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Classical interatomic potentials for S i—O—F and Si—O-CI systems

H. Ohta® and S. Hamaguchi®
Department of Fundamental Energy Science, Kyoto University, Gokasho, Uji, Kyoto 611-0011, Japan

(Received 7 May 2001; accepted 16 July 2001

Stillinger—Weber(SW)-type potential sets have been developed ferCs+F and Si—O-Céystems

based on interatomic potential energy data obtained fraln initio quantum-mechanical
calculations. We have constructed the new potential sets in such a way that the obtained potentials
are supersets of existing well-known SW-type potentials for Sip, S#dd Si-halogen systems. Our

aim of the potential development is to perform molecular dynanid®) simulations for both

silicon and silicon dioxide etching by F or Cl on the same footing. Presented in this article are
details of the potential derivation and some sample MD simulation results20@L American
Institute of Physics.[DOI: 10.1063/1.1400789

I. INTRODUCTION simulations have demonstrated their usefulness in a rela-
tively high-energy rangée.g., from a few dozen to a few
Plasma processing such as reactive ion etcliRdE)  hundred eV appropriate for plasma or beam etching.
and plasma-enhanced chemical vapor depositREECVD) To represent lower energy phenomena such as adsorp-
are widely used in the semiconductor industry. As the dimention and surface diffusion with high accuracy, more precise
sions of microelectronic devices diminish, atomic-scale conpotentials may be required. Weaklieet al. and Carter
trol of semiconductor manufacturing processes has become al'>~**have modified the original SW potentials for Si—F
increasingly important. Better understanding of surface reacsystems using interatomic potential data obtained fiam
tion dynamics can facilitate the development of such atomicinitio quantum-mechanical calculations to perform MD
scale process control techniques. simulations of fluorine adsorption on silicon. Their simula-
Molecular-dynamics(MD) simulation may be used to tjon results have indicated that the original SW potentials do
study surface reaction dynamics for various processes. Feiot necessarily describe the reaction paths correctly and
plasma processing, where relatively high-energy ionic and/olemonstrated the effectiveness of usiminitio data to con-
atomic species are involved, the number of simulation parstruct and/or modify interatomic potentials.
ticles required for realistic simulations can be very large.  Empirically obtained potential functions such as the
Therefore, for MD simulations of plasma-surface interac-original SW potentials are designed to reproduce only rela-
tions, it is not practical to resolve electron dynamics of eachively stable atomic configurations and, in general, there is
atom using quantum mechanical calculations at every tim@o guarantee that the functions give accurate interatomic po-
step of atomic motion. So we employ classical MD simula-tential energy values for all possible atomic configurations.
tion in this work, where interatomic potential functions are Such inaccuracy may lead to unrealistic results in MD simu-
specified in advance. lations especially in a low kinetic-energy regime, where
One of the most important issues regarding classical MQthemical effects dominate atomic interactions. Recently
simulation is how to determine the interatomic potentials. AsHansonet al. have modified the SW potentials for Si—Cl
to materials used for plasma etching processes, several pgystems by adding new terms, i.e., an embedding term and a
tential functions have been proposed by various investigafour-body term based omb initio data® in order to represent
tors. Classical multibody potentials for Si and F systems invealistic surface reactions during plasma etching.
the form of a cluster expansion were first developed by Still-  The classical potentials described abdireluding the
inger and Webet? Feil et al. extended the same functional original SW potentialshave been used to simulate Si etch-
form [i.e., Stillinger—Weber(SW) potential to Si and Cl  ing by halogens. For simulation of interactions between sili-
systems' These potential functions are designed to reprocon dioxide and halogens, however, no classical interatomic
duce some structural and thermodynamical characteristics @otential was previously available. To the best of the authors’
the material{such as stress and melting temperatuggsl  knowledge, prior to our simulations presented in Ref. 11 and
relevant structural chemistry for some selected moleculeghis article, oxide etching simulations were performed only
composed of these elements. To date many researchers hage pure physical sputtering by Ar atormi&*’
performed classical MD simulations using these potentials to  The interatomic potentials for SiOsystems have been
study plasma-surface interactions for Si etching byproposed by several investigatdfs?°interaction with an Ar
halogeng.™* The obtained simulation results have been inatom may be treated as two-body interaction using, e.g.,
reasonable agreement with experimental observations. Thesgoliére repulsive pair potentidt It is relatively easy to in-
corporate a two-body potential with other multibody inter-
3Electronic mail: ohta@center.iae.kyoto-u.ac.jp atomic potentials. Although classical interatomic potentials
YElectronic mail: hamaguch@energy.kyoto-u.ac.jp for Si—F, Si—Cl, and Si—O systems were separately devel-
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oped before, development of interatomic potentials for the va(i,j, k) =vij(ri,ry.re
combined system requires construction of additional inter-

atomic potential functions. The goal of this work is to = hjirc(rij 5T Gjise) +Nijie(Fi o7 jic s Blijie)

present the derivation of new classical potential sets that can +hi (Mo T i)

be used to simulate SiCetching by halogen beams or plas- RS

mas. with 6;;;c being the angle spanned by vectoss=r;—r; and
In order to simplify the potential development process,fik=r«—ri at vertexr;.

we make use of existing classical potentials for SiZ&nd To construct interatomic potentials for-8D—F (or Si—

