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The ballistic diffusion of the surface atoms after collisions with high-energy electrons is simulated numerically. The time for 

the ballistic diffusions of a monolayer under the bombardment of the high energy electron is estimated semi-quantitatively. 

1. Introduction 

There is a growing interest in the use of elec- 
tron microscopy to study surfaces whether by 
reflection [l-4], profile [5-81 or by straight trans- 
mission [9-121, in addition to the established in- 
terest in reflection high-energy electron diffraction 
(RHEED). Unfortunately, like all other tech- 
niques, the electron beam both probes and changes 
the structure of a surface. In particular, two un- 
wanted processes can occur, enhanced thermal 
surface diffusion due simply to electron beam 
heating and athermal surface diffusion by either 
an electronic mechanism [13] or by direct knock-on 
of a surface atom. Except for highly insulating 
materials, experiments (in transmission) have 
shown that the temperature rise due to beam 
heating is small, of the order of 10 K [14,15], and 
can therefore be neglected. For athermal processes, 
the incoming electrons can cause electronic transi- 
tions which become converted into atomic motion 
leading to either preferential desorption of one 
species [16618] or surface diffusion [13]; electron- 
stimulated desorption of diffusion for which vari- 
ous models have been proposed [19-221. However, 
knock-on mechanisms for surface diffusion have 
not been investigated in detail. In this paper we 
report the results of calculations for this process, 
athermal ballistic surface diffusion due to Ruther- 
ford scattering. 
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2. Model and analysis 

Ballistic surface diffusion can be divided into 
two steps: the initial scattering of the electrons 
which provides an impulse to the target atom and 
the actual diffusion of the atom (after the electron 
has left). The former is a collision process and 
finishes in a very short time, about 10P l9 s. The 
latter is the dynamical motion of the scattering 
atoms in the surface potential, and takes place 
with the more leisurely time scale of thermal 
vibrations, i.e. lo-‘* s. Our approach here is to 
consider first the diffusion problem for a range of 
different vectors for the initial atom momentum, 
and then later to tie in the results from these 
calculations of the probability that the atom will 
defuse or be sputtered with calculations of the 
actual initial momentum of the target (which is a 
function of the beam energy and direction relative 
to the surface). 

To model the dynamical motion of surface 
atoms, we used a Lennard-Jones potential, with 6 
rows and 20 atoms in each row (figs. la and lb), 
taking for our parameters those of gold [23]. (A 
Lennard-Jones potential was used solely as a 
pragmatic choice to make the problem tractable.) 
The blackened atoms in both figures are the atoms 
whose classical trajectories were numerically in- 
tegrated. The case shown in fig. la models an 
adatom, whilst fig. lb models a flat surface, and in 
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Fig. 1. The arrangement of the gold atoms in’a 2D lattice for 
the dynamical calculation: (a) in the case of the surface adatom 

and (b) in the case of the in-surface atom. 

both cases the initial velocity from the Rutherford 
scattering was given to the blacked atoms only. 
The approximation of reducing a 3D problem to 
2D is based on the assumption that the surface 
potential well has central symmetry. A fourth 
order of the Runge-Kutta method was employed 
for the numerical calculations and the dynamical 
calculation of the trajectories of adatom or in- 
surface atom were performed as a function of the 
energy and initial displacement direction of the 
surface atom. Of interest is the critical energy 
when the adatom or in-surface atom just 
surmounts the potential barrier built up by the 
neighboring atoms. Firstly all the other atoms 
were assumed fixed. Fig. 2 shows two typical 
trajectories of an adatom; in (a) when the surface 
atom just surmounts the surface barrier, and in (b) 
when the adatom is just reflected. Similar trajecto- 
ries were obtained for the in-surface case. Figs. 3a 
and 3b show the critical curves of the energies for 
these situations; only atoms with kinetic energy 
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Fig. 2. The tralectories of an adatom: (a) when the atom Jut 

surmounts the surface barrier and (b) when the adatom is JUG 

reflected by the barrier in the case of fixing other atom. 

above the curve will diffuse. These two curves 
clearly show a smooth behavior with functionality 
no matter how complicated the trajectories of 
surface atoms. For the adatom, the critical curve 
has a simple parabolic character, while the critical 
curve of an in-surface atom appears more com- 
plicated. This is because for the in-surface case. 
the atom is strongly interacting with its four 
neighboring atoms. 

