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Theoretical study on electron-free radical collisions: An application to SiH and SiF
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We present a theoretical study of electron collisions on SiH and SiF free radicals in the low- and
intermediate-energy range. More specifically, calculated elastic differential, integral and momentum transfer
cross sections as well as grand tdflastic and inelastjcand absorption cross sections are reported in the
(1-500-eV energy range. A complex optical potential is used to represent the electron-radical interaction while
the Schwinger variational iterative method combined with the distorted-wave approximation is used to solve
the scattering equations. Comparisons were made between the calculated cross sections for SiH and SiF as well
as with the existing experimental and theoretical data for electron scattering by silane molecule. Some inter-
esting aspects of this comparison are discussed here.
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I. INTRODUCTION [13] and Baluja and Msezar{d4] studied low-energy elec-
tron collisions with CIO and CH using tHe-matrix method.
Electron-molecule collisions play an important role in More recently, electron scattering by CH and CF in a wide
physical and chemical processes involved in a number oihncident energy range were reported by Lee and co-workers
applications such as laselrs|, gas discharges, plasmgd,  [15,16. Nevertheless, no theoretical investigation was re-
and magnetohydrodynamics power generafi8h In par-  ported for silicon fluoride and silicon hydride radicals.
ticular, interest in electron collisions with highly reactive  |n this work we present a comparative study on electron
radicals such as CH CF,, (x=1,2,3), etc., has grown re- scattering by SiH and SiF covering a wide incident energy
cently, in view of their importance in the development of range. Specifically, calculated elastic differential cross sec-
plasma devices. On the other hand, it is surprising that théons (DCS’s), integral cross sectiondCS’s), and momen-
investigation on radicals such as Si&hd Sik (x=1,2,3) is  tum transfer cross sectioffMTCS’s) as well as TCS’s and
scarce. It is well known that the plasma etching of silicon iSTACS’s for electron impact energies ranging from 1 to 500
a main process used in the semiconductor and microele@V are presented. The calculated results at low incident en-
tronic industries. There, SjFradicals are present in the re- ergies(below 20 eV may have some applications in dis-
acting media. Moreover, SiHs also frequently used in tech- charge plasma studies. From the fundamental point of view,
nological processing plasmas for deposition purposes such @ise knowledge of several electron-scattering cross sections in
amorphous silicon film$4—6] and silicon-carbon diamond- a wide energy range is also relevant.
like films [7,8]. Therefore, electron interaction with the SiH The present study made use of a complex optical potential
and Sik; radicals is certainly important and should affect theto represent the electron-radical interaction dynamics, while
properties of the processing plasma. In this sense, the knowk combination of the Schwinger variational iterative method
edge of various cross sections of electron collision with thes¢SVIM) [17,18 and the distorted-wave approximation
radicals are relevant for understanding of the chemistry in{DWA) [19-21] is used to solve the scattering equations.
volved in discharge plasmas. Unfortunately, experimental deThis procedure has already been applied to treat electron
termination of cross sections for electron interaction withscattering by a number of moleculgz2—-26 and has proven
highly reactive radicals is difficult. Only recently, limited to provide reliable DCS's, ICS's, and MTCS's over a wide
electron-impact total ionization cross secti@i$CS'’s) were  energy range. Moreover, although the present study is unable
reported for some of these radicg®10]. To our knowledge, to provide directly electron-impact TICS's, the difference be-
no other type of electron-scattering cross-section measureween the calculated TCS’s and ICS’s would provide an es-
ments(elastic and inelastic, differential, and integral, grandtimate of the TACS’s, which account for all inelastic contri-
total, etc) were ever reported in the literature. Therefore,butions including both excitation and ionization processes.
theoretical calculation of these cross sections is presently aRecently, Joshipurat al.[12] have observed that, for a set of
important manner to fill this lacuna. Recenty,-radical col-  molecules, the ionization dominates the inelastic processes.
lisions have been a subject of increasing number of theoreffhe TICS's correspond to about 70% of the TACS's at ener-
ical investigations. Joshipura and Vinodkunjaf] and Jo- gies around 100 eV, and goes to near 100% for energies
shipuraet al. [12] have reported grand total cross sectionsabove 300 eV. Therefore, a comparison of the present calcu-
(TCS'9 and total absorption cross sectiofiFBACS’s) for lated TACS's with experimental and calculated TICS's is
electron scattering by several ¢HNH, , and OH radicals in  meaningful and would provide insights of the electron-
the intermediate- and high-energy range. A complex opticalmpact ionization dynamics.
potential for electron-atom interaction combined with the ad- The organization of this paper is as follows. In Sec. II, we
ditivity rule was used in their calculations. Also, Balggal. = describe briefly the theory used and also give some details of
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the calculation. In Sec. lll, we compare our calculated resultsvherej, mj, (J,m;) are the rotational quantum numbers of
with eXperImental data and other theoretical results I‘eporteghe initial (f|na|) rotational Statef is the |aborat0ry -frame
in the literature. A brief concluding remark is also summa-(_F) electronic part of the scattering amplitude, dadand

