Chapter 6

Molecular processes of Fluoromethanes for
wide energy range

Present section reports the electron collision study of fluoromethanes (CH>F>
and CH3F) for the broad energy spectrum from 0.1 to 5000 eV. Through R-
matrix approach, the low energy calculations (from 0.1 to 20 eV) are
performed. High energy computations (from ionisation threshold to 5 keV)
are accomplished through SCOP and CSP-ic methodology. Various cross-
sections, viz., differential cross-section (Qepcs), momentum-transfer (Qurcs),
Qel, Qinel, Qion and XQexc ave computed for the electron interaction with CH>F>

molecule.

6.1 Introduction

In recent years, a significant amount of research effort has been focused on the study of
electron interaction with the fluoromethanes. Plasma processing, environmental research
fields, material science, all place a significant emphasis on the electron collision cross
sections of these molecules [1,2]. Although these species contribute to the global warming
process, they are pointed out as "ecofriendly, next-generation plasma-processing gases" and

are therefore possible replacements for CF4 in plasma processing.

In high-energy systems, where rapid molecular energy transfer or effective surface chemical
attack are priorities, the fluoromethane molecular family's unique combination of
characteristics comes in demand. Also, it is widely known that fluoromethanes play a
significant part in the process of etching semiconductors as well as in the ionosphere that

surrounds the earth [3].
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Thus, present research work has been chosen to study the electron collisions with the
fluoromethanes (CH2F> and CH3F) over a broad range of energy, i.e., from 0.1 eV to 5000 eV
by employing two methodologies: a) R-matrix and b) SCOP in conjunction with CSP-ic.

6.2 Difluoromethane (CH:F?)

The effects of global warming pose one of the greatest threats to humanity today. In addition
to naturally occurring greenhouse gases such as methane, carbon dioxide, and nitrous oxide,
man-made greenhouse gases such as hydrofluorocarbons (HFCs) and perfluorocarbons
(PFCs) play a major part in the global warming process [4,5]. These chemicals also have
exceptionally long atmospheric half-lives, which causes an accumulating in the atmosphere

that is almost impossible to reverse [6].

To replace the stratospheric ozone-depleting chemicals chlorofluorocarbons (CFCs) and
hydrochlorofluorocarbons (HCFCs), which are currently being phased out in compliance with
the Montreal Protocol on substances that deplete the ozone layer, HFCs have been developed.
HFCs are exclusively anthropogenic substances. Their primary uses are as propellants for
aerosols, insulating foams, refrigeration, and air conditioning systems. In the 1990s, HFCs
began to be commercialised. Given that they have an atmospheric lifespan of 15-29 years,

HFCs are among the most powerful greenhouse gases [7].

Difluoromethane (CH2F2), often referred to as HFC-32, has no ozone depletion potential
(ODP) and an atmospheric lifetime of about 5 years [8]. According to the GHG Protocol
2016 [9], HFC-32 has an estimated 677 GWP over a 100-year timeframe. HFC-32 is a safe
alternative to other HFCs due to its high GWP and longer leak persistence. CH2F> is an
efficient refrigerant molecule for both vaporisation and condensation in terms of pressure
drop and heat transmission [10]. In Japan, China, and India, difluoromethane is used in air
conditioners as an alternative to R-410A [11]. They are among the greenhouse gases with the
greatest rate of growth because of the rising demand for refrigeration and air conditioning,
particularly in emerging nations [11]. CH2F2 is commonly employed as a fire extinguishant
because it can undergo endothermic reactions [12]. It can also be used as a solvent, blowing

agent, and aerosol propellant [11,13].
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In the microelectronic industries, CH2F2> (one of the fluorocarbons) is also utilised for dry
etching of silicon wafers and dielectric thin films (SiO2, SisN4) [14,15]. The low dielectric
constant of fluorocarbon films makes them promising ILD (interlayer dielectric) materials.
By lowering power consumption (i.e., « CV?), propagation delay (i.e., the RC time constant),
and cross-coupling noise between adjacent lines, they made it possible to achieve greater
performance with fewer design constraints. Fluorocarbon films produced by plasma-
enhanced chemical vapour deposition (PECVD) have been the subject of extensive

investigation [16].

Therefore, in the present study, we have taken into account CH>F», one of the fluoromethanes
(fluorocarbons or HFCs), and reported various electron interaction cross-sections for a wide

energy range of 0.1 eV to 5000 eV.

6.2.1 Literature study

Table 6.1 is a compilation of all existing cross-section data for a better understanding.
According to the literature study, experimental data of electron cross-section are quite scarce

and also energy-fragmented when compared to theoretical cross-section values.