Si—CF systems. For Si-O systems, we use a SW-type poterf?—C) systems, we employ the functional fotnfor hj;,
tial set developed by Watanale al?® Assuming the Sw- given by either

type functional forms can be extended to-8i—F or Si— M PR

O—Cl systems, we have developed potential functions that p., (r s 6)=\., exp ﬂJr ik (3)
are reducible to the previously obtained potentials in the cor- e ! |r— a}ik S— a}(ik_ 7

responding cases. In other words, we employ SW-type PO,

tential functions that include the previously obtained SW-

type potentials for Si—F or Si—Cl and Si—-O systems as [ Vi N ]

subsets and determine the remaining unknown parameters by hji(r,s, 0) = \jix €xp J- K

nonlinearly fitting the functions to interatomic potential en- LM =&k S~ ik

ergy data obtained fromb initio quantum-mechanical cal- % |cos€—cos€ﬁk|2“iik, (%)

culations. ,
depending on the species @h atom if r<a}ik and s
K ; ' K j k
<Oajik . OtherW'Sethk:O Here)\jik, ’y}ik’ ’yjik’ a}ik, ajik "
ik » andaj; are parameters that depends on the species of
(i,j,k) triplet. The cut-off distances are denoted dj){( and
A. Stillinger—Weber-type potential functions a}‘ik. The system symmetry requires these parameters to be
In this section, we derive SW-type potential functions INvariant under the exchange of the first and third indices of
. ¢ : . the subscripts, e.g\iix=MNkii » Yik= Ykii »---» €t al. We have
for Si—-O-Cl and Si—O—Bystems. Here we consider atomic dified th o ]I SW fJ t.J' b 1 troduci
interactions only among charge neutral species. Suppose thadined the origina unction by introducing a new pa-

the total energy of atomic systems is expressed by the su ametera;;, in order to improve parameter fitting. Equation
mation of two- and three-body potentials as 3) is employed if the atom denoted by the second index of

subscriptdi.e., theith aton) is either Cl or F. This function
effectively introduces the single valence of a halogen atom
<I>=Z vo(i,j)+ E v3(i,],Kk). 1) by shielding attractive forces arising from the two-body po-
=<l I=i<k tentials. Equatiori4) is employed if theth atom is either Si
or O. This potential is designed to restrict configuration num-
bers around thé&h atom and to reproduce appropriate bond
angles for the covalent binding. Following Ref. 1, we also
use other potential functions for some special cases, as given
in Appendix A.

The potential set for Si—O-halogen systems may be di-
vided into four subsets, i.e., potentials f@ Si—halogen
systems(b) Si—O systems(c) O—halogen systems, arid)
systems containing Si, O, and halogen atoms. For Si—

II. DERIVATION OF CLASSICAL POTENTIALS

Following Stillinger and Weberwe assume that the pairlike
interactionv,(i,j) between theith andjth atoms has the
form

vo(i,))=vi(rij)) =9(i,j)A;

it rj<aj, (2

andv,(i,j) =0 otherwise. Here;;=|r;—r;| denotes the dis-

tance between thigh andjth atoms located at andr;. The

parameters\;; , Bj;, Cj;, pij, g;j, anda;; depend only on

the speciesi.e., element typesof ith andjth atoms.(In this

paper, indices, j,..., etc., appearing as subscripts or super-

scripts of a quantity indicate that the quantity depends only

on the species of corresponding atoms unless otherwise

specified. The cut-off distance is denoted lay; . Function %

o(i,j) is designed to reproduce the appropriate valence of

oxygen, which will be discussed in the following subsection.

The system symmetry requires the invariance of parameters

under the exchange of indicésandj, i.e., g(i,j)=9(],i)

Aij:Aji!"'i etc. 0 " M a a
To assure the symmetry of the potential function, it may 1 2 3 4

be more convenient to decompose the three-body term

vs(i,j,k) in Eq. (1) into three partsas FIG. 1. Bond softening functiog(z) given in Eq.(7).

14}




J. Chem. Phys., Vol. 115, No. 14, 8 October 2001 Interatomic potentials for Si—-O—-F and Si—O-Cl systems 6681

Cl

6! 6
3 L0 s ®
5 [ 5 \
5 ® 3 \
5 2f 5 2 |
5 | S \
€ _d z \ .
5 of Qe_e@e%eee ) 5 0 \ 0. 9--0--0--9
a o) Jos i o} cadl
o \e,e' 2 \\\‘9,
1 15 2 25 3 3.5 4 1 15 2 2.5 3 35 4
(a) bond length (A) (d) bond length (A)
Cl 1l 0
| —.
Cl
v Cl o)
7 v
6 @ 6 \\
s \ s A
o \ 2 5 ™ =N
5 ¢ 5.9 PR
) \ o \
T 2 | o \
— Vo) 2 3 \ (VM
S \ £ A - o
s 0 “2.0 0 0. 0-6-4 §° N e -g e
° g ol 0
2 0 e
1 1, 2 25 3 35 4 80 80 100 120 140 160 180
ond leng ond angle (degree
(b) bond length (A) ©) bond angie (degree)
cl cl 0 H . 0 1 0o
—» &
6 © 8 \\‘
S > \
2 \ 2 5
> 4 \ - 4 \
(23 \ o A
o \ > |
[IET 5o
2 o) S Ao}
S o0 O -o-o-6-6--0--9 § 0 8 0-e-0--0--0--9
° o
o a
2 -2
1 15 2 25 3 35 4 1 15 2 25 3 3.5 4
(c) bond length (A) () bond length (A)

FIG. 2. Potential energy data for CI-O systems obtained fabnmitio calculations O, (I, andA) and our potential function&lotted line$. The atomic
configuration used for the energy calculations is shown above each figure. The asrQuisdicate variable parametefise., bond lengths or angledn (d)
both CI-Cl and Cl-O bond lengths are varied simultaneouslye)lithe selected bond lengths of O—Cl are 1.404)( 1.7343 A (), and 2.00 A (0).