rized in Sec. IV. k; are the linear-momentum magnitudes of the incident and
the scattered electrons, respectively. Using the rigid-rotor ap-
Il. THEORY AND CALCULATIONS proximation, the wave function for a givepm;) is

Since the details of the SVIM and the DWA have already
been presented in previous woilki/—21], only a brief out-
line will be given here. Within the adiabatic-nuclei-rotation Iij>=
framework, the DCS’s for the excitation from an initial rota-
tional levelj, to a final levelj is given by

12

Dho(R), @

(2j+1)
87°

whereD!, , are the usual finite rotational matrix elements.

k 1
—(j—jo)=17 =~ Z [(imi|fliom; )2, (D) The pértial—wave expansion of the rotational-excitation
dQ Ko (2jo+1) ni ! lo . . o
scattering amplitude is given by

do

(imylfiom ) =47 (2)+ 1)(2]o+ D122 (=)™ ™™ 5™ Ty -
I1"m
><§L: (2L+1) Yol ’mj—mjo|ll "Lmy—m; (I —ml'mlll"LO)(j —mjjomjo|jj0Lmjo—m]—)

%(j0j0ljjoL0), )

where T, are the scattering-matrix elements)Y,,, the electronic density according to E(Q) of the paper of Padial
usual spherical harmonics, and;rfy,l,m,|l4l,1sms) are  and Norcrosg27]. In addition, the asymptotic form of the
Clebsch-Gordan coefficients. polarization potential is used for the long-range electron-
The rotationally unresolved DCS's for elastc -radical  target interaction. Since there are no reported experimental
scattering are calculated via a summation of all rotationallydipole polarizabilities for these radicals, the calculated open-
resolved DCS's shell Restrict-Hartree-FockROHF) values of ag=37.483
a.u. anda,=0.546 a.u. for SiH andyy=33.662 a.u. and
do a,=3.092 a.u. for SiF, were used to generate the asymptotic
a0 ]Z _Q (J=Jo)- @ form of V¢p- No cutoff or other adjusted parameters are
needed for the calculation of,

In the present study, the -radical scattering dynamics is 1€ absorption potential,, in Eq. (5) is given as
represented by a complex optical potential, given by

Vap(F) = — p(N)(T/2) Y38 /5k2k3)

Vopt(F):VSEP(F)'I'iVab(F)- ) XH(a+B— k2 2)(A+B+C), (6)
whereVSEP s the real part of the interaction potential com- where
posed by static {5, exchange V.,), and correlation-
polarization {/.,) contributions, wherea¥,, is an absorp- T, —K2_ \/SEP )
L— )

tion potential. Vi, and V., are obtained exactly from a
Hartree-Fock self-consistent-fielSCPH target wave func-
tion. A parameter-free model potential introduced by Padial A=5k3/(a—k2), 8
and Norcrosg27] is used to account for the correlation-
polarization contributions. In this model, a short-range cor-
relation potential between the scattering and the target elec-
trons is defined in an inner region and a long-range
polarization potential in an outer region. The first crossing ofand
the correlation and polarization potential curves defines the
inner and the outer regions. The correlation potential is cal-
culated by a free-electron-gas model, derived from the target