Table 6.1 Literature survey on e - CH;F; scattering study

Sueoka group

. Energy Method of investigation
t Ref
Quantity (eV) Theoretical Experimental elerence

100- Revised additivi
1500 " v - Tan et.al. [17]
500- Using semi-

10000  empirical formula i Manero et.al. [18]
100- Additivity rule .

Or 3000 (AR) method - Jin-Feng et.al. [19]
Geometric

- - hi et.al. [2

30-5000 additivity rule Shi et.al. [20]

0-1000 (;Et;‘l‘;:dgrfii‘; - Kimura et.al. [21]

Schwinger multi-
0-15 channel method - Varella et.al. [22]
(SMC)
Qe 500- Using semi-
- M 2002 [18
10000  empirical formula anero [18]
ined fi
0-1000  Obtained from - Kimura et.al. [21]
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Sueoka et.al. data

Vibrational

Qel

Using fixed-

nuclei approach in

general theory of
scattering

Nishimura et.al.
[23]

0-15

Schwinger multi-
channel method
(SMC)

apparatus of the crossed-
beam type using the relative
flow technique [15-20%]

Varella et.al. [22]

At 20

Schwinger multi-
channel method
(SMC)

Natalense et.al. [24]

Oepcs

1.5-100

Continuum
multiple
scattering (CMS)
method

apparatus of the crossed-
beam type using the relative
flow technique
[15-30% error]

Tanka et.al. [2]

At 10
and 30

Schwinger multi-
channel method
(SMC)

Natalense et.al. [25]

Vibrati
ibrational 130
Oepcs

Using fixed-
nuclei approach in
general theory of
scattering

Nishimura et.al.
[23]

1.5-15

Schwinger multi-
channel method
(SMO)

Varella et.al. [22]

Qurcs

Schwinger multi-
channel method
(SMC)

Natalense et.al. [24]

Vibrational 330
3-
Qurcs

Using fixed-
nuclei approach in
general theory of
scattering

Nishimura et.al.
[23]

500-

O 10000

Using semi-
empirical formula

Manero et.al. [18]

0-100

crossed-beam collisions
analysed by time-of-flight
mass spectroscopy (TOF-
MS)

Torres et.al. [26]

10-1000

Review data

Karwasz et.al. [27]

Qiun

10-500

BEB/ DM/
modified
additivity rule/
HYV (Harland and
Vallance)

Torres et.al. [28]

IE-5000

CSP-ic approach

Verma et.al. [29]
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6.2.2 Target model

For the purpose of computing electron interactions with CH2F> at low energy, the R-matrix
formalism using Quntemol-N code is employed. Three scattering models, viz., SE, SEP and
CI are employed in this study, with 6-311G* basis set. Since CH2F> has a 1.970 debye,
permanent dipole moment, more partial waves, i.e., [ > 4 are required for the convergence.
Thus, born correction [30,31] is applied to all energies, increasing the Qe specifically at

lower energy regime.

Table 6.2 shows various target properties of CH2F> that were estimated using three distinct

scattering models (SE, SEP, and CI).

Table 6.2 Various target properties of CH:F; calculated using Quantemol-N

Target Present (Quantemol-N/6- 311G *) Others
properties (unit)  cAq | SE SEP Theoretical Experimental
Ground state -237.8687 [32]
-237.9 -237.9583  -237.9583 -
energy (Hartree) o 0008 72379583 2379583 ¢ 0119 [23]
Dipole moment
1. 1. 1. 2.0561 [23 1.9 33
(Debye) 970 970 970 0561 [23] 70 [33
1.6219 [34]
A 1.7415 1.7415 1.7415 1.6392 [35] 1.5921 [33
1.6381 [36]
Rotational 0.3455 [34]
constant B 0.3564 0.3564 0.3564 0.3537 [35] 0.3538 [33]
(ecm™) 0.3535 [36]
0.3019 [34]
C 0.3139 0.3139 0.3139 0.3085 [35] 0.3085 [33

0.3083 [36]

The ground state energy of CH2F> agrees well with that Brundle ez.al. [32] and Nishimura
[23]. Rotational constants derived using the current models are found to be marginally higher
than theoretical [34-36] and experimental [33] values. However, the current computed
dipole moment is in perfect agreement with the experimental value [33] and in good accord
with that of Nishimura [23]. As a result of the good agreement of molecular properties

estimated here, the current scattering models are appropriate for the present study on CH>F».

