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The presence and intluence of translationally energetic ions in low-pressure etching discharges 
is well known. Neutral atoms and molecules, though known to be chemically reactive, 
are not generally considered to be otherwise activated in these plasmas. Neutral species may, 
however, become translationally hot through either charge exchange collisions or by 
dissociative excitation caused by electron impact. These species are important in etching 
discharges because they may bring an isotropic source of activation energy to the substrate 
which may compromise anisotropic etching mechanisms. In this paper we present a 
theoretical study of the sources and effects of translationally hot neutral atoms and molecules 
in CF, etching plasmas. We lind that ballistically hot F atoms comprise a significant 
fraction of the radical flux striking the substrate at pressures of < 100 mTorr. In CF, plasmas, 
the maximum flux of translationally hot F incident on the substrate of a parallel-plate rf 
etching discharge occurs between 10 and 100 mTorr. At these pressures the hot atom and ion 
fluxes to the substrate are comparable. The effects of translationally hot species on gas- 
phase plasma chemistry and surface reactions are discussed. 

I. INTRODUCTION 

Plasma etching of semiconductor materials is now the 
accepted method of fabricating micrometer and submi- 
crometer features for very-large-scale integrated circuits. i 
A desirable feature of plasma etching is that highly aniso- 
tropic structures can be fabricated, an example being a 
deep trench with a large aspect ratio and nearly vertical 
walls. The ability to fabricate these structures rests on a 
number of effects working in concert, the details of which 
vary with the particular chemistry being used. It is gener- 
ally accepted that anisotropy results from a balance be- 
tween chemical etching and ion activated etching. Chemi- 
cal etching most often results from reactions initiated by 
neutral radicals which arrive at the substrate isotropically 
and are adsorbed onto the surface. Such etching is charac- 
terized by a large degree of undercutting beneath the mask 
and fairly isotropic features. Ions arrive at the substrate 
with trajectories which are nearly normal to the surface 
and preferentially activate the etch on the horizontal bot- 
tom surfaces of the trenches, thereby producing aniso- 
tropic features. A polymeric film may also form on the 
walls of trenches and inhibit the isotropic chemical com- 
ponent of the etch. This process, known as side-wall pas- 
sivation, is largely responsible for producing anisotropic 
features in many systems2 Since the isotropic flux of neu- 
tral radicals is typically much greater than the anisotropic 
flux of ions, isotropic etching would normally occur in the 
absence of such passivation. 

The most commonly used tools for etching of semicon- 
ductors are parallel plate capacitively coupled radio fre- 
quency (rf) discharges.3 The generally accepted view of 
the precursors to etching generated in these systems is that 
the neutral radicals are in their ground state and have a 
Maxwellian distribution of kinetic energies, usually at 
some low temperature (300-600 K) . Ground-state neutral 
radicals may carry a chemical potential to the substrate but 

are assumed to deliver little translational or internal acti- 
vation energy. Conversely, ions are somewhat chemically 
inert but are translationally energetic and carry significant 
activation energy to the substrate (lO’s-100’s eV/ion).4 
There exist, however, processes in typical etching plasmas 
which can generate a substantial number of activated neu- 
tral species which, in turn, can deliver activation energy to 
the substrate. This energy is important because activated 
neutrals can arrive isotropically on the substrate and may 
initiate etching processes on sidewalls which would not 
otherwise occur, thereby degrading the anisotropy of the 
etch. 

The presence of translationally hot neutrals may also 
be an important consideration in gas-phase chemical reac- 
tions. Gas-phase reaction rate coefficients can be quite tem- 
perature dependent, particularly those having an activation 
energy barrier. Processes having an activation barrier of 
greater than several kcal/mol have negligible rates if the 
reaction partners have Maxwellian velocity distributions 
with temperatures of 300-400 K. Such reactions could, 
however, be readily activated by the energy available in 
translationally hot neutrals. The etIective rate coefficient in 
the presence of translationally hot neutrals could be orders 
of magnitude larger than the thermal value. 

Similar considerations apply to reactions at the sub- 
strate. Consider the etching of silicon in a tluorocarbon 
plasma such as CF,. The sticking probability of a thermal 
F atom on a clean Si( 100) surface is near unity. However, 
the silicon surface is typically passivated by a layer of ad- 
sorbed fluorine5 or fluorinated polymer, and the probability 
of sticking on a saturated surface is as low as 10 -’ (Ref. 
6). The preliminary data that is available for the energy 
dependence of the sticking probability of F on fluorinated 
Si indicates that sticking roughly doubles when the inci- 
dent fluorine atom energy increases from 0.1 to 0.5 eV, and 
that the adsorption of atomic fluorine may be activa&L6 In 
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this respect, translationally hot F atoms may be capable of 
breaching side-wall passivation. 

In this paper we will theoretically examine the gener- 
ation and consequences of translationally hot species re- 
sulting from dissociative excitation in etching discharges. 
The specific system we will consider is a parallel-plate rf 
CF4 discharge, but the results are applicable to many etch- 
ing system chemistries. The flux and energy spectra of 
these species are discussed using results from combined 
electron kinetics, plasma chemistry, and Monte Carlo 
models. We find that the flux of translationally hot neutrals 
onto the substrate is most important in discharges having 
pressures of ~10-100 mTorr. At low pressures ( < lo’s 
mTorr), the flux of radicals may contain isotropic “beams” 
of nearly monoenergetic F atoms. This is particularly the 
case in low pressure ( < 1 mTorr) remote plasma sources 
such as electron cyclotron resonance (ECR) devices. 

In Sec. II we will discuss important features of the 
production of hot atoms and their subsequent thermaliza- 
tion. In Sec. III we will describe the models we used ana- 
lyzing transport of translationally hot neutrals, followed in 
Sec. IV by our predictions for their fluxes. Our concluding 
remarks are in Sec. V. 

