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Molecular dynamics simulations of the reactions between gaseous fluorine atoms ajda@brbates on

the S{100-(2 x 1) surface are performed using the SW potential with the WWC reparameterization. The
objective of the simulations is to determine how the chemical composition and energy distribution of the
etched gas-phase products depend on the identity of the reacting adsorbate. Reactions of normal incident
fluorine atoms with Sik; SiF,—SiF;, and Sikh—SiF,—SiF; adsorbates are simulated at incident kinetic energies
from 3.0 to 9.0 eV. Sikis the major product in nearly all cases. Ax28ike mechanism is responsible for

the formation of Sil, SiFs, and SiFs. In addition, at 7.0 and 9.0 eV, the simulations have discovered a
previously unknown mechanism for the formation of Siwhich involves an insertion between a silicon
silicon bond. The simulations predict that radical species are formed predominantly from fragmentation of
the higher mass etched products with only a few being formed directly from the reaction between the incoming
fluorine atom and the adsorbate. Comparisons are made to experimental data on-Bilimane etching

with both thermal and hyperthermal fluorine atoms.

I. Introduction top portion. This experimental data further supports the
hypothesis by Schoolcraft and Garrison that the reactive layer
is composed of tower-like adspecies of SiF and,SjFoups
terminated by Sifgroups? SiF,; is formed when a fluorine

Fluorine atoms are thought to be the primary reactive agents
in silicon etching by fluorine plasmas, a process important in

the fabrication of microelectronic devices. Consequently, much atom abstracts a terminating Sigroup, SiFs is formed when

fﬁ(perlminta_l and ftheorentc_al w%rkt\:llas fﬂfused on zlumd_?tmg a fluorine atom abstracts SiFSiFs, and SiFs is formed when
e mechanisms for reactions between fluorine and a silicon , g 1orine atom abstracts SIFSiFo—SiFs.

surfacel A better understanding of the surface reactions
responsible for siliconfluorine etching can be applied to

improving methods for the production of microelectronic
devices. Recent experiments show that spontaneous silicon
fluorine etching occurs at room temperature with a small reaction

probability estimated to be less than 00S5iF, is the major of SiFs and Sib—SiFs groups. Sib, SiFs and SiFs were

product with SjiFs and SiFs as minor products* Small
- . observed as thermal products. The hyperthermal products are
amounts of radicals are also observed. The relative amountsthought 0 be either Sifor vibrationally excited SiFand Sif,

of the gas-phase products depend on both surface conditions T ical K has f d h i inii

and the etching species. A higher proportion eFsand SiFg eoretical work has focused on the use Initio

are observed with fluorine atoms than withd? XeF,. Products calculations and molecular dynamics simulations to study
reactions between silicon and fluorine. A potential energy

are formed when an incoming fluorine atom reacts with a ¢ . ith bod dth bod del sili

fluorosilyl layer and ruptures silicersilicon bonds. Interest- glnctlonﬂwn . twc; ody an ;"?I‘?' oﬂy terms to model si fon

ingly, experiments suggest that reactions within the fluorosily! E' |con0,| uc;rlne(—j glogn.ﬁ., andsi 'g?;; tl)JorlnSe |nt5er$(r:]t|or;]s as

layer do not make a significant contribution to spontaneous 2€€n developed by Stillinger and Weber (SW)> The three-

etching at room temperatute. b_o_dy terms are necessary to m_odel the tetrahedral bondl_ng of
Experiments have determined that the reactive fluorosilyl ﬁgsgnuggg ff:lécgwlg?);frftiZngIE%y ?Sr:];?(l)g?(f)t ggt(jer(r;nai‘;rés?hne

. : . ; et
layer is composed of SiF, SiFand Sik groups>® Lo etal i) cickine brobability of F atoms on the clean{$DG-(2

studied the reaction between Xe&nd the Si111}-(7 x 7) o : .
surface. They have concentrated on elucidating the mechanisms" 1) surface and got good guantitative agreement with experi-

: - .- ment!® In a later paper, they simulated the initial stages of
responsible for the observed etching products by determining . ! !
the structure of the reaction layer as the reaction procé&ds. _etc_hlng of th_e 110G -(2 x 1) surface by ?."0 eV normal
By using SXPS and PSD spectroscopies, they determined that,'nc'd(.ant fluorine atqm_g. Schoolcraft and G‘T’“”SO” (_)bse_rved a
during steady-state etching, SiF and Sjfoups are in the lower reaction layer consisting of tower-like species of SiF ,S#ad

. ) ; . SiFs, which was also observed by Fedt al. in similar
portion of the fluorosilyl layer and the Syfgroups are in the simulations with chloriné? Schoolcraft and Garrison deter-

* Author to whom correspondence should be addressed. E-mail: .ml.ned that Sikis prOduced. by an P&"'k‘? meChamsm’ which
kdk@theory.cofc.edu. is in agreement with thab initio calculations of Garrison and

® Abstract published irAdvance ACS Abstractdfay 1, 1996. Goddardt® Their product distribution, 54% SiF35% SiR,
S0022-3654(96)00058-5 CCC: $12.00 © 1996 American Chemical Society

Experiments with hyperthermal fluorine atoms have recently
been performed by Giapis and co-workers, who have studied
the reactions between 4.8 and 6.0 eV fluorine atom beams and
(SiFy)n adsorbates on the silicon surfé€é! Their experiments
were with a thin fluorosilyl layer that most likely is composed
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7% Sik, and 4% other, did not agree with the experimental 0 R
distribution. They attributed this primarily to the fact that they
did not maintain maximum fluorine coverage during the
simulation and also to deficiencies in the potential energy
function. Recently, Barone and Graves have used the SW
potential to perform molecular dynamics simulations of low-
energy argon-ion bombardment of silicon layers while incor-
porating fluorine atoms into the reactive layér.They were
also able to obtain a reactive layer consisting of treelike
structures of SiF, Sif; and Sikz groups. Simulations by both
Feil et al}” and Barone and Grav¥sshow that etching with
ion bombardment produces pits in the surface which contain
buried silicon-halide species.

