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Basic mechanisms of energetic molecule ejection from surfaces

K.J. Snowdon and W. Heiland
Fachbereich Physik, Universitdt Osnabriick, F.R.G.

Abstract - A description of the basic mechanisms of energetic
molecule ejection from surfaces, both collisional and electro-
nic, is presented. It is shown that the rotational and vibra-
tional population distributions, and kinetic energy and angu-
lar distributions contain clear fingerprints of the ejection
mechanism, and some information on the molecule bonding confi-
guration on the surface. Use of this information should enable
a definitive experimental determination of the last reaction
step in the ion beam-reactive gas etching process.

INTRODUCTION

Both semiconductors and metals are eroded or etched by halogen containing va-
pours. Like its counterpart "wet chemical etching", this process is isotropic,
and undercuts any structure defining mask, thus limiting the ultimate attai-
nable device resolution (Fig. 1a). Directional etching, however, can be in-
duced by combining a relatively unreactive halogen containing vapour with
energetic particle bombardment. The bombarding species "catalyse" the reaction
(Fig. 1b), and the etch rate is much faster than with either the particle beam
or halogen vapour alone (ref. 1). This process is already being exploited in
VLSI technology, but to allow full development of the potential of this tech-
nique, considerable effort is being devoted to fundamental studies whose aim
is to identify the reaction mechanism, and optimize its efficiency.

It has been proposed that the energetic particle beam enhances the halogen-
silicon reaction and that the product molecules thermally desorb (ref. 2-4),
or alternatively, that the particle bombardment is itself directly respon-
sible for the molecule ejection (ref. 5). In attempts to establish which me-
chanism is operative, extensive measurements of the mass and kinetic energy
distributions of product molecules have been performed (ref. 2-5), and recent-
ly, the internal (rotational and vibrational) energy distributions of ejected
molecules have been measured (ref. 6-7).

To assist the interpretation of these differential measurements, theoretical
models describing molecule ejection following photon, electron, and ion or
atom bombardment have been developed (ref. 8-13). The resulting calculations
of rotational, vibrational, kinetic energy and angular distributions of ejec-
ted molecules provide us with fingerprints of these ejection processes, which
we can then seek in experimental data.

In this paper, the general properties of molecules ejected following energetic
particle bombardment of solids will be presented, and the microscopic mecha-
nisms discussed. Specific examples of particular relevance to the etching of
silicon by halogen containing vapours are presented.

a)Gas only b)Ion beam+ gas
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Fig. 1. Schematic etch pits generated by a) reactive gas only,
and b) the combination of an ion beam and reactive gas.
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BASIC MECHANISMS

Particles (either atoms or molecules) may be ejected from solids through mo-
mentum transfer following either vibrational or electronic excitation of the
particle-surface bond (Fig. 2). The former process corresponds to the direct
"collisional"” energy transfer occuring in ion-beam induced desorption and
sputtering (Fig. 3), the latter to the indirect energy transfer which occurs
following electron or photon impact. We consider each of these processes se-
parately.

Potential Energy

Internuclear Distance

Fig. 2. Illustration of particle ejection from solids via a)
electronic excitation of the particle-substrate bond via eg.
electron or photon impact. If this state does not immediate-
ly decay, the atom or molecule A separates from the substrate
S under the influence of the repulsive potential A+S¥, and
will be detected with a kinetic energy E,; and b,c) vibra-
tional excitation of the particle-substrate bond via colli-
sional energy transfer. If insufficient energy transfer oc-
curs, the atom or molecule will remain trapped, while for
transfers exceeding the particle binding energy to the sur-
face, ejection will occur with a final atom or molecule ki-
netic energy of E. being observed.

Collisional energy transfer

At the geometries generally employed for ion assisted etching (near normal
incidence) direct beam induced desorption is prohibited by momentum conserva-
tion. At more glancing impact angles, such ejected atoms have a well defined
energy Eq in a particular observation direction © to the primary beam direc-
tion, viz

4m.m
E, = 12 E cosze, e<m/2 (1)
1 2 "o -
(m1+m2)

where m1 and mp are the projectile and recoil atom masses, and Ey is the pro-
jectile energy. This technique has been termed ion impact desorption spec-
troscopy by Eckstein and coworkers (ref. 14). Molecules ejected via this pro-
cess may have energies somewhat less than predicted by equation (1), due to
excitation of rotational or vibrational degrees of freedom. Nevertheless, the
approximate projectile energy, mass, and angular dependences contained in
equation (1) permit easy identification of this process.

