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Molecular dynamics simulation of silicon and silicon dioxide etching
by energetic halogen beams

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

(Received 20 December 2000; accepted 21 May 2001

Molecular dynamics simulations of silico{8i) and silicon dioxide (Si§) etching by energetic
halogen(fluorine or chloring atoms in the energy range of 50—150 eV are performed using new sets
of interatomic potentials for SIO—F and Si—O—Csystems. Etch rates and selectivities obtained
from numerical simulations are compared with available experimental data. Etching mechanisms in
the atomic scale, especially the difference between chlorine and fluorine direct ion etching
characteristics, are discussed on the basis of the simulation result200® American Vacuum
Society. [DOI: 10.1116/1.1385906

[. INTRODUCTION with experimental data than those obtained based on the
_ . . _ original potentialg®t’

It is of great importance in semiconductor surface pro- T the best of our knowledge, however, MD simulations
cessing to understand plasma-surface interactions in th& silicon dioxide (SiQ) etching by halogen atoms had not
atomic scale and to create a database for fundamental surfaggep, performed previously despite its importance as, e.g.
reactions. Such understandings can facilitate further progressyrq masks for Si etching processes. This is probably be-
in process technologies for submicron structures with nanog5,,se classical interatomic potentials for—©-F or
_scals_: accuracy. Unfortunately, (_jue to the difficulty qf preCiseSi—O—CIsystems were not previously available. Using pre-
in situ measurements of various surface reactions, OWjioysly available potentials, a few authors studied Ar sput-
knowledge of fundamental reaction dynamics on the surfacgsring of SiQ. 829N this article, we present MD simulation
is cgrrently Ilmlted..However, atomic-scale molecular dy- esyits for SiQ etching by halogen atoms. For this purpose,
namics(MD) simulations may be used to compensate for theye have constructed new sets of interatomic potentials for
lack of some experimental data and give insight into thegi_o_F and Si—O-Gdystems based on data obtained from
mechanisms of fundamental surface reactions. One of the first-principle quantum mechanical calculations and have
advantages of MD simulations is that one can perform congompletely rewritten our previous MD simulation c88éo
trolled “experiments” under ideal conditions in order to elu- incorporate multibody potentials.
cidate parti_cular aspects of reaction dynamics. I_:urthermore, The goal of this work is to understand details of silicon
a systematic parameter survey by MD simulations can bgnq silicon dioxide etching characteristics by energetic halo-
used to create a database for fundamental reactions cost &fens. In this work, we focus on direct ion etching, where all
fectively if the §imulation data are critically checked against,qactive halogen atoms are directed to the surface with con-
relevant experimental data. _siderable energies. Therefore, MD simulations presented

Oqe of the. most essgntlal and hardest tasks regardngere correspond to ion beam etching, rather than reactive ion
classical MD simulations is the selection and/or constructionsching (RIE), where low-energy background neutral atoms
of interatomic potentials representing the physical systems,qyering the surface play important roles in surface reac-
The classical interatomic potentials for Si—F and Si-Cl Sysyjons, Etch rates and selectivitigthe ratios of silicon to
tems were developed by Stillinger and Welséand by Feil  gyide etch rates which affect micron- or submicron-scale
etal,” respectively. Using these potentials, several authorgeatyre profiles, are obtained from numerical simulations.
p%rf?zrmed numerical simulations of silicon etching by Cl or\ye 3150 discuss etching mechanisms in the atomic scale
F.”~"“Improvement of these classical potentials for Si—F andyased on MD simulation results, especially focusing on se-

Si—Cl systems were also attempted. Weaklietal. and |ectivities and different characteristics between chlorine and
Carter et al. modified the original Stillinger—-WebefSW)  f0rine direct ion etching.

potentials by fitting the potential functions to data obtained

from th_e first-princ_iple quantL_lm mechanical calculatic_)nglll MOLECULAR DYNAMICS SIMULATION

and, using the modified potentials, performed more realistic

simulations for fluorine adsorption on Si surfa¢&s'® Han- To emulate the surface reactions just discussed by nu-
sonet al. also modified the SW potentials for Si—Cl systemsmerical simulations, we consider the following model. A
by adding embedded potential and four-body terms. Usingingle atom(either halogen or noble gass directed to the
the new potentials, they calculated Si etch rates by Cl, showtarget with the normal incident angle. In the present work,

ing the newly obtained etch rates are in better agreemerfi€ target is either Si or SiOIn ion beam experiments,
energetic ions impinging on the surface are expected to be

aElectronic mail: ohta@center.iae.kyoto-u.ac.jp neutralized right befor_e interacting with the target su_rface
YElectronic mail: hamaguch@energy.kyoto-u.ac.jp due to an Auger emission process. Therefore, in our simula-
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TasLE |. Binding energies and bond lengths are shown.