halogen systems, we use the original SW potentials devel-
oped by Stillinger and Weber for Si—F systérisand also  and modeled the O—O interaction only by a repulsive pair
the SW potentials by Feil for Si—Cl systerhas to the po-  force. Accordingly three-body functiorig;, that directly ac-
tentials for Si—O systems, we use the SW-type potentialsount for the O—O interaction are also set to be 0, i.e.,
developed by Watanalet al?° For the remainindgc) and(d)  hgioo=hooo= 0. Following Watanabet al., we also employ
above, we determine the potential set using potential datthe same potential for the O—O interaction and extended it to
obtained fromab initio calculations. Si—O-CI or Si—O-Fsystems, assumingcioo=hroo=0,

Note that Watanabet al. did not consider O-O bond
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TABLE |. Parameters of the interatomic potential functions for CI-O and Marquardt’s nonlinear ﬁttiné? In this subsection we present

F-O systems.

how we have determined the fitting parameters for Si—O-ClI
systems. A similar fitting method have been used ferCsiF

Si-0-Cl Si-O-F
systems. We take the following three stefib: Determina-
Vcio Aco 710 vro  Aro 1425 tion of the O—CI two-body interactiofi.e., vco), (2) deter-
[Ea. (2] EC'O g.ggl (Ea-2 EFO g.izz mination of the three-body interactions for Cl and(iCe.,
Clo . FO . . . .
Peio 3.13 Pro 3.0 heicio, heiocr, @andhgpco), and(3) determination of the Si,
deio 1.53 dro 1.0 0O, and CI three-body interactiofi.e., hgicio, heisio, and
acio 18 aro 1.6 hsioc). As mentioned beforehgioo, heioo, and hggg are
IF;C'O (1)-2 SFO g'i assumed to be 0. In what follows, the physical quantities are
clo ' Fo ' all nondimensionalized. The employed energy and length
heco  Aeeo 1170 hero Aero 1135¢1¢¢  units are 50.0 kcal/ma|=2.17 eV} and 2.0951 A.
[Ed- 3] Yoo 3.97 [Ea- ] 7o 13.44
Yo 3.24 Yero 3.441 1. Two-body potentials
aglc.o 2.0862 aEFo 2.0862 First let us consider the O—Cl two-body potential. As in
acico 18 aFro 16 the case of Si—O systems, the O—CI binding energy depends
hooci Moot 783 heor ANpor 4720 on the coordination numbefi.e., the number of atoms
[Eq. @]  ySoq 1.83 [Eq. (D]  yior 3.608 present in the neighborhopdf the O atom since the valence
alloc 1.8 afor 1.6 for covalent binding of oxygen is 2. If there are more than
costoe  —0.221 costhor  —0.048 24 two atoms around an O atom, the bond strengths of the O
“ciocl 1.0 FoF 1.285 atom with these surrounding atoms are significantly reduced.
hoco Noco 166<1F horo  Mogo 3092¢1¢¢ 1O reproduce the valence of oxygen effec_ti\_/elgé Wa}tanabe
[Eq. 3]  +3e0 5.78 [Eq.3)] 150 4.280 et al. employed the bond-softening functigti,j),~ which
adcio 1.8 adro 1.6 takes values less than unifgnd thus reduces the absolute
value of potential functiom (i, j) ] if either theith orjth atom
heiog® heoo” is oxygen and there are more than two atoms in the neigh-
% 00=0. borhood of the oxygen atom.
Pheoo=0. To give the definition ofg(i,j) more precisely, we first

define the “coordination number” functioa(i) of the ith
atom by

for the sake of simplicity. As a consequence, oxygen mol-

ecules Q cannot be formed as etch products in our MD 2= fl(ry) (5)

simulations. However, we believe this does not significantly Wy ¢ o

alter chhl_ng chargctenstlcs that we are mter_e;ted n SINCe thv%hereficj is the cut-off function and the sum is taken over all

attractive interaction between two O atoms is in reality rela- . T :

. . . : . . atoms except for théh atom. Functiorf; is defined by

tively weak compared with other interactions in the-GCl

or Si—-O—-Fsystems. A more realistic account for the O-O 1 (r<Rj;—Dyj),

bond, i.e., more accurate evaluationigfy and the associ- r—R:+D; sin{m(r—R;+D;)/D;}

ated three-body terms, is a subject of future study. - 25 Ly 2177 ' J ©)
ij

(Rij_Dijsr<Rij+Dij)!

As we have mentioned earlier, we first make use of pre- 0 (r=Ry+Dy).
viously obtained SW-type potentials for systems that are subHere R;; and D;; (R;j=D;;=0) are parameters satisfying
sets of general SIO—F or Si—O-Cbystems. For the conve- R;;=R;; andD;;=D;; . Clearly the functiorz(i) represents a
nience of the reader, we have summarized the parameters theasure” of the number of atoms present in the neighbor-
the potential functions for Si—F, Si—Cl, and Si—O systems irhood in theith atom. Indeed iD;; =0 andR;;=R (indepen-
Appendix A. Interaction with Ar is modeled by thdoliere  dent ofj), thenz(i) is equal to the total number of atoms
potential, as given in Appendix B. To determine the rest ofpresent within the distanc® from theith atom. Parameter
the parameters, we performad initio quantum-mechanical R;; essentially represents the scale length of attractive inter-
calculations based on a density-functional method usingction between théth andjth atoms andD;; is a length
“Gaussian.?® [The employed model chemistry is B3LYP-6- parameter introduced to make the functiby(z) continu-
31+G(d,p).] The obtained potential energy data for variousously differentiable around=R;; .
atomic configurations are used to determine the interatomic In what follows, we consider the effects of valence only
potential functions. Under the adiabatic assumption for elecfor oxygen. In other words, we usgi) only when theith
tron dynamics, derivatives of such interatomic potentialatom is oxygen. As mentioned in the preceding subsection,
functions with respect to nucleus positions give interatomiove have assumed for the sake of simplicity that there is no
forces. attraction between two O atoms. We now also assume that