II. HOT ATOM PHYSICS AND CHEMISTRY 

In this section we will discuss mechanisms responsible 
for the production of translationally hot neutrals, their 
subsequent transport through the discharge volume, and 
their possible effects on etching when they reach the sub- 
strate. 

A. Production 

There are at least four sources of translationally hot 
neutrals in etching discharges: charge exchange, reflection 
neutrals, dissociative recombination, and electron impact 
dissociation of molecules. In the first process, a hot neutral 
is generated in the sheath of a glow discharge when an 
energetic ion undergoes a charge exchange collision with a 
thermal neutral. For example, 

Arf (hot) + Ar(therma1) -+Ar(hot) + Ar + (thermal). 
(1) 

This process is most important for symmetric charge ex- 
change, as shown in Eq. ( 1 ), since for ion energies of 
< lO’s-100’s eV cross sections for symmetric charge ex- 
change are typically larger than those for asymmetric 
charge exchange.‘-s Since the differential cross section for 
charge exchange is strongly forward peaked with broaden- 
ing largely determined by the thermal distribution of the 
target neutral, a hot neutral emerging from a charge ex- 
change collision has a trajectory similar to that of the in- 
cident ion.” The flux of translationally hot neutrals gener- 
ated by charge exchange collisions in the sheaths is 
therefore dominantly anisotropic. The flux of hot charge 
exchange neutrals on the substrate may therefore differ 
little from ions in either energy distribution or their effect 
on etching. Since the distribution of these hot neutrals is 
similar to that of ions, their effects can be somewhat reg- 
ulated in the same manner in which one controls the flux of 

m(Wq) =6Oamu 

FIG. 1. Schematic of the potential energy surfaces accessed during the 
electron impact dissociation of a molecule such as CF,. Excitation of the 
upper electronic level crossing with a repulsive potential surface results in 
dissociation of the molecule. The fragments must then dissipate the excess 
energy AE, often in translational modes. 

energetic ions (judicious choice of reactor geometry, rf 
voltage, and dc bias). 

Reflection neutrals are hot atoms or molecules which 
recoil from the substrate after an energetic ion is neutral- 
ized. The energy distribution of these neutrals -depends on 
the energy and type of ion incident on the substrate, and 
the condition of the surface. Hot atoms can also be gener- 
ated as a result of dissociative recombinations of molecular 
ions. The mechanism is identical to that described below 
for electron impact dissociation. The relative rate of gen- 
eration of hot atoms by this method increases with increas- 
ing fractional ionization. It makes a small contribution as 
long as [e]/N (electron density/gas density) is < 10M4. 

The last source of translationally hot neutrals, and the 
only source we will consider in the remainder of this paper, 
is dissociative excitation of molecules by electron impact. 
In this process, schematically illustrated in Fig. 1, a mol- 
ecule is initially excited to a higher electronic state. If a 
dissociative potential surface crosses that of the electronic 
state a spontaneous dissociation may occur. The excess 
energy AE may be dissipated by radiation or into the in- 
ternal and translational modes of the fragments. If the 
transitional state is the lowest electronic state of the parent 
molecule, then dissipation of the excess energy by radiation 
or into the electronic states of the fragments is not likely. 
In this case dissipation is dominantly into the vibrational 
modes of the fragments or into translational energy. The 
photodissociation analog of this process has been used for 
many years to produce translationally energetic fragments 
to study hot atom chemistry.” 

In the electron impact dissociation of CF, into neutral 
fragments, the threshold energy is z 12.5 eV (Ref. 12) and 
the CFs-F bond energy is ~5.4 eV. This leaves a mini- 
mum of 7.1 eV to be dissipated in the dissociation process. 
Statistical theories predict that the excess energy will be 
equally partitioned into the translational and energetically 
accessible vibrational (and electronic) modes of the frag- 
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ments.13 Since the lifetimes of the transition states are typ- 
ically short there may not be an opportunity for the parti- 
tioning to take place. A significant fraction of the energy 
may therefore be translationally dissipated. It is difficult to 
directly measure the energy of such hot neutral fragments. 
However, measurements have recently been made by Ce 
Ma, Bruce, and Bonham for the energy distribution of 
charged fragments emerging from the dissociative ioniza- 
tion of CFq,t4 

e + CF4-+e + CFf-+CF,’ + F + e + e. (2) 

They found that the average energy of the CF$ fragment 
released in the reaction shown in Eq. (2) is 1.6 eV with a 
FWHM of 0.8 eV for an electron impact energy of 20 eV. 
The F and CFf fragments must preserve the initial (zero) 
linear momentum of the transition-state CFT. Simple dy- 
namics requires that the less massive F atom carry off most 
of the excess energy. We therefore infer that the F atom 
leaves the dissociation with 4-9 eV of translational energy. 
Under these conditions virtually all of the energy in excess 
of the appearance potential of CFf is dissipated in trans- 
lational modes. Measurements by Zukhov et al. for the 
electron impact dissociative ionization of O2 and CO2 in- 
dicate that the ion fragments leave the dissociation with 
energies up to ~8 eV with a dominantly isotropic distri- 
bution for electron impact energies of 45-150 eV.” 

For the purposes of further discussion in this paper, 
and as a demonstration system, we consider only dissoci- 
ation of CF4 into neutral fragments as the source of trans- 
lationally hot neutrals. We note that for electron impact 
energies 230 eV, the rate of dissociative ionization exceeds 
that of dissociation into neutral fragments. Our assump- 
tions will therefore tend to underestimate the true rate of 
production of hot neutrals. We also assume that the CF, 
fragment is produced in its ground state, requiring that all 
the excess energy be translationally dissipated. The initial 
F atom translational energy is taken to be 8 eV and the 
angular distribution to be isotropic (see Sec. III C 2). The 
exact launch energy does not substantially affect the results 
of our study because of the manner in which the hot F 
atoms slow is a smoothly varying function of energy, as 
discussed below. 

