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Elastic scattering of low-energy electrons by boron trihalides
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We used the Schwinger multichannel method with pseudopotefBattegaet al, Phys. Rev. A7, 1111
(1993] to study elastic scattering of low-energy electrons by the boron trihalides, BBr;, and Bk, at the
static-exchange approximation. We calculated elastic integral, differential, and momentum transfer cross sec-
tion from 5 to 50 eV. In particular, our integral cross section for B&jrees in shape with results of previous
calculations by Isaaast al.[Phys. Rev. A58, 2881(1998]. The symmetry decomposition of the integral cross
section in theC,, group is also presented. We discuss the existence of shape resonances for energies above 5
eV at theA,, By, B,, and A, symmetries. We also investigated the low-energy cross section foBthe
symmetry for these three molecules. For BGlr B, cross section shows good agreement with the results of
Isaacset al.

PACS numbes): 34.80.Bm

I. INTRODUCTION sections for energies from 5 eV up to 50 eV. To perform
these calculations we used the Schwinger multichannel
Electron-molecule collision cross sections are an impor{SMC) method with pseudopotentialfSMCPB [8,9] at the
tant piece of information in the description and understandstatic-exchange approximation. Along with the integral cross
ing of the chemical processes that occur in cold plasmassection for each one of these molecules we present its sym-
These plasmas have been widely used in processes of etchintgtry decomposition in th€,, group, in order to investi-
and chemical vapor deposition, which are important steps iigate the structures that appear above 5 eV. We also calcu-
the semiconductor fabricatidd]. However, the database on lated the cross section for thB, symmetry for energies
electron-molecule collision cross section is still modest, andower than 5 eV, looking for low-energy shape resonances
a reliable cross section for molecules used as gas precursda BBr; and Bk, in this particular symmetry.
is desired. The theoretical formulation of our method, the computa-
The boron trihalides BGl BBr;, and Bk, have been tional procedures used in our calculations, and our results
used in these last few years as alternative gases in plasnaad discussion will be presented in the next sections.
etching processd®]. Also, some experimental and theoret-
ical studies on their electronic structure and properties have
been carried out3—6]. Only very recently Isaacst al. cal-
culated cross sections fer -BCl; collision [7]. They cov- Here we will describe the SME11,12 and SMCPHSE]
ered energies from 0 eV up to 13 eV and presented results imethods. The SMC method is a multichannel extension of
both static-exchange and static-exchange plus polarizatiofhe Schwinger variational principle. Actually it is a varia-
approximations. They studied the low-energy shape resaional approximation for the scattering amplitude, where the
nance at theB, symmetry and showed that its position scattering wave function is expanded in a basis of
moves from around 1.8 eV, in the static-exchange calcula¢N+ 1)-particle Slater determinants
tions to 0.25 eV, with the inclusion of polarization effects.
Previous studies have foun€l0.4 eV (from the cross section
for negative ion formation[3] and—0.41 through—0.79 eV )= ax(K)| xm) (1)
(values obtained with different basis sets and levels of ap- m
proximation) [5] for the vertical electron affinity of BGI

Stockdaleet al. [3] reported possible shape resonances neagnq the coefficients.’ (k) of this expansion are then varia-

2.5 eV and 8 eV. Tossedt al. [4] also found resonances in yjonaly determined. The resulting expression for the scatter-
BCl; through the electron transmission spectroscopy Veyng amplitude in the body frame is

near threshold i, symmetry, at 2.86 eV and 5.16 eV Ay
symmetry and at 5.16 eV iB; symmetry; they also reported 1
another two(possibly core-excited shape resonances at 7.57 fo ol=— — . d-t vls: 2
eV and 9.05 eV. Isaact al. also reported shape resonances [ ki ’kf] 2m ;1 <Skf| X (A el Xl |Sk‘>’ @
for the A; symmetry, at 2.5 and 5.5 eV and for tBg sym-
metry, at 5.5 eV. However, for the other two molecules,,nere
BBr; and Bk, there are no available calculated or measured
Cross sections.
= (+)