Based on the potential energy data, we determine théhe presence of oxygen atoms in the neighborhood of an
potential-function parameters, using the Levenberg-oxygen atom does not reduce the valence of the latter oxy-

fe(r)=
B. Parameter fitting
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FIG. 3. Potential energy data for-8D—Cl systems obtained frorab initio calculations and our potential functions. The symbols are the same as those used
in Fig. 2. In(c) the selected bond lengths are 1.704)( 2.0658 A (©), and 2.30 A (d) for Si—Cland 1.30 A (\), 1.659 A (O), and 1.90 A (0) for Si-O.
In (d) the selected bond lengths are 1.4094/4)( 1.7094 A (©), and 2.0094 A [0) for O—Si and 1.4266 A4), 1.7266 A (©), and 2.0266 A [J) for

O-Cl.

gen. Therefore, in estimating the coordination number of apends not only on théh andjth atoms but also all other
oxygen, we count only nonoxygen atoms, which is equiva-atoms in the neighborhood. In this sensgi,j) in Eq. (2) is

lent to taking the sum for all atoms except for oxygen in Eqg.not a true two-body potential but includes effects of multi-
(5) or settingRoo=Doo=0 in Eq. (6).

With the coordination numbers thus defined, we use

function

0.097

9(2) = X (1.6-2)/0.3654 + 1

X exf 0.1344z—6.41762], (7)
to defineg(i,j), which is shown in Fig. 1. We sai(i,j)

=g(z(i)) if the ith atom is oxygen and thgh atom is not

oxygen;g(i,j)=g(z(j)) if the jth atom is oxygen and thi¢h

atom is not oxygeng(i,j) =1 otherwiseg(including the case

where both théth andjth atoms are oxygenThis definition

satisfies the conditiog(i,j)=

g(j.i). Note thatg(i,j) de-

body interactions.

In order to determine the fitting parameters #gy;, we

calculated the total potential energy for the -O-CI cluster
(i.e., O-CI cluster with a dangling bond, i.e., the spin mul-
tiplicity being 2S+ 1=2) by varying the O—CI bond length,
as shown in Fig. @). In this figure, the total potential energy
obtained fromab initio calculations is indicated by empty
circles. We adjusted the value A% to better represent the
known experimental value of binding energy 2.09 eV for the
O-CI bond of OC} molecule (which is slightly different
from the O—CI binding energy of -O—ClI clusjeilhe deter-
mined parameters for O—Cl are summarized in Table I. The
obtained pair functiow ¢;o(r) with the coordination number
Zo=2 are given as dashed curves in Fi¢n)2
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TABLE Il. Parameters of the three-body interatomic potential functions forramet(_:,rs ardocio=180°, Ocion=103.3488° r 5= 1.7269
Si~0-Cl and Si-O-Bystems. A, andr o4=0.9723 A for the CIOH cluster. All the atoms in
Si—0—cl Si—O—F H—O-CI-O-H are on aingle plane and both hydrogen at-

oms are on the same side against the straight O—CI-0O axis,

he: ) 214 he: ' . . . . .

[é'(lcfc(’3)] );gic'o 112 [Eqs.l’zg)] 2?{“’ 1073 o0 @S shown in Fig. @). The obtained parameters are given in
-0 394 <IN 445  Table I. The total potential energy calculated from the ob-
aSco 1.8 adro 1.6 tained potential functions,(i,j) anduvs(i,j,k) are shown
aScio 18 aSro 16 by dashed curves in Fig. 2.
In Fig. 2(@—2(d) and 2f), we take zero energy to be the
heisio "S{Sio 335 Nesio 7‘55‘0 3.13 system energy when the bond length in question is infinity.
[Ea. @] %0 0295 [(Eq.- 4] 9iso 0.424 . : . .
Yoo 163 Yo 122 In a figure where the total potential energy is plotted against
ags:o 14 ags;o 14 a bond anglégsuch as Fig. @)], the zero energy is taken to
asio 1.4 aSsio 1.4 be the minimum of the plotted energy. In all energy figures
costso  0.0575 costso 0396  presented in this paper, we follow this convention regarding
acisio 231 Fsio 315 the zero energy level.

Psioci ?\ggou 10.3 hsior )\ggop 47.8

Eq. (4) ! 0.723 Eq. (4) ! 0.653 ) ) .

