
PHYSICAL REVIEW B VOLUME 19, NUMBER 11 1 JUNE 1979

Secondary-ion emission probability in sputtering
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It is shown that the experimentally observed correlations between the ionization probability

of the ejected particles of a sputtered metal surface and the substrate work function Q, the out-

ward velocity v, and the ionization potential I or affinity A of the departing atom, can be ac-

counted for by considering the probability that the initial occupation of the ionization or affinity

level survives during the nonadiabatic passage of the surface. With reasonable models for the

variation of the position and width of the ionization or affinity level with distance from the sur-

face, the ionization probability is sho~n for a large class of systems to be roughly proportional

to exp f—(I —+)/co] {positive ions) or expt —(+—A)(c v) (negative ions), where c is a constant.

An important quantity in the description of the
sputtering process is the probability a+t ~(E) that the
sputtered particle comes out as a positive (negative)
ion. For instance, a knowledge of n+ is crucial for
the application of secondary-ion mass spectroscopy
(SINS) for chemical analysis, ' and a recognition of
the parameters determining e+ is of great help in

designing ion sources based on the sputtering tech-
nique. 2 The present paper addresses itself to the
question how e+~ ~ depends on the physical proper-
ties of the sputtered particle, and the ejecting sub-
strate, and on the kinetic energy of the ejected parti-
cle. It is shown how an ionization mechanism for
metallic substrates, which is based only on surface-
physics experience of the behaviour of the valence
level of the secondary ion during the nonadiabatic
passage through the metal surface, is sufficient to ex-
plain the overall parameter dependencies of e+' '

found experimentally.
Most experimental studies of the substrate and

secondary-ion effects have been limited to a "total"

ionization probability S+' ', which is an average of
a(E) over a rather broad energy window, and often
contains features due to the detection system. '

By varying the cesium coverage during the sputter-
ing of Mo, H, 0, and 0 from a Mo surface, Yu
has recently shown that, at least for small coverages,
the substrate work function $ controls S through an
exponential dependence on @ or (@)'~'. As for the
secondary-ion parameters entering S+~ ', a correlation
with the affinity A (for negative iona) or the ioniza-
tion potential I (for positive ions) is usually found. '

Also this parameter dependence has been reported to
be roughly exponential. '

So far, the least experimental work has been done
on the kinetic energy (E) dependence. It seems that
a(E) is an increasing function of E, ' and it has been
suggested that a(E) ~ exp( —b/v), where v is the
outward velocity normal to the surface. For Cu+
ions sputtered from a clean copper surface, a value
for b of the order of 10 cm/sec has been found. '

In the theoretical description of the ionization pro-
cess it. is usually assumed that the occurrence of
secondary ions is due to excitations (to ionic products
or autoionizing states) during the atomic collisions
producing the sputtered particle. By assuming a local
thermodynamical equilibrium in the collision cascade,
Anderson and Hinthorne' have arrived at a quantita-
tive description, where I'(A) is introduced through a
Boltzmann factor. For metals, an assumption that
the excitation consists of a promotion of an electron
to (or from) the Fermi level makes the I (A) and jb

dependence read

exp[ —(I -P)/kT) [exp[-(P-A)/kT] j

in accordance with the above-mentioned experimen-
tal trends. A serious problem is, however, that effec-
tive electronic temperatures T of the order of 104 K.
must be assumed in order to fit the experimental
data. 3

The central difficulty of any theory built on excita-
tions within or close to the substrate is that the life-
time of the excitation would be much shorter than
the time needed for the excited particle to get out of
the metal. If w(t) dt is the probability that the excit-
eP electron (hole) will hop back into the conduction
band between the times t and t + dt, the probability
P(t), that an excitation. made at time r, will survive
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until the excited particle gets out is

P(t) = g [1 —w(t')dt']

P oo

= exp —
J w (t ') dt

'

The probability w (t') is related to the one-electron
width 6 of the electron level through

w(t) = h—(t)2

h
(2)

As will be discussed below, d falls off roughly ex-
ponentially outside the surface so that

4(t) = 50e &"' t & 0, (3)

if a constant normal velocity v is assumed. This
gives

2~0 „, 25(t)P(t) =exp — e ~"r =exp-
Ayv hyv

(4)

While an expression like Eq. (4) is often included to
account for the de-excitation during the passage of
the surface, ' it is usually not realized that early in
the ejection process h(t) is typica!Iy of the order of 5
eV. For a typical outward velocity (v -4 x 10'
cm/sec), try' is of the order of 0.1 eV and thus
P(t) —e-'~!