In this work we present results of a fulb initio calcu- Armn=(Xml A" Xn) (3)
lation one™ -BCls3, -BBr3, and -Bj collision. We calculated
elastic integral, differential, and momentum transfer crossand

IIl. METHOD
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A (AP+PH) (VP+PV) sum of primitive two-electron integrals involving a plane
i1 o~ GLIv. wave and three Cartesian Gaussians

(4)

. .. R
. . (a,8|V|yk)=f fdr1dr2a(r1),3(r1)_7(r2)e'k'r2
In the above equatlori§,;i>, the solution of the unperturbed 12 ®
HamiltonianH,, is the product of a target state and a plane
wave, V is the interaction potential between the incidentand must be evaluated for all possible combinations,o8,

electron and the targefyr) is an (N+1)-electron Slater .., and for several directions and moduli ibf We must
determinant used in the expansion of the trial scattering wavgsq ‘evaluate the one-electron integrals of the type
function,H=E—H is the total energy of the collision minus
the full Hamiltonian of the system, witll=Hy+V, P is a
projection operator onto the open-channel space defined by
target eigenfunctiongb,)

(a|VPP| E):f dra(r)VPPelk T, (9)

These one-electron integrals are more complex than those
open involving the nuclei, but they can be calculated analytically
P=2 |®& )P, (5  and their number is also reduced due to the smaller basis set.

! In the above equatiory"P is the nonlocal pseudopotential

and G(;) is the free-particle Green’s function projected on operator given by

the P space.

\/ PP = \/ \/ .
For elastic scattering at the static-exchange approxima- V() =Veorelr) + Vion(r), (10
tion, theP operator is composed only by the ground state ofyith
the targef®,)
. Z,
leq)l)(q)ll (6) Vcore(r): - T izl Cicoreerf[(aicore)l/zr] ) (11
and the configuration spa¢g,,) is
and
{Ixm}={AlP 1) em)}, @) 5 "
\| _ 2na—ayr?
where |¢,,) is a one-particle function represented by one Vion(r)_nzo “~ |=Eo Apjir e it m:E—I [Im){Im],
molecular orbital and4 is the antisymmetrization operator. (12)

With the choice of Cartesian Gaussian functions to repre-
sent the molecular and scattering orbitals, all the matrix elewhereZ, is the valence charge of the atom and in this ap-
ments arising in Eq(2) can be computed analytically, except plication it is equal to 3 for B, and 7 for Cl, Br, and I. The
those from{xm|VGS V| xn)(VGV), that are evaluated by coefficientsc®®'®, A,j ., and the decay constansg®"® and
numerical quadraturgl2]. a; are tabulated in Ref10].

The numerical calculation of the matrix elements from Even for small molecules, a large number of the two-
VGV represent the more expensive step in the SMC codelectron integrals must be evaluated. This limits the size of
and demand almost the entire computational time of the scatnolecules in scattering calculations. In the SMCPP method
tering calculation. These matrix elements are reduced to we need a shorter basis set to describe the target and scatter-

TABLE |. Cartesian Gaussian function exponents for boron and halogens.

B Cl Br |
Type Exponent Exponent Exponent Exponent Coefficient
S 7.743009 9.284428 6.779740 4.497056 1.0
S 1.588291 1.845608 1.071059 1.034061 1.0
S 0.385169 0.449968 0.748707 0.586050 1.0
S 0.118779 0.170020 0.202254 0.229555 1.0
S 0.026184 0.008157 0.036220 0.036150 1.0
p 3.487316 2.344123 4.789276 4.343653 1.0
p 1.118566 0.902071 1.856547 1.065825 1.0
p 0.398653 0.345005 0.664700 0.365993 1.0
p 0.144251 0.120979 0.265909 0.118764 1.0
p 0.050830 0.027029 0.098552 0.028456 1.0
d 0.382078 1.554031 0.477153 0.267526 1.0
d 0.100241 0.311512 0.139024 0.093270 1.0