[Ea- (@) Z§?Z§: 0.564 [Ea- (@) ;/E:ZE 156 3. Three-body potentials for three different species
Si i ; i i
asioci L4 asior L4 Finally the three-body potentials for Si, O, and Cl atoms,
asioc 14 asior 14 ; th t iNe N dhe deter-
costBo,  —0.438 cosh. 0263 -8 the parameters isicio, Neisio, andhsioc, are deter

@sioc 1.05 @sior 118 mined. Potential energy data obtained fraim initio calcu-
lations for SiH—CI-OH, CI-SiH—OH, and CI-O-Sikl
clusters are plotted in Fig. 3. In Fig(a8, the total potential
) ) ) energy is plotted by empty circles as a function of the Si—Cl
2. Three-body potentials for two different species bond length for Si—CI-OH. Here one of the H atoms of
Second we determine the three-body interactions foSiH, with rg,=1.4798 A is replaced by CIOHwhose
clusters among Cl and O atoms, i.e., the parameters faatomic configuration is the same as that in Fidf)2, where
heicio, heioal, andhogio. The total potential energy data pgiy= Ousic= 109.471 22P=cos Y(—1/3)], and fsico
were obtained for clusters £OH and C}O from ab initio =180°. One of the H atoms of Siil Si, and CI-O—Hspan
calculations as functions of some bond lengths and bond single plane and these two H atoms are on the same side
angles, as plotted in Fig. ZHydrogen atoms are used to against the straight Si—CI-0O axis.
terminate extra bondsln Fig. 2(b), the total potential energy In Fig. 3(b) the total energy is plotted as a function of the
is plotted by empty circles as a function of the distance beCI-O bond length for a cluster similar to that in FigaB
tween a single Cl atom and the Cl atom of CIOH with theHere the Si—Cl bond length is taken to be 2.0829 A. The
bond angledqicio=180°. The CIOH cluster configuration is other parameters in Fig(l9) is the same as those in FigaB
fixed when the CI-CI bond length is varied, i.e., the bondThe configuration of SiClkl used here is close to its most
lengths for CI-O and O-H areco=1.7269 A andro,  stable configuration.
=0.9723 A, and the bond angle around O & on In Fig. 3(c), the Si—H and O—H bond lengths are taken
=103.3488°. to bergu=1.48 A andro,=0.9636 A with bond angles
Similarly, in Fig. Ac), the total energy is plotted by [6usiy= Ousio= Onsici=109.47122°E cos Y(—1/3))] and
empty circles as a function of the distance between a Cl atomg;o=103.3488°. The total energy is plotted as a function
of Cl, molecule and the oxygen of an OH cluster with of bond anglefsio for the following three cases:gic
Ocicio=180°, Ocion=103.3488° ,=2.045 A (which is  =1.70 A andrgo=1.30 A (empty triangle}s r gic;=2.0658
close to the bond length of most stable,)Cland roy A andrgo=1.659 A (empty circleg, andrgic=2.30 A and
=0.9723 A. In Fig. 2d) the distance between two Cl atoms rgio=1.90 A (empty squarésAs shown in the figure, Heft-
and that between CI-O are taken to be the same and varidmbttom—Si—O—Htop) atoms span a single plane, which is
simultaneously. The fixed parameters afigco=180°, perpendicular to the plane formed by Cl-Siight bottom
Ocion=103.3488°,and o,=0.9723 A as in Fig. @). The  atoms.
bond angle at O for OGlare varied in Fig. &) with both In Fig. 3(d) one of the H atoms of SiHis replaced by
Cl-0 bond lengths being 1.40 &mpty triangles 1.7343 A the O atom of an OCI clustefrgy=1.48 A and f,siy
(empty circleg, and 2.00 Alempty squarés The parameters = 50=109.47122°E cos (—1/3))] and the total energy
for heicio [given by Eq.(3)] andhg e [given by Eq.(4)] are  is plotted as a function of bond angle,qs; for three cases:
determined simultaneously by fitting the potential functionsr c;o=1.4266 A andr 5jo=1.4094 A (empty triangles r¢io
to the data given in Figs.(B)—2(e). =1.7266 A andrgo=1.7094 A (empty circle$, andr g
Similarly the parameters fdigco are obtained fromab ~ =2.0266 A and gjo=2.0094 A(empty squares The atomic
initio data for C(OH), as shown in Fig. &), where the configuration used for the energy calculation is such that
distance between O of an OH cluster and Cl was varied. Her€l-O-Si and one of the ltoms form a single plane.
the fixed parameters of the “separated” OH cluster are  The obtained fitting parameters are summarized in Table
Onoc=103.3488° and o,=0.9723 A. The other fixed pa- II. The potential energy calculated from the obtained poten-
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tial functions are plotted as dashed curves in Fig. 3. Whilgand therefore, the system is less stablee expect that the
the agreement between tlaé initio data and fitting curves discrepancy does not significantly alter the dynamics of mol-
are good for most cases, we see some discrepancies in Figcules under our simulation conditiofi®., etching by rela-
3(c) and 3d), especially when the bond length is larger thantively high—energy beamsTo some extent such discrepancy
the most stable length. The nonlinear fitting we had emdis unavoidable as we assume some particular functional
ployed was biased toward more stable states, so that the fiterms such as those given by Eq®)—(4) to reduce the
ting parameters were selected to obtain the best fit near thmumber of free parameters to a manageable level.

energy minimum. Since the discrepancy appears only when A similar fitting method was used to determine the inter-
the bond lengths are much larger than the optimal lengthatomic potential parameters for-8D—F systems, as shown
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FIG. 5. Potential energy data for-SD—F systems obtained fromb initio calculations and our potential functions. The symbols are the same as those used
in Fig. 2 and the atomic configurations are similar to those in the corresponding figures in Fig(a8.dnd (b), rg=1.48 A, ro,=0.9755 A, roe
=1.4399 A rgr=1.6318 A, 5r0=180°, andfrop=98.2417°. In(c), rgu=1.48 A, ro,=0.9636 A, anddsjo, =119.9428. The selected bond lengths are
rse=1.42 A (A), 1.6277 A ©), 1.82 A (), andrgo=1.45 A (A), 1.6527 A ©), 1.85 A ). In (d), rg;=1.48 A, and the selected bond lengths are
ros=1.52 A (A), 1.7232 A ©), 1.92 A ), andro=1.26 A (A), 1.4608 A (), 1.66 A (O).

in Figs. 4 and 5. The obtained parameters are also summanergies and bond lengths are also calculated from the ob-

rized in Tables | and II. The total potential energy calculatedtained potential sets, which are given in the Table Ill. Here

from the obtained potential functions,(i,j) andvs(i,]j,k) the binding energy and bond length are defined as the energy

are given by dashed curves in Figs. 4 and 5. The bindingnd position of the energy minimum of the corresponding
two—body potential.