Binding energy

(eV) (kcal/mo) Bond length(A)
Si-Si 2.17 50.0 2.35
Si-0 4.14 95.4 1.61
Si—Cl 3.96 91.2 2.06
Cl-CI 2.47 56.9 1.96
CI-0 2.09 48.2 1.62
Si—-F 5.72 132 1.60
F-F 1.66 38.3 1.43
F-O 2.18 50.2 1.36

tions, only charge—neutral atoms are used as impinging spe-
cies. It is also assumed that the target surface is kept charge
neutral during the process. The energy range of impinging
atoms employed in our numerical experiments is 50-150 eV
and the target surface is initially kept at 300 K. For the sake
of simplicity, polyatomic species are not used for impinging
particles here.

To represent the aforementioned model numerically, we
use classical molecular dynami@D) simulation. The in-
teratomic potential functions are selected to reproduce bind-
ing energies, valences for covalent binding, and appropriate
structures of the materials with good accuracy. As in earlier
studies; 1%'?we employ the SW potentidis® to represent
interactions among Si and halogefsither F or CJ. To
model systems containing only Si and O, we use the poten-
tial functions obtained by Watanale¢ al?? In oxide etching
simulations by halogens, however, we need to deal with ter-
nary interactions among Si, O, and(@r Cl)' To the best of Fic. 1. The initial structure of a SiDtarget is shown. The simulation cell
our knowledge, there had been no available classical poteRontains 384 silicon atomélarge white sphergsand 768 oxygen atoms
tial functions to represent such interactions, so we have corismall gray sphergs
structed SW type interatomic potentials for-8l-F and
Si—O-Cl systems, which are summarized in Appendix A.

The potential functions were determined by nonlinearly fit-initial structures of the target are the diamond lattice for Si
ting appropriate functional forms to potential energy datawith the top surface bein@l00] and a relaxed amorphous
obtained fromab initio quantum mechanical calculations. structure initially arranged as the pseu@acristobalite for
The obtained potential functions are compatible with the SWSIO,. Figure 1 shows an example of such amorphous struc-
potentials for Si and halogen systems as well as the Si—Q@ures of the oxide target. Physical quantities such as sputter-
system potentials of Watanalee al??> The derivation of the ing yields are measured only after surface conditions reach a
interatomic potentials for SIO—F and Si—-O-Ckystems ‘“steady state” by sufficient particle bombardment. The
will be published elsewher€.The interatomic potentials be- simulation surface is a square of side length 21.@hk area
tween Ar and other atoms are modeled by the repulsive Mois 472 A% with a monolayer initially including 32 Si atoms
liére pair potentialé? Table | shows the energies and lengthsfor the silicon target and 32 Si and 64 O atoms for the oxide
of some representative bonds derived from the potentiaiarget. We have also increased the simulation area up to 737
functions used in our simulations. (=27.2) A? for some simulation runs and confirmed that the

The equations of motion based on the interparticle potensimulation surface size of 47¢=21.7) A? is sufficiently
tials just mentioned are solved numerically with variablelarge to guarantee that obtained sputtering data are essen-
time steps determined from the velocity of the fastestially independent of the area size under sputtering condi-
particle?® The typical time step in our simulation is 0.2—0.5 tions employed in this work. Initially, the target materials are
fs which is small enough to guarantee good conservation cfomposed of 16 monolayers for §Sie., 512 Si atomsand
total energies of isolated systems. As shown in Fig. 1, thd2 monolayers for oxidéi.e., 384 Si atoms and 768 O at-
target material is placed in a simulation cell with periodic oms, totaling 1152 atomsthe depths of which are 21 A for
boundary conditions imposed in the horizontal directionsSi and 32 A for oxide. Energetic particles are injected from
The atoms in the bottom layer are rigidly fixed to prevent therandomly chosen locations just above the target in the direc-
drift of the whole cell by the particle bombardment. The tion normal to the surface. It is sometimes more convenient