The target parameters which are used in the calculation of high energies through SCOP, are

listed below in table 6.3.
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Table 6.3 Properties of CH:F> [33

Properties Values
Ionisation energy (eV) 12.71
Polarisability (A%) 2.76
Bond length (A) C-H = 1.0840
C-F=1.3508

CHaF> is a Cay symmetric tetrahedral molecule. The HF ground state electron configuration
for CHa2F2 employed in this study is 1(b2)% 1(a1)?, 2(a1)? 3(a1)% 2(b2)% 4(a1)% 1(b1)% 5(a1)?,
3(b2)?, 1(a2)%, 4(b2)?, 6(a1)?, 2(b1). All 26 electrons are rendered inactive in the lowest setting
of the SEP and SE model. For the augmentation of the continuum orbitals in the SE model,
the computations incorporate 1 virtual molecular orbital (MO) of each Ai, Bi, and B>
symmetry. For augmentation of the continuum orbitals, the SEP model, on the other hand,
retains 19 MOs of A;, 10 MOs of B1, 13 MOs of By, and 5 MOs of A». In the CI, however, 18
of the 26 electrons are kept frozen in positions lai, 2ai, 3ai, 4ai, Sai, 1bi, 1b2, 2bz, and 3bo.
The remaining 8 electrons are free to move in the active space of the 6 molecular occupied
and virtual orbitals 6ai, 7ai, 2b1, 3b1, 4b2, 5b2, and laz. Four MOs are assigned to improve the
continuum orbitals, three of which retain A1 symmetry and one of which retains B; symmetry.
To obtain more precise calculations, for ground state representation, 523 configuration state
functions (CSFs) and for close coupling expansion and outer regime calculation, 11 target

states are used. The first 11 excited states are tabulated in Table 6.4 for CH»F>» molecule.

Table 6.4 Vertical excitation energies for all states of CH:F;

States Energy (eV)
Singlet A 0
Triplet Bi 12.2309
Singlet B 12.5629
Triplet Az 13.2431
Triplet Al 13.3275
Singlet Az 13.7601
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Singlet Ay 14.1274

Triplet Al 14.8621
Singlet A 15.0798
Triplet B> 15.1097
Singlet B> 15.5478

6.2.3 Results and Discussion

In order to provide a full database, we conducted an elaborative investigation on the electron
collision cross-section for the CH2F> molecule for 0.1 eV to 5000 eV impact energies. We
employed the ab-initio R-matrix technique for low energy studies ranging from 0.1 to 20 eV
and reported Qel, Qepcs, and Qmrcs. The SCOP formalism is used to derive the Qinel, Qion,
Qexc and Qr from the ionisation energy to 5000 eV.

A. Low energy results

Figure 6.1 displays the eigen phase sum for the e - CH:F> collision, which contains
information on the resonance widths and position. Resonance is an ordinary phenomenon of
electron molecule interaction at low energies. The incoming electron is captured by the target
molecule in the interim during a transient negative ion resonance, resulting in a sharp pattern

in the cross- sections at a given incident energy.
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Figure 6.1 Eigen phase sum for e — CHF;scattering
Green solid: *A; symmetry state, red dash dot: *B; symmetry state; blue dash dot

dot: °B; symmetry state; magenta dash: *A; symmetry state

A full description of dissociative electron attachment (anion) is the formation of a compound
state represented by the resonance, which thereafter decays either by spontaneous detachment
or by dissociating the molecule to generate a neutral atom and a negative ion. As a result, it
contributes to the study of molecular disintegration processes. The eigen phase sum results
for the four symmetry states (A1, 2B1, 2B2 and 2A») of the CH2F> molecule produced from the
CI model are shown in Figure 6.1. We used an iterative approach for discovering and
executing Breit-Wigner fits to the eigen phase diagram with the programme RESON to

calculate the positions and widths of resonances [37].
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40 4

20 +

10

8 12 ' 16 ' 20
Energy (eV)
Figure 6.2 Qurcs for € — CH:F; scattering
Black solid: Present CI result; red dash: Present SE result; blue dot: Present SEP

result; green solid: Varella et.al. [22], orange dash: vibrational Qurcs results by

Nishimura [23]

The Qwmrcs is the most important input measure used to solve the Boltzmann equation for
plasmas and gases [38]. The Qumrcs is obtained by multiplying the integrated differential
cross-sections by a factor of (/-cosf). Figure 6.2 compares the current Qwmrcs, computed
using three distinct models: SE, SEP, and CI, to the data of Varella et.al. [22] and Nishimura
[23] for energies ranging from 0.1 to 20 eV. The current data is in good accord with that of
Varella et.al. [22]. The vibrationally elastic Qmrcs reported by Nishimura [23] is likewise

compared here, and it overestimates the current Qmrcs.
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Figure 6.3 Qencs for energies 1.5 eV, 10 eV, 15 eV, and 20 eV

Green solid: Present Qppcs (SE model); blue dot: Present Qppcs (SEP model); dark yellow dash dot.
Present Qrpcs (CI model); red dash: Varella et.al. calculated Qrpes [22]; filled squares: Varella et.al.

measured Qrpcs [22]; filled circles: Tanaka et.al. (2], cyan dash dot: Natalense et.al [24,25];
orange solid: Nishimura [23]

