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Introduction

The presence of minute amounts (less than one
monolayer) of an alkali metal, such as cesium, on a i
surface greatly enhances the probability of negative
ion formation of particles ejected from the surface
during sputtering. This phenomenon, since its dis-
covery,1 has been utilized to great practical advantage
in the development of many versatile ion sources
including versions of the Mueller-Hortig source,2'3

the Middleton-Adams source,4"6 and the Aarhus source7"9

with its axial counterparts.9"11

The principle was first utilized by Mueller and
Hortig2 as a source of negative ions produced by
sputtering a continuously rotating alkali metal coated
sample with a noble gas ion beam. The source clearly ,
demonstrated the virtues and versatility of the tech-
nique, thus paving the way for several other designs
predicated on this principle. Although the original
source incorporated the essential ingredients for
achieving optimum negative ion yields from a given
target, it was handicapped by the very large target
required for operation.

Through evolutionary processes, several other
sources have been developed, including various versions
of the Middleton-Adams1*^ source. This concept uti-
lizes a positive cesium ion beam produced in an ioni-
zation source to both sputter and provide cesium to the
surface of the sample. Negative ions are extracted
through an aperture in the apex end of a conical bore
in the sample. Sources based on this design are easy
to operate, have very long lifetimes and are very
versatile. Such sources have, therefore, gained wide
acceptance and are used for a variety of applications.
However, this concept ii thought to ravely provide the
optimum surface coverages necessary for maximizing
negative ion yields. Also, the probability of negative
ion extraction may be significantly less than unity
when operated in the conventional mode.

Cesium rich plasma discharge sources, such as the
one developed at the University of Aarhus7"9 and the
subsequently developed axial geometry counterparts,10"12

provide near optimum conditions for generation of
negative ions. The material of interest is mounted on
a negatively biased probe and sputtered by cesium ions
extracted from the plasma discharge. In addition to
the energetic particles which sputter the sample> a
neutral flux of cesium continuously strikes the sur-
face. The ability or inability to adequately provide
and control the correct amount of surface cesium or
other alkali metal during the sputtering process is of
critical importance for optimizing ion production from
any source using this principle. For sources based on
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the Middleton-Adams concept, the task is much more
difficult, but achievable as demonstrated by recent ion
source developments.13

Almost from its point of discovery, the mechanism •
for negative ion production has been attributed direct-
ly or thought to be closely allied with that of surface
ionization. Efforts made to correlate experimental
observation and surface ionization theory have been ;
largely qualitative, principally due to the lack of an '••
accurate, universal method for estimating changes in '
surface work function effected by electro-positive atom
adsorption. The task of quantitative correlation has >
also been frustrated by the fact that observed yields i
depend on the particular ion source and, therefore,, '
vary significantly because the probability of ioniza- <
tion depends sensitively on the degree of alkali metal
surface coverage. A few models have also been proposed
which appear to be unrealistic, and therefore unaccept-
able, as mechanisms for generation.

Although basic surface lonization theory is, in
the strictest sense, only applicable to systems in
thermodynamic equilibrium and the sputtering process
does not meet this criterion, the results of the
studies of Alton and Blazey,9 using a modified Univer-
sity of Aarhus source, make what appears to be direct
quantitative correlation between experiment and simple
surface ionization theory. The present paper utilizes
the concepts introduced in the Alton-Blazey study. The
text will include brief discussions of the elementary
processes involved in effecting low work function
surfaces and basic theoretical formulations required
for computing surface ionization probabilities and
negative ion yields. Comparisons of theoretically
predicted and observed negative ion yields from a
refocus geometry Middleton-Adams source are also
presented for a limited number of atomic species.