J. Vac. Sci. Technol. A, Vol. 19, No. 5, Sep /Oct 2001
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to measure the dose of impinging particles in units of mono- In etching simulations, we sometimes observe large clus-
layer (ML), with 1 ML corresponding to 32 impinging par- ters of atomgi.e., molecules or radicglsare desorbed from
ticles in both Si and oxide cases in our simulation. The bomihe surface. Although such events are not so frequent, even a
bardment process by a single energetic particle is thesmall number of such clusters can significantly increase sput-
repeated about 1000 timése., about 31 ML to increase tering yields since the number of atoms constituting such
statistics for the measurement of macroscopic parametegdusters can be very large. Desorption of large molecules and
such as sputtering yields. clusters may indeed occur in actual etching processes. How-
Most transient etching processes such as breaking and regver, we think it is much less frequent than we observe in our
ormation of bonds by particle bombardment typically occurnumerical simulations since, as we have noted, surfaces ob-
within a picosecond. On the other hand, under ordinarjained in MD simulations may be rougher than the actual
plasma processing conditions, the interval between two sugurfaces, i.e., surface atoms in MD simulations may be less
cessive ion injection into such a small simulation surfacefirmly bonded. In what follows, therefore, we define the
area is of order Jus. Therefore, each ion bombardment maysputtering yieldY of Si from the Si or SiQ surface as the
be considered as an independent process. To simulate su@Hmber of Si atoms desorbed in the form of i@ SiCLO,
independent processes efficiently, for the first 0.7 ps after afk andy=0) par Climpact(SiF or SiFO, par F impack In
energetic particle hits the surface, the motion of all particlether words, we ignore desorbed clusters containing more
are solved numerically except for those on the rigidly fixedthan two Si atoms in evaluating the sputtering yield. In this
bottom layer. Then, we apply artificial cooling to all the sense,.yleld.( defined here gives a lower bound of the act'ual
particles for 0.3 ps, using Berendsen’s heat removafPuttering yield. However, as we have observed in our simu-
schem& with a coupling constant of 2:010" s, At the Iat!ons and as also delrgcln?strated in earlier Si etching simu-
end of the cooling process, a new energetic particle is dilations by Hansort al,™ ™" desorbed products are predomi-

rected again to the surface and the whole simulation cycle j§antly clusters containing single Si atoms. Therefore,
repeated. Etching products—defined (akisters of atoms sputtering yieldY thus deflr_1ed is expected to be sufficiently
that are isolated from the surface and have momentum in th@0S€ 10 the actual sputtering yield.

direction away from surface—are automatically detected and

recorded during simulations and then removed from thé”' RESULTS AND DISCUSSION

simulation cell at the end of each simulation cycle. To avoidA. Si etching

depletion of simulation particles, a new layer of atoms is . . , o
automatically added to the simulation cell from the bottom Molecular dynamics simulations for halogen/silicon etch-
accasionally ing have been performed extensively by many

Th ; dit v infl tering vield authors~191216.19;sing various potential forms and different
€ Surface conditions greatly influénce Sputlering y1€ldSy, , 4 -e conditions. In order to evaluate Si and,3@h rates

Qne of the crlt_lcal 'Sfues, pe”rtalnmg tg such MD, S|mulat|onson the same footing so that we can obtain the selectivity
is how to obtain the “typical” surface in an etching process.

_ ) self-consistently, we have also performed MD simulations
As we have mentioned earlier, we start from a clean targef, g etching with the SW potentials. Table I lists Si sput-

surface and continue to bombard the surface until we observtr%ring yields for silicon and oxide targets obtained from our
the surface roughness and properties of the halogenated lay@ih simulations. Sputtering yiel is defined in the preced-