Figure 6.3 depicts the present Qepcs data for CHxF> for energies of 1.5 eV, 10 eV, 15 eV, and
20 eV. The Qepcs of CH2F2 continues to rise rapidly at small angles, resulting in a noticeable
forward peak, a feature due to the polar molecules' long-range dipole interactions. At the
energy of 1.5 eV, the only existing data for Qepcs are of Varella et.al. [22] and Tanaka et.al.
[2]. Varella et.al. provided both experimental and calculated Qgpcs results for two different
approximations: SE and SEP with Born correction. The current data is consistent with the
experimental results of Varella et.al. [22] within the specified uncertainty range of +15-20%

for < 50° and 120°< 8 < 135°. Varella et.al. [22] theoretical data utilising the SE technique
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has lower values than the current ones at forward angle regime. They also [22] underestimate
the findings calculated using the SEP technique. At the intermediate angle, however, the
current data follows a similar trend to that of Varella et.al. using the SE approximation [22].
The current Qgepcs data overestimates Tanaka et.al. experimental results (which are not

rotationally resolved) by +£15-30% [2].

However, for higher energies of 10 eV, 15 eV, and 20 eV, the current values of Qgpcs
correspond well with the results of Varella et.al. [22] and Tanaka et.al. [2]. Nishimura's
results [23] indicate some inconsistencies with the current ones for all energies. This is due
to the fact that current Qrpcs data are rotationally resolved, whereas Nishimura reported
vibrational Qepcs while keeping the rotational state (jt) = (00) fixed [23]. Natalense et.al.
[24,25] data for energies of 10 eV and 20 eV underestimates the current ones at small angles
(i.e., @ < 20°). The explanation for this mismatch is that Natalense et. al. [24,25] did not
account for the polarisation effect, despite the fact that CH>F> has a permanent dipole
moment of 1.970 debye, which has the main influence in Qepcs at small angles, as previously

indicated.

Furthermore, the 1.5 eV figure displays a broad minimum at 132°, indicating the presence of
p-wave structure, which is absent in all of the data of Varella et. a/. [22] and Tanka et. al. [2].
The 10 eV plot reveals the minima at around 82°, while the 15 eV curve displays two minima
with the d-wave structure at around 63° and 121°. A similar characteristic can be found in the

20 eV plot, with two shallow minima at 58° and 102°.

Figures 6.4 to 6.6 depict the computed elastic cross-sections of CH2F scattering by electrons
for lower energy range of 0.1 to 20 eV by using the three mentioned models (SE, SEP, and
CI). In figure 6.4, the current Qe results with and without born closure, derived using SE
approximation, are shown against the existing data of Varella et.al. who utilised same
scattering model [22] in the Schwinger multi-channel method. Present without born closure
data is shown in excellent agreement with Varella er.al. [22]. However, the present result
with born correction exaggerates that of Varella et.al. [22], but qualitatively mimics it well.
The same nature of the present results with born and without born correction and those of

Varella et.al. [22] can also be found in the case of SEP model (figure 6.5).
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Figure 6.4 Q. for e — CH:F;scattering using SE model

Blue solid: Present Qe (With born),; magenta dash: Varella et.al. (with born), red
solid: Present Qe (Without born); green dash: Varella et.al. (without born)
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- Present SEP result (without born)
e- CHze Present SEP result (with born)
Varella et.al. (without born)
— — Varella et.al. (with born)
100
<
©
g
50
0 T T T
0 5 10 15
Energy (eV)

20
Figure 6.5 Q. e — CHF; scattering using SEP model

Blue solid: Present Qe (with born); magenta dash: Varella et. al. (with born) [22];
red solid: Present Qe (without born); green dash: Varella et. al. (without born) [22]
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Figure 6.6 Q. ¢ — CHF, scattering

Pink solid: Present Qe (SEP model without born);, purple dot: Present Qel
(SEPmodel with born); black dash: Present Q. (CI model without born); olive green
short dot: Present Q. (SE model without born), red dot: Varella et.al. [22]; yellow
solid: Nishimura vibrational Qe [23]; black solid: Varella et.al. Qo (SEP model)
[22]; cyan dash: Varella et.al. Q. (SE model) [22]; orange stars: Kimura et.al.