TABLE lll. Binding energies and bond lengths. . SAMPLE SIMULATIONS

Binding energy Some MD simulations based on the new potential sets

(ev) (kcal/mol) Bond length(A) are presented in this section. In the simulations, target atoms
Si_si 217 50.0 235 are pla(_:ed in a S|_mulat|on_ceII_W|th periodic boundary con-
si—0 414 954 1.61 ditions in the horizontal directions. The target surface is a
Si—Cl 3.96 91.2 2.06 square of side length 21.7 &he area is 472 A with a
cl-Cl 2.47 56.9 1.96 monolayer initially including 32 Si atoms for the silicon tar-
Cl-0 2.09 48.2 1.62 get and 32 Si and 64 O atoms for the oxide target. Initially
E'__FF i"gg 1:53 i'ig the target materials contain 16 monolayérs., 512 Si at-
F-O 218 50.2 136 oms for the Si target and 12 monolayelie., 384 Si atoms

and 768 O atoms, totaling 1152 atonfier the oxide target,
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FIG. 6. Typical surface structures during Cl beam etching. Large white spheres are Si atoms, small gray spheres are O atoms, and big black spheres are ClI
atoms. The beam is normal to the target surface and the impact energy is 50, 100, and 150 eV from left to right. The simulation surface siz2i$.21.7 A

the depths of which are 21 A for Si and 32 A for SiOThe  mal to the surface. It is sometimes more convenient to mea-
initial target temperature is 300 °K and the atoms in the botsure the dose of impinging particles in units of monolayer
tom layer are rigidly fixed to prevent the drift of the entire (ML), with 1 ML corresponding to 32 impinging particles in
simulation cell. both Si and oxide cases in our simulation. Since energetic
Energetic atoms are injected from randomly selectedons impinging on the surface are expected to be neutralized
horizontal locations just above the target in the direction nornear the target surface due to an Auger emission process, we

FIG. 7. Typical surface structures during F beam etching. Large white spheres are Si atoms, small gray spheres are O atoms, and small black
spheres are F atoms. The beam is normal to the target surface and the impact energy is 50, 100, and 150 eV from left to right. The simulation surface size is
21.7 Ax21.7 A.
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FIG. 8. Typical surface structures of silicon target during 100 eV Cl beam etching in an oxygen atmosphere after about 10 ML Cl injections. Large white
spheres are Si atoms, small gray spheres are O atoms, and big black spheres are Cl atoms. The simulation surface siz@1s72A.7aA20 oxygen atoms
with low energy(1 eV) are supplied to the surface vertically before each Cl imp&@¢t100 eV O and Cl atoms vertically impinge upon the surface in an

alternating manner.

only consider charge-neutral atoms as injected species. It ter 10 ML atomic bombardment of the clean targets in simu-
also assumed that the target surface is kept charge-neutdations. The impact energy is 50, 100, and 150 eV from left
during the process. to right. As shown in these figures, the halogenated layer
After injection of each atom, we let the system evolvebecomes thicker as the impact energy increases. Also the
for 0.7 ps under the constant total-energy conditions. Moshalogenated layer is thicker for F injection than for Cl injec-
transient processes such as rapid release of the kinetic energgn with the same impact energy. For example, in the case of
of injected atom to the target occur during this period. Wethe 50 eV Cl beam, most Cl atoms are adsorbed only on the
then artificially cool the entire systertby decreasing the top surface of the oxide target, as shown in Fig. 6, whereas F
velocities of all atomsfor 0.3 ps to reduce the target tem- atoms penetrate deeper into the oxide target with the same
perature to the initial temperatufee., 300 °K) in order to  impact energy, as shown in Fig. 7. This is because the Si—F
prevent the system from being unrealistically heated up. Théond is stronger than the Si—Cl bond and the atomic size of
bombardment process by a single energetic particle is re= is smaller than that of Cl. For more details, the reader is
peated about 1000 timése., about 31 ML to increase sta- referred to Ref. 11.
tistics for the measurement of macroscopic parameters such Second, let us consider Si etching in an oxygen atmo-
as sputtering yields. sphere. In some Si—SjGelective etching by Cl, oxygen is
First we discuss simulation results of Si—Si€elective  added to chlorine plasmas to removes hydrocarbon frag-
etching by halogens bearfsFigures 6 and 7 show typical ments sputtered from the photoregfsi(Such hydrocarbon
surface morphologies of an SjGarget during Cl and F fragments increase the SiCetch rate and thus reduce
mono-energetic beam etching. These figures are obtained &&i—SiO, etch selectivity. However, added O atoms can also
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TABLE |V. Parameters of the two-body potentials for Si—O systems ob-TABLE VI. Parameters of the two-body potentials for Si{Bkfs. 1 and 2

tained by Stillinger and Webéfor the Si—Si pair (Ref. 1) and by Watanabe

et al. (for Si—O and O-0O paijs(Ref. 20.