(in the case of halogen bombardmergach a steady state. ing section. For comparison, we also list yiéfd, which is
We measure physical quantities such as etch rates only aftggfined as the number of Si atoms desorbed in the form of
surface conditions reach such a steady state, which is typjsters containing up to 2 Si atonfe.g., clusters such as
cally after bombardment of about 10 ML atoms. SinCl, or Si;ClO, with m=1 and 2 for CI impadt par
The question then arises whether the surface conditions ifﬂnpact atom. ClearlyY<Y,. As we discussed previously,
such steady states actually represent the typical surface CORowever,Y, may overestimate the actual sputtering yield.
ditions. It is not easy to answer this question since we artiThe sputtering yields due to pure physical sputtering, i.e.,
ficially cool the surface 0.7 ps after each ion impingementgpyttering by Ar atoms, are also listed in Table Il. Large
which quenches the surface morphology quite rapidly. Suclputtering yields for halogens are generally attributed to
artificial cooling processes are necessary in MD simulationghemical effects, as we shall discuss momentarily.
to prevent the simulation system from being unrealistically The sputtering yields presented in this work are obtained
heated up. In a real system, however, the energy deposited by averaging the yield values from the 321st to 960th impact
a small region near the surface dissipates by phonon propat1-30 ML rung. The surface may be considered to have
gation and thermal diffusion. These dissipation processegached the steady state(@ the depth of halogenated layer,
take place in a much longer time scale than the artificialb) fractions of each element in the halogenated layer, and
cooling process, which lasts only for 0.3 ps in our simula-(c) the number of halogen§.e., halogen conteptin the
tion. Of course, it is not practical to simulate such long-timesimulation cell are all observed to become almost constant.
dissipation processes directly by MD simulations. ThereforeThis typically occurs after 10 ML atomic bombardment in
steady-state surfaces obtained in our MD simulations may beur MD simulations, as mentioned before. The values of
somewhat rougher than the actual surfaces during etchin@—(c) mentioned in steady states averaged over 11-30 ML
processes. simulation cycles are given in Table Ill. Here, the depth of a

JVST A - Vacuum, Surfaces, and Films



2376 H. Ohta and S. Hamaguchi: Energetic halogen beams 2376
TaBLE Il. Silicon sputtering yields obtained from MD simulations under 1
various etching conditions are shown. Sputtering yi¥ttenotes the number 0.9
of Si atoms desorbed from the surface in the form of, SICSIC,O, (SiF, 0.8
or SiFOy) per impact atom. For the definition %, see the main text. The :
yields are averages over 321-9@01—-30 ML) impact runs. 0.7 8;
. L 2 ‘_f:’: .
Target/Beam Y Y, % g g . ﬂ;:.,—,f
Si/CI 20 eV 0.10 0.13 > 04 b:_,.ﬂ""f,x" (2
Si/Cl 30 eV 0.16 0.19 03 -7 e /;’ *C1
Si/CI 50 eV 0.26 0.31 g8
Si/CI 100 eV 0.46 0.57 02 o0 + A A
Si/Cl 150 eV 0.67 0.84 0.1 o’ e S 1
Si/F 50 eV 0.42 0.47 0 . Y had . .
Si/F 100 eV 0.51 0.60 0 50 100 150
SilF 150 eV 0.62 0.75 energy (eV
SiAr 50 ev 0.011 0.011 Fic. 2. Silicon sputtering yield&given byY in Table 1I) of the silicon target
2:;2; 128 zx 8(1)24 8228 for CI (O), F (OJ), and Ar(A) beam etching are shown. Experimental data
Si0,/Cl 50 eV 0.020 0.023 for CI* beam etching by Chang and SawiRef. 2§ and chlorine plasma
. ’ ’ etching by Holbeet al. (Ref. 29 are denoted b®’s and 4 's respectively.
SiO,/CI 100 eV 0.11 0.13 R ) ;
SI0,/Cl 150 eV 015 021 E)fperlmental data for Si sputtering t‘>y Ar b(_eams are der.loteeklsy[ob-'
. tained by Changt al. (Ref. 30] and +’s [obtained by Tachi and Okudaira
3!02/': 50 ev 0.12 0.16 (Ref. 31)]. The dashed, dotted—dashed, and dotted curves are yield fitting
S!OZIF 100 ev 0.20 0.25 curves for Cl, F, and Ar beam etching processes, respectively, as given in
SiO, /F 150 eV 0.22 0.30 the main text.
SiO, /Ar 50 eV 0.0031 0.0031
SiO,/Ar 100 eV 0.039 0.045
SiO, /Ar 150 eV 0.067 0.092

parameters ard=0.0382 andB=—3.73 for F,A=0.0723
andB=23.29 for Cl, andA=0.0268 andB=6.72 for Ar. If
B=0, the threshold energy is given B,=B? and we have

halogenated layer is defined, for the sake of simplicity, as thgptainedE,~11 eV for Cl andE,;~45 eV for Ar.