In order to change the SW potential to better model adsorption
reactions on the $100;-(2 x 1) surface, Weakliem, Wu, and
Carter (WWC) reparameterized the potential for the silieon

L - - .. Figure 1. Top view of the adsorbate and surface layer of the
fluorine interactions. They compared the SW potential with microcrystallite. Silicon atoms are the larger diameter spheres, and

ab initio data for the interaction of a fluorine atom with a cluster - f;orine atoms are the smaller diameter spheres. The adsorbate is shaded
to model the reconstructed silicon surf&€é! They found the a darker gray. (a) SiFadsorbate; (b) SiF-SiF: adsorbate; (c) SiF-

SW potential to be too repulsive for both adsorption of fluorine SiF—SiF; adsorbate.

on the Sf{100-(2 x 1) surface and for lateral interactions

between fluorines. In order to correct for this, the WWC The organization of the paper is as follows. Section II
potential was fit to 42b initio points on the energy surface in  describes the molecular dynamics simulations, the calculation
addition to the experimental gas-phase d&fd. With this of the reaction cross section, and the analysis of the products.
potential, Carter and co-workers studied the adsorption prob- In section Ill, the mechanisms for reaction, the reaction cross
ability of isothermal fluorine gas atoms, the initial buildup of section, and the energy of the products are presented. In section
the fluorosilyl layer?%2! and reactions of £molecules with a IV, the meaning and importance of the results are discussed in
clean surfacé223® |n addition, Schoolcrafét al. used both the  light of experimental data. Conclusions and a summary of the
SW potential and the reparameterized potential to perform aresults of the simulations are in section V.

study of the reactions of Fmolecules with a clean surfaée.

Previous molecular dynamics simulations of siliedhiorine II. Description of the Calculations
etChing have focused on the formation of the reactive flUOfOSi'y' Molecular dynamics are performed in which the reaction
layer. The molecular dynamics simulations presented in this petween an incoming fluorine atom and the reactive adsorbate
paper are unique because they focus on the last step of etchingjs simulated. In order to obtain a statistical distribution, 500
the reaction between gaseous fluorine atoms and reactivg(SiF  trajectories of each reaction are performed. The details of the
adsorbed species to produce gas-phase products. The objectiveimulations are described in section A. The analysis of the
of the simulations is to determine how the chemical composition simulations is described in section B. Three types of calcula-
and energy distribution of the etched gas-phase products dependions are described: the determination of the trajectory outcome,
on the identity of the reacting adsorbate. Molecular dynamics the calculation of the reaction cross section, and the analysis of
simulations using the WWC reparameterization of the SW the products.
potential are run for the following elementary reactions: F(g)  A. Molecular Dynamics Simulation. Molecular dynamics
+ SiRs(a), F(g)+ SiR—SiR(a) and F(gHt- SikR—SiFR—SiFs- is a method by which the motions of atoms during the course
(@). These adsorbates are chosen because they are thought i§f a chemical reaction may be followed as a function of time.
be the precursors to the observed products. Five hundredThe force on each atom is calculated using a potential energy
trajectories of each reaction are run at four kinetic energies of function, and then the motion is determined by Newton’s
the incoming fluorine atom brought in at normal incidence with equations of motion. The main advantages of the method are
3.0, 5.0, 7.0, and 9.0 eV. Experimentally, the kinetic energies that it can treat large systems and that it provides a dynamical
of fluorine atoms used in silicon etching have been determined picture as the chemical reactions occur. The reliability of the
to range from thermal, 0.026 eV, to 8.0 8¥.The reaction simulation is limited primarily by the accuracy of the potential
probability at room temperature is very small, which suggests energy function.
that it is the very high-energy fluorine atoms at the tail of the ~ The S{10G-(2 x 1) surface is modeled by a microcrystallite
Boltzmann distribution that are responsible for spontaneous consisting of six layers of silicon atoms with eight atoms per
etching. The simulations are run with higher incident kinetic layer that was used by Schoolcraft and Garrfsionprevious
energies in order to selectively sample these higher energymolecular dynamics simulations. The top layer of silicon atoms
atoms. The reaction cross section, energy distribution, andis reconstructed into dimers, and the dangling bonds of the
effective internal energy of each gas-phase product are detersurface silicon atoms are saturated with fluorine atoms. A
mined as functions of both the adsorbate type and the incidentsurface dimer is replaced with a (Rifadsorbate. The structure
kinetic energy. In addition, the mechanisms for the formation for each of the adsorbates is determined from previous simula-
of the etching products are elucidated ;Fgis the only product tions by Schoolcraft and Garrison of the initial stages of silicon
at 3.0 eV. At and above 5.0 eV, it is found that $iE the fluorine etching® Figure 1 shows the surface with the three
major product in nearly all cases. Furthermore, it has been different adsorbates, SjFSiF,—SiF;, and Sikb—SiF,—SiFs.
determined that radical species are formed predominantly from Initially, the surface is equilibrated at 300 K using an
fragmentation of etched products with only a few being formed algorithm based on the Generalized Langevin Equation (GLE)
directly from the reaction between the incoming fluorine atom to couple the surface to a heat bath that maintains the
and the adsorbate. temperature of the cryst&l. The bottom layer of atoms is rigid,
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and the next four layers of atoms are the stochastic region. A6
Details of the application of this method to the microcrystallite 9
of silicon have been described previoushf. The reaction with 10
the fluorine atom is fast{100-200 fs), and therefore, there is
not enough time for the energy released by the reaction to
dissipate through the crystal before the product desorbs.
Consequently, the results of the simulations with and without a
heat bath are very similar. Simulations with a larger crystal
are performed in order to check that the heat bath is functioning
properly. Periodic boundary conditions are applied in the
surface plane in order to model an infinite crystal. In order to
simulate experiment, both the initial vibrational phase of the 5 5 7
crystal and the initial coordinates of the fluorine atom are A