B. Hot atom thermalization 

Hot neutral atoms generated, for example, by electron 
impact dissociation are slowed by collisions with the back- 
ground gas. The collisions may be elastic, result in excita- 
tion of the molecule, or may activate chemical reactions. 
Hot atom collisions, particularly those involving hot H 
atoms, have been studied in some detail and several reviews 
have been published.‘6*‘7 Most experiments, however, are 
unable to directly probe the details of the hot atom colli- 
sion process, and the microscopic details of hot atom col- 
lisions must be inferred from hot atom kinetic theory. 

Experiments by Baer and Amiel18 showed that the 
slowing of hot atoms (Br, Cl, H, and F) in an inert back- 
ground gas (He, Kr, Ne, and Ar) can be explained by 
considering only elastic collisions, and that the thermali- 
zation process depends only upon the masses of the collid- 

ing particles. Alfassi and Amiel” later extended this theory 
to include inelastic processes by considering the internal 
and translational energies of the products resulting from a 
collision between a hot atom and the background gas. They 
concluded that inelastic energy transfer is less important 
for hot atom collisions with symmetric gas molecules such 
as CH,, CF4, and C,H6 because such molecules possess no 
permanent dipole moment. The hot atom therefore inter- 
acts with a weak induced rather than a strong permanent 
dipole. An extreme example is the interaction of hot F and 
SF6, which is almost completely elastic in character.20 As a 
result, SF6 is commonly used as both a source of hot F 
atoms (from nuclear recoil reactions) and as a moderator 
to slowly thermalize energetic F atoms for hot atom chem- 
istry experiments. 16J7 

Alfassi and Amiel” found that hot H atom reactions 
deviated somewhat from this prescription. They attributed 
the differences to the high translational speed of the light H 
atom relative to the more massive hot halogen atoms for a 
given kinetic energy. The duration of the H-molecule col- 
lision is sufficiently short that the H atom interacts with 
only a single atom in the molecule. A symmetric molecule 
such as CH4 appears only as an asymmetric E&-H mol- 
ecule to the passing H atom, in which case the collision has 
a substantial inelastic component. 

The degree to which inelastic energy transfer aifects a 
given collision process can be deduced by comparing the 
experimentally determined energy loss with that expected 
from kinetic theory under the assumption that all processes 
are elastic. The observed power loss for hot atoms in noble 
gases is consistent with elastic energy transfer, as are col- 
lisions in the FSF6, F-CH,, F-CF4, Cl-CH,, cl-C2H6, and 
Br-CH, systems. l9 Deviations from pure elastic energy 
transfer may be a result of the high probability of hydrogen 
abstraction reactions by the incident halogen atom, partic- 
ularly near thermal energies. Good agreement with exper- 
iment is obtained assuming elastic scattering in spite of 
there being a high probability of hydrogen abstraction. 
This may be a consequence of the energy of the halogen 
atom being similar after either an elastic collision or one in 
which an H atom is abstracted. Systems for which much of 
the energy transfer is inelastic in character are Cl-CH,Cl, 
Cl-CH,Br, and Br-CH,Br.19 

The F-CH3CF3 system has been studied in detai12”22 
because it is similar to the fully halogenated alkanes (e.g., 
CF,, Ccl,), but the reaction kinetics are more easily diag- 
nosed. As might be expected in collisions between F atoms 
and target molecules having H atoms, there is a high prob- 
ability that the F atom will abstract an H to form HF. 
There is also a strong tendency in the F-C!H,CF, system to 
form excited organic reaction products which subsequently 
decay by unimolecular decomposition. Whether excited re- 
action products decay by unimolecular decomposition or 
are collisionally stabilized is determined by the density of 
the background gas. We note that other hot atom systems 
of interest to the plasma processing community have also 
been studied, including Cl, Br, I, C, Si, S, P, and Ge.17 

Abstraction is the most likely reaction channel for 
many hot atom-molecule systems.17 The abstraction pro- 
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cess is particularly important in hot H atom systems be- 
cause the collision time in reactions such as 

H(hot) + CH4+H2 + CH, (3) 
is similar to the vibrational period of the C-H bond. It is 
therefore likely that energy will be transferred into a single 
G-H bond and break it. The analogous process in F-CF4 
and other halogenated systems is an order of magnitude 
less likely for three reasons. First, the collision time is 
longer since a hot F is slower than a hot H having the same 
kinetic energy. Hence, there is more opportunity for colli- 
sion energy to redistribute within the target molecule. Sec- 
ond, the bond energies are higher in the halogenated sys- 
tems and may result in substantially lower reactivities. 
Third, steric hinderance may impede the larger halogen 
atoms.16 

10-l 100 10’ 102 103 104 105 10s 

Reduced Impact Energy pv,*/(2~) 

C. Hot atom processes in etching plasmas 

In view of the preceding discussion, we have estimated 
that inelastic processes account for < lo%-20% of the 
collisions between hot F atoms and CF,. As discussed be- 
low, elastic interactions are the most frequent type of col- 
lision process, and because the collision partners have com- 
mensurate masses, elastic collisions are also the dominant 
energy loss process for hot F atoms. The details of the 
elastic collision depends on the potential energy surface 
between the hot atom and its collision partner. The 
Lermard-Jones 6-12 (LJ) potential is a simple but accept- 
ably accurate form for the elastic interaction potential23 
and was used in this study. The LJ potential consists of a 
short-range repulsive term and long-range attractive term 
which leads to van der Waals bonding, 

V(r) =4e[ (o-/r)12 - (o@], (4) 
where V is the potential energy when the molecules are 
separated by a distance r. The free parameters D and E 
represent the range and depth of the potential, and were 
obtained from Refs. 24 and 25. The cross section for elastic 
collisions between neutrals resulting from the LJ potential 
has been addressed at length by others, and we refer the 
reader to Refs. 24 and 26 for details of the derivation. The 
cross section arising from the LJ potential can be reduced 
to a normalized form, as shown in Fig. 2. in normalized 
form the characteristic energy is er = i &/E, where p is the 
reduced mass of the collision pair, v, is their relative speed, 
and E is the LJ parameter. 