and the atom of any kind located in the highest position ofyjgq plotted in Fig. 2@'s denote data from Clbeam etch-

the target. ing by Chang and Sawifi and #’s from chlorine plasma
Figure 2 plots the sputtering yield¥'in Table Il) for Si  etching by Holber and Forstét. Experimental data of Si

targets. HereO, [, and A indicate the Si sputtering yields yields by Ar beam etching are denoted Bys (obtained by

by CI, F, and Ar impact, respectively. We note that theseChanget al)® and +'s (obtained by Tachi and Okudaiyd

values are in good agreement with earlier simulation resultgy,; simulation results are shown to be in good agreement

given in Refs. 7, 9, 16, and 17. The fitting curves shown inyjith the experimental data. The simulation results show that

Fig. 2 are based on the functidRef. 27 Y=A(E'*~B),  sputtering yields by F impact are larger than those by Cl

whereE is the incident energy in eV and the obtained fitting impact in the energy range less than around 120 eV and are

smaller in the higher-energy range. This is consistent with

T i Hal ed | denths. fracti ol i the hal experimental observations by Tachi and Okud&ir&uch a
ABLE Ill. Halogenated layer depths, fractions of elements in the haloge- . . . . )
nated layers, and halogen contents in the simulation cell obtained from MEFFOSSOVGI‘ of sputtering yields may be explained in the fol

simulations. The values are averages over 321-@606-30 ML) impact owing manner.

runs.

Fraction of Elements

As the Si—F and Si—CI bond lengths given in Table |
indicate, the size of a fluorine atom is much smaller than that
of a chlorine atom. Therefore, with the same impact energy,

Target/Beam Depthd) Si  ClorF O ClorFcontent fluorine atoms can penetrate the Si target more deeply than
SICl 20 oV 13 065 035 53 (L7 ML) c_hlorlne atoms. I_n add_mo_n, the Si—F binding energy is
si/Cl 30 eV 15 067 033 56 (1.7 ML) higher than the Si—Cl binding energy, so F atoms are more
Si/Cl 50 eV 23 0.82 0.18 62 (1.9 ML) easily bound by Si atoms once they are in the Si target. This
Si/Cl 100 eV 27 083 017 60 (1.9 ML) is consistent with thab initio calculation results by Seel and
SIfCl 150 eV 32 084 016 68 (2.1 ML) Bagus®2 which have shown that the penetration energy bar-
SIIF 50 ev 31 0.75 025 107(3.4 ML) rier into Si clusters is significantly higher for Cl than that for
Si/F 100 eV 43 074 0.6 155 (4.8 ML) )

Si/F 150 eV 49 080 020 - 141(4.4 ML) F_. These effects result in det_eper halogenated Iayers and
Si0,/Cl 50 eV 13 027 023 050 5@.8ML) higher halogen concentrations in the layers for sputtering by
Si0,/Cl 100 eV 28 029 016 055 92.9ML) F atoms, as shown in Table Ill. Note that, in halogenated
SI0,/Cl 150 eV 27 030 015 055 62.2ML) layers, many Si bonds are terminated by halogen atoms in
SI0,/F 50 ev 23 026 022 052 1186ML) such a way that Si atoms are more weakly bound with other
Si0, /F 100 eV 29 028 020 052 103.3 ML) ; . .
SiO, /F 150 eV 38 030 018 053 198.9 ML) Si atoms and therefore more likely to be removed by atomic