Several groups have instead suggested the time-
varying potential of the sputtered particle leaving the

surface as the source of the excitation. ' As such
variations occur also in the outer part of the surface
region, the excitation may happen so far out that the
survival probabiiity P(t) becomes large. In this pa-
per it will be shown how this approach, combined
with a realistic model for the variation of the effec-
tive ionization potential I or affinity level 3 with dis-
tance from the surface is able to reproduce the
above-mentioned trends.

To be specific, we will in the following discuss the
negative ionization probability of an atom leaving a
metal surface. As will become clear, the theory for
the positive ionization is completely analogous.

In an adiabatic process the typical ejected particle
should be a neutral atom, because most atomic affini-
ties are smaller than typical metallic work functions.
Away from adiabaticity, there is a certain probability
n, that the affinity level ~a) will be occupied. The
negative ionization probability 0. is equal to the
value of n, at t = ~, if wc neglect possible higher-
excited states of the atom. During the ejection, the
energy parameter e, (t) of ~a) varies in time (or rath-
er with position) due to the interaction with the sub-
strate. The coupling between the substrate electron
states ~k) and the adsorbate state ~a) is described by
a "hopping" matrix element V,r, (t), which is also time
dependent. For a level e, (t), which is always above
the Fermi level eF(=—P), the amplitude a, r, (t) at
time t on ~a) due to excitation from ~k), can be ob-
tained to first order by a straightforward extension of
ordinary first-order tine-dependent perturbation
theory, 9

r r

pt ~ pl
a.,a(t) = —. J~ I.r, (t') exp —J, [er, —e, (t")]dt" dt' .

Ih
i

(5)

/In the present problem the electron may hop back to the substrate once it is excited. Therefore, the phase factor
in Eq. (5) must be multiplied by

exp[ —(I/O) &, d (t")dt"]

which is the probability amplitude [cf. Eqs. (1) and (2)] that an electron excited to ~a) at a time t' will survive in
that state until the time t. From a, r, (t) we can get the occupation of ~a) at a time t as

n, (t) = X ~a, r, (t) ('
'I &'F

1

p t ~ Pl
V,r„(t') exp ——,[er, —e, (t") —i h(t")]dt" dt'

k'2 oo
'a ~'F

i

(6)

Although the proof of Eq. (6) is only indicated here
to firs) order in V,q, it is valid through any order of
V,~. This has recently been shown by Blandin
et al. , using an extension due to Keldysh of the di-
agrammatic Green's-function techniques. ' In Ref. 8,
Eq. (6) has also been solved for constant e, by as-

suming an exponential dependence of V,~ on position
z outside, the surface,

~ak, z QO
~ak(~) VO e Pz/t VO e &ur/2 —

& ~ 0—
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The last equation expresses an assumption of a con-
stant velocity u = z/t. In the present inodel, which
can be regarded as a simplified version of the
Newns-Anderson model for chemisorption" (the en-
ergy dependence of b, being neglected), the reso-
nance width 6 is related to V„k through

Therefore, d gets the exponential decay of Eq. (3) in
this approximation. In the limit tyv &( ~, —~F,
n, ( ~) has the analytical solutions

(9)

We pause here for a moment to discuss the result
(9) from a somewhat different standpoint. It is il-

luminating to look at the solution of Eq. (6) in the
two extreme limits u 0 (adiabatic) and v ~ (sud-
den). In the adiabatic limit the assumption
tyv « e, —eF is valid and the result n,' (~) =0 is
readily obtained from Eq. (9), as would be expected.
In the sudden limit, on the other hand, one must go
back to Eq. (6) with a step function 8( t) for V,k—(t)
and A(t):

Ap ~ F (1/f0[I(0 ~ )f'+h t'I

quate, though, for Eq. (9) to be directly applicable as
a negative ion probability. In principle we would re-
quire a full knowledge of the variation of e, (z) with z
(or t) in order to be able to solve Eq. (6). In.prac-
tice; however, only the values of e, (z) in a narrow z '

region are of importance. This can be seen by noting
that the function containing e, in Eq. (6) is weighted
by the matrix elements V,~ and the survival probabil-
ity amplitude-

(P)' '=exp[ ——' h(t")dt"]

The implications of this weighting can be drawn from
the lower part of Fig. 1, where h(z) [which according
to Eq. (S) can be regarded as an averaged

~ V,„~ I and
P and their product hP are shown as functions of z.
A value. of 2.3 A ' for y, a velocity corresponding to
a kinetic. energy of 5 eV and an atomic mass of 65
has been used. The width at z =0, Ap, is chosen to
be 1 eV. With these values, typical of an atom being
sputtered out of a metal surface, the weight function

0
hP is a rather narrow function peaked at 3—4 A out-
side the first atomic layer. It is clearly seen how a
balance exists between an excitation probability
(-~ Vk~') and the probability that the excitation will
survive (P).