B=—k&[5(k?— B)+2kZ]/(k*— B)?, 9

(a+,[3—k2)5/2

C=2H(a+B-k? C=B)

(10
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FIG. 1. DCS’s for elasti@™ -SiH scattering ata) 2 eV and(b)
3 eV. Full curve: present rotationally summed results; short-dashed
curve: calculated DCS's foe™ -SiH, scattering of Leeet al. [31];
full circles: experimental DCS'’s foe™ -SiH, scattering of Tanaka
et al.[32].

In Egs.(6)—(10), k? is the energy(in rydbergs of the inci-
dent electronkg the Fermi momentum, aan(F) the local

defined byH(x)=1 for x=0 andH(x)=0 for x<0. Ac-
cording to Staszewskeat al. [28],

~~
=
7]
~
):
electronic density of the targetl(x) is a Heaviside function 30
|
o
i
e’
n
O
A

a(r,E)=kZ+2(2A—1)—VSEP (11)
and
B(r,E)=k2+2(1—A)—VSEP, (12)

whereA is the average excitation energy anid the ioniza-
tion potential. As suggested by Jain and Bal{@®], the
ionization potentials of SiH and SiF were used as the averagt'~
excitation energy in this work.

In principle, the Lippmann-Schwinger scattering equation
for elastice™ -radical scattering with the entire complex op-
tical interaction potential can be solved using the SVIM.
Nevertheless, a tremendous computational effort would be
required, particularly due to the large number of coupled
equations involved, which makes such calculations practi-
cally prohibitive. On the other hand, our calculation has re-
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FIG. 2. Same as Fig. 1 but f¢a) 5 eV and(b) 10 eV.
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FIG. 4. Same as Fig. 1 but f¢a) 80 eV and(b) 200 eV.

FIG. 5. (a) ICS’s and(b) MTCS’s for elastic electron scattering
by SiH in the 1-500 eV range. Full curve: present rotationally

vealed that the magnitude of the imaginary gatisorption summed results; dashed line: calculated resulte feSiH, scatter-
of the optical potential is considerably smaller than its realing of Leeet al.[31]; full circles: experimental results f@" - SiH,
counterpart. Therefore, in the present study, the scatterin@attering of Tanakat al. [32]; open circles: experimental results
equation for elastie -radical collisions is solved using the ©f Wanetal.[33].
SVIM considering only the real part of the optical potential.
The absorption part of th& matrix is calculated via the

DV\I/A.SVIM lculations, the conti functi do 1[3( d0)1+( da)o (15)
n calculations, the continuum wave functions are —=—| 3| 5~ —1 |,
single-center expanded as dQ 4[71dQ df
L. 212 ) L . where @do/dQ)? and do/dQ)° are the multiplet-specific
Xe(N=|— % i Xiam(") Yim(K), (13)  DCS's for the total € +targel spin S=1 (triplet) and S
=0 (singleh couplings, respectively.
where the superscriptsH) and (—) denote the incoming- In this study, the wave functions of ground-state targets

wave and outgoing-wave boundary conditions, respectively2'® obtained using a ROHF SCF calculation. At the experi-