We focus on two features of the normalized collision 
cross section. First, the cross section decreases monotoni- 
cally with increasing energy. Translationally hot neutrals 
will therefore always have a longer mean free path than 
thermal neutrals. Second, the cross section varies rapidly at 
small E, For gas temperatures significantly below room 
temperature or collision partners which have a large E 
(corresponding to small E,), thermal energy corresponds 
to a point on the steeply sloped portion of the cross section. 
The increase in mean free path of hot atoms relative to that 
for thermal atoms will be particularly large for these sys- 
tems. In F-CF4 collisions e/k= 129 K (k is Boltzmann’s 

FIG. 2. Cross section corresponding to the Lennard-Jones 6-12 potential 
as a function of reduced collision energy, er Collisions between therma 
neutral particles typically correspond to a reduced collision energy B, 
= l-10. 

constant), whereas e/k= 358 K for Cl-HCl collisions, an- 
other important etching chemistry. Hot atom effects are 
therefore more likely to be important in the latter system. 

Collisions between hot neutrals and thermal molecules 
may result in vibrational excitation of the molecule. In 
virtually all systems of interest, however, vibrational exci- 
tation is unlikely to constitute a major channel for energy 
loss since many quanta of vibrational energy would need to 
be excited during every collision for the energy loss to 
compete with that due to elastic scattering. For example, 
the vibrational quanta in CF4 is only hundreds of cm - ‘, 
which represents a small energy loss per collision com- 
pared to the energy loss experienced in the average elastic 
collision. Energy transfer by hot atoms to vibrational ex- 
citation is therefore not included in our analysis. Energy 
lost to the excitation of rotational levels is much less than 
that for vibrational excitation, and also is not included. 
Electronic excitation of the molecule by hot atoms result- 
ing from the dissociation process (< 10 eV) is similarly 
ignored in our analysis. Electronic excitation of the mole- 
cule is unlikely to occur because the momentum transfer 
between heavy neutrals and orbital electrons is poor, and in 
many cases is not energetically possible. 

Chemical reactions between hot atoms and the back- 
ground gas are entirely dependent upon the particular 
chemical system of interest. Abstraction is the most likely 
channel in many hot atom systems, though this process has 
a frequency of only a few to 20% of the rate of elastic 
collisions for F-CF4. I9 We can obtain a further estimate of 
the importance of this process from the temperature de- 
pendent reaction rate coefficient, K, typically used for a 
Maxwellian distribution of speeds: 

K=ATb exp( - E,/kT), (5) 
where A is the Arrhenius factor, E, is the activation en- 
ergy, and b is a constant. In cases where b = 4 such as 
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F-CF4 reactions, the preexponential factor T’” can be as- 
sumed to be entirely due to the integration over the Max- 
wellian distribution function, and a cross section can be 
derived. For F-CF,+ reactions the Maxwellian averaged 
cross section for thermal energies is negligibly small; how- 
ever, we estimate an abstraction cross section of ~4.5 A2 
(Ref. 27) for atoms having energies greater than the acti- 
vation energy (3.7 eV). The thermal cross section for elas- 
tic F-CF, collisions (found from the Lennard-Jones pa- 
rameters) is an order of magnitude larger at ~55 AZ. Hot 
atom reactions in the F-CF, system are therefore not im- 
portant with respect to energy loss and can be ignored in 
the thermalization process. However, they may, in general, 
be important because they can generate reaction products 
which simply are not produced if all the neutrals were 
thermal. 

In summary, hot F atoms slow dominantly by elastic 
collisions in CF,, though inelastic collisions may be impor- 
tant with respect to the chemistry they initiate. Hot F 
atoms in CF4 will generally thermalize after traveling a 
distance A z 10ilHs from their launch point, where /ZHS is 
the mean free path expected from the low-energy hard- 
sphere collision cross section. The factor of 10 comes from 
the observations that hot atoms lose on the average ap- 
proximately one-third of their energy in each elastic colli- 
sion with the fill gas depending on the exact nature of the 
differential scattering cross section, and that the mean free 
path for hot neutrals is typically three times that for ther- 
mal neutrals. 

III. DESCRIPTION OF THE MODEL 

In this section, we will describe our models for trans- 
port of hot atoms in-etching plasmas. Our demonstration 
system is hot F atoms in rf discharges sustained in CF,. 
Our simulation for the transport of translationally hot F 
atoms consists of two linked models. The first is a model of 
the electron kinetics in the etching plasma from which we 
obtain the production rate of hot F atoms resulting from 
electron impact dissociation of CF,. In the second model 
the trajectories of the hot atoms are followed as they slow 
in the gas. 

The transport and slowing of hot atoms was modeled 
using a Monte Carlo simulation (MC%). In this portion of 
the model, hot F atoms are launched from preselected po- 
sitions in the plasma with an isotropic velocity distribution. 
These launch locations are evenly spaced between the elec- 
trodes when modeling parallel plate discharges. The dis- 
tance d to the next collision is chosen from 
d= - A ( E’) In (r) , where r is a random number evenly dis- 
tributed on [O,l], and A. ( E’) is the mean free path of the hot 
neutral based on energy E’. The energy-dependent mean 
free path was obtained from the cross section derived from 
the LJ potential as described above and the density of the 
background gas. The straight line trajectory of each atom 
is recorded for the distance d before the collision. The 
angular distribution of the hot neutral after scattering is 
assumed to be that given by hard-sphere dynamics, 
e=2cos-’ (r). This latter assumption most likely under- 
estimates the range of very hot atoms since at high energies 

the differential cross section is likely to be more forward 
peaked. It is, however, a reasonable approximation to the 
distribution for kinetic energies > HOE, typically a few 
tenths eV.24S26 Below this energy, significant backscattering 
occurs and the forward-scattering approximation is no 
longer valid. The momentum transfer in the collisions is 
governed by classical elastic collision theory, yielding a 
momentum change during the collision of 

APi mi -----=- cos( e) 
Pi mi+mt 

*[ (~)2cos’(e~ +=I’“- 1, (6) 
where mi and m, are the masses of the incident and target 
particles, 8 is the angle between the initial and final veloc- 
ity vectors of the incident particle, and pi is the momentum 
of the incident particle. If mi > m, then 8 < O,, where 
COST Bm = 1 - (mJmi)2 and 0 < 8, < r/2. 