In deriving a rough dependence on the fundamen-
tal parameters of the problem, we may on this back-
ground use the value of the energy difference in this
region as an effective e, —eF in Eq. (9),

That is, in the sudden limit (n~) is equal to the oc-
cupation of the Lorentz-broadened level ~a) just be-
fore the coupling V,k disappears. This suggests an al-
ternative interpretation of n, (~) applicable also in
the general case (arbitrary v): As the affinity level
has a nonzero width. near the surface, it has gn initial
occupation. This occupancy may iri a nonadiabatic
transition be retained in ~a). Equation (9) then sim-

ply gives the probability for this in the small velocity
region.

For an application of the above to the sputtering
process, the low velocities involved should justify the
approximation i'm « e, eF behind Eq. (9—), except
in cases with extremely low substrate work functions
or with large secondary-ion affinities, where e, may
be at or even below eF during the surface passage.
These cases will not be discussed here although they
can be treated from Eq. (6). Here it suffices to note
that according to the preceding discussion, large ioni-
zation probabilities are.expected for such systems as
opposed to the usual. situations for which the approxi-
mation tyv (& e, —eF should be valid.

Approximation (7) can be justified as a rough esti-
mate, due to the exponential decay into the vacuum
of the substrate states )k).

The assumption of a constant ~, is quite inade-

2 -~(e, -eF&eff~~»=—e
m'

(10)
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FIG. 1. Variation of the affinity level e(z) of an atom
outside a metal. The zero of the distance z is at the image
plane, which is 1.5—2 A outside the first atomic layer.
Below is shown the one-electron width 5, the survival
probability P and their product; The parameters used are
meant to be typical for a transition-metal atom being
sputtered off a transition-metal substrate.

The discussion above also indicates that the as-
sumption of a constant normal velocity in Eq. (10) is
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all right, provided v is chosen to be the velocity in

the interesting region just outside the surface, and
not the one inside or the one measured outside. For
all but the smallest v the difference is not very signi-

ficant, though.
While the determination of the parameter

(6 —6p) rr is ultimately an experimental problem, it
is possible to say something about how (&z —&p)err

should depend on parameters like the work function

@ and the atomic affinity A. In doing this, we must
eely on the increasing amount of knowledge of the
adsorbate-induced electron structure coming from
surface physics. Unfortunately, most available exper-
imental and theoretical information concerns e, ei-
ther at the equilibrium position or far outside the
surface and not in the range of distance in between
of interest in this work.

Near the surface the electron structure is deter-
mined by the interaction between ~a) and the sub-

strate, and e„will be fixed relative to, e.g. , the sub-
strate Fermi level. Therefore, changing the work
function of the substrate, as in the experiment of
Yu, will alter the inner limit of e, (z). Far outside
the surface, e, (z) will follow the classical image po-
tential -e'/4z, "so that asymptotically

e, (z) =—e /4z —A, where A is the at'omic affinity.
The outer limit of a, (z) is thus determined by A.

The variation of e, (z) between these limits has
only been investigated ih some detail in a few simple
cases of light atoms (H, Li, Cl, 0, ...) outside free-
electron-like metals (Na, Mg, Al). t3'~ Here it has
appeared that the affinity level follows the effective
electron potential of the clean metal surface also
close to the surface. For, e.g. , Cl on Na a linear in-
terpolation has been applied successfully" for the
transition between the outer and the inner part. This
suggests that also in the general case a first approxi-
mation to e, (z) would be an interpolation between
an inner value e0 and the outer limit. Such an ap-
proximation will be able to account for the trends in
the dependence of a on $ and A. An example of
an interpolation is indicated in Fig. 1. The resulting
e, (z) follows the image potential on the way in. In
the region, where overlap with the substrate becomes
important, s, (z) bends off and goes smoothly to the
inner limit at ~, . This is the region of the linear in-

terpolation,

(&g &F)off CJ(4 —A) +ct V, +(1 —c~)

x (s,' —~F)

=c,(y —A)+c2 .

