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Abstract

Although the development of the surface-excitation
model of sputtered-ion emission1 involved a detailed descrip-
tion of the ionization process, one can arrive at -the same
result by assuming an equilibrium treatment, e.g. the Saha-
Langmuir equation, with the temperature falling as the colli-
sion cascade develops. This suggests that, even if situations
are found where the surface-excitation model is successful,
it does not follow that the original detailed description of
the ionization process* is correct. Nevertheless, the surface-
excitation model does contain an interesting new idea which
should not be overlooked, i.e. that atoms sputtered during
the early stages of a collision cascade will be relatively
energetic, and to the extent that the Saha-Langmuir equation
has some, applicability, will have a probability of positive
ionization which vri.ll be low for atoms of low ionization
potential (I«j> where I is the ionization potential and <j> the
work function) and high for atoms of high ionization potential
(!><}>), relative to lower-energy atoms emitted during the
later stages of the collision cascade. The extended abstract
will discuss recent experimental results.

*Work performed under the auspices of the U.S. Department of
Energy.

Peter Williams, Surface Sci., 90, 588, 1979.
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The derivation of the surface-excitation model of sputtered-ion emission

involved a detailed description of the ionization process. However,

one can arrive at the result of this model without this detailed

description by assuming that the Saha-Langmuir equation (which precisely

describes the equilibrium emission process, surface ionization) is of

some use for the description of the emission of sputtered iorTs provided

one substitutes a variable parameter for the surface temperature which

appears in the exponential of the Saha-Langmuir equation. A new idea

of the surface-excitation model is that the temperature parameter may

decline with time following the impact of a primary ion. This led to

the prediction that atoms of low ionization potential will have ionization

probabilities which decrease with increasing kinetic energy. If this

prediction should prove to be correct, it would not support the other

details of the surface-excitation model because these details are not

necessary for the time-dependent temperature concept. Experimental

results are not conclusive, but they tend not to support the concept of

2
a time-dependent temperature parameter.

The emission of secondary ions is a complicated process which has

not been explained in any simple way; hence, it is not surprising that

many investigators have tried to treat this process as if it were the

Work performed under the auspices of the U.S. Department of Energy.



bettor-understood emission phenomenon, surface ionization. Unfortunately,

surface ionization is an equilibrium process, whereas secondary-ion

emission is not.

Some of those who have advocated the use of the formalism of surface

ionization to describe secondary-ion data have done so without a serious

attempt to justify the procedure. ' Others have argued that there is

local thermal equilibrium (LTE) and even a plasma at the sputtering

site, ' On the other hand, many investigators have expressed serious

reservations about describing secondary ionization with an equation which

can only be justified in connection with surface ionization and, as a

7-13
result, the LTE concept has lost its popularity. When all of this

is considered, we are left with limited empirical success as the main

justification for the use of the Saha-Langmuir equation (or equations

closely related to it) to describe secondary-ion data.

Indeed, the Saha-Langmuir equation has been surprisingly successful

at relating secondary-ion yields to atomic concentrations. We can get

some insight into the reason for this success by examining the Boltzmann

factor, exp[e((fi - I)/kT], which tends to dominate the behavior of the

Saha-Langmuir expression for the degree of ionization, a. We see that

this factor is small for ions whose production requires energies which

are large compared to the available energy. Perhaps we should not be

surprised to find that states which require energies which are large

compared to kT are relatively unpopulated even when equilibrium has not

been approached. This idea is even more appealing if one allows that,

by substituting a parameter for the temperature, one is essentially

replacing "available energy" by "energy available for ionization." The

point here is that, in the absence of equilibrium, there may be only



limited energy exchange between the various kinds of energy such as

ionization energy, energy of atomic excitation, kinetic energy of

electrons, kinetic energy of secondary ions, kinetic energy of sputtered

atoms, etc.; and that the distributions of each of these kinds of energy

may be fitted better if a different temperature parameter is used for

each. Of course, the fact that the temperature parameters to fit each

kind of energy tend to be different is evidence that sputtering does not

even involve approximate thermal equilibrium.

The overwhelming evidence that secondary ions are not created in

an equilibrium process is a good reason for seeking something better

than the Saha-Langmuir equation to describe secondary-ion emission.

However, the exponential in the surface-excitation model has the same

source as the exponential in the Saha-Langmuir equation; it is a

Boltzmann factor and it depends on the assumption that one may use

equilibrium statistics which, according to the original exposition of

the surface-excitation model, "cannot explicitly be defended." Hence,

it is clear that the surface-excitation model is equivalent to the

Saha-Langmuir equation for the description of secondary-ion emission.