The result of this portion of the model is a relation 
resembling a Green’s function p(Z,ei;ef,0), where p is the 
probability that a hot neutral launched at a distance z from 
the substrate with energy ei will impact the substrate with 
energy ef and angle 0 for normal incidence. This probabil- 
ity is invariant for a given gas mixture and electrode spac- 
ing. The spectrum of hot neutrals striking the substrate 
F(e@) is then found by convolving the spatially depen- 
dent rate of production of hot neutrals having energy 4 
R(z,ei), with the Green’s function 

%mx s J- 
L 

ej-,~9 = R(z,~i)p(~,~i;~f,e)d~d~~ (79 0 0 

We have allowed for a distribution of launch energies in 
this formulation, which could result from a statistical re- 
distribution of energy in the parent molecule prior to frag- 
mentation. 

The production rate of hot F atoms, R(z,E~), is ob- 
tained from a hybrid model for the electron kinetics in a rf 
discharge. Hot F atoms are assumed to originate exclu- 
sively from the electron impact dissociation of CF, into 
CF, + F, the neutral analog of E!q. (2). The branching 
ratios for neutral fragments resulting from electron impact 
dissociation are not well known. Plumb and Ryan esti- 
mated that the branching to CF, + 2F has a 0.7 probability 
while that to CF, + F has a 0.3 probability.28 The branch- 
ing for dissociative ionization to CF,+ + F for electron 
energies ~100 eV, though, exceeds 0.7.14 We have assumed 
that the F atoms emerge from the dissociation with fixed 
energy of ei = 8 eV. We have therefore implicitly assumed 
that all of the CFs reaction product is produced in its 
ground state and that the predissociative electronic state to 
which the CF4 is excited is near the ionization limit. Re- 
sults from Ma, Bruce, and Bonham14 indicate that the F 
atom is actually produced with a range of energies from 4 
to 9 eV. The precise value of the launch energy does not 
qualitatively alter the algorithms or results of this study 
provided that the launch energy is greater than thermal. 
This condition results from elastic collisions being the 
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dominant mode of slowing and the assumption that other 
collision channels are not opened by higher launch ener- 
gies. 

The hybrid electron kinetics model consists of a semi- 
analytic model for the sheaths combined with a Monte 
Carlo simulation of the electron trajectories (eMCS). 
Given a specified form for the time and spatially varying 
electric fields in the discharge, the eMCS follows the tra- 
jectories of the electrons over many rf cycles, including the 
appropriate collisions for momentum transfer and energy 
loss. The result of the eMCS is the electron energy distri- 
bution (EED) as a function of position and phase during 
the rf cycle. Rates for the various electron impact processes 
as a function of space and time (z,t) can then be obtained 
from the EED. The second component of the hybrid model 
is a macroscopic model from which the electric fields in the 
rf discharge are obtained for input to the eMCS. The mac- 
roscopic model is based on the works of Misium et aLz9 
and Godyak and Sternberg. 

The basis of the eMCS model has been previously re- 
ported3’Z32 and therefore will be only briefly described here. 
The simulation begins with a user-specified form for the 
electric fields in the discharge. The assumed fields have a 
linear spatial dependence in the sheaths and are spatially 
invariant in the bulk plasma. The applied voltage is then 
oscillated in time at the rf frequency and electron trajecto- 
ries calculated. Particle densities are recorded as a function 
of position and time to generate the electron energy distri- 
bution. The rate coefficients for elastic, excitation, ioniza- 
tion, and dissociation collisions are then found by convolv- 
ing the distribution function with the appropriate cross 
section. Electron impact cross sections for CF, were ob- 
tained from the compilation by Hayashi,33 and were used 
without further modification. 

The rates calculated in the eMCS are then used as 
input to a macroscopic model based largely on work of 
Misium et aLL9 This model is simplified by our assumption 
tha( no electrons are released from the electrodes by ion 
impact. The macroscopic model produces a time-averaged 
sheath length which is returned to the eMCS. The bulk 
electric field amplitude, which is also returned to the 
eMCS, is found by assuming that the electrons carry the 
total discharge current at the midplane of the plasma. The 
field is then specified by using the discharge current pre- 
dicted by the macroscopic model and the electron mobility 
obtained from the eMCS. The presheath was presumed to 
begin at the location where E = T,/IzD,” where E is the 
time-averaged field, T, is the electron temperature (from 
the eMCS), and /2p is the Debye length at the same loca- 
tion. 

We expect that this hybrid model will accurately pre- 
dict trends in a rf discharge, but because it is not totally 
self-consistent with respect to electric fields, there are some 
deficiencies. The macroscopic model assumes one domi- 
nant positive ion species and therefore does not properly 
handle the negative ions arising from electron attachment 
processes. We do not believe this to be a serious problem 
because the electric field predicted by the macroscopic 
model is based on the electron energy balance which is not 

dramatically influenced by the presence of negative ions. 
The macroscopic model is known to underestimate the 
power deposition due to electron heating resulting from 
sheath motion.29134 The utility of the hybrid model is in its 
speed of execution and its ability to predict qualitative 
trends as discharge parameters (e.g., voltage and gas pres- 
sure) are varied. Since the parameters of interest for this 
study are the spatial distributions of electron impact dis- 
sociation and ionization collisions, values which are accu- 
rately predicted by the eMCS, we expect the weaknesses of 
the hybrid model to be of secondary importance. 