randomly sampled. Four incident kinetic energies for the Figure 2. Pictorial representation of the reaction cross section, which
fluorine atom, 3.0, 5.0, 7.0, and 9.0 eV, are used in the is the reactive area of the adsorbate id A top view of the Sik
simulations. The fluorine atoms are brought in at normal adsorbate is shown. A box is drawn around the surface area available

incid ith tto th f Five hundred traiectori to the incoming fluorine atom. The aiming points out of 500 that etch
InCidence with respect to the surface. Five hundred rajectorieS gie, are plotted as black points. The reaction cross section is the product

of each reaction are simulated. of the fraction of trajectories that etch with the surface area.

B. Analysis of the Results. 1. Trajectory Outcome The
three most common outcomes for the interaction of the fluorine A2 is used with SiE—SiF,—SiFs. Boxes to illustrate the
atom with the surface are no reaction, adsorption, and etching.sampling areas are shown around each adsorbate in Figure 1.
At higher kinetic energies, chemically-induced desorptionis also 3. Analysis of the Products When a fluorine atom is
observed in which adsorption of the incoming fluorine atom determined to have etched the surface, the etched product is
induces desorption of adsorbate atoms from the surface. Theanalyzed by collecting the coordinates of all atoms above the
trajectory is terminated when one of these four outcomes is surface. The potential energy of these atoms is calculated and
determined: no reaction, absorption, etching, or chemically- is used to identify the product, and the coordinates of the product
induced desorption. A fluorine atom is determined to be are performed as an additional check, in which each coordinate
nonreactive when the potential energy of the atom is zero with is rendered as a sphere and the product is identified visually.

respect to the surface and the atom is moving away from the  The analysis of the energy distribution of the product is begun
surface. The silicorfluorine binding energy is 57 eV, and  when the molecule has a constant center of mass translational
therefore, a fluorine atom is determined to be adsorbed Whe”energy which is~12 A above the surface. The average total
its binding energy is greater than 5 eV and it remains on the ginetic energy and average potential energy of the product are
surface. When the binding energy of the fluorine atom is greater getermined from time averaging over500 fs. The internal
than 5 eV and its height above the surface is greater than 16 A,energy of the product is obtained by subtracting the center of
it is determined that the fluorine atom is part of a gas-phase mass translational energy from the total kinetic energy of the
etched product. The etched products are formed in two ways. molecule: Eit = Exn — Ecm.  The effective internal energy,

Most commonly, the incoming fluorine atom reacts _directly with Eefr, is @ measure of the stability of the gas-phase product. It is
the adsorbate to produced an etched product. At higher energiesgalculated ages = V(rij) + ke(rj) — Veq — Ediss?” V(rj) and
the incoming fluorine atom Occasionally reacts with a mono- kdru) are the potentia| energy and kinetic energy of the product
fluorinated silicon to form Sif: relative to the center of mas¥,is the potential energy of the

2. Reaction Cross SectionThe reaction probability is product in its equilibrium configuration, arif;issis the energy
determined as the fraction of trajectories that etch. However, needed to break the weakest bond in the molecifg is
the reaction probability cannot be directly compared among determined by slowly reducing the temperature of the molecule
different types of adsorbates because each adsorbate has @ 0 K using an algorithm based on the GEEand then
different surface area. The reaction cross section, in units of calculating the potential energy with the resulting coordinates.
sguare angstroms, is the product of the reaction probability and The dissociation energy for a bond is determined as the
the surface area available to the incoming fluorine atom. As difference betweeNeq of the molecule anieq of the fragments
an example, Figure 2 shows a top view of the ;SiHsorbate after the bond is broken. Using the SW potential with the WWC
on the surface. A box is drawn around the area, 14.%tat parameterization, the silicerfluorine bond energy of SiFs
is available to the incoming fluorine atom. Five hundred determined to be 6.4 eV, the silicesilicon bond energy in
trajectories are run, and the aiming points of the incoming SiFe is 4.4 eV, and the siliconsilicon bond energy is 4.0 eV
fluorine atom that produce SjFare plotted. Only 19 of the  for SisFg. If Eef is greater than zero, the molecule has enough
500 trajectories etch, and therefore, the reaction cross sectiorenergy to dissociate and the product will fragment.
is (14.9 2)(19/500) = 0.6 A2 The reaction cross section 4. AE for F(g) + (SiF)n(a) — Gas-Phase Productsin order
measures the actual area of the adsorbate that is reactive aneb better understand the energetics of these reactions, the WWC
can be compared among different types of adsorbates. Whernreparameterization of the SW potential is used to calculite
the aiming points of the fluorine atom are sampled over the for each of the major reactions under studqE is calculated
entire microcrystallite, very few trajectories result in reaction. by subtractingVeq of the reacting surface from the sum\af;
By decreasing the sampling area to the area just around theof the final surface an/eq of the gas-phase product. In each
adsorbate, the effective reaction probability is significantly reaction, one siliconsilicon bond is broken and one silicen
increased so that more products can be examined. The samplindluorine bond is formed. Gas-phase data predicts an energy
area used with each adsorbate is chosen so that all possiblaifference of approximately-2.0 eV. Table 1 showAE for
etching trajectories are included. A sampling area of 129 A reactions on the surface. The reactions on the surface are more
is used with Sig, 39.3 & is used with SiE—SiF; and 40.8 exothermic than those predicted by gas-phase data.
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TABLE 1: AE for F(g) + (SiF)n(a) — Gas-Phase Products