042703-2



ELASTIC SCATTERING OF LOW-ENERGY ELECTROS. .. PHYSICAL REVIEW A 61 042703

TABLE Il. Relation between the symmetries 6%, and D3, 5 10 15 20 25 30
groups. 55
sz D3h
a; a;+e’
by as+e’
b, ay+e” .
a, aj+e’ 35
<
£

C
&)
<

-16

ing and consequently the number of two-electron integrals is

smaller than in the all-electron case. The reduction in the 225
number of these integrals allows the study of larger mol- S 30
ecules than those reachable by all-electron techniques. 5
We used the pseudopotentials of REEO] in order to & 253
describe the core electrons of the boron and the halogens. §
The basis functions used in the calculations are shown in S 201

Table |, and were obtained as described in R&8]. The
scattering basis functions are separated by symmetry as fol-
lows: 44 forA,, 31 for B4, 21 for B,, and 12 forA,. We

have not included in our calculations the combinati¢r?

+y2+ z%)exp(—ar?)] in order to avoid linear dependency in
the basis set. We have tested the convergence of our cross

sections with respect to the size of the basis set using a large 0 . : i i

basis. This basis set is obtained from the basis shown in 5 10 15 20 25 30

Table | by including onestype function and oneg-type energy (eV)

function in each center. The results obtained with these two

sets differ by about 5% or less. FIG. 1. (a) Elastic integral cross sections for BCISolid line,

Although these molecules belong to tBe, group, our ~SMCPP results for the basis set of Table | and (d&-Cl)=1.742
present the relation between the symmetries of these twdB-Cl)=1.754 A; dotted line, our results from partial wave expan-

groups. The experimental bond lengths used in our calculas-ion up to/'=5; dashed-dotted-dotted line, our results from partial
tions are shown in Table I[114] wave expansion up tg'=6; dashed-dotted line, our results from

partial wave expansion up #6=7; crosses, complex Kohn results
of Ref.[7]. (b) Symmetry decomposition of the integral cross sec-
IIl. RESULTS AND DISCUSSION tion. Solid line, ourA; cross section; crosse8, cross section of

. ) _Isaacset al; dashed line, ouB, cross section; star; cross sec-
Figure Xa) shows our calculated integral cross sectiontion of Isaacset al; dotted line, ourB, cross section; squareB,

(ICS) for BCl; and also static-exchange results for BOf  cross section of Isaat al; dashed-dotted line, ouk, cross sec-
Ref.[7], obtained with the complex Kohn method. Although tion; circles,A, cross section of Isaaet al.

the two calculations agree in shape, the complex Kohn re-

sults lie below ours and the positions of their structures are . this discrepancy could be the different bond lengths used
shifted to higher energies, in comparison with ours. Isaacs yoth calculations. We used(B-Cl)=1.742 A in the
et al. have included in their calculations continuum numerl-present calculation, and Isa | usedr (B-Cl)=1.754 A,

cal functions retaining terms up t¢'=5. These partial in their complex Kohn calculations. In order to investigate

waves were then used to get their cross sections. We haygg possibility we also calculated ICS &B-Cl)=1.754 A
also calculated the integral cross section in the angular m Vith the basis set shown in Table I. The results are,also

mentum reprgsentation truncgting the partial wave expansiogy,, ., iy Fig. 1a), and the cross sections obtained with dif-
of thel sca:ltermg' ar;ph;;)deoa‘t:& 6, anci_?. Tg(;,-s_e rgsu]:ﬁ ferent bond lengths are quite similar. The difference in mag-
aret_a lso Shown ”:d?G - Dur cross seg:tlzn 0 'tgl?he W “nitude between our cross section and the cross section of
partial waves up o' =6 agrees in magnitude wi € CI0SS |saacset al. could be explained by a lack of convergence in
section of Isaacst al, but their structures remain shifted to the partial wave expansion by Isaaetsal. The shift in the

the right, when compared with ours. Another possible reasOliructures remains to be explained. In order to find which

symmetries are responsible for the discrepancy seen in Fig.
1(a), we show in Fig. 1b) the symmetry decomposition of
the integral cross section for BCIWe compare our results
with the results of Isaacst al. The difference seen in the
r(B-X) 1.742 1.893 2118 integral cross section comes primarily from the, B4, and