If the energetic projectile ion penetrates the surface layer, momentum trans-
fer to atoms along its path sets up a "collision cascade" (ref. 15). This
cascade can in general be described initially by a sequence of nonoverlapping
binary collision sequences, which eventually intersect and thermalize. Parti-
cle ejection occurs in general early in the cascade development, when the
average energy per moving atom is high. This requirement is imposed by the
necessity for ejected atoms to overcome their binding energy to the surface.
In solids like silicon, which are quickly amorphized by ion bombardment, the
collision cascade is essentially isotropic and the atoms in the solid exhibit
an energy spectrum close to E-2, Through their diffraction by a planar sur-
face barrier U, ejected atoms thus possess to first order the distribution
(ref. 16)
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Fig. 3. Collisional energy transfer can occur (i) directly
between the projectile and surface atom or molecule (direct
beam induced desorption), or (ii) indirectly, via a complex
collision sequence in the substrate (sputtering). Other mo-
lecule orientations and bonding configurations are of course

allowed.
2 c_E
%E%E = ———2—3 coso, (2)
(E+U)

where ¢, is a constant containing the beam and substrate parameters.

This same collision cascade is of course responsible for molecule ejection.
Let us consider the simplest possible model situation sketched in Fig. 4, and
assume the molecule is ejected via a single binary collision between a sub-
strate atom (atom O) and one end of the molecule (atom 1). If we assume an
energy transfer E, to atom 1, the energy of the centre-of-mass of the atom
pair 1-2 is
™
12 = Tmy+m,) (3)

E E

1

where m, and m., are the masses of atoms 1 and 2 respectively. Since we alrea-
dy know the enérgy distribution of atom 1 (equation (2)), we can immediately
write the atom pair kinetic energy and angular distribution, viz

2
3°N c,,E
12 12712 (4)

= coso
3B 538 (E12+|<U)3

where k=mq/(mq+my), the scale factor in equation (3). Since k<1 always, the
molecule energy spectrum will peak at a lower energy (namely «U/2) than that
of the atom 1 (U/2).

The remaining energy E;j=Eq-Eq12 is distributed over the internal degrees of
freedom of the molecule. If we neglect electronic excitation, and treat rota-
tion and vibration classically, we obtain

_ 2
EVib = E, cos”a (5a)
and
E_ =E, sina (5b)
rot i (
E4
a Fig. 4. Simple model of molecule

sputtering in which a moving
substrate atom O collides with
atom 1 of the molecule. The atom
1 escapes the surface with ener-
gy Eq and is moving initially in
a direction at angle o to the 1-2
bond direction.
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where o is the angle between the initial direction of motion of atom 1 and
the molecule bond axis (Fig. 4).

Clearly, if Eji is large enough, the atom pair 1-2 may dissociate. These dis-
sociating pairs must be removed from the spectrum (equation (4)) to give the
true spectrum of sputtered molecules.

A diatomic molecule with angular momentum L has a potential curve

U(r,L) = v(r) + L2/2ur? (6)
where r is the internuclear distance, p=mimy/(mq+my) is the reduced mass, and
V(r) is the potential curve of the non-rotating molecule. Such a potential
will have, in general, a maximum at some intermediate r value for non-zero L.
This so-called "centrifugal barrier" can be seen in Fig. 5. If tunnelling
through this barrier can be neglected, all molecules within the shaded re-
gions of Fig. 5 are bound. This condition can be transformed into a limit on
the maximum possible translational kinetic energy of a bound sputtered mole-
cule (ref. 11). This limit has the upper bound

max
E12

where D is the dissociation energy of the ground state molecule. Thus the ki-
netic energy distribution of molecules ejected via this mechanism (equation
(4)) will have a high energy cutoff. This cutoff is of the order of the dis-
sociation energy for like-mass atoms, but can become very large for hydrides.
This effect is illustrated in Fig. 6, and the corresponding rotational and
vibrational population distributions are shown in Fig. 7. Notice that for ty-
pical sputtering parameters, between 50 % and 96 % of the molecules survive
the ejection collision. This means that molecule sputtering can be an extre-
mely efficient process.

= (m1/m2)D (7)

Up to now we have considered an idealized, but nevertheless revealing, model
of molecule sputtering. How would our predictions be influenced by assuming,
for example, energy transfer to both atoms during ejection, or that both

atoms are initially bound to other surface atoms (Fig. 8)?
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Fig. 7. Rotational L and vibrational v population distributions
corresponding to Fig. 6. The factors F represent the fraction
of molecules which survive the ejection collision without
dissociating.

We saw that for single collision ejection, the kinetic energy distribution
cuts off sharply due to the energy difference between the ejected atoms even-
tually exceeding the molecule dissociation energy. This energy difference
will be much reduced if we give both atoms 1 and 2 momentum in the vacuum di-
rection. The sharp cutof§4d§sappears and we obtain an asymptotic high energy
dependence approaching Eq5°~, independent of the form of the surface poten-
tial barrier, provided we assume no energy or angular correlation between the
two ejection collisions (Fig. 9). The rotational and vibrational excitation
(Fig. 10) is not markedly dependent on the collision mechanism (single or
double), but does exhibit some dependence on the way in which the atoms of
the molecule were bound to the surface.