Here, c~ is determined by the position where the ef-
fective energy difference is taken, i.e., roughly by the
peak position of d P, relative to the position where
the outer asymptotic (image) formula takes over. V,

is the size of the image potential at the latter point.

The take-over of the classical image potential is ex-
pected to take place when all the overlap effects with
the subs'trate electrons have disappeared. This will be
rather independent of the actual system in question. '

The constant c~ depends on the parameters y, 40 and
w through its dependence on $ and P. This depen-
dence is rather weak, though. A doubling of
250/0'yv in Fig. 1 would, e.g. , only change the peak
position of hP by 0.3 A. The v dependence must,
however, be born in mind if a detailed account of the
velocity dependence of a is wanted. The position of
e, relative to ~F is thus the only parameter other than

Q and A strongly affecting (~'ap) rr In .the present
context this is a complication. It shows, on the other
hand, that once the dependence of 0. on the other
parameters involved is clarified, measurements of a
can give information on adsorbate electron structures.
It is seen that in Eq. (11), (~ —sp) rr has been divid-
ed into a part depending only on the parameters @
and 'A characterizing the substrate and the secondary
ion, and a part containing information about their in-
teraction. Similarly, a (E) can be written as a pro-
duct,

r ~ 2 -c)e(qs-A)/tyv -c2~/gy
e

7r
(12)

It follows that for a class of systems having 6 6p

independent of the actual secondary ion-substrate
combination, all the rough experimental-parameter
dependencies mentioned are reproduced. An exam-
ple of secondary ion-substrate combinations belong-
ing to this class is the systems where the secondary
ion is sputtered off 'the element itself. Here the
valence level of the atom at the surface must be
pegged at the Fermi level in order to ensure approxi-
mate charge neutrality. Since this level includes the
atomic affinity level, ~, must be pegged at eF, too. '

For the transition metals this seems to be the case .

even if the adsorbate and substrate are different ele-
ments. " Other such cases may exist. One require-
ment will be that the difference in electronegativity
between the adsorbate and the substrate should be
small.

In the cases where c2 cannot be regarded as con-
stant, as for instance when comparing Mo and H or
0 ion yields in the experiment of Yu, 4 the experi-
mentally found dependence of a on $ and e is still
refound in Eq. (12) and there will obviously still be
some correlation with A. It is, ho~ever, clear that
when $ is changed by varying the Cs coverage 8, the
exponential dependence of 0. on @ is only valid as
long as c2 or e, —e~ is not affected by the Cs over-
layer. This will be true for small 8, but for larger 8 a
dependence of a on 8 other than through @ is ex-
pected. In the experiment of Yu, 4 this explains why
the exponential dependence of S on $ stops at the
higher coverages, and why two 8 values giving the
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same @ does not give the same S .
If we regard the positive-ion production as the ex-

citation of a hole from above the Fermi level to the
ionization level, it becomes completely analogous to
the negative-ionization case above, ~here an electron
from below the Fermi level is promoted to the affini-

. ty level. We get in the same way and under the same
assumptions

—n.c
&
(I-@)/b'av —n c2/fav

e
7r

Again a term is included involving ~, —eF through
c2, where ~, is now the position of the ionization lev-
el at the surface.

For Cu+ sputtered off Cu, the experimental value
b =10 cm/sec quoted above' enables us to find a
typical value for c~. Since in this case we can assume
«, —«F =0, we only need I —$ and a value for V~.

The former is 3.3 eV, ' while a value of 1.4 eV is
reasonable for Vl. ' We find that c~ =0.024. This, in

turn, can give the "effective temperature" T of the
experiment kT = tyv/rrct Using a.n average velocity
corresponding to an outward kinetic energy of 5 eV,

this gives T =9000 K, which is of the right order of
magnitude. '

It is thus seen that the theory presented does not
only reproduce the experimental trends in the para-
meter dependencies, it is also internally consistent, as
far as the orders of magnitude of the constants are
involved. It must be stressed, however, that in a
more detailed theory each system should be con-
sidered separately, and the integral (6) should be
solved numerically. As mentioned above, there are a
few adsorbate-substrate combinations where the vari-
ation of the adsorbate level «, (z) is known in some
detail in the interesting range of z values. For such
systems the more detailed theoretical predictions can
be made once they are called for by relevant experi-
ments.
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