View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Repositorio da Producao Cientifica e Intelectual da Unicamp

PHYSICAL REVIEW A, 66, 012720 (2002
Theoretical study on electron-free-radical scattering: An application to CF

M.-T. Leel I. Iga! L. M. Brescansirf, L. E. Machadd’ and F. B. C. Machado
!Departamento de Qmica, UFSCar, 13565-905 8eCarlos, Sa Paulo, Brazil
2Instituto de Fsica “Gleb Wataghin,” UNICAMP, 13083-970 Campinas,adSRaulo, Brazil
3Departamento de Bica, UFSCar, 13565-905 8aCarlos, Sa Paulo, Brazil
4ITA, CTA, Sa Josede Campos, @nPaulo, Brazil

(Received 21 December 2001; published 30 July 2002

In this work, a theoretical study on electron-CF collisions in the low- and intermediate-energy range is
reported. More specifically, calculated elastic differential, integral, and momentum-transfer cross sections as
well as grand totalelastic and inelastjcand absorption cross sections are presented iflthB00-eV energy
range. A complex optical potential is used to represent the electron-molecule interaction dynamics, while the
Schwinger variational iterative method combined with the distorted-wave approximation is used to solve the
scattering equations. Comparison of the present results with existing experimental and theoretical data for
electron collisions with NQan isoelectronic molecule of Gks made.
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[. INTRODUCTION (15-200-eV range lie significantly above the experimental
results of Deutsclet al. [3].

Electron-molecule collisions play important role in a In this work, we present a theoretical study on electron
number of scientific and technological applications such ascattering by the CF radical in the low- and intermediate-
lasers, gas discharges, plasnjd$ and magnetohydrody- energy range. Specifically, calculated elastic differential, in-
namics power generatiof2]. In particular, the interest on tegral, and momentum-transfer cross secti@@S’s, ICS's,
electron interaction with highly reactive radicals such asand MTCS’s as well as TCS’s and total absorption cross
CH,, CF, (x= 1,2,3, etc., has grown recently, in view of sectiongTACS’s) are presented for electron-impact energies
their importance in developing plasma devices. It is wellranging from 1 to 500 eV. In our study, a complex optical
known that plasma environment is composed of many spepotential was used to describe the dynamice ofCF inter-
cies such as electrons, molecu(@stheir ground and excited action, while a combination of the Schwinger variational it-
state$, neutral radicals, ionic fragments, etc. The knowledgeerative method(SVIM) [9,10] and the distorted-wave ap-
of cross sections for electron interaction with these constituproximation(DWA) [11-13 is used to solve the scattering
ents is important in determining the plasma properties an@quations. This procedure has already been successfully ap-
therefore is useful for plasma modelings. In this sense, crogslied to treat electron scattering by a number of molecules
sections fore” -CF collisions are particularly relevant, since [14—18 and thus we expect that it can also be useful for
CF is an important byproduct formed during the process ok™ -radical collisions. Although the present study is unable to
plasma etching of semiconductors, in which carbon fluorideprovide directly TICS’s, our calculated TACS’s provide an
compounds with general formulas, 5, ,, are frequently estimate of the contributions of all inelastic collisions includ-
used as reactive gases. Unfortunately, the experimental d@ig both excitation and ionization processes. Joshiptia.
termination of cross sections fer -CF collisions is difficult.  [5] have observed that for a set of molecules the ionization
Only recently, electron-impact ionization cross sections ofdominates the inelastic processes, the values of the TICS's
this highly reactive radical were reported in the literai8e ~ being about 80% of the TACS's at energies around 100 eV
To our knowledge, there are no other cross-section measurand about 100% for energies above 300 eV. Particularly for
ments for electron scattering by this radical. Therefore, ahe e™-CF collision, some light could be shed through the
theoretical calculation of such cross sections would contribeomparison with the corresponding process foy GFor the
ute to fill this lack of information. Recentlg™ -radical col- latter, Christophorou and Olthofffl9] have observed that the
lisions have been a subject of increasing interest of theoretsalues of the TICS’s also correspond to about 80% of the
ical investigations. Joshipura and co-workdes5] have  TACS's for incident energies above 50 eV. Therefore, the
reported grand total cross sectioif&CS’s) for electron scat- present calculated TACS’s provide an upper limit of the
tering by several CH, NH,, and OH radicals in the TICS’s for this radical and their comparison with experimen-
intermediate- and high-energy range. More recently, Balujaal and calculated TICS'’s is expected to be meaningful. On
and co-workers reportedRrmatrix calculation of elastic and the other hand, due to the lack of experimental results of
excitation cross sections for low-energy electron collisionsother types of cross sections fer -CF collisions, we com-
with CIO [6] and CH[7]. Nevertheless, to date, the only pare our calculated results with the experimef2é),21] and
theoretical study fore™-CF scattering was performed by calculated dat§22] for electron scattering by NO, which is
Kim and Irikura[8]. In their work, electron-impact total ion- isoelectronic of CF.
ization cross section€TICS’s) of CF were calculated using The organization of this paper is as follows: In Sec. II, we
the binary-encounter Beth@EB) model for incident ener- describe briefly the theory used and also give some details of
gies up to 10 keV. However, their calculated TICS'’s in thethe calculation. In Sec. Ill, we compare our calculated results
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with experimental and theoretical data ®F-NO scattering B=—k3[5(k?— B) +2k2]/(k*>— B)?, (6)
available in the literature. A brief conclusion remark is also
presented in this section. and