Moreover, the absorption part of tiematrix is written as ~ mental equilibrium geometry,Rs; =2.8726 a.u. and
Rsi_g=3.0257 a.u[30], the calculated ROHF SCF energy

and the dipole moment are289.356 93 a.u. and 0.287 D for
Tabs=i{x1 |Vanlxi'). (14  SiH, and—388.3223 a.u. and 0.981 D for SiF, respectively.
In the present study, we have limited the partial-wave ex-
pansion of the continuum wave functions as well as of the
Since SiH and SiF are open-shell radicals with theT-matrix elements up t,,,,=50 andm,,,=17. Since both
ground-state configuration&®Il, two spin-specific scatter- radicals are polar, the partial-wave expansions converge
ing schemegthe singlet and triplet couplingdetween the slowly due to the long-range dipole interaction potential.
scattering electron and the isolated@ &lectron of the target Therefore, a Born-closure formula is used to account for the
are considered in the present study. Therefore the statisticabntribution of higher partial-wave components to the scat-
average of the elastic scattering DCS'’s is written as tering amplitudes. Accordingly, EE3) is rewritten as
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(imylfliom; ) =4a(2)+ 1)(2o+ DIA X (=)™ Mo i Ty =T Y1

II’
I"m

X (2L+1)*1(I0I’mj—mjo|ll ’Lmj—mjo)(l—ml’m|ll "LO)
L

><(j—mjjomj0|jjOLmjo—mj)(j0j00|jj0LO)+<jmj|fB°m|j0mj0>, (16)
where TlB,?rrnn are the partial-wave expandedmatrix ele- Born. 2D | 4 vz 1 - ~,
ments. They are calculated using the first Born approxima- f :F 3 '% Dino(R)Y1m(a'), (18)
tion. For a rotating dipole, they are given by
Lsom__ D[ (Lrm)(L—m) 112 . whereq’ =ko—k; is the momentum transferred during the
m =T Cleirnei—1] (17)  collision. Further, rotationally summed cross sections are ob-

tained by summing up the contributions of individual rota-
whereL=1" when!l’=I+1 andL=1] when|’=I—1. |n tional excitation cross sections. Sufficient rotational states
addition, forj,=0, the full LF Born electron—scatteriﬁg am- Were included to ensure the convergence to be within 0.2%.

plitude for a rotating dipole with dipole momeBt s given In addition, the TCS's are calculated using the optical
by theorem.

100 Ill. RESULTS AND DISCUSSION
N
NE ) (a) A. Electron scattering on SiH radical
804

In Figs. 1-4 we show our calculated DCS%fstationally
summedl for elastice™ -SiH scattering in the 2—200 eV en-
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FIG. 6. (a) TCS's for electron scattering by SiH in the 1-500 eV
range. Full curve, present calculated results. The experimenta
TCS’s for e -SiH, scattering are full circles: measured results of "120 150 180
Zeccaet al. [35]; open circles: measured results of Szmytkowski Scatterlng angle (deg)
et al.[36]. (b) TACS's for electron scattering by SiH in the 1-500
eV range. Full curve: present calculated results, dashed line: calcu- FIG. 7. DCS's for elasti@ ™ - SiF scattering ata) 1 eV and(b) 7
lated BEB TICS results of Aliet al. [34]; open triangles: experi- eV. Full curve: present rotationally summed results; dashed curve:
mental TICS’s of Tarnovsket al. [9]. corresponding calculated DCS’s fer -SiH scattering.
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FIG. 10. Same as Fig. 7, but féa) 300 eV and(b) 500 eV.

ergy range. Since there are no experimental or other calcu-
lated data available in the literature to be compared with our
data, the calculate81] and measurefB2] results for elastic

e -SiH, collisions at some selected incident energies were
used for comparison. This procedure has already been
adopted recently by us for the” —CH/CH, collisions[15].

As in the e —CH/CH, case, we note that at 10 eV and
above, the DCS'’s for electron scattering by SiH and,Siké
very similar, both qualitatively and quantitatively. Even at
incident energy as low as 2 eV, there is a qualitative agree-
ment between the DCS’s f& -SiH scattering and those of

e -SiH, collisions, which clearly indicates that the electron
scattering by the central silicon atom dominates the interac-
tion dynamics for these targets. The effect of the loss of
hydrogen atoms is not important, since the silicon atom is
much heavier. On the other hand, the dipole nature of the
SiH reflects on the larger DCS’s of electron scattering by this
radical at the lower end of incident energies.