Adsorption Phenomena

Electropositive atomic surface adsorption phenom-
ena have been continually studied since the classic
experiments of Taylor and Langmuir,11* Becker,15 aod in
more recent years by many others such as those ix<m-
plified in References 16 and 17. Although the magni-
tudes of surface work function change due to electro-
positive or electro-negative atom adsorption are
difficult to theoretically quantify, the basic mechan-
isms responsible have long been understood. Many
emission phenomena, such as thermionic, field, photo-
electric, and surface ionization processes, depend
directly on the value of the surface work function.
Given this information, then it is reasonable to expect
an increase in negative ion emission probability as a
result of sputtering material from a low work function
surface.
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.11 is well known that atomic adsorption of a
dissimilar element on a clean surface affects the
surface work function. The magnitude and sign of the
effected change depends on the chemical properties of
the adsorbed atom (adsorbate) and those of the host
material (adsorbant). Adsorption is generally cate-
gorized according to the type of binding forces asso-
ciated with the adsorption process-physical, weak
chemisorption, and strong chemisorption. Physical
adsorption refers to attachment through vary weak force
fields as in the case of noble gas adsorption wtiile
weak chemisorption usually refers to attachment of
atoms or molecules through polarization processes.
Attachment of strongly electro-negative or electro-
positive atoms to a surface takes place by transfer of
an electron from an electro-positive adsorbate to the
metal or from the metal to an electro-negative adsor-
bate. Electro-negative atomic adsorption leads to an
increase in the surface work function while electro-
positive atomic adsorption results in a decrease. The
latter process is extremely important for the genera-
tion of negative ions through the surface ionization
mechanism assumed in this paper.

Consider the potential energy of an atom as a
function of distance from the surface of a metal as
illustrated in Figures la and lb. The energy AHa
corresponds to that required to disassociate the
adsorbed atom from the metal surface. If we supply, by
i;ome means, enough energy to ionize the atom, trans-
ferring the electron to the metal in the case of
electro-positive atom adsorption or from the metal to
the atom in the case of electro-negative atom adsorp-
tion in the process, then the atomic and ionic poten-
tial curves are separated, respectively, by amounts I -
* and <!> - E A, where I is the first ionization potential
of the electro-positive atom, Eft is the electron
affinity of the electro-neyative atom and <j> is the work
function of the surface. The energy required for
removing an ion from either surface is AHi and the
conditions for residing on the surface as an ion are,
respectively, AHi - I + * > AHa and AHi - * + E. >
AHa. An ion supplied with energy AHi may be trans-
ferred to the continuum either in ionic or atomic form
because the respective potential energy curves cross.
The probability for arrival at a position far from the
metal in a given state depends on the respective
magnitude of I - $ and $ - E.. For thermodynamic
equilibrium processes, the ratio of ions to neutrals
which leave an ideal surface can be predicted from
Langmuir-Saha surface ionization theory.

The influence of atoms adsorbed as positive or
negative ions on the work functions of the adsorbants
can be readily seen by applying simple electrostatic
theory to compute changes in energy required to trans-

POSITIVE ION

a) Electro-positive Atom
Adsorption: A$=-4irNezd

b) Electro-negative Atom
Adsorption: A<t>=4-7rNe2d

Fig. 2. Illustration of the formation of an electro-
static double layer on a metal surface
resulting from adsorption of strongly electro-
positive or electro-negative atoms. A*
represents a lowering of the surface work
function for positive ion adsorption and an
increase in surface work function for negative
ion adsorption.

fer an electron from the metal into the vacuum region.
The physical picture, illustrated in Figs. 2a and 2b,
is qualitatively correct, but the derived mathematical
relationships

A* = ± 4ir N e 2 d = ± 4ir Ne (1)

cannot be used for quantitative estimates of A $
because the number density of adsorbed atoms N and p
= ed, the dipole moment resulting from the electro-
static double layer, are in general unknown. (The
value of v changes with increasing N due to electro-
static repulsive interactions between the adsorbed
ions.)

The adsorption of highly electro-positive atoms on
metal surfaces has received considerable attention over
the years dating back to the classic work of Taylor and
Langmuir,11* Becker,15 and many others. Such studies
provide fundamental information about adsorption
processes and in recent years have had practical
significance in terms of thermionic energy conversion
and ion propulsion. Many studies, including those
previously cited as well as more recent investigations,
have added to the data base on this subject.
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Fig. 1. Potential energy curves for electro-positive and electro-negative
atoms and ions as a function of distance from a metal surface.