(oz+,8—k2)5/2
Il. THEORY AND CALCULATION C=2H(a+B-K)— s —

(k*=pB)?
Since the details of the SVIM and the DWA have already . _ o
been presented in previous wofles-13], only a brief outline ~ In Eqs.(3)—(7), k? is the energyin Rydbergs of the incident
of the theory will be given here. The wave functiofig (r)  electron,kg the Fermi momentum, ang(r) the local elec-

of the scattering electron are solutions of the well-knowntronic density of the target(x) is a Heaviside function
Lippmann-Schwinger integral equation, defined byH(x)=1 for x=0 andH(x)=0 for x<0. Ac-
cording to Staszewskeat al. [24],

@)

V(N =) +GU, (1), 1 .
f (N=P(r)+GoUin W (r) D w(F\E)—K2-+ 2(2A— 1)~ VSEP ®

wherek is the linear momentum of the scattering electron

®y(r) is a plane-wave functionG, is an unperturbed

Green’s operator, antd;,;=2V,,; is the reduced electron- 3(F,E):k§+2(|_A)_VSEF’, 9
target interaction potential. In Eql), the superscripts+)

and (—) denote the outgoing-wave and incoming-wavewhereA is the average excitation energy anid the ioniza-
boundary conditions, respectively. tion potential.

In the present study, the electron-molecule scattering dy- The Lippmann-Schwinger scattering equation for elastic
namics is represented by a complex optical potential, givele -CF collisions is solved using the SVIM considering only
by the real part of the optical potential. In SVIM calculations,

the continuum wave functions are single center expanded as

‘and

Vint(1)=VSER) +iV 4(r), (2)

V()=

2 1/2 (I)l . . .
where VSEP is the real part of the interaction potential ;} % & Yiam(1)Yim(K). (10
formed by static Ys;), exchange V., and correlation-

polarization {.,) contributions, wherea¥,, is an absorp- The absorption part of th& matrix is calculated via the
tion potential. Vg, and V., are obtained exactly from a DWA as

Hartree-Fock self-consistent-fiel BCH target wave func- o N

tion. A parameter-free model potential introduced by Padial Taps= (Wi [Vap| Vi) (11)
and Norcrosq23] is used to account for the correlation- . . .
polarization contributions. In this model, a short-range cor- Once both the real and the imaginary parts ofTrreatrix

relation potential between the scattering and the target ele'® known, the cross sections fer -CF collisions can _be
trons is defined in an inner region and a Iong-rangemomptly calculated. Since CF is a polar molecular radical, a

polarization potential in an outer region. The first crossing Oﬁﬂx%(_j—nuclel teregtsrpe_nt fr(])r tfh|s pr%bljgm 1S knoamﬁ] to :]eadl
the correlation and polarization potential curves defines thi° divergent s In the forward direction, due to the slow

inner and the outer regions. The correlation potential is caltalloff of the parﬂal-waveT-ma,tnx eIemen,ts for largk Con-
culated by a free-electron-gas model, derived from the targeicduently, the calculated ICS’s and TCS's would also diverge

electronic density according to E9) of Padial and Nor- or all incident energies. This divergence can be removed

cross[23]. In addition, the asymptotic form of the polariza- anly _IW'th. thel mtrodductlon of the nucr:llear rgl.?ft.lor: n the
tion potential is used for the long-range electron-target inter- ar;ntoman;( tr? ord.eL t? overlcqmt?[ ;[ es&la? f' cu t|es,kwe
action. Calculated dipole polarizabilities using a single andnade use ot the adiabatic-nuclel-rota 'mN. ) framewor ,
double configuration interaction target wave functian, to calculate rotational excitation cross sections. Then, DCS’s

~10.01 a.u. andv,=2.55 a.u., were used to generate thefor rotationally unresolved elastie”-CF collisions are cal-
asyrﬁptotic'V. N02 cut'off or.o'&ler adjusted parameters areculated by summing the individual rotational excitation cross
cp-