J. Vac. Sci. Technol. A, Vol. 19, No. 5, Sep /Oct 2001
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0.3 T T v B. SiO, etching
The sputtering yieldsY in Table Il) for oxide targets are
,,,,, ol plotted in Fig. 3. HereO, [, and A denote Si sputtering
0.2 E,L,-"’/ 1 yields by CI, F, and Ar impact, respectively. As in Fig. 2, the
o P . functional form Y=A(EY>-B) was used to fit the yield
2 P /,/’ﬁ data, where the fitting parameters afe=0.0203 andB
04 /_/ﬂ cl 9,// ] =0.850 for F, A=0.0256 andB=6.11 for Cl, and A
' < tad ) =0.0124 andB=6.83 for Ar. The estimated threshold en-
//” a AL .. b ergy isEu(=B?)=37eV for Cl andE,=47 eV for Ar.
& e The Si sputtering yields of oxide by Ar impact obtained
0 o . . from our simulations agree with earlier MD simulation re-
0 %0 energy (9\1/())0 130 sults based on different interatomic potentf@©ur estimate

of the oxide etching threshold ener&y,~=47 eV is in good

Fic. 3. Silicon sputtering yield&given byY in Table Il) of the oxide (SiQ) agreement with that by Holber and ForsteiOostraet al.
target for CI(O), F (L), and Ar(A) beam etching are shown. The dashed, haye glso confirmed experimentally that oxide etching does
dotted—dashed, and dotted curves are vyield fitting curves for Cl, F, and Ar . . e
beam etching processes, respectively, as given in the main text. not occur for A impact with normal incidence at about 50
eV.® Note that sputtering yields by Ar beams for Si®
much smaller than that for Si since the Si—O binding energy
hanced by chemical reactions are called chemical sputterings significantly higher than the Si—Si binding energy.
In the low-energy regime, impinging F atoms have higher Since in the bulk of Si@each silicon atom has four Si—-O
sputtering yields than Cl atoms since F atoms can form moreovalent bonds whereas each oxygen atom has only two,
effective halogenated layers. oxygen atoms can be more easily removed by physical sput-

In the higher energy regime, both Cl and F atoms cartering than silicon atoms. In the early stage of simulation
halogenate the target surface sufficiently. However, as showwhere a clean SiQtarget surface is subject to the atomic
in Table 111, the depth of the fluorinated layer is much largerbombardment, we observe that more oxygen atoms are re-
than the chlorinated layer for the same impact energy. Inmoved from the surface than Si atoms. A similar phenom-
other words, with the same impact energy, an impinging Fenon was observed in earlier MD simulations for Ar sputter-
atom travels longer in the deep fluorinated layer before reing of oxide targetd®?°In the case of halogen sputtering, the
leasing its kinetic energy completely whereas an impingingemaining excessive silicon atoms on the surface are then
Cl atom releases most of its kinetic energy in the shallowemoved efficiently by the combination of physical and
chlorinated layer. Therefore, the incoming kinetic energy ischemical sputtering, as in the case of silicon etching by halo-
more efficiently used to break surface bonds in the case of Gjens. In steady states, physical sputtering of oxygen atoms
sputtering, which results in higher sputtering yields for Cl inand physical/chemical sputtering of Si atoms are balanced.
the high-energy regime. The fact that oxygen atoms are more easily removed from

Fic. 4. Typical surface structures during 50 eV Cl beam
etching; the S{a) and SiQ (b) targets are shown. Large
white spheres are Si atoms, small gray spheres are O
atoms, and large black spheres are Cl atoms.

(a) (b)

JVST A - Vacuum, Surfaces, and Films
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Fic. 5. Typical surface structures during 100 eV F
beam etching; the &) and SiQ (b) targets are shown.
Large white spheres are Si atoms, small gray spheres
are O atoms, and small black spheres are F atoms.

(a) (b)

