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Ionization of low-energy atoms ejected from ion-bombarded solid surfaces
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A microscopic semiphenomenological theory of ionization is described and compared with

newly available experimental data. The theory assumes that the substrate electrons around the

point of ejection are excited by the collision process and have a very high effective temperature.

Formally, the approach is similar to that developed by Overbosch et al. to interpret the Na

scattering data.

The need for a comprehensive and detailed theory
of ionization in sputtering has been stimulated by the
recent experiments on well-defined surfaces' ' which
allow a quantitative comparison of theoretical and ex-
perimental results. The hitherto proposed models
do not describe, in the present form, all aspects of
the ionization process satisfactorily and the develop-
ment of a precise microscopic description based on
molecular dynamics~ is still hampered by the com-
plexity of the problem. In this paper I present a sim-

ple microscopic semiphenomenological theory of ioni-
zation which seems to describe qualitatively and in
some instances quantitatively most of the available
experimental data on ejected low-energy ions. The
results may serve as guidance for the development of
a more complete theory.

The theory is based on the assumption that the
electrons in the collision cascade region are excited to
the empty states of the energy e above the Fermi lev-
el with the probability exp( —e/kT, ) Such .assump-
tion allows one to define the effective electron tem-
perature T, in the cascade region. The existence of
T, has been inferred previously from the computer
simulation and from experimental evidence. ' " Its
value depends sensitively' upon the substrate atomic
parameter y, defined below. In the present treat-
ment, T, is assumed to be an empirical parameter
having a value between 1000 and 3000 K for clean
metals as suggested by the computer simulation. '

The second assumption is that T, is constant dur-

ing the ejection process and the ejected atoms interact
with the excited substrate through the space and
time-dependent hopping integral Vexp( —yx)
= Vexp ( —yut), where x is the distance from the
surface and v is the velocity of the ejected particle
perpendicular to the surface. The hopping integral is

taken to be proportional to the overlap of valence
wave functions. The parameter y is then the average
value of y, and yb, ~here y, and yb are defined
from the valence wave functions of the ejected atom
A and the substrate atom B as P, acexp( —y, r) and

Qqcaexp( —yi, r). The distance r from the nucleus is

0
assumed to be sufficiently large (3 ( r ( 6 A) to al-
low the description of the wave functions in terms of
one exponential. The numerical values of y can be
calculated from atomic tables. ' The energy e, of the
valence level of the ejected atom also changes with
time because the value of ~, depends upon the dis-
tance from the surface due to space-varying surface
potentials. The inclusion of the time dependence of
Vand e, distinguishes the presented theory from the
oversimplified "local thermal equilibrium" (LTE)
theory. '0

The time development of the positive change p
(the formation of negative ions is analogous) on the
ejected atom satisfies then the following master equa-
tion".

Po

where

ap- —e, (t)
ED=exp

kT,

ap Kz(xp)R+= exp
kTs

where

(2)

1xo= ln
2y yke

The results are formally equivalent to those
developed by Overbosch et al. ' and Brako and
Newns" (the high-temperature limit) to describe the

exp(2yvt)2eV2t p 2h

The energies are positive quantities measured with

respect to the vacuum level, p is the substrate elec-
tronic density of states, and 4 is the half width of the

e, level at x=0.
The solution of (l) for the ionization coefficient

R+=p(~) is in good approximation given by
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ionization of hyperthermal Na atoms scattered by the
externally heated tungsten substrate. In the present
model, the substrate is not in thermal equlibrium but
is electronically excited in the area of a few atomic
distances around the emission point. The excitation
can be described by a very high. effective temperature
Tg e

The energy «, (x) in (1) and (2) consists of the
atomic ionization energy I, the energy shift due to
the electron exchange with the surface, the image
charge contribution, the Madelung energy (at polar
surfaces), and of the dipolar field of adatoms (work
function changes). To demonstrate the consequences
of (2) we wiII first approximate. «(x) by:the linear
1'Clatlon

«, (0)+[«,(~) —«, (0)]I'x for x ~1/I"
«g(~) fot' x ) I/I (3)

«/- «, (0)8+=exp

[«.(0)-«.( )]I'

the adatoms (I ), upon y of ejected atoms and upon
v. These observed relationships are by (6) also well

qualitatively reproduced. '3 More than a qualitative
agreement cannot be expected because of the approx-
imate expression for e,.