[217; filled squares: Song et.al. [39]

Figure 6.6 depicts the common curve of Qe, which was calculated using SE, SEP, and CI
approximations. The present results have also been compared with those of Varella et.al. [22],
Nishimura [23] and Kimura et.al. [21]. The Qr values reported by Kimura et.al. [21] are in
higher values than the present Qel, as expected. Additionally, the current Qe with born, shows
reasonable matching with the vibrational Qe of Nishimura [23]. Varella et.al. [22] theoretical

Qr (TCS) values for the CH2F2 molecule have been also reviewed by Song et.al. [39].
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B. Intermediate to high energy results
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Figure 6.7 Inelastic cross-sections for e — CHF; scattering

Red solid: Present Qinei; Green solid: Present Qion (CSP-ic); Purple solid: Present
Qion (BEB), Yellow filled squares: Torres et.al. measured Qin [26]; Pink dash:
Torres et.al. Qion using BEB formalism [28];, Navy blue dash dot: Torres et.al.
Qion using MAR method [26]; Orange dot: Torres etal. Qin using DM
formalism [26], Pink dash dot dot: Torres et.al. Qion using HV method [26]; Wine
short dash: Karwasz et.al. Qion using BEB [27], Black solid: Verma et.al. Qion [29]

Figure 6.7 shows the present findings for Qinel, Qion, and Qexc of CH2F2 with the available
ones. The comparison can be made with the lone Qinel data of Manero et.al. [18]. For energy
from 500 - 10000 eV, they [18] estimated the Qinel by deducting their Qe values from their Qr
data. Although the present data understates their results statistically, the qualitative matching
between them is good [18]. In the present study, Qion data computed using two distinct
methods: BEB and CSP-ic. Torres et.al. reported the measured Qion [26] as well as computed
Qion [28] utilising various approaches, including BEB, DM, Modified additivity rule (MAR),
and Harland and Vallance (HV) method for the energy 10-500 eV. The present Qion exceeds
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computed Qion [28], and measured Qion (Within the indicated uncertainty of 10-20%) [26] of
Torres et.al. However, the present results have a comparable shape to the experimental and
computed data of Torres et.al. [26,28]. By employing BEB method, Karwasz et.al. [27] has
computed Qion for CH2F> and from the figure 6.7, good matching with the present Qion can be
seen. Verma et.al. [29] estimated the Qion using the CSP-ic approach with the value of R, =
0.8, whereas we used R, = (.7 in the present work. The modest difference between their
result [29] and the present results is assumed to be due to different R, values. As far as we

know, there are no available data for summed > Qexc.

1000 — Present SCOP result
] Present R-matrix result
------- Jin-Feng et.al.
— — Manero et.al.
Tan et.al.
Tan et.al. (AR result)

— — Shiet.al.

— - = Blanco and Garcia
100 O Kimura

] Song et.al.

Q, (A’

e-CHF,

0.1 ' 1 ' 1|0 ' ”””1'(110 ' ””'1'6'00
Energy (eV)

Figure 6.8 Total cross-sections for e — CHF; scattering

Yellow solid: Present Qr (with born); Blue solid: Present Qr (without born);
Orange solid: Present Qo (SCOP result); Green dash dot: Present Qr (SCOP
result); Purple dots: Jin-Feng et.al. Or[19];, Red dash: Manero et.al. Or[18];
Olive green dash: Manero et.al. Qe [18]; Pink solid: Tan et.al. Qr[17], Cyan
dash: AR results of Or by Tan et.al. [17]; Dark yellow dash: Shi et.al. Qr[20];
Violet dash dot: Blanco and Garcia Qr[20]; Open circles: Kimura et.al. Qr[21];
Orange short dash: Varella et.al. Qr data, reported by Song et.al. [39]
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In the figure 6.8, the Qr is plotted against the incoming energy ranging from 0.1 eV to 5000
eV. The Qr values of Tan et.al. [17] (for energy 100-1500 eV) and Jin-Feng et.al. [19] (for
energy 100-3000 eV) obtained through additivity rule (AR) show the higher values compared
to all other available data [18,20,21]. It’s possible that this is because the AR approach
ignores the effect of multi-centre scattering. Tan et.al. [17] then employed a modified AR
technique to obtain considerable findings, the results of which overlap with the present ones.
Manero et.al. [18] estimated the Qr using a semi-empirical formula for 500-10000 eV, and
the current data matches their results extremely well above 100 eV. The results of Shi et.al.
[20], Blanco and Garcia [20] and Kimura ef.al. [21] have also shown a similar tendency
with the current Qr values. Above 80 eV, the current data begins to overlap with their [20,21]
results. The variation on the lower energy side can be attributed to the adoption of the
geometric AR approach, which is not suitable for lower energies [17]. Figure 6.8 shows the
excellent matching of the data provided by two independent approaches viz., R-matrix and
SCOP.

6.3 Methyl fluoride (CH;F)

Total, elastic, and inelastic processes for electron scattering from methane and fluoromethane
(such as CH;F) have attracted a lot of attention recently [1] due to the growing importance of
understanding the fundamental nature of molecular electronic structures and scattering

processes and their applications in plasma chemistry and the material sciences.