Si—O-Cl and Si-O-F

Usisi

[Eq. (2)]

Usio

[Ea. (2]

Voo

[Eq. (2)]

Asisi
Bsisi
Csisi
Psisi
Osisi
Agis

Asio
Bsio
Csio
Psio
Jsio
asio
Rsio
Dsio

Aoo
Boo
Coo
Poo
Goo
o0

7.049 556 277
0.602 224 558 4
1.0

4

0

1.8

115.364 065 913
0.909 444 279 3
1.0
2.587 59
2.39370
14
1.3
0.1

—12.292 427 744
0
1.0
0
2.244 32
1.25

and Si—F(Ref. 3 systems.

Si—0O-ClI Si—-O-F
vsc Ase 280  ugr Age  21.23414138
[Eq.(2] Bse 067 [EQ.(2] Bege  0.5695476433
Csici 13 Csir 13
Psici 2.2 PsiF 3
Jsic 0.9 Jsir 2
asicl 18 asiF 1.8
Ucicl AClCl 8.611 UVEr AFF 0.522 76
[Eq. @] Bag 0.789 [Eq.(2)] Bee 0.112771
Caa 05795 Cer 0.579 495
Pcici 6 Prr 8
Jeic 5 Orr 4
Ao 2.0862 arr 2.086 182

significantly reduce the Si etch rate if surface oxidation be-
comes too high. Typical Si surfaces obtained from MD simu-
lations under such conditions are shown in Fig. 8. In the
simulations, 20 oxygen atoms are injected to the Si surface at
random positions in the normal direction with sufficiently
low energy(1 eV) before each 100 eV Cl injection. We ob-
serve in Fig. &) that low—energy oxygen atoms, which
would be adsorbed just on the Si surface without the Cl beam
injection, formed a relatively deep chlorinated layer due to

TABLE V. Parameters of the three-body potentials for Si—O systems ob-

tained by Watanabet al. (Ref.

ber (Ref. 1).

20. Note that the parameters for the Si—
Si—Si triplet are different from those originally given by Stillinger and We-

Si—O-Cl and Si-O-F

hsisisi Asisisi 16.404
aSisisi 18
cosRsisi -13
asisisi 1.0
hsisio Asisio 10.667
[Eq. (4] Yisio 1.93973
Yg_isio 0.25
aSsio 19
a3sio 1.4
cos®isio -1/3
@sisio 1.0
Rsiosi Asiosi 2.9572
[Eq. (4] YZiosi 0.71773
aSios; 14
costRiosi —-0.6155238
asiosi 1.0
hosio Nosio 3.1892
[Eq. (4)] ¥3sio 0.3220
adsio 1.65
costsio —-1/3
aosio 10
hsioo™
hooo’
*hsio0=0.
Phooo=0.

TABLE VII. Parameters of the three-body potentials obtained by Stillinger
and Weber for Si—Cl system®efs. 1 and Rand by Feilet al. for Si—F
systemgRef. 3.

Si-0-Cl Si-O-F

hsicici Asicici 15 hger AsiFr 35

[Eq. (3)] Ygilmu 1.0 [Eq.(3)] 7§=FF 1.0
7§ii0|0| 1.0 7§iiFF 1.0
agi.C'C' 1.8 agiFF 1.8
Asicicl 18 asiFF 18

Psicisi Asicisi 50  hgirs AsiFsi 50

[Eq- 3] y3es 10 [Eq.-(]  ¥s 13
aSicis 18 aSksi 18

Psisici Asisicl 15 hsisi \sisiF 15

[Eq. (4)] )’%sm 1.0 [Eq.(4)] 7§=SiF 1.0
7§iisic| 1.0 VgiisiF 1.0
a(s:ilsicl 1.8 aEiSiF 1.8
asisicl 18 asisik 18
cosBigic —-1/3 cosqr -1/3
asisicl 1.0 asisie 1.0

haisici® Nesie”

heicier” Neee

hesicl(r S, 0) =[30(cosf—cos 103°F—0.5lexd 1/(r —1.8) + 1/ (s—1.8)]

Phegi(r,s, 6) = [ 24 (cosf—cos 103°F—3.2] exp[1(r—1.8) + 1/ (5—1.8)]

heicial(r,S, 0) =3(rs) ~2%6ex[{0.5795/¢ —2.0862)+ 0.5795/6— 2.0862)]
+23.778 (2.0-cog 0) exp[ 1.7386/ ¢ —1.6226)+ 1.7386/ 6— 1.6226)

Yheed(r,s, 0)=0.0818182(s) ~* exf{0.579 495/ — 2.086 182)+ 0.579 495/
(s—2.086 182) ]+ 19.1475(2.6-cog 0)exp[1.738 485/ ¢ — 1.622 586)
+ 1.738 485/6—1.622 586).
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TABLE VIII. Parameters of the pseudo-Moli potentials. APPENDIX A

i-i A B C. y ; a In Tables IV-VII , parameters of the previously obtained
/| ij ij ij Pij Gij ij . . . . -
potential functions for Si—F, Si—Cl, and Si—O systems are

Ar—Ar —5.64 0 0.835 0 4.27 1.6 : ;
Ar—Cl _5 47 0 0.818 0 4.05 1g Summarized for the convenience of the reader.
Ar-Si -4.90 0 0.766 0 4.18 1.6
Ar-F -3.73 0 0.665 0 4.05 16 APPENDIX B,
Ar—0 -3.46 0 0.641 0 4,02 1.6 The Moliere repulsive pair potentidiis given by
Ar-C -2.84 0 0.589 0 3.95 1.6 )
V(r)=222 10 35 0.3/a)
ry= .35exp—0.3/a
( 4'7780r { m