IV. HOT ATOMS IN PARALLEL-PLATE rf AND ECR 
DISCHARGES 

In this section we will discuss the energy spectra of hot 
atoms in rf discharges with emphasis on their likely effects 
on etching processes. 

A. Energy spectra and fluxes in rf discharges I* 
The spatially dependent rate of electron impact disso- 

ciation calculated for a parallel-plate discharge is shown in 
Fig. 3(a) for CF4 at 10 and 100 mTorr. The applied volt- 
age is 400 V (13.56 MHz) and the electrode separation 
L=5 cm. Similar values are shown for 30 mTorr at poten- 
tials of 300-500 V. The rate of dissociation has a maximum 
near the edge of the sheaths, a result of the sheaths oscil- 
lating which generates high-energy electrons there. The 
maximum in the rate of production is displaced toward the 
center of the discharge at lower pressures and higher volt- 
ages, a reflection of the thicker sheaths for those condi- 
tions. 

Assuming that each dissociation produces one isotro- 
pically emitted hot F atom with 8 eV of translational en- 
ergy, the spectrum of F atoms incident on either electrode 
is shown in Fig. 4 for CF, pressures of 10, 30, and 100 
mTorr. For these results, and those that follow, the F at- 
oms are tracked from their site of production to their first 
strike on the electrodes. The reflection and desorption of F 
atoms from the surface are not considered. At low gas 
pressures ( 10 mTorr), many of the energetically produced 
F atoms stream through the discharge without colliding 
and reach the substrate with their full launch energy. As 
the neutral pressure is increased, the hot F atoms undergo 
more collisions with the background CF4 and reach the 
substrate with a more thermalized distribution. The spec- 
tra have two prominent peaks resulting from hot atoms 
which reach the substrate without collisions and those 
which have collided many times and have been thermali- 
zed. The structure in the energy spectra between the hot 
and thermalized peaks is reproducible, but is sensitive to 
the details of the cross section and scattering angles. The 
precise form of this structure is not important with respect 
to our conclusions. 

The fraction of F atoms which are nonthermal when 
they reach the substrate is plotted in Fig. 5 as a function of 
gas pressure for different applied voltages. The nonthermal 
fraction increases with decreasing gas pressure because the 
hot atoms undergo fewer energy loss collisions. The frac- 
tion of neutrals which strike the surface with energies sig- 
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FIG. 3. Spatial profile of the time-averaged rate of electron impact dis- 
sociation of CF, for (a) an applied voltage amplitude of 400 V at gas 
pressures of 10 and 100 mTorr, and (b) various voltages for 30 mTorr. 
The electrode separation is 5 cm. The source moves away from the sub- 
strate as low pressures and higher voltages due to the thickening of the 
sheaths. 

nificantly above thermal energy nears unity for pressures 
< 10 mTorr and is negligible for pressures > 100’s mTorr. 

The nonthermal fraction is relatively insensitive to operat- 
ing voltage at lower pressures. The fractional flux of hot 
atoms incident on the surface does not depend on the mag- 
nitude of the source of atoms but the distance of the source 
from the substrate A and the gas pressure p. As pA in- 
creases, the nonthermal flux decreases. The ph product 
increases with increasing voltage since the sheath thickness 
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consist dominantly of ballistic hot atoms arriving at the substrate without 
collisions and fully thermalized atoms. 

increases somewhat and the average location of production 
moves away from the substrate. The nonthermal fraction 
increases slower than one might otherwise expect with de- 
creasing pressure because the source of hot F atoms moves 
away from the substrate at lower pressures as the thickness 
of the sheath increases (see Fig. 3). 

The volume-averaged production rates for hot F atoms 
as a function of gas pressure and voltage are shown in Fig. 
6. The total production rate of hot atoms increases with 
increasing gas pressure because a larger fraction of the 
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defined as being thermal, though the results are not sensitive to this 
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discharge power is dissipated by electron collisions as op- 
posed to ion bombardment of the electrodes. The produc- 
tion rate increases with increasing voltage since the abso- 
lute power deposition also increases. The absolute fluxes of 
nonthermal F atoms striking the substrate are shown in 
Fig. 7 for the same conditions. In deference to the produc- 
tion rates, the total hot atom flux striking the substrate 
generally decreases with increasing pressure due to the in- 
crease in PA. The flux begins to decrease at low pressure 
due to the fall-off in the rates of production. A weak max- 
imum may then occur in the nonthermal flux for pressures 
of 10’s mTorr to 100 mTorr. 

The gas pressure at which the nonthermal flux is max- 
imum and the relative magnitude of the maximum are 
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quite sensitive to the details of the thickness of the sheath 
and the collision cross section. The pressure and magni- 
tude of the maximum have important implications on pro- 
cessing “windows” and may vary from system to system. 
At low gas pressures ( < lo’s mTorr), the hot atom flux 
depends primarily upon the total hot atom production rate, 
since for these conditions, the hot atoms stream nearly 
collisionlessly to either electrode. At high fill pressures 
( > 300 mTorr), hot F atoms undergo many collisions be- 
fore striking the substrate. In this regime the hot neutral 
flux to the substrate is sensitive to the production rate 
within a few hot neutral mean free paths of the substrate. 
While in general higher voltages imply more dissbciation 
because of the higher-power deposition, the sheaths are 
also somewhat thicker at higher voltages. The spatial max- 
imum in the production rate moves away from the sub- 
strate, thereby allowing more collisions to occur before the 
hot flux strikes the electrodes. At intermediate gas pres- 
sures (many 10%-100’s mTorr) the effects of increasing 
production rate and increasing pA with increasing pressure 
or voltage may conspire to produce a maximum in the hot 
atom flux striking the substrate. At these pressures, the 
thermalization distance for hot F atoms and A (the dis- 
tance from the substrate to the peak in the production) are 
comparable. 