In many different types of air conditioning and refrigeration systems, CH3F is the refrigerant
of choice. Because of its favourable thermodynamic qualities, including as its moderate
pressure and low boiling point, it is well suited for use in refrigeration equipment. In the
production of a wide variety of pharmaceutical chemicals, it is frequently used either as an
initial ingredient or as reagent. It is possible to incorporate it into the molecules of a medicine
in order to change the properties of the drug, such as making it more bioavailable or
metabolically stable. In aerosol products like spray paints and lubricants, it can be found
functioning in the capacity of a propellant at times. Because it has such a low boiling point, it
can evaporate very quickly, which helps it propel whatever is within the aerosol can. In the
semiconductor industry, plasma etching techniques frequently call for the utilization of CH3F.
As a result of its reaction with SiO; and other substances, it enables the accurate removal of

thin layers during the manufacturing process of microelectronic devices. To make this process
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reliable, information on the electron interactions with them are essential in for the plasma

etching processes.

It is essential to keep in mind that methyl fluoride is a powerful greenhouse gas, and while
utilizing it in a variety of applications, its impact on the surrounding environment should be
taken into consideration. To reduce the likelihood of any adverse effects occurring, it is

imperative that appropriate handling, storage, and disposal procedures be followed.

6.3.1 Literature study

Table 6.5 shows the previous study on the electron collision cross-sections for CH3F

molecule.

Table 6.5 Literature survey on electron collision study of CH;F for the reported energy range

Quantity Energy range Method References
Schwinger
5-20eV Varella et.al. [22]
multichannel method
Complex Optical
15-500eV Ferraz et.al. [40]
Potential method
Qepcs Schwinger
10 and 20eV Multichannel Method  Natalense et.al. [25]
with Pseudopotentials
Schwinger
20 eV Natalense et.al. [24]
multichannel method
Schwinger
0—-15eV Varella et.al. [22]
multichannel method
Electron Transmission  Krzysztofowicz and
Qe 0.3-250eV
Experiment Szmytkowski [41]
Complex Optical
15-500eV Ferraz et.al. [40]
Potential method
Schwinger
1.5-15eV Varella et.al. [22]
multichannel method
Qwmrcs Complex Optical
15-500eV Ferraz et.al. [40]
Potential method
0-30eV Schwinger Natalense et.al. [24]
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multichannel method

Joshipura and

Qinel 50 —-5000 eV Optical Potential
Vinodkumar [42]

10 —1000 eV Review article Karwasz et.al. [27]

Mass-resolved TOF

spectroscopy
<100 eV Torres et.al. [28]

and
BEB, DM, HV, MAR

Total ion current

Qion
0-180eV method (no mass Vallance et.al. [43]
selection)
Using time-of-flight
IE — 1000 eV Rejoub et.al. [27,44]
spectrometer
) ) Joshipura and
50-5000 eV Optical Potential
Vinodkumar [42]
Complex Optical
15-500eV Ferraz et.al. [40]
Potential method
100 — 3000 eV Jin-Feng et.al. [19]
Additivity rule
o 30—-5000 eV Shi et.al. [20]
T
300 — 5000 eV Experimental Manero et.al. [18]
100 — 1500 eV Revised additivity rule Tan et.al. [45]

Joshipura and

50—-5000 eV Optical Potential
Vinodkumar [42]

6.3.2 Target model

Table 6.6 shows various target properties of CH3F that were estimated using three distinct

scattering models (SE, SEP, and CI) through R-matrix formalism.

Table 6.6 Various target properties of CH;F calculated using Quantemol-N

Target Present (Quantemol-N/6- 311G *)

properties (unit)  CAS-CI SE SEP

Ground state
-139.0758 -137.5696  -237.9583

energy (Hartree)
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Dipole moment

(Debye) 1.850 1.850 1.850
Rotational A 5.2226 5.2227 5.2227
constant B 0.8510 2.3086 2.3086
(cm™) C 0.8510 2.3083 2.3083

CH;5F is a Csy symmetric molecule, which is treated as belonging to Cs symmetry. The HF
ground state electron configuration for CHsF employed in this study is 1(a')?, 2(a')% 3(a')%,
4(a')?, 1(a")% 5(a")% 6(a")?, 2(a")% 7(a")%. All 18 electrons are rendered inactive in the lowest
setting of the SEP and SE model. For the augmentation of the continuum orbitals in the SE
model, the computations incorporate 4 virtual molecular orbitals (MO) of a', and 1 virtual
MO of a" symmetry. The SEP model, on the other hand, retains 25 virtual MO of a', and 11
virtual MO of a". However, in the CI model, 8 of the 18 electrons are kept frozen in positions
la', 2a', 3a', and 4a'. The remaining 10 electrons are free to move in the active space of the 8
molecular occupied and virtual orbitals 5a', 6a', 7a', 8a', 9a', 1a", 2a", 3a". Five virtual MOs
are assigned to improve the continuum orbitals, four of which retain a' symmetry and one of
which retains a" symmetry. To obtain more precise calculations, for ground state
representation, 606 configuration state functions (CSFs) and for close coupling expansion and
outer regime calculation, 5 target states are used. The first 5 excited states are tabulated in

Table 6.7 for CHsF molecule.