A principal objective of many adsorption studies
(theoretical as well as experimental) is the deter-
mination of the dependence of the change in work
function A $ as a function of the number of atoms
adsorbed per unit area N or the fractional coverage
where <t>-$1s the difference between the
intrinsic work function ij>0 and <j> the work function
corresponding to a particular coverage N or fractional
coverage 9 . The behavior of * as a function of frac-
tional coverage e for various absorbate atoms on
tungsten is typified by the measurements of Becker,15

shown in Fig. 3. Characteristically the work function
changes very rapidly at low fractional coverages,
reaches a minimum and finally approaches a constant
value equivalent to the work function of the absorbate
as e •+ 1. The minimum work function generally is
observed to occur at 9 ^ 0.6.15>17

4.4

0.4 0.8 1.2 1.6 2.0 ,
e c , FRACTIONAL SURFACE COVERAGE |

Fig. 3. Il lustration of the effect of electro-positive
atom adsorption on the work function $ of
tungsten as a function of fractional surface
coverage 9 . (The data were taken from
Reference 15.)

In order to estimate ion source generation capa-
bilities, we need to know the value of $ at the mini-
mum. For a given material of constant intrinsic work
function <t>0 and constant optimum surface coverage ec of
the most effective agent for changing the surface work
function (Cs), maximum negative ion yields should be
realized.

The Theoretical Model

The basic assumptions made in attempting to quan-
tify theory and thus predict negative ion yields are:

1) Negative ions are formed through surface ioniza-
tion mechanisms.

2) Ions are formed in their ground states.

3) Ionization occurs independently of the means by
which the atoms are ejected from the surface,
i.e., thermally or sputter ejected particles have
equal probabilities of being ionized through
surface ionization mechanisms.

4) Affinity level shifting mechanisms as described in
Ref. 18 are considered negligible. (This mecha-
nism very possibly may be important for the
production of ions in negative sputter ion
sources.)

5) The surface is considered ideal with a uniform and,
hence, constant work function from point to point.

6) Sample temperature has the usual connotation
associated with elementary surface ionization
theory and thus the probability of ionization
varies in the usual way with temperature.

7) Work function changes effected by alkali metal
adsorption are optimum.

Estimation of Maximum Work Function Changes Aifa
Due to Adsorption

Quantitative correlation between theory and
experiment has been seriously impeded by the lack of
accurate theoretical or semi-empirical analytical
expressions for relating changes in work function to
surface coverage. Several semi-empirical relations
have been proposed which relate work function change
A * and surface coverage 9 such as those of Miller19

and Broeder et al,20 The Broeder et a]_. relation was
employed by ATton and Blazey9 to estimate maximum work
function changes which occur at optimum surface cover-
ages. The Broeder expression is

x 3x10-« x N x ec x - 1/2 (Ja + Ea)} (2)

where N is the number of adsorbed particles per cm2; $Q
is the intrinsic work function of the material; ec is
the fractional surface coverage; Ig is the first ioni-
zation potential and E the electron affinity of the
absorbate. Comparison of Expression (2) with experi-
mental values such as those shown in Fig. 3 reveals
immediately the inadequacy of the expression for
arbitrary surface coverages because of the non-linear
relationship between A <(> and ec. Nevertheless, Expres-
sion (2) was used as the starting point for the devel-
opment of a more appropriate expression for computing
the maximum work functions A$ which occur at optimum
fractional coverages 9 .

A serai-empirical relation has been found which
reproduces with good accuracy maximum work function
changes for alkali metal adsorption on polycrystalline
materials. The expression is

(eV) = -1.24 U Q -1/2 Ea)} (3).

We note that the expression is independent of particle
size which is inferred through N 1n Expression (2).

_ _i



This is is contrast with the theoretical calculations
of Lang21 as well as experimental investigations such
as those described in References 16 and 17. Expression
(3) is used in the present paper to provide the missing
link which allows direct quantitative correlation
between the assumed theory and negative ion source
performance under optimum conditions.