reaction AE (eV)
F(9) + SiR(a)— SiF«(g) —4.6
F(g) + SiF—SiFs(a) — SiF4(g) —4.6
F(g) + SiF—SiRs(a) — SizFs(g) -5.8 5615 91 s
F(g) + SiF—SiF—SiR(a) — SiF4(g) -5.2
F(g) + SiF—SiF,—SiR(a) — SiFe(g) —6.9
F(g) + SiF—SiF,—SiR(a) — SisFs(g) -5.8

aThe WWC reparmeterization of the SW potential is used to
calculateAE for each chemical reaction. Details of the calculations
of AE are given in the text.

Ill. Results of the Simulations

145 fs 198 fs

A. Mechanisms for Etching. The mechanisms for etching  Figure 3. F and Sif form SiF, through an intermediate complex at
are determined by visually examining animations of the chemical 7.0 eV. Silicon atoms are the spheres with the larger radii, and fluorine
reactions produced usingMathematicanotebook specifically atoms are the spheres with the smaller radii. The pentacoordinated
designed for this purpo$é. The primary mechanism observed comp_l_ex slowly rotates so that the incomir]g fluorine atom can r_eplace
for the formation of each of the etched products is a-Bke the silicon-substrate bond and bond to &iR a tetrahedral position.
mechanism. At 7.0 and 9.0 eV, a secondary mechanism for
the production of Sikris observed in which the incoming
fluorine atom inserts between the silicesilicon bond.

1. F(g)+ SiRs(a). In agreement with previous simulatiohs,
the primary mechanism for the production of $Sif an $2-
like mechanism. In this mechanism, the incoming fluorine atom
approaches the middle of the adsorbate at an angle 680
respect to the siliconsubstrate bond that is broken. As a bond
forms between the incoming fluorine atom and the silicon atom,
the adsorbate inverts with respect to the plane containing the
three fluorine atoms. At 5.0 eV, fluorine atoms which approach
the center of the silicon atom of the Si&dsorbate are the most
reactive and produce Sjfby an $2-like mechanism, while
fluorine atoms that approach the surface around and/or near the
adsorbate fluorine atoms are nonreactive. At 7.0 and 9.0 eV, 5k et
the incoming fluorine atom has a greater amount of kinetic Figure 4. Displacement-type mechanism for the formation ofs%if
energy to overcome repulsion from the adsorbate fluorine atoms,f7|'o eV in Wh'Chhthe .'”gom'“t? ﬂluor'r.‘e atom i'?p“?lces. an adsorbate
and consequently, a wider area of aiming points produces SiF uorine atom. The Sifdesorbs, leaving one of its fluorine atoms to

. . . replace the silicorsubstrate bond.

by the $,2-like mechanism. When the fluorine atom approaches
the surface around the adsorbate, the adsorbate rotates toward At 7.0 and 9.0 eV, the radical Sifs observed. Figure 4
the fluorine atom until the silicon atom is in a position to react shows the production of SiFadical by a displacement-type
by the $y2-like mechanism. The incoming fluorine atom pulls mechanism whereby the incoming fluorine atom replaces an
the Sik; adsorbate toward it and removes it from the surface. adsorbate fluorine atom. The incoming fluorine atom ap-
Furthermore, at 7.0 and 9.0 eV, simulations show that some of proaches the side of the adsorbate silicon atom and pushes down
the S2-like mechanisms actually involve the temporary dis- one of the adsorbate fluorine atoms, breaking the siticon
placement of an adsorbate fluorine atom. The adsotbate fluorine bond. The displaced fluorine atom rolls down to the
fluorine atom bond breaks, and the fluorine forms a bond with substrate silicon atom that was bonded to the adsorbate, and
the substrate silicon atom underneath the adsorbate. OnceSiF; desorbs from the surface.
inversion of the adsorbate has taken place, this temporarily 2. F(g)+ SiF; — SiFs(a). As in the case of Si-the primary
displaced fluorine atom reattaches itself to the adsorbate siliconmechanism for the formation of Sjis an $2-like mechanism,
atom and forms Sik which then desorbs. The adsorbate which is the only mechanism observed at 5.0 eV. At 7.0 and
fluorine atom facilitates reaction by replacing the dangling bond 9.0 eV, some of the &@-like reactions involve the temporary
of the surface silicon atom as the silicesubstrate bond is displacement of an adsorbate fluorine atom, which was also
broken. observed with the Si§-adsorbate. The adsorbate silieon