Table 6.7 Vertical excitation energies for all states of CH3F

States Energy (eV)
Singlet a' 0
Triplet a' 11.2677
Triplet a" 11.2704
Singlet a' 11.8255
Singlet a" 11.8282

The target parameters which are used in the calculation of high energies through SCOP, are

listed below in table 6.8.
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Table 6.8 Properties of CH3F [33]

Properties Values
lonisation energy (eV) 12.50
Polarisability (A%) 2.54
Bond length (A) C-H=1.0818
C-F =1.3646

6.3.3 Results and Discussion

We conducted a thorough study of the electron collision cross section for the CH3F for impact

energies ranging from 0.1 eV to 5000 eV by employing R-matrix and SCOP formalisms to

compile a comprehensive database.

A. Low energy results

- Present SE result

e-CHF —— Present Cl result
Present SEP result
— — Varella et.al.
Natalense et.al.
—-—Ferraz et.al.
100
=
<
wn
(@)
|_
=

Energy (eV)
Figure 6.9 Qurcs for e — CH;3F scattering

Green solid: Present SE result; red solid: Present CI result; blue solid: Present
SEP result; dark yellow dash: Varella et.al. [22]; yellow dot: Natalense et.al.
[24],; purple dash dot: Ferraz et.al. [40]
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Figure 6.9 compares the current Qmrcs, computed using three distinct models: SE, SEP, and
Cl, to the results of Varella et.al. [22], Ferraz et.al. [40] and Natalense et.al. [24] for

energies 0.1 to 20 eV. The present Qmrcs data underestimates all existing results [22,24,40].

Figure 6.10 depicts the present Qepcs data for CHsF for energies of 5 eV and 10 eV. As seen
earlier in case of CHzF», the Qepcs of CH3F is also rising rapidly at small angles, resulting in
a noticeable forward peak, a feature due to the polar molecules' long-range dipole
interactions. At the energy of 5 eV, the only existing data for Qgpcs is of Varella et.al. [22].
The current data is consistent with the experimental and theoretical SEP results of Varella
et.al. [22] within the specified uncertainty range of £15-20% for 8 < 80°. Varella et.al. [22]
theoretical data utilising the SE technique are seen minutely higher than the current ones at

forward angle regime. They also overestimate the findings calculated using their SEP model.

1000

Present SE result —_
E=5eV Present Cl result

—— Present Cl result E=10eV Preset SE result

— Present SEP result —— Present SEP result
Varella et.al. (SEP) 100 4 — — Natalense et.al.

- — Varella etal. (SE) Varella et.al. (SEP)

m Varellaetal. (exp.) m Varella et.al. (exp.)

0 40 8 120 160 0 50 100 150
Angle (degree) Angle (degree)

Figure 6.10 Qgepcs at 5 eV and 10 eV energy for e - CH;F scattering

Green solid: Present SE result; blue solid: Present CI result; red solid: Present SEP result; yellow
short dash: Varella et.al. SEP result [22]; olive green dash: Varella et.al. SE result [22]; filled
squares: Varella et.al. (exp.) [22]; pink dash: Natalense et.al. [24]

However, for 10 eV, the current values of Qepcs correspond well with the results of Varella
et.al. [22] and Natalense et.al. [24]. The mismatch between the Natalenlense er.al. data and
the present result at higher angles is may be due to the fact as mentioned earlier in case of
CH2F also, that Natalense et. al. [24] did not account for the polarisation effect, despite the
fact that CHsF has a permanent dipole moment of 1.850 debye, which has the main influence

in Qepcs at small angles, as previously indicated. Furthermore, the 5 eV and 10 eV figures
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display two broad minima, indicating the presence of d-wave structure, which is absent in all

of the data of Varella er. al. [22].

In figure 6.11, Qe results for CHsF has been plotted and compared with the available data of
Varella et.al. [22], Krzysztofowicz and Szmytkowski [41] and Ferraz et.al. [40]. Both SE
and SEP results of Varella et.al. [41] are seen to be in very good accord with the present Qe
data. The experimental results of Krzysztofowicz and Szmytkowski [41] is also in excellent
agreement with the present ones, except for the intermediate energy regime. Ferraz et.al. [40]
has reported the Qe for energies 15 — 500 eV. For the present energy regime (0.1 — 20 eV),

their results overestimate both the results: present ones and that of Varella et.al. [22].