the oxide surface during Ar impact accounts for our obserhand, the Si—Cl binding energy is slightly lower and the
vation that the sputtering threshold energies for Si and, SIOCI-O binding energy is much lower than the Si—O binding
targets are almost the sarfiee., 45—47 eV. The threshold energy, so that Cl atoms terminating Si bonds in Sebgets
energy of Si sputtering from an oxide target is essentiallyare less stable. It follows that less energy is required to re-
determined by that from the pure Si surface since the Smove Si atoms by atomic bombardment from Si targets than
concentration is significantly higher on the oxide surfacefrom SiO, targets.
than that in the bulk under Ar bombardment. As in the case of Cl beam etching, F atoms also have
It is shown in Fig. 3 that the threshold energy of oxide more difficulty penetrating Si©targets than Si targets. Fig-
etching by Cl impact is close to that by Ar sputtering. This isures %a) and 5b) represent typical Si and SjCsurface
because oxide etching by Cl is almost pure physical sputterstructures during 100 eV F beam etching. It is seen that, at
ing in this energy regime. Figure 4 shows typical surfacel00 eV impact energy, the thickne@s., depth of the flu-
structures during 50 eV Cl beam etching. Figuréa) 4nd  orinated layer is much larger for Si than that for Si@hich
4(b) show Si and SiQtargets. It is seen that, at 50 eV impact is also shown in Table Ill. Unlike Cl beam etching of oxide,
energy, most of the Cl atoms stay on the top of the oxideghe Si—F binding energy is higher than the Si—O energy, so
target whereas a significant number of Cl atoms penetrate that F atoms terminating Si bonds in oxide are somewhat
few monolayers of the Si target. The difficulty for Cl atoms more stable than Cl atoms in oxide. This stronger chemical
to penetrate the oxide may be caused by the fdgtthat the  effect of F may account for higher yieldé observed for F
Si—O bond length is much smaller than the Si—Si bondbeam etching of oxide, as well as our observation that etch-
length so that there is less room for Cl atoms to go through inng products contain more halogen atoms per Si atom for F
the oxide target and2) that the Si—O binding energy is beam etching than Cl beam etching with the same incident
much higher than the Si—Si binding energy. Therefore, aenergy. The stoichiometry of etching products is shown in
around 50 eV, impinging Cl atoms have only minor contri- Fig. 6.
butions to weakening Si—O bonds near the surface, resulting To represent silicon-oxide selectivities, we use the ratios
in little chemical enhancement for sputtering yields. As theof sputtering yields, rather than the ratios of etch rates. The
Cl impact energy increases, however, Cl atoms penetrate thratios of sputtering yields are calculated from sputtering
target more deeply and chemical enhancement of sputteringeld data in Table Il and listed in Table V. Hefdenotes
yields increases. For Si etching, however, the chemical erthe ratio of Si sputtering yield of the Si target to that of the
hancement of sputtering yields by Cl is much more signifi-SiO, target with yield values taken froMin Table Il. Simi-
cant than for Si@etching and thus sputtering yields of Si are larly, S, denotes the same ratio with yield values taken from
higher. This is because the Si—Cl binding energy is almosY, in Table Il. Figure 7 plots yield ratid& for the three
twice as large as the Si—Si binding energy, so that Cl atomdifferent cases: QlO), F ((J), and Ar(A) beam etching. The
terminating Si bonds are stable in Si targets. On the othelfitting curves are obtained from the ratios of fitting curves
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sputtering yields
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Si/ Cl100eV |
Si/Cl150eV |

Si/F 50eV |
Si/F 100eV |
Si/F 150eV |

Si/Ar50eVv |
Si/ Ar 100eV
Si/ Ar 150eV

si02/C150eV |

$i02/ Cl 1006V
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§i02/ Cl 150eV

Si02 / F 50eV
SiO2 / F 100eV
§i02 / F 150eV
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o

Si02 / Ar 50eV
Si02/ Ar 100eV :|
Si02 / Ar 150eV :|

0 Si (SiOy)
B SiCl (SiCIOy) or SiF (SiFOy)

ESICI2 (SiCI20y) or SiF2 (SiF20y)
B SiCI3 (SICI30y) or SiF3 (SiF30y)
mSiCl4 (SICHOYy) or SiF4 (SiF40y)

Fic. 6. Stoichiometry of etching products is shown. The horizontal axis

represents the sputtering yield of each clugges denotedthat contains a
single Si atom, i.e., the number of such clusters per incident atom.

TasLE IV. Silicon—oxide yield ratiosS calculated from simulation datd
given in Table Il are shown. Similarl, are ratios calculated fror, in
Table Il.