The flux of nonthermal F atoms at the substrate is 
important in etching plasmas because it may increase the 
isotropic component of the etch. A measure of this effect is 
the ratio of the hot atom flux to the ion flux striking the 
substrate. This ratio is plotted in Fig. 8. The hot atom flux 
is comparable to the ion flux at intermediate gas pressures, 
and is still 1%10% of the ion flux at pressures exceeding 
100’s mTorr. The ratio is smaller at higher voltages due to 
the increase in the rate of ionization compared to neutral 
dissociation. Including the additional hot F atoms which 
may be produced during dissociative ionization, the ratio 
may exceed unity at low pressures, as shown in Fig. 8. If 
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estimated to be 10”cmv” s- *. Hot atoms are assumed to thermalize 
upon striking a wall. 

we assume hot neutrals and ions are equally likely to acti- 
vate the etching process, the isotropic component could be 
10’s of percent for gas pressures of 10’s of mTorr. An 
isotropic etch rate which is only a few percent of the ver- 
tical etch rate may be problematic if the desired etch prod- 
uct has a high aspect ratio (deep and narrow). 

B. Low-pressure ECR reactors 

Although the flux of hot atoms may saturate and begin 
to decrease with decreasing gas pressure, their fractional 
contribution to the total neutral flux always increases. 
Their increasing importance results from the fact that they 
arrive at the substrate isotropically and begin to compete 
with ions in determining the character of the etch. As 
shown above, the radical flux in low-pressure reactors may, 
in fact, be composed primarily of hot atoms. To illustrate 
the consequences of these conditions, we examined the flux 
of hot F atoms that may be produced in an electron cyclo- 
tron resonance (ECR) etching reactor. Such remote 
plasma systems are of interest because it is possible to ob- 
tam high electron densities ( 101’-10’2 cm - “> at low gas 
pressures ( < 1 mTorr).35 These conditions are precisely 
those which result in a large flux of translationally hot 
neutrals reaching the electrode surfaces. 

For this discussion we consider an idealized ECR 
source with the electron impact processes (excitation, ion- 
ization, and dissociation) confined to a l-cm-thick region 
centered on the ECR resonance point. (See Fig. 9.) The 
ions diffusing out of the source region can be controlled by 
manipulating the magnetic fields applied to the plasma and 
the potential of the substrate. Neutrals are unaffected by 
such fields and, if the fill gas pressure is low ( < 1 mTorr), 
will radiate isotropically from the source region and travrl 

virtually collisionlessly to the walls of the reactor. The 
result is that the hot atom flux striking the walls of a trench 
depends in large part on the solid angle of the source 
viewed from that wall. Vertical surfaces facing outward 
generally view a smaller solid angle of the source than 
vertical surfaces facing inward. One therefore might expect 
that there will be a greater hot neutral flux to the wall of 
the trench nearest to the outer edge of the wafer relative to 
the flux seen by the wall nearest the center of the wafer. 
Barrelling of trenches has been observed in ECR systems 
and is generally attributed to the diverging magnetic field 
at the substrate and nonzero ion temperature. Hot neutrals 
may produce similar profiles when the source region is 
confined to the resonance zone if the higher flux of hot 
neutrals on the outer walls results in a higher etch rate. At 
very low pressures these effects may be mitigated because 
electron impact dissociation extends beyond the resonance 
zone toward the substrate. 

We calculated the hot atom flux incident on the inner 
and outer walls of a trench on the substrate of our idealized 
ECR reactor and the results are shown in Fig. 10(a). We 
assumed that the dissociation rate in the ECR zone is 
1Or3 cm - 3 s - ’ at 0.1 mTorr. Atoms which strike the walls 
are assumed to thermalize. We used two scalings: the 
source being constant as a function of pressure and the 
source scaling with pressure. The hot atom flux striking the 
outer wall monotonically decreases with increasing pres- 
sure due to there being more thermalizing collisions. The 
hot atom flux to the inner wall has a maximum corre- 
sponding to hot atoms having only a few collisions to re- 
direct them to the inner surface, but not so many collisions 
that they thermalize. The ratio of the flux to the inner and 
outer walls approaches unity as the pressure increases and 
the flux becomes more randomized, as shown in Fig. 
10(b). 

C. Extension to other systems 

As long as elastic collisions are the dominant energy 
loss process for hot neutrals, the results we have discussed 
here are somewhat insensitive to the gas mixture. The rea- 
son is that the Lennard-Jones parameters governing the 
collision cross sections do not vary by more than a factor of 
2-3 for the gases of interest. The E parameter varies more 
widely, but since the neutral temperature usually corre- 
sponds to a point on the flat portion of the cross section 
shown in Fig. 2, the cross section will depend only mod- 
erately on E. The effects of the sharp increase in the cross 
section occur for -$Lv~/~ < 1 and become apparent only for 
systems with very large E or when the neutral gas temper- 
ature is substantially below room temperature. This could 
be problematic in systems using low substrate temperatures 
as are now being investigated.36 

D. Processes activated by hot neutrals 

We have noted instances where the hot neutral flux is 
comparable to the ion flux to the electrodes, particularly at 
low pressures. Relatively small changes in the operating 
point in applied voltage or pressure can significantly reduce 
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or increase the hot atom flux, and so the rate of processes 
in which hot atoms participate are equally as sensitive. The 
most important of these processes are those which have 
activation energies sufficiently high that their rate of oc- 
currence is negligible at thermal energies. Hot atoms rep- 
resent an isotropic source of energetic particles at the sub- 
strate which may etch as effectively as the directed 
energetic ion flux. In addition, hot atoms may serve to 
activate gas-phase chemistry and produce gas-phase spe- 
cies which would otherwise not exist. Unique surface 
chemistry may be similarly activated by the energy avail- 
able in hot neutrals; such threshold effects may be the most 
dramatic manifestation of hot neutrals. It is beyond the 

scope of this paper to investigate ihe specifics of a variety of 
chemical systems, but we can illustrate these points by 
example. 

