently well-modelled, which may be a cause of the
discrepancy between the experiment and the theoretical calculations at low energies. The
MTCS follows the calculation of Winstead and Mckoy [20] but is in less good agreement
with the recommended data of Yoon et al. [16].

Figure 4 shows the pictorial representation of the elastic DCS for various energies. The
DCS is plotted for energies of 1.5, 3, 5,7, 8, and 10 eV and are compared with the previous
results of Winstead and Mckoy [20] for energies of 1.5, 5, 8, and 10 eV and with the recent
recommended dataset of Yoon et al. [16] for 1.5, 3, 5, 7, 8, and 10 eV. The DCS shows a
maximum value at the forward scattering angle, and it decreases slowly as the angle of
scattering is increased. The DCS minima occurs at around 110°-120° for 5,7, 8, and 10 eV
energies,, and slowly it rises again at the backward angles. The present SE, SEP, and CC
calculations compared quite well in general with the calculations of Winstead and Mckoy
for all the energies. For lower energies until 5 eV, the present DCS does not agree with the
recommended data of Yoon et al. [16], but it shows an improvement as the energy increases
beyond 5 eV for 7, 8, and 10 eV. Below 7 eV, short-range correlation and polarization effects
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play an important role in the target—projectile interactions. Since the target in the present
case is quite big, the present approximation did not include sufficient polarization effects
at low energies, and hence, that may be one of the reasons for the disagreement with

the experiment.

60
——SE
55 @
o <
<504 -z
g £
et -
] 2 40
g 451 z
E 5 I 4
o (=1 -,
2 g * o % ;‘:ese": EEE(.:))
7] 4 = e ‘. L A — — Presen
= 40 = A A — - — Winstead and McKoy
= o h ; ’
20 4 eea® w - eeee- Christophorou
A AA *  Sanabia
35 4 &  Nishimura
4 Yoon et al.
T T T T T T T T T T T T
0 6 8 10 12 14 0 2 4 6 8 10 12 14
Energy (eV) Energy (eV)
55 o0l (d) Present (CC)
' - — -Present (SE)
o4  —=.cc | N 0 e Winstead and McKoy

-
<
1

MTCS (A?)
W
N

*  Yoon et al.

30 20
25 1
104
20
15 T T T 0
0 4 6 8 10 0

Energy (eV)

4
Energy (eV)

6 8 10
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elastic cross-section (SE and CC) with the available data in the literature; (c) comparison among the
different models (SE, SEP, and CC) for the MTCS; (d) comparison of the present MTCS (SE and CC)
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Figure 4. Elastic DCS for the electron scattering of c-C4Fg system for the energies of 1.5, 3, 5,7, 8,

and 10 eV.

Figure 5 depicts the electronic Qx. from the ground state of c-C4Fg to the six low-lying
excited states. The vertical excitation threshold of the first excited state (3A,) is around
8.8 eV. The triplet states contributes maximum to the Qey, and for 3E excited state, a
maximum cross-section is found approximately at 15 eV.
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Figure 5. Electronic excitation cross-section from the ground state to the six low-lying excited states

of c-C4Fjg scattering.
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Summary: This work investigates electron collision study of plasma-relevant molec-
ular ¢-C4Fg target using the SE, SEP, and CC models. The present calculations have re-
produced the previous theoretical results [20] calculated using a similar approximation.
We could also confirm the presence of shape resonance at around 3~4 eV and Feshbach
resonance at 7.73 eV, in accordance with the earlier calculation and the experimental disso-
ciative attachment study to c-C4Fg. The present study suggests that we could use similar
models and approximations to study more complex targets, such as c-CsFg, c-C¢Fg, C7Fs,
C7F14, and c-CyoFg, and test their validity for replacing the PFC gases with higher global-
warming-potential ones, as highlighted in a recent review article [13]. It is quite clear that
there is lack of studies for larger fluorocarbons, and even for a smaller targets, scarcity of
data is seen, and hence, we hope this study can motivate others to investigate more on this
subject. Moreover, the present data would find applications in low-temperature plasma
modelling and simulation.
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