At 7.0 and 9.0 eV, a higher energy mechanism for the fluorine bond breaks, and the fluorine atom forms a temporary
formation of Sik is observed in which the fluorine atom inserts  bond with the substrate silicon atom underneath the adsorbate.
underneath the adsorbate between the silicgubstrate bond. After the Sik inverts, the displaced fluorine atom reattaches to
This mechanism takes place over a longer period of time than the adsorbate and SiBesorbs. At 7.0 and 9.0 eV, a secondary
does the §2-like mechanism. In Figure 3, the fluorine atom mechanism is observed for the formation of Sifr which the
bonds to the side of the adsorbate silicon atom to form a incoming fluorine atom approaches the center of the-S8t;
pentacoordinated SjFintermediate complex at 56 fs. The adsorbate and inserts between the siliesiticon bond of the
complex sits on the surface ferl50 fs. The adsorbate slowly  adsorbate. In Figure 5, the incoming fluorine atom approaches
rotates on the surface until the incoming fluorine atom can the adsorbate and bonds to the upper;$jfoup, forming a
replace the silicorsubstrate bond and bond to the silicon atom pentacoordinated complex. Then, the uppeg 8iBup rotates
in a tetrahedral position. Finally, the incoming fluorine atom so that the incoming fluorine atom can insert between the
scoops underneath the adsorbate and pushesofiff the silicon—silicon bond and form tetrahedral Sjfvhich desorbs
surface. off of the surface.

46 fs 66 fs
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46 fs 105 fs

57fs 76 fs

135fs 174 fs

Figure 5. Insertion-type mechanism for the formation of SiFom
Sik,—SiF; at 7.0 eV. The fluorine atom bonds to the top silicon atom
at 105 fs. The top Sigroup rotates so that the fluorine atom can
insert between the silicersilicon bond and bond in a tetrahedral . . . . .
position to form Sif, which desorbs off of the surface. Figure 7. Sy2-type mechanism for the formation of,& from Sik.—

SiF,—SiF; at 9.0 eV. The incoming fluorine atom pulls the middle
silicon atom toward it so that it is in a good configuration to bond. As
a result, two silicorrsilicon bonds are broken at 105 fs. The silieon
silicon bond in SiFs-reforms as it desorbs from the surface.

105 fs 215fs

47fs 66 fs

67fs 106 fs

76 {s 145fs

Figure 6. Sy2-like mechanism for the formation of Bt from Sik—
SiF; at 7.0 eV. As the incoming fluorine atom bonds to the bottom
silicon atom of the adsorbate, the two fluorine atoms and thedddtip
undergo inversion.

i26fs 175fs

The other major product, S, is also formed by an - Figure 8. Sy2-type mechanism for the formation of;& from Sik—
like mechanism in which the fluorine atom approaches the SiR—SiFsat 7.0 eV. The incoming fluorine atom bonds to the bottom
silicon atom at an angle of 18ith respect to the silicon silicon atom and abstracts the adsorbate.

substrate bond. However, this mechanism is different than that ) _ _ o
for the formation of Sif, because steric hindrance prevents a The S2-like mechanism for the production of>84 is shown
complete umbrella-like inversion from taking place. Figure 6 in Figure 7. As the incoming fluorine atom approaches the side
shows the incoming fluorine atom, which hits the bottom silicon of the adsorbate, it attacks the back side of the middle adsorbate
atom and then bonds to it, thus replacing the adsortsatbstrate  Silicon atom. In order to have a favorable position fa2S
silicon bond. As this bond forms, the two fluorine atoms and attack, the incoming fluorine atom pulls the ipart of
the Sik group undergo a slight inversion, which causes the adsorbate toward it so that it rotates and breaks the-SH
silicon—silicon bond to stretch. The high exothermicity of the bond. As the bond forms between the silicon atom and the
reaction can go either into the substrate or into the gas-phasdéncoming fluorine atom, the Spradsorbate becomes a leaving
product. Most of the excess energy is disposed into the productdroup, and the s desorbs from the surface. One trajectory
molecule, which strongly vibrates as it desorbs from the surface. at 9.0 eV produces s by hitting the top silicon atom in the
In addition, at 9.0 eV, some of the 5 dissociates into two ~ adsorbate. Figure 8 illustrates the production af8i The
SiF; fragments as the product desorbs off of the surface. A minor fluorine atom approaches the bottom adsorbate silicon atom.
product, SiFs, is formed by a displacement mechanism like As the silicon-fluorine bond forms, the adsorbatsubstrate
that observed with SiFin which the incoming fluorine atom ~ bond is broken and &ts desorbs off of the surface. As in the
breaks a silicorfluorine bond. case of the other radicals, both $#&nd SiF; are produced by

3. F(g) + SiR—SiR—SiR(a). With Sik—SiF—SiFs(a), a displacement-type mechanism.
an Sy2-like mechanism is responsible for all three major B. Reaction Cross Section.1. F(g)+ SiFs(a). The total
products: Sik, SiFs, and SiFs. Usually, a fluorine atom which reaction cross section, SiEross section, and SjEross sections
hits the top silicon atom produces iR fluorine atom which are shown in Table 2 at kinetic energies of 5.0, 7.0, and 9.0
hits the middle silicon atom produces, and a fluorine atom eV. Sik is the major product at all kinetic energies of the
which hits the bottom silicon atom producesFsi At 7.0 and incoming fluorine atom. The energy threshold for the produc-
9.0 eV, SiR is also produced by an insertion-type mechanism. tion of SiF, by the §2-like mechanism is-5.0 eV. This barrier
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TABLE 2: Reaction Cross Section as a Function of Incident Kinetic Energy