A, symmetries. In particular, our structures at fheandB;

TABLE Ill. Experimental bond lengthr (B-X)] (A) for BX.

BCl, BBr, Bl,
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FIG. 2. Elastic integral cross sections foXp %

3
symmetries are shifted to lower energies and are greater in @
magnitude. g ;

Figure 2 shows our integral cross sections for the boron 10 20 30 40 50

—_

00

trihalides. Comparing the cross sections &f;Bone can see
that for energies from 5 eV up to 20 eV the magnitude of the
cross sections is ordered as followsgc,3< OBRr,< OBl
Above 20 eV there is a crossing between the curves and the
previous relation changes ®gc),> 0gpr,> OBl The ICS

for BCl; and BBg are very similar in shape, and present
bumps around 10 eV and 15 eV. In this energy range, the
ICS of Bl; seems to be structureless.

In order to better understand the behavior of the ICS of 1 , , ,
these three molecules we made their symmetry decomposi- 10 20 30 40 50
tion in theC,, group, and the results are shown in Fig. 3. We energy (eV)

a|SO. present the total cross section. The and B, cross FIG. 3. Symmetry decomposition of the integral cross section of
section for BC} and BBk present a bump above 5 eV. We BX. A, symmetry, solid lineB, symmetry, dashed lindg, sym-

also calculated the eigenphase sum for each one of theggutry, dotted line;A, symmetry, dotted-dashed line; sum, thick
symmetries and although not shown here, we found thaigid line.

these bumps are in fact shape resonances, as pointed out by

Isaacset al.[7]. TheA; andB; resonances occur at the same metry of theD 5, group). They included polarization effects
energy,E~8 eV for BCk andE~7 eV for BBr;, and can  to get a more precise description of its position: from 1.8 eV
be attributed to the twofold degenerdie symmetry of the at the static-exchange approximation to 0.25 eV including

D3y, group, that splits into thé; andB; symmetries of the polarization effects. Tossedt al. reported a shape resonance
C,, group, as shown in Table Il. For BGITossellet al.

reported a resonance &' symmetry at 5.16 eV. Isaacs 80
et al, including polarization effects, reported this resonance
at 5.5 eV, which compares quite well with the predictions of
Tossellet al. Stockdaleet al. reported resonances at 2.5 eV
and at 8 eV. We have also found very broad shape reso-
nances for thé8, and A, symmetries, but now for all three
molecules. For each one of these molecules,Ah@nd B,
resonances also occur at the same enekgy 15 eV for
BCl;, E~13 eV for BBr, andE~10 eV for Bk, and can
be attributed to the twofold degenerdié of the D4y, group,
that now splits into theA, and B, symmetries of theC,,
group, as also shown in Table Il. These broad structures in
the A, andB, have not been seen by Isaatsal. once they 0
presented static-exchange results just up to 13 eV. 0
As pointed out by Isaaast al. in their study one™-BCls energy (eV)
coIIision, the main feature of its ICS at low impact energies FIG. 4. B, integral cross section for8;. The crosses are re-
is the B, shape resonandghat is associated to th&) sym-  sults from Ref[7].