Similar calculations for the case in which one 
neighboring atom is movable were also performed 
for both adatom and in-surface atom. Fig. 4a 
shows the case when the adatom is just reflected 
by the potential barrier, while fig. 4b shows it just 
surmounts. The neighboring atom vibrates around 
its equilibrium position in both cases. The calcu- 
lations indicated that the time required for the 
ballistic diffusion process of one adatom or in- 
surface atom is around lo-l3 s and the time 
required for kinetic energy of an adatom or in- 
surface atom to be transferred to its neighbors 
atoms is about 10P11-10-‘2 s. The results showed 

Fig. 3. The curves of the critical energy for the surface atom surmounting the surface potential barrier as the function of ejection 
angle of the excited atom: (a) in the case of adatom on the surface and (b) in the case of the in-surface atom. 
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Fig. 4. The trajectories of an adatom in the case that one 
neighboring atom is movable: (a) when the adatom is just 

reflected by the surface barrier and (b) when the adatom just 

surmounts the surface barrier. 

no big change in the critical curve, and the as- 
sumption that the neighboring atoms are fixed 
appears to be a reasonable approximation. 

For the scattering process we applied Ruther- 
ford scattering theory using the scattering geome- 
try shown in fig. 5. The energy transferred to a 
single surface atom by a single scattered electron 
is given by the equation 

E = E, cos*(8’), (1) 

where E, is the maximum energy that the elec- 
tron can transform to the atom, which is related to 
the incident energy of the electrons as: 

E, = 2E,( E, + 2mc*)/Mc*, (2) 

where E, is the incident energy, m the mass of the 
electron and M the mass of the adatom. Substitut- 
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Fig. 5. The scattering geometry between the incident high 

energy electron and the surface atom. 

ing (1) into the equation for the critical curve, 

f(S) = E/Es, 

we then obtain the following relationship 

EJE, +( ~)/cos(180” - 0” - 0). 

(3) 

(4) 

Different values of 8” represent different geome- 
tries of the surface with respect to the direction of 
the incident electron. The physical significance of 
eq. (4) is that the energy required for the diffusion 
of a surface atom is a function of the ejection 
angle r3 and the angle between the surface and 
beam direction 0”. Plotting EJE, versus 8 for 
different c9”, we obtain a series of critical curves 
for E, as shown in figs. 6a and 6b for the adatom 
and in-surface atom cases, respectively. 

These curves were then used to determine the 
scattering angle range within which the scattered 
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Fig. 6. The curves of the minimum incident energy required for diffusing: (a) an adatom and (b) an in-surface atom as the function of 

the ejection angle of the atom for the different angles between the surface and the incident momentum. 
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Fig. 7. The illustration of determining the diffusible angle 

range 0, Oz. 

atoms can be diffused as shown in fig. 7. n is the 
value of Em/E, for the given accelerating voltage. 
The scattering probability of the adatom or in- 
surface atom is then given by 

where the physical significance of M, is the prob- 
ability of one surface atom being scattered into a 
solid angle 52 per incident electron per second, 
u(8) is the differential Rutherford scattering 
cross-section, n is the electron flux, and a is the 
solid angle within which we are counting scattered 
surface atoms. If we substitute all relations with 
respect to angle for the quantities in (5) we ob- 
tain: 

-l/2 -2 

r I 

d0. 