Figures %a) and 8b) show our ICS’s and MTCS's fog™
collision, respectively, calculated in the 1-500 eV range.
Again, the corresponding calculat¢81] and experimental
data[32,33 for electron-silane collisions are shown for com-
parison. On qualitative aspects, a maximum centered at inci-
dent energies around 3 eV is seen in both our calculated
ICS’s and MTCS'’s fore™-SiH collision and indicates the
existence of a shape resonance in this energy region. A reso-
nancelike feature is also seen at about the same incident en-
ergies in thee -SiH, scattering cross sections, which
strongly suggests that thee —silicon atom interaction is re-
sponsible for this resonance. Also, quantitatively there is a
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FIG. 11. (a) ICS’s and(b) MTCS'’s for elastic electron scattering FIG. 12. (a) TCS'’s for electron scattering by SiF in the 1-500
by SiF in the 1-500 eV range. Full curve: present rotationallyeV range. Full curve: present calculated results. The experimental
summed results; dashed line: calculated results éorSiH TCS'’s fore™ - SiF, scattering are full circles: data from Trento labo-
scattering. ratory [38]; open circles: data from Gdansk laboratdB8]. (b)

TACS's for electron scattering by SiF in the 1-500 eV range. Full
close similarity between the present calculated ICS’s andurve: present calculated results; dashed line: calculated BEB TICS
MTCS'’s and those oé ™ - SiH, scattering at incident energies results of Hwanget al.[37]; open triangles, experimental TICS's of
above 5 eV, which again indicates the dominant contributiorHayeset al.[10].
of the electron interaction with the central silicon atom. Nev-
e:\rtheless,ithe_differenit 'OW'e”efgy_ behavior_ of the CIOSS S€Gheasured and BEB TICS's. Since the model absorption po-
tions fore™ -SiH ande™ -SiH, collisions, particularly for in- L

id ies bel 1 eV ref he diool ential used in this work accounts for all inelastic open chan-
cident energies below 1 eV, reflects the dipolar nature o els, including the excitation and ionization processes, our
these targets.

. , , calculated TACS’s should be stablished as an upper limit of
7F|gures”(.6g) and filb) IShO(;N. ourr] TCS's and TACS's for the TICS’s. As pointed out by Joshipuea al. [12], the par-
€ 'S'.H collisions calculated in the 0.5-500 eV range, re'ticipation of the ionization contributions to TACS'’s varies
spectively, along with the_ experimental .TICSEQ] a”?' the from 70% to 100% at incident energies around 100 eV and
calculated BTIC;]SSng Alldetlal.s [34] using the Ibl(;lary- ¢ above. The underestimation of our results at energies above
encqunter 7et_é ) model. some experimenta . atg 91 100 eV lead us to believe that the present model absorption
TCS's fore™ -SiH, scattering 35,36 are also shown in Fig.

; o T potential should be improved at high incident energies.
6(a) for comparison. In general, the qualitative similarity be-
tween the present calculated TCS’s and those oéth&iH,
scattering is evident. Quantitatively, our calculated SiH data
also agree reasonably well with the experimental data for In Figs. 7—10, we show our calculated DC&stationally
SiH, at energies above 5 eV. Again, the larger TCS’s ofsummed for elastice™ -SiF scattering in the 1-500 eV en-
e -SiH scattering at lower energies is probably due to theergy range. In this case, even for elastic electron scattering
polar nature of this radical. The comparison of our calculatedn SiF,, no measurements or calculations are available in the
TACS's and the experimental TICS’s of Tarnovséyal.[9] literature. Therefore, the calculated DCS’s &r-SiH colli-
show good agreement for incident energies below 100 eV. lisions at some selected incident energies are shown to com-
this energy region, good agreement is also seen between tpare with the data of SiF. It is quite interesting to note that
present TACS's and the BEB TICS's of Aéit al. [34]. At  the DCS'’s for electron scattering by these targets show quali-
high energies, our TACS's lie systematically below both thetative agreement even at incident energy as low as 1 eV. At 7