Theoretical Negative Ion Yield Formula

Assuming the general validity of Expression (3), a
theoretical relationship between negative ion current
and bombarding ion energy responsible for sputtering
the sample mat;~1al can be readily expressed using
simple Langmuir-Saha surface ionization theory for
computing the probability of ionization Pj, Sigmund
sputtering theory for computing the sputtering ratio
S(E, e ) 2 2 and appropriate expressions for the positive
ion current (e.g., space change limited analytical
expressions where applicable). The negative ion
current I" as a function of bombarding particle energy
E can be expressed as

= K(ec) S(E,e) Pex (4)

where Pex represents the probability that the particle
will be extracted from the source once formed and K(ec)
is a constant which takes into account the influence of
the adsorbate on sputtering and particle ejection.
K(ec) has values of 1 + 0.

Expression for Positive Ion Current I

We sjpall assume that the bombarding positive ion
current I has space charge limited values whenever the
negative ion current is maximized. Numerical analysis
of positive surface ionization sources such as those
used with conventional Middleton-Adams type negative
ion sources operated under space charge limited, condi-
tions indicate that the positive ion current I can be
calculated by means of the expression for space charge
limited flow in a planar diode electrode configuration,

I+ = £ ^ 2 \ l / 2
(5)

where eQ is the permittivity of free space, E is the
projectile energy, Mj the projectile mass, q is the
charge on the projectile, A is the effective area of
the emitter and d is the cathode to anode spacing.

Siqmund Sputtering Theory Formulas

Theoretical expressions derived by Sigmund22 were
used to compute energy dependent sputtering ratios.
The relations appropriate for the indicated range of
projectile energies are

S ( E 9 ) = (cos e ) F (for E <. 1000 ev) (6)

S(E,e) =
0.0402 a Sn (E)
Uo (cos 8)? (for E > 1000 ev) (7)

The following definitions are used for terms which
appear in Expressions 6 and 7:

a is a tabulated function of the ratio of the
target mass M2 to projectile mass Mj.

UQ is the heat of sublimation of the target.

8 is the angle between the incident projectile and
surface normal.

F usually has values between 1 and 1.7 depending
on the ratio of target to projectile masses.

(E) = 4, Zl Z2 e
2 a12

Zj, Z2 are the respective projectile, target
atomic numbers.

a,2 = 0.8853 aQ Z 2
2 / 3 ) " 1 / 2 .

aQ is the radius of the first Bohr orbit.

S (e) is the projectile stopping power in the
tSrget.

E " ZiZ2 e-7a12

Langmuir-Saha Theoretical Description
of the Negative Ion Generation Process

The probability of a particle leaving a surface as
a negative ion is given by the familiar Langmuir-Saha
relation

(8)

where r", r° are surface reflection coefficients for
the negative, neutral pa-ticles, respectively, Ê  is
the atomic electron aff in i ty of the target material, k
is Boltzmann's constant, T is the absolute temperature
of the surface, a", uP are statistical weighting fac-
tors which are related to the total electronic spin of
the respective species given by

2 I. s. 1,

and $m is the value of the work function at optimum
surface coverage previously defined by Expression (3).

Comparisons of Experiment and Theory

Experimental and calculated values for changes in
work function due to cesium adsorption are compared 1n
Table 1. Experimental values were taken from those
reported in References 20 and 23. A number of the
values shown in Table 1 were derived from ORNL modified
Aarhus negative 1on source data by assuming negative
ion generation through surface ionization mechanisms.
The agreement of calculated and experimental values is
taken as evidence of the appropriateness of Expression
(3) for calculating &$m and also that surface Ioniza-
tion is the mechanism for negative 1on production for
the cases considered.

Comparisons of the generation probabilities
estimated from ORNL modified and Aarhus negative ion
source yield data and values computed for P. calculated
from Expression (4) in conjunction with work function
changes A<j>m computed from Expression (3) are shown in
Table 2. The probability of ion extraction Pex for the
Aarhus source is assumed to be unity. The probabili-
ties P(meas.) were determined from measured values of
momentum analyzed negative ion currents, nominal
cathody sputter ion currents, cathode voltages, and
calculated normal incident ion sputter ratios. The
sputter cathode temperature was assumed to operate at a
steady state value of 673CK. As noted, certain ions,
such as (W, Ta, etc.) overproduce relative to the



.SOI Table 1. Comparisons of Calculated and
Experimentally Determined Work
Function Changes A*

Adsorbant

U
W
Pt
C
Ni
Cu
Ag

Adsorbate

Cs
Cs
Cs
Cs
Cs
Cs
Cs

Intrinsic
Work

Function

•o

4.52
4.52
5.29
4.39
4.84
4.47
4.28

Al (>CALC

-2.89
-2.89
-3.84
-2.73
-3.35
-2.88
-2.65

av .
-2.90*
-2.83**
-3.76**
-2.72***
-3.35***
-2.89***
-2.54***

*From Ref. 20.
**From Ref. 23.