Beam S S,
Cl 50 eV 13 13
Cl 100 eV 4.2 44
Cl 150 eV 4.5 4.0
F 50 eV 35 2.9
F 100 eV 2.6 2.4
F 150 eV 2.8 25
Ar 50 eV 35 35
Ar 100 eV 2.2 2.0
Ar 150 eV 22 1.7
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Fic. 7. Si—oxide yield ratiogSin Table 1V) for Cl (O), F (O), and Ar(A)

beam etching are shown. The dashed, dotted—dashed, and dotted curves are
fitting curves for yield ratios in Cl, F, and Ar beam etching processes,
respectively, which are the ratios of the corresponding yield fitting curves
given in Figs. 2 and 3.

shown in Figs. 2 and 3. The results presented here are similar
to the observations in RIE experiments by Oostral >3

In summary, we have performed MD simulations for sili-
con and silicon dioxide etching by energetic halogérsor
Cl), using new sets of interatomic potentials representing
Si—O-F and Si—O-CGdystems. Sputtering yields for silicon
and oxide targets have been obtained from the MD simula-
tions, which are in good agreement with experimental obser-
vations. Our MD simulations have also shown different tar-
get surface structures for fluorine and chlorine beam etching
processes, which are essentially accounted for by the differ-
ence in atomic size and binding energy between fluorine and
chlorine.
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APPENDIX A

In this appendix, we present the potential functions that
we used in the MD simulations. Following Stillinger and
Weber! we assume that the total potential energy of the
system is given by

d>, vz(i,j)+i<]2<kv3(i,j,k). (A1)

i<j

Here,v,(i,]) is the pair-like interaction having the form

o Py d Cij
va(1, ) =g, DA;(Byr ™ —ry ™) exg —— —
1 1

(A2)

andv,(i,j)=0, otherwise. Byrj=|r;—r|, we denote the
distance between theth andj-th atoms located at andr; .

The parameterd;, Bj;, Cj;, pij, 0, anda;; depend only
on the element types afth andj-th atoms. The “bond-

if rij<aij ,



2380 H. Ohta and S. Hamaguchi: Energetic halogen beams 2380

TaBLE V. Parameters of the interatomic potential functions for CI-O and TaeLE VI. Parameters of the three-body interatomic potential functions for

F—O systems are shown. Si—O—-Cl(or F) systems are shown.

Si—-0-Cl Si—-O-F Si—-0-Cl Si—-O-F

Uclo AClO 71.0 UFo AFO 142.5 hSiCIO }\siclo 214 hSiFO )\SEFO 1070

[Eq. (A2)] Beo 0471  [Eq.(A2)] Bgo 0.2772 [Eq. (A9)] 2o 112 [Eq.(AD)] Y3k 0.908
Ccio 3.55 Cro 4.111 YScio 3.24 YSFo 4.45
Pcio 3.13 Pro 3.0 g0 1.8 adro 1.6
Slele} 1.53 Aro 1.0 aScio 18 agro 1.6
acio 18 aro 16 hecisio Acisio 335 Pesio AEsio 3.13
Rcio 1.0 Rro 0.9 [Eq.(A5)]  ySsio 0.295 [Eq.(A5)] 7yEsio 0.424
Deio 0.1 Dro 0.1 Yasio 1.63 Yoo 1.22

Peicio Agoo 1170 Pero NeFo 1.135¢10° adsio 1.4 afsio 1.4

[Eq. (AD)] ¥gico 397 [Eq.(A4)] ygo 1344 850 14 aSs0 14
Yecio 3.24 Yero 3.441 costsio 0.0575 costsio 0.396
allcio 2.0862 afeo 2.0862 acisio 2.31 arsio 3.15
adicio 18 dero 16 Psioci Asioc 10.3 Nsior Asior 47.8

Pcioci Acioc 78.3 Pror Neor 4720 [EQ. (A5)] 2o 0.723 [Eq.(A5)] 2o 0.653

[Eq. (A5)] 3o 1.83 [Eq. (A5)] yEor 3.608 YSoc 0.564 Yeior 1.56
aCioc 18 aror 16 @ocy 1.4 a3or 1.4
cos@ogq —0.221 costlor —0.048 24 allog 14 afor 14
@ciocl 1.0 @FoF 1.285 cosoe  —0.438 costior —0.263

hocio Nocio 1.66x10° horo Noro 3.092x10* asioc 1.05 asior 1.18

[Eq. (A4)] ¥8cio 578  [EQ.(A4)] ¥geo 4.280
aocio 1.8 ag,:o 1.6

hecioo” h!:oob

R The obtained parameters are listed in Tables V and VI. The

b cog=0. employed energy and Igngth units are '50.0 kcal/if@o17
eV) and 2.0951 A. Details of the derivation of these param-
eters will be published elsewhefe.
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