. sections up to convergence.
neﬁ.?}idggsr;?riigﬁlgﬂg Lcig!m;'l’n Eq. (2) is given as Within the ANR, the DCS'’s for the excitation from an
a )

initial rotational levelj, to a final levelj is given by
Vap(F) == p(r)(T/2) "4 8m/5k?KZ) do

k1 . . )
(12)
where
wherejo,mjo(j ,m;) are the rotational quantum numbers of
T =k*—VSER, (4 the initial (final) rotational statef is the laboratory-frame
3 ) (LF) electronic part of the scattering amplitude dgdandk;
A=5kg/(a—kg), (5 are the linear momentum magnitudes of the incident and the
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scattered electron, respectively. Using the rigid-rotor ap- 4

proximation, the wave function for a givdim,) is i (a)
. (2J+1) 2 j ~ 37
limp)=|—g-z| Dmo(R), (13 {,

WhereD{njo are the usual finite rotational matrix elements.

The partial-wave expansion of the rotational excitation
scattering amplitude is given by

DCS (107" cm®)

(imjlfljom; ) =47l (2j+1)(2jo+1)]"?

X2 (=)™ Mot T Yy

I1"m

cm®)

X2 (2L+1) (101 my—my Il Lmy
L

—mjo)(l—ml’m|II’L0)

X (J—myjom; |ij ol m;,—my)

X(j0jo0ljjoLO), (14

DCS (107%°

i ~ b
oo ©

where T;,,, are the scattering-matrix elements)\Y,,, the
i i 0 L} L} T L} L} L L} T L} L}

usual spherical harm_o_nlcs, and 1,1 ,m,|l41,13m3) are T o0 %0 130 150 180

Clebsch-Gordan coefficients. Angle (deg)

The rotationally summed DCS'’s are then calculated as

do do FIG. 1. DCS's for eIastice’-QF scattering afa) 5 eV and(b) _
— E —(j—jo). (15) 7.5 eV. Full curve, present rotationally summed results; dashed line,
dQ =5 dQ calculated DCS'’s foe -NO scattering of Fujimoto and Ld@2];
open squares, experimental data for elasticNO scattering of
Since CF is an open-shell radical with the ground-stateviojarrabi et al. [21]; full circles, experimental data for elastic
configuration XII, two spin-specific scattering channels, e™-NO scattering of Kubet al. [20].
namely, those leading to the singlet and to the triplet cou-
plings between the scattering electron and the isolated 2 the smallness of the CF permanent dipole moment, these
electron of the target, are considered in the present studpartial-wave-expansion parameters already provide quite
Therefore the statistical average of the elastic-scatteringood convergence. Nevertheless, in order to obtain a better
DCS’s is written as description for DCS’s at the forward direction, a Born-
1 0 closure formula is used to account for the contribution of
d_": l[3(d_‘7) i d_") (16) higher partial-wave components to the scattering amplitudes.
dQ 4| "\dQ dqQ/ |’ Accordingly, Eq.(14) is rewritten as

where @o/dQ)?! and do/dQ)° are the multiplet-specific
DCS’s averaged over molecular orientations for the tota
(e” +CF) spinS=1 (triplet) and S=0 (single) couplings,

 (milfljomy)=4a{ (2] +1)(2jo+ 1)1

respectively. X > (=)™ Mgt Ty, =T
In this study, a standardlOs5p/4s3p] basis set of Dun- I"m

ning [26] augmented by ond (a«=0.8) uncontracted func-

tion for the carbon atom and fopr(a«=0.12, 0.06, 0.03, and XY"mj—ijX 2 (2L+1)°t

0.015, and oned (a¢=1.58) uncontracted functions for the
fluorine atom is used for the calculation of the SCF target

wave function. At the experimental equilibrium geometry of 0 0

the ground-state CFR=2.400 a.u.), this basis set yielded X (I=ml"'m|Il"'LO)(j _mjjomjo|jj0|-mj0
the calculated SCF energy of 137.206 048 a.u. and the
dipole moment of 0.0473 a.u. The experimental dipole mo- —m;)(j0j 00|jj0L0)+<jmj|fB°r”|j0mj0),
ment for this radical is 0.254 a.{27].

In the present study, we have limited the partial-wave ex- 17)

pansion of the continuum wave functions as well as of the
T-matrix elements up ta,= 30 andmy,,,=17. In view of ~ where T """ are the partial-wave expandéBmatrix ele-
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FIG. 6. (8 ICS’s and(b) MTCS's for elastic electron scattering FIG. 8. (8 TCS’s and(b) TACS'’s for electron scattering by CF
by CF in the(1-500-eV range. The symbols are the same as in Fig.in the (1-500-eV range. Full curve, present calculated results,

1 dashed line, the BEB TICS's of Kim and Irikuf&]; open squares,
experimental TICS's of Deutscét al. [3].
ments. They are calculated using the first Born approxima-

tion. For a rotating dipole, those elements are given by  addition, forj,=0, the full LF Born electron-scattering am-
plitude for a rotating dipole with dipole momeBtis given