- BCl,

----BBr,

Bl

+ lIsaacs et al. (BCl,)

2
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TABLE IV. Calculated vertical electron affinitie6VEA) and 0 30 60 90 120 150 180 O 30 60 90 120 150 180
virtual orbital canonical energig¥O) (eV) for BX3. 100-,«,\4 100
BCl, BBr; Bl, ol o
VEA —0.82 —0.25 +0.61 .
VO 1.51 1.48 0.64 J 0 N | |\ L~ .
2.06 4.14 1.98

0.1 0.1

for this symmetry near 0 eV. We also investigated the low- ~
energy behavior of th®, static-exchange cross section for @ 1
the BX3 molecules, and the results are shown in Fig. 4, along &
with the B, static-exchange results of Isaagtsal. All mol-
ecules present a sharp structure and, in particular, our resui =
for BCl; agree with those of Isaaet al., although our reso-
nance is shifted to lower energies, following the behavior of
the A; and B; (E’) resonances, as discussed above. The
peaks are located &~1.8 eV, for BCk, E~1.34 eV, for N — S —— ]
BBr;, andE~0.61 eV, for Bk. In Table IV we show the 0 30 60 90 120 150 180 0 30 60 90 120 150 180
energies of the first and the second canonical Hartree-Fock angle (degrees)
virtual orbitals, obtained with the basis set of Table I, and g 6. pifferential cross section forg at 20, 25, 30, and 40
related with the first two unoccupied orbitals of tBge sym- gy
metry for BX;. The first energy, for BBrand Bk, is quite
close to the position of these peaks. For BQGhe first and . . . o
the second energies are very close to the energy of the pea&?Ct that with the |nc_lu3|on of pola_lrlzapor? effec_ts tBg
We also show in Table IV the vertical electron affinity for Structure of B4 will vanish. For BB, in principle, this reso-
these molecules, obtained as the difference of the Hartredl@nce should move down in energy.
Fock energies of the neutral molecule and the anion using !t should be noted that at very low energies, a shape reso-
the pseudopotentials of R¢fL.0] and the basis set of Table |. hance may appear as a series of vibrational peaks in the total
The ground state of the negative ions of B&@ind BB, cross sectiorf15]. In this case, a fixed-nuclei calculation,
calculated at the experimental geometry of the ground statéven with the inclusion of polarization effects, does not give
of the neutral molecules, lies above the ground state of th@ correct description of the resonance.
neutral molecule. For B| however, this number is positive; ~ Figures 5 and 6 show the differential cross secti@S)
that is, the ground state of the anion lies below the groundor BXs at 5, 7.5, 10, 15, 20, 25, 30, and 40 eV. The oscil-
state of the neutral molecule. Based on these results, we elations starting at 10 eV for B) and at 15 eV for BGland
BBr; in the DCS indicate high partial wave coupling. For

0 30 60 90 120 150 180 O 30 60 90 120 150 180 energies above 20 eV the shape of the DCS for thg B

100 molecules is very similar. In Fig. 7 we show momentum
transfer cross sectiof®MTCS) for BX; (X=CI, Br, I). The
same behavior seen in the ICS also can be seen in the MTCS
plot, but with the crossing occurring at 15 eV.

F100

0'®cm

ection

w

Ccross
=3

50
1 404
= o
2 £100 mg
£ - 304
(5] o
2 =
b c
T 2 20-
S F10 %
=3 []
(44 8
3 g 104
%3
2] . ool
2 ——————— ——— 1
o 0 30 60 90 120 150 180 O 30 60 90 120 150 180 0 . . ; ;
angle (degrees) 10 20 30 40 50
energy (eV)
FIG. 5. Differential cross section forXg at 5, 7.5, 10, and 15
ev. FIG. 7. Momentum transfer cross section foXB8
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IV. SUMMARY that this resonance will vanish with the inclusion of polariza-

We presented cross sections for elastic scattering of |0Wt_|on effects.

energy electrons by 8; (X=Cl, Br, I). For energies below
25 eV we found that the magnitude of the integral cross
sections of these boron trihalides follows the ordeyc), ACKNOWLEDGMENTS
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