(6) 

where Z is the atomic number of the surface atom 
after modification for Coulomb screening, Z’ = 1 
for an electron. m is the reduced mass and 11 the 
relativistic velocity of electron; M is the mass of 
the adatom. The inverse of M,, T,, = l/M:,, has 
units of (atom. s/ST). Its physical significance is 
the time required for all atoms in a monolayer to 
diffuse. The upper and lower limits, 8, and B,, are 
determined by the value of E, which was calcu- 
lated from the kinetic energy of the incident elec- 
trons. 

3. Results 

To provide some hard data, we have taken an 
accelerating voltage of 200 keV and a current 
density of 1.8 A cm. The calculated results for 
different surface geometries for both adatom case 
and in-surface case are shown in table 1. They 
indicate that the time required for scattering of 
one monolayer is about several hundred seconds 
for this specific voltage and metal. (Note that this 
value should be compared with the intrinsic ther- 
mal diffusion of the surface which we would ex- 
pect to be in general far faster.) The time for 
profile imaging position 13” = 0 is longer than that 
for other positions, indicating that the profile 
imaging technique is less influenced by ballistic 
damage. In general terms, Ta is inversely propor- 
tional to the square of atomic number Z, i.e. the 
heavier the atom, the shorter the “sitting time” 7Y,. 
T, is also related to the cohesive energy E,, and 
larger cohesive energies make the critical curve 
steeper and reduce the diffusible angular range, 
and therefore increase T,. The influence of the 
energy of incident electrons on Ta is shown in two 
ways. At higher energies the relativistic electron 

Table 1 

0 I, 

(de@ 

0, - 0, (rad) 

Adatom In-surface 

M, X 10. ’ (ST/atom.s) 

Adatom In-surface 

T, (atom’ s/ST) 

Adatom In-surface 

90 0.75-2.35 1.20-l .90 13.88 1.48 72 675 
75 1.71-2.58 1.60-2.10 5.55 0.71 1x0 1401 

45 1.82-2.96 2.07-2.95 4.88 3.04 20s 329 
0 2.45-3.10 2.70-3.14 4.23 1.26 236 793 
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velocity u increases, reducing the cross section for 
scattering and therefore increasing T,; but it also 
makes the diffusible angle range St-0, wider, 
which reduces T,. To some extent these two effects 
offset each other. At low energy (V, < 300 kV), the 
velocity dominates, and the time required for the 
diffusion of one monolayer increases with accel- 
erating voltage. A higher energies the velocity does 
not increase so fast (due to relativistic effects) and 
the diffusible range effect will dominate. 

4. Discussion and conclusion 

Our results indicate that ballistic surface diffu- 
sion is strongly dependent upon the properties of 
materials. There exists a threshold voltage for the 
ballistic surface diffusion which for Au is about 
135 kV. We encounter a problem when we attempt 
to reconcile these results with some experimental 
data on the surface sputtering threshold for gold 
obtained by Cherns et al. [24]. These authors 
obtained a value of 459 kV. At this voltage the 
maximum energy transferred to an atom is 7.22 
eV which is approximately twice the cohesive en- 
ergy. There are two possible reasons for this dis- 
crepancy. First, there may have been a contamina- 
tion layer in the experiments, so that the “sputter- 
ing threshold” might in fact represent the threshold 
to sputter gold through a 20 A carbon contamina- 
tion layer. Alternatively 459 kV may represent the 
threshold for high yield due to a more complicated 
multi-atom sputtering process, rather than 
threshold of simple sputtering. It seems quite likely 
that there may (at higher voltages) be more com- 
plicated and damaging processes, both for sputter- 
ing and for athermal diffusion. It would clearly be 
of interest to see the results of careful electron 
microscope imaging work at different tempera- 
tures. 

A feature of the results to note is that the 
surface geometry has a strong effect on ballistic 
diffusion; and the ballistic diffusion on profile 
surfaces appears to be the smallest, whereas the 

prospect is clearly not so good for plan view 
imaging, particularly of the exit surface of speci- 
mens where we can expect fairly severe damage. 
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