10
Energy (eV)

TBO”‘:,B (L+m)(L_m) 12 (18) by
m = T C|lRLrDL-1)|
Born_ZD 4m 1/2- 1 /5 Iy
whereL=1" when!|’=1+1 andL=I| whenl’=I-1. In f 413 '%‘4 Dmo(R)Y1m(a"), (19

. whereq’ =kj—k/ is the LF momentum transferred during
50 - the collision. The calculated HF dipole moment of CF is
- used in Eqs(18) and(19). In summing up the contributions
of individual rotational excitation cross sections, sufficient
terms were included to ensure the convergence to be within
0.2%. In addition, the TCS’s are calculated by using the
optical theorem and the TACS'’s were taken as the difference
between calculated TCS’s and ICS's.

PARTIAL ICS (a.u.)

10 100
Energy (eV)

IlI. RESULTS AND DISCUSSION

In Figs. 1-5 we present our calculated rotationally
summed DCS’s for elasti@™-CF scattering in the(5-

500-eV energy range. Due to the lack of experimental or

FIG. 7. Partial ICS’s, in atomic units g for elastic electron Other calculated DCS's for elastic electron scattering by this

scattering by CF in thél—500-eV range. Full curve, results for the radical, we compare our results with some available calcu-
ko scattering channel; dashed curve, for the channel; short- lated [22] and experimenta]20,21] data fore -NO colli-

dashed curve, for thks channel. sions. Since NO is an isoelectronic molecule of CF, some
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similarities on the cross sections of electron scattering byorward direction. It was found that the resulting discrepancy
these targets are expected. In fact, a general good agreemémthe DCS's is lower than 5% at a scattering angle of 5° and
between the DCS’s foe™ -CF ande™ -NO collisions is seen an incident energy of 10 eV. This difference becomes much
in the (20—-500-eV energy range. This similarity has also smaller for both larger scattering angles and higher energies.
been observed for electron scattering by other isoelectronids a result, the discrepancies in the corresponding ICS’s are
target pairs such as CO and, N28,29. Nevertheless, at about 3% at 10 eV and less than 1.0% at 100 eV and above.
lower incident energiesH;<15 eV), the calculated DCS'’s Figures 8a) and &b) show our calculated TCS's in the
for e -CF collisions are larger than those fer-NO colli-  (1-500-eV energy range and TACS'’s in tH&5-500-eV
sions, particularly for scattering anglés<60°. energy range, respectively, for tike -CF collisions. Experi-
Figures 6a) and Gb) show our ICS’s and MTCS's, re- mental[3] and calculated8] TICS'’s are also shown in Fig.
spectively, calculated in th@—500-eV range. The compari- 8(b) for comparison. In general, there is a qualitative agree-
son is again made with the calculated results €0rNO  ment between the present calculated TACS’s and those re-
collisions[22] for the same reason as before. On qualitativesults available for comparison. Quantitatively, our calculated
aspects, the ICS’s and MTCS's for both targets show a resoFACS’s lie between the experimental TICS's of Deutsch
nance feature centered at around 15 eV. This feature is due & al. and the calculated TICS’s of Kim and Irikura. As stated
the occurrence of a shape resonance in khescattering before, our calculated TACS’s are in fact an upper limit of
channel as can be seen in the partial ICS'seorCF colli-  the TICS’s. If we assume that the ionization contribution is
sions, shown in Fig. 7. The resonance seen in the ICS’s aibout 80% in the energy range covered herein, we can con-
e -NO collisions probably has the same origin. Quantita-clude that our calculations are capable to provide estimates
tively, a very good agreement between the ICS’s and théor TICS’s that are in reasonable agreement with the experi-
MTCS'’s for electron scattering by CF and NO is observedmental values. In view of the simplicity of the model poten-
for incident energies above 20 eV. Nevertheless, at lowetial used here, this fact is quite encouraging.
incident energies, again the calculated results for CF lie sys- Considering the scarceness of both theoretical and experi-
tematically above than those for NO. mental cross sections for electron scattering by this impor-
It is known that HF calculations are, in general, unable totant radical, it is hoped that the results reported in the present
reproduce accurate dipole moments for molecules with smaltudy can be useful for scientific and technologic applica-
and/or moderate permanent dipole moment, such as CO, N@¢ns, particularly in plasma modelings.
N,O, etc. Despite that, HF molecular wave functions have
been widely used in electron-molecule scattering calcula-
tions. In view of the substantial discrepancy between the
calculated HF and the experimental value of the dipole mo-
ment for the CF radical, some test runs were made using the
experimental value ob in Egs. (18) and (19), in order to This work was partially supported by the Brazilian agen-
verify its influence on the calculated DCS's, mainly near thecies FAPESP, CNPq, and FINEP-PADCT.
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