A. F(g) + SiR(a)
reaction cross section g

incident kinetic

energy (eV) total SifFby S\2 Sik by insertion Sik
3.0 no reaction
5.0 0.6 0.6 0.0 0.0
7.0 3.7 3.3 0.1 0.3
9.0 4.4 33 0.6 0.5
B. F(g) + SiF,—SiRs(a)
incident kinetic reaction cross section g
energy (eV) total SiFby S\2 SiF by insertion SiFs SizFs dissociated SFs
3.0 12 0.0 0.0 12 0.0 0.0
5.0 2.8 0.1 0.0 2.7 0.0 0.0
7.0 8.0 2.0 0.6 5.2 0.1 0.0
9.0 10.0 3.0 1.3 45 1.0 0.2
C. F(g)+ SiR—SiF—SiR(a)
incident kinetic reaction cross section gl
energy (eV) total SiFby &2 Sik by insertion SiFs SisFs SisF7 Siks dissociated SFs
3.0 no reaction
5.0 2.9 1.8 0.0 0.7 0.4 0.0 0.0 0.0
7.0 5.6 3.1 0.5 0.8 1.2 0.0 0.0 0.0
9.0 8.7 35 0.8 2.7 0.7 0.2 0.2 0.4

aThe reaction cross section and the reaction cross section for each of the major products are shown as a function of the incident kinetic energy
with each adsorbate. The reaction cross section is calculated as the product of the fraction of trajectories that etch with the sampling area available

to the incoming fluorine atom and has units of. A

is caused by the inversion of SjFwhich passes through an

energetically unfavorable trigonal planar configuration. Con-

sequently, no etching products are formed at 3.0 eV.

An Sy2-like mechanism is the only mechanism for the
production of Sig at 5.0 eV. The reaction cross section for
the production of Sifby the $2-like mechanism substantially

increases by a factor of 5 from 5.0 to 7.0 eV. Above 7.0 eV,

becomes a minor product and a small number gfroducts
fragment into Sik radicals as they desorb from the surface.
SibFs is formed when a siliconfluorine bond is broken.
Therefore, the $SFs cross section decreases slightly at the
expense of the s and dissociated s cross sections.

3. F(g) + Sik—SiF—SiF(a). Table 2 shows the total
reaction cross section and the reaction cross section af SiF

the additional trajectories which lead to reaction involve the SioFs, SisFs, SisF7, SiFs, and dissociated &ts as a function of
insertion-type mechanism. The insertion-type mechanism ac-incident kinetic energy. As in the case of §ifo reactions

counts for 3% of the Sifproducts at 7.0 eV and accounts for
15% of all Sik products at 9.0 eV.

No SiF; radical is produced at 5.0 eV. At 7.0 eV, gifadical
makes an 8% contribution, and at 9.0 eV, Si&dical makes a
contribution of 11%. Sif is formed by a displacement
mechanism in which a siliconfluorine bond is broken.

are observed at 3.0 eV. Sils the major product at all incident
kinetic energies.

At 5.0 eV, Sik by the $2-like mechanism is the major
product, accounting for 62% of all of the products. Above 5.0
eV, Sik is also formed by an insertion-type mechanism, which
accounts for 14% of the Sjrt 7.0 eV and 19% of the Sifat

Consequently, as the kinetic energy of the incoming fluorine 9.0 eV.

atom is increased to 7.0 eV, incoming fluorine atoms have a

SioFs and SgFg are minor products at all kinetic energies.

higher probability of displacing adsorbate fluorine atoms, and At 9.0 eV, the reaction cross section for the production efFSi
so the Sifzradical reaction cross section increases at the expenseincreases substantially and the percentage 4% $icreases to

of the SiR cross section.

2. F(g) + SiF,—SiFs(a). Table 2 shows the total reaction
cross section and the reaction cross section of, §EFs, and
Si;Fs and dissociated ts as a function of incident kinetic
energy of the incoming fluorine atom. ;54 is the major product
at all incident kinetic energies. The barrier to inversion foFSi
is lower than for Sig. Therefore, the energy threshold for
reaction is 3.0 eV, and S is formed at 3.0 eV. At 5.0 eV,

31%. The reason for this dramatic increase is that many of the
reactions that produce & break the adsorbatesubstrate bond
and temporarily break the upper silicesilicon bond of the
adsorbate, which requires about 8 eV. In addition, this
mechanism produces a substantial amount of B&gments at
9.0 eV. SiFg accounts for 14% of the products at 5.0 eV and
8% at 9.0 eV.

C. Energy Distribution. Table 3 lists the average energies

SiF, by the §2-like mechanism has a small cross section, which of the products. All of the gas-phase products carry a large
shows a dramatic increase by a factor of 20 from 5.0 to 7.0 eV. amount of kinetic energy as they leave the surface. As the mass
SiF4 by the insertion-type mechanism has a small cross sectionof the gas-phase product increases, the kinetic energy of the
at 7.0 eV, which doubles at 9.0 eV. The insertion-type product increases. Interestingly, the kinetic energy of the

mechanism accounts for 23% of the & 7.0 eV and 30% of
the Sikz at 9.0 eV. The percentage of Silcreases dramati-

products does not increase proportionately with the incident
kinetic energy of the incoming fluorine atom. This suggests

cally from 4% to 43% as the incident kinetic energy increases that most of the kinetic energy of the incoming fluorine atom

from 5.0 to 9.0 eV.
As the incident kinetic energy increases;Fgiaccounts for

is absorbed by the surface and that the kinetic energy of the
product arises from the high exothermicity of the chemical