B. Electron scattering on SiF radical

062703-7
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eV and above, quantitative agreement is also observed §t0] and BEB TICS'Y37] show very good qualitative agree-
small scattering angles. In general, the DCS’s é0rSiF ~ ment. Quantitatively, our calculated TACS'’s is about 30%
scattering are larger, which probably reflects that fluorindower than the experimental TICS's. As discussed above, in
atom is a better scatterer than hydrogen atom. It also reflecginciple our TACS'’s should be an upper limit of the TICS's.
the larger dipole moment of SiF, particularly at low incident This underestimation clearly indicates the need of improve-

energies. ment of the model absorption potential.
Figures 11a) and 11b) show our ICS’s and MTCS's for
e -SiF collision, respectively, calculated in the 1-500 eV IV. CONCLUSION

range along with the corresponding data for SiH. On quali- . . .
tative aspects, the maximum feature seen in the ICS's and OUr Study on electron scattering by silicon monohydride
MTCS's of SiH, centered at incident energies around 3 eV, i@nd silicon monofluoride ~radicals in the low- and
not apparent in the ICS's of SiF. However, a shoulder athtermediate-energy range have revealed some interesting as-
about same energies in the MTCé’s of SiF i1ndicates the exPects. First, the similarity between the calculated elastic and
istence of a shape resonance. As discussed above, we belid@i! Cross sections foe-SiH collisions and those corre-
that this resonance is also mainly due to the electron interSPOnding data foe -SiH, scattering, even at incident en-
action with silicon atom. It became less visible in SiF prob-€'9Y as low as 2 eV, clearly shows that the electron—silicon

ably because of the interference of the strong dipole scatteftom interaction d_ominates the collisional dynamics. On the
other hand, the discrepancy between our calculated TCS'’s

ing at this low incident energies. Quantitatively, there is a ) ; _
close similarity between the present calculated cross sectiorl@” SiF target and the experimental results for SBems to

of SiH and those of SiF at incident energies above 8 eV. opndicate the important scattering contribution of fluorine at-

the other hand, the significantly larger ICS's and MTCS's ofoMS- At the lower end of incident energies, the dipole inter-
e -SiF scattering below 3 eV is again due to the larger di-2ction is dominant for bote™-SiH ande -SIF scatterings.
pole moment of SiF. The comparison of our calculated TACS’s with the experi-

Figures 12a) and 12b) show our TCS's and TACS's for mental and calculated TICS'’s for both targets show qu_alita—
e -SiF collisions calculated in the 1-500 eV range, respecl've agreement. Nevertheles_s, our calculation gnderestlmates
tively, along with the experimental TICS[40] and the cal- the magnltude of cross sgctlons up to 40%. Since the model
culated BEB TICS'Y37]. In this case, the available experi- _absorp_tlon potential used_ln the_presen_t st_udy accounts fo_r all
mental TCS's fore™- SiF, scattering38] are also shown in inelastic open channels including excitation and ionization

Fig. 12a) for comparison. The present calculated TCS'’s forProcesses, our TACS's should_ stablish as an upper limit of
e™-SiF scattering disagree even in qualitative aspects witliuhe TICS'’s. This underestimation clearly indicates the need

the experimental data f@& - SiF, scattering. Quantitatively, of improvement of this model potential. Efforts in this direc-

at the lower end of incident energy, the TCS’s r-SiF tion is underway.
scattering are significantly larger, reflecting the strong dipole
electron-target interaction. On the other hand, the TCS’s for
e -SiF, scattering become larger for incident energies above This work was partially supported by the Brazilian agen-
20 eV, which clearly indicates the important scattteringcies FAPESP, CNPq, and FINEP-PADCT. M.F.L. thanks
power of the fluorine atoms. The comparison of our calcu+APESP and A.M.C.S. thanks CAPES for their financial
lated TACS’s and the experimental TICS’s of Hayetsal.  support.
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