L . . . , +0.55exg—1.2r/a)+0.10 exp—6.0r/a)},
mixing caused by energetic Cl impacts. The Si sputtering

yield (i.e., the number of Si atoms removed from the targelWith

per ClI impac)t_ estimat_ed by the sim_ulatior(ave_raged over a=0.88530(Z}’2 + 25/2)72/3,

10-15 ML Cl impactsis 0.10 per Cl impact. This is close to

the Si sputtering yield of a SiQsurface by 100 eV pure CI and a,(=5.2917724% 10" ) being Forsov screening

injection (=0.11, as given in Ref. 21rather than that of the length and Bohr radius. He#®, andZ, are the atomic num-

same silicon surface by 100 eV pure Cl injectica@.46).  bers. To simplify the coding, we fit Eq2) to the Molige
Shown in Fig. &) is a typical Si surface upon which Potential and used the obtained “pseudo”-Motieto de-

100 eV O and Cl atoms impinge alternately. Despite the higﬁscribe interaction between Ar and other atoms. The fitting

oxygen impinging energy, the resulting surface structure igarameters are shown in Table VIII.

similar to that shown in Fig. @) after sufficient Cl and O 'F. H. stillinger and T. A. Weber, Phys. Rev. 3, 5262(1985; J. Chem.

fluence. The obtained Si sputtering yigjoer Cl impact is Phys.88, 5123(1988; Phys. Rev. Lett62, 2144(1989.
0.16, which is again close to the Si sputtering yield of SiO 2T. A. Weber and F. H. Stillinger, J. Chem. Phg®, 6239(1990.

surface by 100 eV pure Cl injection. We have also performed’H: Feil, J. Dieleman, and B. J. Garrison, J. Appl. P, 1303(1993.
MD simulations of SiQ etching by 100 eV Cl injection in an R. A. Stansfield, K. Broomfield, and D. C. Clary, Phys. Re\3® 7680

oxygen atmosphere, similar to those given in Fig. 8. It iSsg gmith, D. E. Harrison, Jr., and B. J. Garrison, Phys. ReviOB93

found that oxide etch rates are not much influenced by the (1989.

presence of extra Oxygen 6T A. Schoolcraft and B. J. Garrison, J. Vac. Sci. TeChnOIS,AG496
(1990; J. Am. Chem. Socl13 8221(1991).

M. E. Barone and D. B. Graves, J. Appl. Phyg, 1263(1995; 78, 6604

(1995.

1IV. SUMMARY 8B. A. Helmer and D. B. Graves, J. Vac. Sci. Technoll3, 2252 (1997%;
17, 2759(1999.

9
We have derived classical interatomic potential sets for, P- E- Hanson, A. F. Voter, and J. D. Kress, J. Appl. PI8.3552(1997).
P IioN. A. Kubota, D. J. Economou, and S. J. Plimpton, J. Appl. PB$s4055

Si-O-Cl and Si—-O-Fsystems that are suitable for MD (1ggg
simulation study for plasma—surface interactions during SHH. Ohta and S. Hamaguchi, J. Vac. Sci. Techno{uApublishedl
and S|Q p|asma or beam etching processes by ha|0g@hs 12p. C. Weakliem, C. J. Wu, and E. A. Carter, Phys. Rev. L&%. 200

or F). The new results are summarized in Tables | and II. Welsgggzweak"em and E. A. Carter, J. Chem. P88, 737 (1993

have also presented some MD simulation results for SizSiOw| g carter, S. Khodabandeh, P. C. Weakliem, and E. A. Carter, J. Chem.
selective beam etching and Si etching by a Cl beam in an Phys.100 2277(1994.
oxygen atmosphere. Details of MD simulations for the'’D- E. Hanson, A. F. Voter, and J. D. Kress, J. Chem. Pl 5983

. . . (1999; J. Vac. Sci. Technol. A7, 1510(1999.
former have been given in Ref. 11. As demonstrated in OUfsC"F"Aprams and D. B. Graves, J. Vac. Sci. TechnoL6A3006(1998.

simulations as well as earlier simulation results by various’a kubota and D. J. Economou, IEEE Trans. Plasma &%i1416(1999.
authors, atomic—scale MD simulation is a useful techniqué?G. J. Kramer, N. P. Farragher, B. W. H. van Beest, and R. A. van Santen,
that helps us understand surface reaction dynamics duringPnys- Rev. B43, 5068(1991.
plasma processing 20Z. Jiang and R. A. _I_Brown, Phys. Re\{. Letd, 2_046(1995. _
) T. Watanabe, H. Fujiwara, H. Noguchi, T. Hosino, and |. Ohdomari, Jpn. J.
Appl. Phys. Lett.38, 366(1999.
21|, Torrens,Interatomic potential§Academic, New York, 1972
223, B. Foresman and A. FriscExploring Chemistry with Electronic Struc-
ture MethodgGaussian, Inc., Pittsburgh, 1996
. . . BW. H. Press, S. A. Teukolsky, W. T. Vetterling, and B. P. Flannery,
This work was supported in part by Semiconductor nymerical Recipes in @Cambridge University Press, 1988
Leading Edge Technologies, INGELETE. 245. C. McNevin, J. Vac. Sci. Technol. & 1185(1990.

ACKNOWLEDGMENT