a smaller percentage of products as the other pathways becomeeaction. The kinetic energy is partitioned into both the center
significant. SjFg is the sole product at 3.0 eV but accounts for of mass kinetic energy and the kinetic energy of the internal

only 45% of the products at 9.0 eV. At 9.0 eV, theFgiradical

motion of the atoms in the molecule. More than half of the
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TABLE 3: Energy Distribution of the Products @
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A. F(g) + SiF(a)

incident kinetic energy (eV) product Epod(eV) (Exin(eV) (EcneV) EneV)
5.0 Sik by S2 —22.8 4.4 1.7 2.7
7.0 Sik —18.1 3.5 1.8 1.7
SiF, by Sy2 —22.6 4.8 1.9 2.9
SiF4 by insertion —23.2 4.6 2.1 25
9.0 Sik -17.3 43 2.2 21
SiF by S\2 —22.2 55 2.1 3.4
SiF, by insertion —-22.3 5.7 25 3.2

B. F(g)+ SiF—SiR(a)

incident kinetic energy (eV) product Epol (eV) [Exin[I(eV) Ecn(eV) En(eV)
3.0 SkFs —39.9 4.2 1.3 2.9
5.0 Sik by 2 —23.7 3.2 1.4 1.8
SiFs —39.7 47 1.6 3.1
7.0 Sik by S2 —23.0 43 1.4 3.0
SiF, by insertion —-22.9 4.4 1.6 2.8
SioFs —34.0 3.1 1.1 2.0
SiFs —-39.1 5.1 1.6 35
9.0 Sik; fragments —18.0 2.2 1.0 1.2
SiF, by S\2 —22.4 5.1 1.6 35
SiF4 by insertion —22.7 5.0 1.9 3.1
SiFs —34.0 3.3 14 1.9
SiFg —38.6 5.9 1.9 4.0

C. F(g)+ SiR—SiF—SiR(a)

incident kinetic energy (eV) product Epol (V) Ein(eV) EcmlAeV) [EneV)
5.0 Sik —23.0 3.7 0.9 2.8
SiFs —39.8 4.4 1.6 2.8
SisFs —55.5 5.4 1.8 3.6
7.0 Sik by S2 —-225 4.3 1.2 3.1
SiF4 by insertion —22.7 45 1.7 2.8
SiFs —39.2 4.6 1.4 3.2
SisFs —55.1 6.0 1.9 4.1
9.0 Sik —-17.4 4.7 2.2 25
Sik; fragments -17.9 2.1 0.9 1.2
SiF, by S\2 —22.0 52 1.6 3.6
SiF, by insertion —22.6 5.2 1.7 3.5
SiFe —38.5 5.5 1.7 3.8
SisF —50.2 34 1.3 21
SisFg —54.9 6.3 1.9 4.4

aThe potential energyHyq), kinetic energy Euin), center of mass kinetic energi,) and internal energyEy) are shown for the products of
each reaction. The energies are averaged over all of the products.

kinetic energy of the products is incorporated into the internal energies. This is primarily due to the fact that the silieon
energy, i.e., rotational and vibrational motion, of the molecule. fluorine bond that is formed to make,B§ is stronger than the

D. Effective Internal Energy. In Figure 9, the effective  silicon—silicon bond that breaks for dissociation. Therefore,
internal energy of each of the gas-phases products is plotted ass the silicor-fluorine bond is formed, the energy released into
a function of kinetic energy of the incoming fluorine atom. the molecule is enough for the molecule to dissociate into
Figure 9a shows the effective internal energy of ,Sibt the fragments. With Sik; on the other hand, the bond formed and
reaction with Sik. As the kinetic energy increases, the average the bond to be broken for fragmentation have the same bond
effective internal energy increases, and more products will strength. Secondly, the energy threshold for reaction is lower
fragment. Sik produced by the insertion-type mechanism has for Si;Fg, and the reaction is more exothermic. Lastly;Fgi
a slightly smaller average effective internal energy because thehas more degrees of freedom and, therefore, can absorb a greater
mechanism requires more energy. At 5.0 eV, none of the SiF amount of internal energy as it leaves the surface than can SiF
gas-phase products by thgZlike mechanism fragment; at 7.0 Figure 9c shows the effective internal energy of the gas-phase
eV, 9% fragment, and at 9.0 eV, 67% fragment. At 5.0 and products Sik, SkFs, and SiFs from the reaction with Sif—
7.0 eV, none of the SiFproduced by the insertion-type SiF,—SiFs. The average effective internal energy of Sify
mechanism fragments; at 9.0 eV, 52% fragment. the Sy2-like mechanism increases with kinetic energy: 0%