The way in which the molecule is bound to the surface also strongly influen-
ces the angular distribution of sputtered molecules (ref. 17). When only "one
end" of the molecule is bound, we expect an atom-like © distribution (equa-
tion (4)). When both atoms are "individually bound", this transforms approxi-
mately to the product of the atom © distributions, and when it is more reali-
stic to speak of binding of the molecule as a structureless entity, the 0 di-
stribution is once again atomic-like. This sensitivity to the model bonding
type is clearly apparent for silicon fluoride in Fig. 11.

The vibrational energy distributions are also predicted to contain useful in-
formation on the atom separation distribution on the surface prior to spuytte-
ring of the molecule (Fig. 12). Very broad population distributions are indi-
cative of broad separation distributions and vice versa (ref. 10). This in-
formation may tell us whether the molecules we sputter can be considered pre-
formed, or whether the atoms only preferentially associate during ejection.

(i) £ (ii)
2
E, E, E,
AE AE
) !

Fig. 8. Molecule sputtering in which energy transfer occurs di-
rectly to atom 1, and to atom 2 either (i) indirectly via
atom 1 or (ii) directly via collision with atom O. Two pos-
sible bonding situations are illustrated. A further possible
energy transfer mechanism is that two substrate atoms O and
O' collide with atoms 1 and 2 of the molecule. This mechanism
is expected to be of lesser importance for most sputtering
situations, because the density of energetic atoms is low.
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(i} Independent atom bonding (ii) Molecule bonding
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Fig. 9. Kinetic energy distributions of sputtered ground state
SiF molecules for the types of surface bonding shown schema-
tically in the insets. The high energy asymptotic dependence
of the atom pair distributions are indicated. It was assumed
that ejection was caused by collisions with both atoms of the
molecule (ref. 17). The surface binding energies were chosen
so that both distributions peak at the same energy (0.3 eV).

Electronic energy transfer

The erosion of solids following electron or photon impact proceeds via the
indirect momentum transfer process illustrated in Fig. 2 (more complex vari-
ants for preparing the repulsive state are described in ref. 8. The electro-
nic transition occurs on a time-scale short compared to that for nuclear mo-
tion. Provided this state does not decay within a time of order 10-14 s, the
atom or molecule will desorb from the surface under the influence of the re-
pulsive potential. The advantage of this erosion mechanism over ion or atom
bombardment is that little sub-surface damage dccurs. This is a particularly
important consideration if an ordered crystal structure is important for suc-
cessful operation of the component being constructed.

The same trajectory methods employed above for predicting the internal and
translational energies of sputtered molecules can be employed for electron or
photon induced desorption. Model calculations for the system CO adsorbed on
Ru(001) have shown that the rotational, vibrational, kinetic energy and angu-

(i) Independent atom bonding (ii) Molecule bonding

Fig. 10. Rotational L and vibrational v population distribu-
tions corresponding to the kinetic energy distributions in
Fig. 9. The L and v axes are identical for both diagrams.



Basic mechanisms of molecule ejection 1251

10}
5
o
N
S
£
s 05
£
[
S
Z
O
1
00
0 30 60 90

Polar Angle 6 (degrees)

Fig. 11. Polar angular distributions of SiF corresponding to the
ejection mechanisms and bonding configurations of (i) Fig. 6,
(ii) Fig. 9(i), and (iii) Fig. 9(ii). The lines represent cos0®
and cos<40 distributions.

lar distributions of ionized and neutral carbon monoxide contain information
on the molecule-substrate bond-length distribution, on the strength of the
repulsive state formed following electron or photon impact, and on the mole-
cule orientation distribution (Fig. 13). This means that unambiguous identi-
fication of electronic energy transfer as the product molecule ejection me-
chanism should be possible experimentally.

Double Collision Direct Sputtering Au2X1)25

Fig. 12. Rotational N and vibrational v population distributions
of sputtered Auj; molecules as a function of initial separation
r, on the surface (ref. 18). The r, values chosen represent (i)
the gas phase equilibrium value, and (ii)-(iv) nearest, next
nearest, etc. neighbours for the face centred cubic crystal.

F has the same meaning as in Fig. 7.
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Fig. 13. Calculated kinetic energy and rotational N and vibra-
tional v population distributions of CO and CO* ejected from
Ru(001) following electron or photon impact (ref. 12).

CONCLUSION

Following extensive theoretical analysis of molecule ejection from surfaces
via collision or electronic energy transfer, we find that clear fingerprints
of the ejection mechanism exist in the internal and translational energy, and
angular distributions. Measurement of these observables, and comparison with
theoretical predictions, should therefore enable definitive identification of
the final reaction step in the ion beam-halogen etching process.
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