However, the idea that the temperature parameter in the Boltzmann

factor might decrease with time following the impact of a primary ion

is new and interesting. This idea does not depend on any of the other

details of the surface-excitation model and it can be considered equally

well in the application of the Saha-Langmuir equation to secondary ion

emission. If it is found to have some applicability, it should not be

regarded as supporting the detailed description of the ionization process

used in the original derivation of the surface-excitation model. In

fact, one can arrive at the qualitative prediction of the time-dependent



temperature concept without assuming equilibrium. To do this one simply

argues that the available energy (per atom) will be high during the early

stages of a collision cascade and that high kinetic energies and the

ionization of atoms of high ionization potential will be favored. Later

the available energy will be lower and lower kinetic energies and the

ionization of atoms of low ioiiization potential will be favored. This

leads to the qualitative features which follow from the assumption of

a time-dependent temperature parameter.

In the absence of reliable measurements of the energy distributions

of sputtered neutrals, one does not have direct measurements of the

energy dependence of ionization probabilities, but one can obtain some

information about Ionization probabilities by fitting the energy

distributions of secondary ions to a function proportional to E and

then comparing the measured value of n to the result (n = 2) predicted

by collision cascade theory for sputtered material at energies well

14
above the binding energy. The prediction that the ionization probability

will decrease with increasing kinetic energy for atoms of low ionization

energy (e.g., alkalis) then leads to the prediction, n > 2.0, for

alkalis if the value from collision cascade theory is sufficiently

accurate.

Recent experimental results of Krauss and Gruen yield n=2.0 for K

2

from KBr and from an approximate monolayer of K on a Mo substrate.

These results suggest that, if the prediction resulting from the

time-dependent temperature concept is correct, the predicted effect is

concealed in the experimental uncertainties or in the uncertainties of

the collision cascade treatment. In addition, the experimental

situation is complicated by the fact that Krauss and Grucn have also



observed the energy distributions of K and Na secondary ions from Be,

Ti, Mo, and W substrates where the alkalis were contaminants of some

2
sort. They found n values from 1,2 to 2.05 which suggests that these

values are not determined only by the ionization potential of the atom

involved but by complicated factors which are not understood. This

suggests that decisions regarding the validity or applicability of the

temperature-dependent temperature concept should await the examination

of additional data.

References

1. Peter Williams, "The sputtering process and sputtered ion

emission," Surface Sci., 90: 588, 1979.

2. A. R. Krauss and D. M. Gruen, private communication, unpublished,

but see Appl. Phys., 14: 89, 1977 and J. Nucl. Mat., 85 and 86: 1179,

1979 for the techniques and some of the data.

3. H. J. Liebl and R. F. K. Herzog, "Sputtering ion source for

solids," J. Appl. Phys., 34: 2893, 1963.

4. Jakob Schelten, 'faassenspektrometrische Untersuchung der

Sekundarionen-Emission von Legierungen," Z. Naturforsch., 23a: 109,

1968.

5. C. A. Andersen and J, R. Hinthorne, "Thermodynamic approach

to the quantitative interpretation of sputtered ion mass spectra,"

Anal. Chem., 45: 1421, 1973.

6. Z. Jurela, "The application of nonequilibrium surface ionization

to the emission of secondary ions," Int. J. Mass. Spectrom. Ion Phys.,

12: 33, 1973.



6

7. V, E. Krohn, "Emission of negative Ions from metal surfaces

bombarded by positive cesium ions," J. Appl. Phys., 33; 3523, .1962.

8. A. Benninghoven, "Zum Mechanismus der lonenbildung und

Ionenemission bei der Festk'orperzerst'aubung," Z. Physik, 220: 159, 1969.

9. G. Slodzian, "Some problems encountered in secondary ion

emission applied to elementary analysis," Surface Sci., 48: 161, 1975.

10. V. E. Krobn, "Secondary ion emission," Int. J. Mass Spectrom.

Ion Phys., 22: 43, 1976.

11. F. G. Rudenauer, W. Steiger and H. W. Werner, "On the use of

the Saha-Eggert equation for quantitative Sims analysis using argon

primary ions," Surface Sci., 54: 553, 1976.

12. D, S. Simons, J. E. Baker and C. A. Evans, Jr., "Evaluation of

the local thermal equilibrium model for quantitative secondary ion mass

spectrometric analysis," Anal. Chen., 48: 1341, 1976.

13. K, J. Snowdon, "A fundamental analysis of the validity of

thermodynamic models of ionized and excited particle production during

sputtering," Radiation Effects, 40: 9, 1979.

14. M. W. Thompson, "The energy spectrum of ejected atoms during

the ̂ 'gli energy sputtering of gold," Phil Mag., 18: 377, 1968.