In the case of emission from clean metals, «, (x)
can be well described for larger x by the image charge
energy and one can thus test the validity of (2) quan-
titatively. Suitable experiments, allowing a compar-
ison with the theory, are described in Refs. 2 and 3.
The Cu+ current, obtained in Ref. 2 by sputtering
clean copper surface, can be converted into 8+ by di-

viding it by the experimentally verified expression
E(S +E) 3 for the neutral Cuo flux'6, where E is the
klnctlc cncfgy of emitted atoms and S ~4 cV, Thc
experimentally determined 8+ of Cu is plotted in Fig.
1 as 8 fUnctioIl of E by thc full linc. Thc absolute
value of R+ at E =5 CV was taken from Ref. 17.
The calculated values of 8+ are sho~n by black dots.
In the calculation, the energy «, (x) was set equal to

e' 3 37..(x) =i-y- =3.52- .
4x x

The value of y for Cu was estimated from atomic
tables tp bc y = I.33 A . Thc good fit in the figurc
is obtained for 5 =5 cV and T, =2400 K. By chang-
ing 5 and T, within a realistic range, one can obtain

j ' j ' j i j i j I j I

R+=exp [ [«p —«.(~) ]/kT, ]

for smaller phd. The velocity dependence of 8'+ is
obtained by rewriting (4) as

10—
8—
6—

Similar fuQctlonal dcpcndcncc of 8 on v has been
identified in recent experiments. 2 3

The dipolar field of adatoms can be reasonably well
described by the linear relation (3). This field causes
an energy step 8$ (the change of the work function
$) within the distance I/I" above the surface. Then,
as follows from (4), R+ depends upon 8@ as

R+~ exp ln
8@1" b,

2ykT, yvf i
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and foi smaller vclocltlcs as

R+e:exp(8@/kT, )

The exponential dependence on 8$ is in accordance
with the recent experiments. ' Furthermore, the ex-
periments indicate that the coefficient by 8@ in the
exponent depends very specifically upon the size of

FIG, I. Posltlve ionization coefficient 8 of e)ected.
copper atoms vs their kinetic energy. The theoretical values
are shown by black dots, the experimental results by the full
Hne. To obtain the experimental values of 8+ the measured
intensity of sputtered Cu+ ions (Ref. 2) is divided by the in-

tensity of sputtered Cu neutrals (Ref. 16). The tentative
high-energy dependence E3~2 is shown by the dotted line.



smaller or larger absolute values of 8+ but the v

dcpcndcncc remains practically thc same. For larger
u, i.e.„ for smaller xe, e, (x) is better described' by
the hnear relation and therefore, according to (5), 8+
depends on v as v". The tentative v' dependence is
shown ln Fig. 1 by thc dashed linc.

Very similar experimental results as in the case of
Cu have been obtained on beryllium. ' Moreover, the
authors iQ Rcf. 3 have mcasurcd the lQflucncc of ox-
ygen coverage on the velocity dependence of the Be
ionization coefficient 8+ (Be). The measured veloci-
ty dependence is such that 8+ (Be)~ u'es for clean
surfaces and 8+ (Be)~ u" for oxygen-covered sur-
faces. The change of the exponent with increasing
oxidation from the valve of 3.06 to 2.2 is well ac-
counted for by the relation (5). The values of the
Parameter y in (5) are given by 7s, =1.38 for clean
Be (Ref. 12) and by y =

2 ()a, + 7o) =1.78 for the

oxidized Be surface, where y of oxygen is taken
equal to yo =2.18.'2 Thus, if we assume that for the
clean sample the exponent is 3, the calculated ex-
ponent for the surface covered by oxygen would be
2.32, in good agreement with the experiment,

The rapid increase of 8+ with the coverage of
clean surfaces by reactive gases, the so-called "chem-
ical ionization yield enhancement, " is another experi-
mentally documented effect which can be treated
within the described theory. %hen we neglect the
Madelung contribution to e, (x), the replacement of
the surface substrate atom A by the reactive atoms 8
will manifest itself in Eq. (2) only through the
change of y. It is easy to show, in the way suggested
in Ref. 13, that (4) leads to an ionization yield of the
A atoms which increases with the surface reactive gas
concentration cs (cs (& 1) as

~here N is the number of the nearest-neighbor sites
at the surface, Ro is the ionization yield of A atoms
emitted from the clean surface, and d = (y& —y~)/

pg aQd pg arC the p COCfflclCnts Of 3 8Qd 8
atoms, respectively. Typically, y~ of metals and sil-
icon is equal to 1.3, 7 s of reactive gases (oxygen) is
2.2, and N 4, 80=10 ~. The value of coefficient
&(Re s —1) in (9) is then equal to 9 which is within
the range of experimentally observed values. 'I'~ It is
interesting to note that the enhancement (9) works
for negative ions as well'9 and is generally more im-

portant than is the variation of 8+ (or 8 ) due to
the work-function changes 8& [(6) and (7)].

In conclusion, one can say that the conceptually
simple theoretical description of ionization based on
(1) accounts surprisingly well for most experimental
data gathered in recent years. The theory uses well-

dcfincd atomic and solid-state parameters cxccpt for
the effective substrate temperature T„ the existence
of which is postulated and needs further justification.
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