—— Present SEP result
90 - Present SE result
l - CH3F Present Cl result

| B Krzysztofowicz and Szmytkowski
L e Varella et.al. (SE result)

' —-=- Varella et.al. (SEP result)

- - Ferraz etal.

60

Qe| (A0)2

10 15 20
Energy (eV)

Figure 6.11 Q. for e - CH;F scattering

Red solid: Present SEP result; green solid: Present SE result; blue solid: Present
CI result, dark yellow dash dot: Varella et.al. (SEP result) [22]; magenta short
dot: Varella et.al. (SE result) [22]; olive green dot: Ferraz etal. [40]; filled

squares: Krzysztofowicz and Szmytkowski [41]
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B. Intermediate to high energy results

Figure 6.12 depicts the results of inelastic interaction cross-sections for energies, ranging
from ionisation energy of CHsF to 5000 eV. The present Qinel result is compared with that of
Joshipura and Vinodkumar [42] and can be seen that present Qinet and Qion underestimates
that of Joshipura and Vinodkumar [42]. One of the reasons for this mismatch can be the use

of modified additivity rule-screening correction (MAR-SC) by them [42].

8
_ Qinel
2 -CHSF Present result
— -+ Joshipura and Vinodkumar
Qion
Present CSP-ic result

——Present BEB result

6 B @ Rejoub 2002 (Karwasz2014)

Torres 2001 (Karwasz2014)
O Valance 1997 (Karwasz2014)
— — BEB (KArwasz2014)
‘\ — — DM (Torres2002)
Kim-BEB (Torres2002)
------ MAR (Torres2002)
. — - HV (Torres2002)
) Y\ i Joshipura and Vinodkumar (Qion)
p ST X . 2Qeyc

-Present result

Cross-sections (A°)
N
1

' N N AL ! ' ! i V'V L
10 100 1000
Energy (eV)

Figure 6.12 Inelastic cross-sections for e — CH;F scattering

Wine solid: Present Qie, magenta dash dot dot: Joshipura and Vinodkumar Qinei
[42]; green solid: Present Qion (CSP-ic result); olive green solid: Present Qion (BEB
result); filled rotated squares: Rejoub et.al. [27,44] Qion; filled circles: Torres et.al.
QOion [28], open circles: Vallance et.al. Qion [43); red dash: Karwasz et.al. Qion
[27]; purple dash: Torres et.al. Qion (DM method) [28]; cyan dot: Torres et.al. Qion
(Kim-BEB method) [28], dark yellow short dot: Torres et.al. Qion (MAR method)

[28]; violet dash dot: Torres et.al. Qion (HV method) [28)]; yellow short dot:
Joshipura and Vinodkumar Qion [42],; orange solid: Present 2Qex.

Present Qion data computed through BEB and CSP-ic are also plotted in figure 6.12. Torres
et.al. reported computed Qion [28] utilising various approaches, including BEB, DM,
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Modified additivity rule (MAR), and Harland and Vallance (HV) method for the energy 10 -
500 eV. The present CSP-ic result can be seen in excellent agreement with that of Rejoub

et.al [27,44], Torres et.al. [28], Vallance et.al. [43].

80
- ‘ Present R-matrix result
8- CH3F , —— Present SCOP result
& Krzysztofowicz and Szmytkowski
- Shi et.al.
X Manero et.al.
60 ——Tanetal.
- - Ferrazetal.
Blanco & Garcia (From Shi et.al.)
~ — - — Joshipura & Vinodkumar
— 40 - A
N
(¢} A ‘
PN
AA \
'S
AA ‘ .
20 4 . ] ™
0 N AL ' AL A | i AL
0.1 1 10 100 1000

Energy (eV)

Figure 6.13 Total cross-sections for e — CH;F scattering

Green solid: Present R-matrix Qr; red solid: Present SCOP Qr; half-filled
triangles: Krzysztofowicz and Szmytkowski [41]; filled stars: Shi et.al. [20];
asterisk: Manero et.al. [18]; violet solid: Tan et.al. [45],; dark cyan dot: Ferraz
et.al. [40]; yellow short dash: Blanco and Garcia [46], olive green dash dot:
Joshipura and Vinodkumar [42]

In the figure 6.13, the Qr is plotted for the energy range, 0.1 eV to 5000 eV. From figure a
smooth connection between the results obtained through both the methodologies: R-matrix
and SCOP can be observed. We have compared our high energy result of Qr with the
available data [20,40,42,45—47]. The comparison of low energy results can be seen in figure
6.11. At the intermediate energies (50 - 400 eV) the discrepancy between the present result
and available ones can be observed. However, the present SCOP result can be seen in good

agreement with all the existing ones at energies higher than 400 eV.
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