Measurements of the sticking coefficient of F on 
Si( 100) over a large range of F atom energies have not 
been made, but there is evidence that the process is acti- 
vated. F atoms stick with near unit efficiency on clean Si 
surfaces, but the sticking coefficients falls to lo- 2-10 -4 
once the surface has been covered with a few monolayers of 
adsorbed fluorine. Engstrom et aZ.6 found that the sticking 
coefficient increases by ~50% when the translational en- 
ergy of F incident on a Si( 100) surface at 120 K is raised 
from 0.1 to 0.5 eV. If this scaling prevails to higher ener- 
gies, one should expect at least an order of magnitude 
higher sticking coefficient at 10 mTorr compared to 100 
mTorr. This increase in sticking, and implied reactivity, of 
F atoms on passivated surfaces could compromise the pro- 
tecting nature of sidewall polymerization. 

Many surface processes require the formation of an 
intermediate “precursor” state. Translationally hot neu- 
trals may obviate the need for such an intermediate state 
because they carry sufficient energy to directly activate the 
process. Such “direct” processes will also be insensitive to 
the substrate temperature, thereby removing temperature 
as a useful control parameter of the surface process. Rett- 
ner et al. have found just such an effect in the chemisorp- 
tion of Nz on W( 100) and its subsequent dissociation.37 

Gas-phase collision processes may also be activated by 
hot neutrals. Gas-phase reactions which have an activation 
energy barrier of more than a few kcal/mol are typically 
not important in etching plasmas since the gas temperature 
is ~400 K. Since an activation barrier of 1 kcal/mol cor- 
responds to approximately 0.05 &V, hot neutrals are easily 
able to activate such processes. The effect is particularly 
important for reactions which have sufficiently high acti- 
vation energies that the process simply does not occur at 
processing temperatures. 

We chose as an example the abstraction reaction 

F(hot) + CF,+CF, + F, (8) 

because for many hot atom chemistries abstraction is the 
most likely inelastic collision channel for impact energies 
of < 10 eV. The activation barrier of 86 kcal/mol. The rate 
of production of CF3 by electron impact will be large rel- 
ative to that by hot F atoms. Abstraction reactions, 
though, may be a significant source of FZ, particularly at 
low pressure where association reactions are not easily sta- 
bilized, or a significant gas-phase loss for F atoms. ‘?he 
effective rate coefficient and absolute rate of production for 
this process as a function of gas pressure are shown in Fig. 
11. The effective rate coeficient, k, is defined so that the 
total abstraction rate per unit volume is k,[fl[CF4], where 
[F] is the total F density including thermal atoms. The 
effective rate coefficient monotonically increases with de- 
creasing gas pressure due to the increase in the proportion 
of hot F atoms. The total rate of abstraction, though, has a 
maximum as a function of pressure. 

The similarity of neutral-neutral collision processes as 
described by the Lennard-Jones potential may hinder at- 
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FIG. 11. Characteristics of hot atom activated chemistry. (a) The effec- 
tive rate coefficient for the abstraction reaction F + CF,-tCF, + Fz is 
shown near an electrode surface. (b) The absolute rate Tar the abstraction 
reaction F + CFh-CF9 f F2 is shown as a function of gas pressure near 
the electrodes. The rate coefficient increases with ‘decreasing density due 
to the increase in the nonthermal flux. 

tempts to control translationally hot neutrals in etching 
discharges. The primary avenue available for modification 
of the hot neutral flux at the electrodes is to change the gas 
pressure or gas temperature. Unfortunately, large varia- 
tions in any of these operating parameters will have only 
modest effects on the hot neutral flux to the substrate as 
long as hot atoms are slowed primarily in elastic collisions 
with the fill gas. One might also choose a chemistry which 
intrinsically generates a small flux of hot atoms. A care- 
fully chosen chemistry may also be used to scavenge hot 
atoms from the discharge volume before they strike the 
substrate. 

V. CONCLUDING REMARKS 

Recent experimental results suggest that translation- 
ally hot F atoms having kinetic energies from several to 10 
eV are produced in electron impact dissociation of CF,. 
Previous studies of hot atom transport have shown that hot 
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F atoms are relatively inert and do not appreciably react 
with a CF4 background gas. They instead are primarily 
slowed by elastic collisions with CF,. Results from our 
models show that at moderate gas pressures (10-100 
mTorr) the hot F atom flux at the discharge electrodes can 
be comparable to the ion flux. At lower gas pressures, the 
F atom production rate is reduced, while at higher fill gas 
pressures the hot F undergoes more moderating collisions 
with the CF4 and is thermalized before reaching the dis- 
charge walls. High-power, low-pressure devices such as 
electron cyclotron resonance reactors are examples of re- 
actors where the hot atom flux might be particularly large. 
Only fragmentary data exists on the effects of activated 
neutrals upon striking a surface. It is reasonable to expect 
that surface reaction and sticking rates will be enhanced by 
the activation energy available in such species, and mea- 
surements of the sticking coefficient of F on Si( 100) tend 
to support this conjecture. Endothermic gas-phase reac- 
tions are also enhanced by the hot atom flux. 

The production mechanisms and effects of translation- 
ally hot neutrals in etching discharges are still largely un- 
known. We have presented some general scaling laws 
which should be considered in the design or analysis of 
etching processes. Comprehensive models which address 
the issues discussed here will necessarily be sophisticated 
and must include the kinetics of the charged species, neu- 
tral gas-phase species, and surface reactions. 
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