The effective internal energy of SiFand SiFg from the fragment at 5.0 eV, 42% fragment at 7.0 eV, and 60% fragment
reaction with Sik—SiFs is plotted in Figure 9b. Asinthe case at9.0eV. The Sifproduced by the insertion-type mechanism
with SiF;, the average effective energy increases with kinetic is more stable, with 0% fragmentation at 5.0 eV, 17%
energy, and the Sifproduced by the insertion-type mechanism fragmentation at 7.0 eV, and 40% fragmentation at 9.0 eV.
has lower effective internal energy than that produced by the Nearly 100% of both the gfs and SiFgs products fragment at
Sy2-like mechanism. At 5.0 eV, none of the Sigas-phase  all kinetic energies and are the major contributors to the
products by the @&-like mechanism fragment; at 7.0 eV, 11% observed radical species. 35 has a higher average effective
fragment, and at 9.0 eV, 89% fragment. At5.0 and 7.0 eV, all internal energy than s because the siliconsilicon bond is
of the Sik products produced by the insertion-type mechanism 0.4 eV weaker. Furthermore, 6§ has a greater number of
are stable; at 9.0 eV, 78% fragment.,Fgiis a much less stable  degrees of freedom, and, therefore, is able to accommodate more
product, and nearly 100% will fragment at all incident kinetic energy as it leaves the surface than ig=§i
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Figure 9. Effective internal energyHe) of the gas-phase products.
When Eef is greater than zero, the product has enough energy to
dissociate and will fragment into radicals before reaching the detector.
(a) T(?)Jr SiR(a); (b) F(g)+ Sik—SiR(a); (c) F(9)+ Sik—Sik—
SiRs(a).
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Figure 10. Chemically-induced desorption type mechanism for the
formation of Sik from Sik—SiF; at 9.0 eV. The incoming fluorine
atom bonds to the lower silicon atom of the adsorbate, and the silicon
silicon adsorbate bond breaks. The upper;3oils away from the
adsorbate and desorbs, leaving s3R the surface.

E. Chemically-Induced Desorption. At 9.0 eV, a fair
amount of chemically-induced desorption is observed with
Sik,—SiF; and Sik—SiF,—SiF; in which the incoming fluorine
atom displaces a portion or all of the adsorbate. The incoming

Galijatovic et al.

atom approaches the bottom silicon atom and bonds to it, thus
breaking the adsorbate silicesilicon bond. The upper SiF
fragments rolls away from the adsorbate and desorbs off of the
surface, leaving the newly formed Sibehind. With Sig—
SiF,—SiF; at 9.0 eV, chemically-induced desorption produces
four SiR radicals, three SFs radicals, and two S, radicals.

The center of mass kinetic energies for these products range
from 1 to 3 eV.

IV. Discussion

Experiments on spontaneous silieeftuorine etching at room
temperature have shown that $i6 the primary product and
SioFe and SiFg are minor products, with the relative amounts
of each product sensitive to surface conditiérfs. In our
simulations, Sis from SiF,—SiF; is the only product at 3.0
eV. At 5.0 eV and above, SiFs the primary product of the
reaction with Sikg and with Sib—SiF,—SiF;. SiF is a minor
product with Sib—SiF; at 5.0 eV but becomes a substantial
product at 7.0 and 9.0 eV. The simulations show that the
product distribution will depend strongly on the relative amounts
of each type of adsorbate, which is determined by the
experimental conditions.

Almost all of the higher mass speciesyFgiand SiFs, are
hyperthermal and have enough energy to fragment into smaller
species. Our simulations predict that all of these species will
fragment into radicals before reaching the detector. This is
because the siliconfluorine bond that is formed releases more
energy into the product than the relatively smaller energy needed
to break the silicorrsilicon bond. Previous theoretical molec-
ular dynamics simulations of etching with ion bombardment
determined that the (SiJs species may be buried deep within
pits formed in the surfack:'® It is possible that the higher
energy SiFs and SiFg collide with the walls of the pit as they
desorb from the surface, thus releasing the extra energy and
becoming stabilized. Simulations are performed to collide gas-
phase products with a wall and show that collisions of the
energetic species with a wall remove energy from the gas-phase
products and stabilize them. In addition, because molecules
are polarizable, it is likely that molecules which desorb at an
angle from a planar surface will lose energy to the surface as
well.

At higher kinetic energies, radicals are produced by both
direct-etching reactions and chemically-induced desorption.
However, the simulations predict that the primary source of
radicals is the dissociation of higher mass species. In her study
of the etching of n-type and p-type silicon, Houle observed that
p-type silicon produces a greater flux of& and Sik than
does n-type silicod. The simulations have determined that the
primary source of Sifis the fragmentation of gt and,
therefore, explains why an increase in flux of both $Sifad
Si,Fs was observed.

The simulations predict some of the same gas-phase products
as those observed in the experiments of Giagfisall0!!
Although thermal products were observed in the experiments,
all of the products in our simulations are hyperthermal. With
the high exothermicities of these reactions, it does not seem
likely that the experimentally observed thermal products are
formed by direct reactions between incoming fluorine atoms
and adsorbed (Sin species. Our simulations predict three
sources of hyperthermal SiF etching, chemically-induced

fluorine atom adsorbs onto the surface, and the radical desorbsdesorption, and fragmentation of higher mass species. Hyper-

into the gas phase. With SiFSiF;, 6 of the 500 trajectories
result in chemically-induced desorption of $ifadicals, which

thermal Sik and Sik are produced in our simulations by etching
with (SiF), species. In addition, hyperthermal Sifay be

have an average center of mass kinetic energy of 2.0 eV. Figureproduced by fragmentation of higher mass species.

10 illustrates the chemically-induced desorption mechanism for
the production of Sifwith SiF,—SiF;. The incoming fluorine

Another finding of the simulations is the determination of
the mechanisms responsible for the gas-phase products. The
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primary mechanism for the formation of Siks an $2-like production of Sig at higher energies. $is and SiFg are
mechanism in which the incoming fluorine atom abstracts the formed by an §2-like mechanism.

top Sik; group, a mechanism that was determined previously
from both molecular dynamics simulatidnand ab initio
calculationst® The simulations show that any&like mecha-
nism is responsible for the formation of,B5§ and SiFg as well.
However, the simulations have discovered an additional mech-
anism for the formation of Syat 7.0 and 9.0 eV. This
mechanism involves an insertion of the incoming fluorine atom
between a silicorsilicon bond.
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