***Computed from University of Aarhus geometry negative
ion source yield data.

theory. From the magnitude of the discrepancies
between experiment and theory, for a few elements, it
is quite clear that either the simple theory is inap-
propriate or another contributing mechanism must be
present unless the measured currents are mistakenly
those of hydrides or the reported electron affinities
are incorrect. As indicated previously, the sputtering
process may be condusive for producing attachment
through affinity level shifting mechanisms as a result
of collisions between hyper-thermal ejected particles
and the solid, as described in Ref. 18. Still other
collisionally induced exchange mechanisms may be
important for specific elements.

Theoretically computed probabilities Pj for a
number of elements are shown 1n Figs. 4 and 5. The
sample temperature used in the computations was 673"K.
We note that the probabilities for even and odd ele-
ments are separated because of the differences 1n
statistical weighting factors t£_. (The probability of

uo
negative ion formation of an even atomic number element
is a factor of 4 greater than an odd atomic number
element at the same temperature, both having identical
* and E« values.)
O H

Theoretically computed values determined from the
composite yield expression (Eq. 4) agree remarkably
well with those extracted from University of Aarhus ion
sources for many elements despite the idealistic
theoretical assumptions made. Sources of this type
have the means of providing and controlling the criti-
cally important surface coverages necessary for maximum
negative ion yield realization.

Negative C" and Cu" yields from a refocus type
Middieton-Adams source are compared with corresponding
theoretical values 1n Figs. 6 and 7. The theoretical
values were computed by assuming space charge limited
positive ion currents during source operation. Con-
stant sample temperatures (763°K) were used in the com-
putations for all 1on energies. During experimental
ion yield measurements attempts were made to keep the
sample temperature constant by establishing equilibrium
values at 20 kV prior to each determination and quickly
determining low and high energy values about this
point. (Computer simulation calculations of the heat
transfer through conduction and radiation from refocus
type source samples are presently in progress. These
computations will yield relative values for the tem-
perature as a function of power input which will then

Table 2. Observed* and Calculated Probabilities for Surface Ionization

-Ma
Ion Species

C"

V"

Co"

Ni"

Cu"

Nb"

Mo"

Ag"

Sn"

Sb"

Ta"

W"

Pb"

•0(eV)

4.39

4.11

4.18

4.84

4.47

3.99

4.27

4.28

4.1i

4.08

4.12

4.52

4.02

EA(eV)

1.268

0.5

0.7

1.15

1.226

1.0
1.0

1.303

1.25

1.05

0.6
0.6

1.1

2.
4
1.

1 .

1 .

6.

2

5.

5.

4.
4

4.

2

P (meas)

67 x 10"3

x 10"5

35 x 10"11

77 x 1O"3

32 x 10"3

67 x 10"5

x 10"5

7 x 10"1*

3 x 10"u

5 x 10"5

X 10"6

7 x 10"s

x 10"5

P (calc)

2.5 x 10"3

3.8 x 10"10

1.5 x 10"8

2.13 x 10"3

1.3 x 10"3

1.21 x 10"6

1.6 x 10"5

7.4 x 10""

5.8 x 10""

4.14 X 10"6

2 x 10"9

4 x 10"8

3 x 10"5

EA(

0.
0.

(1.

(1 .
( 1 .

[eV)**

15)

26)

15)

02)

02)

P**(calc)

(5.39 x 10"5)
(2.34 x 10"1*)

(6.43 x 10'5)

(2.1 x 10"6)
(6 x 10"s)

•Observed data measured with versions of Aarhus negative ion source.
**E1ectron affinity necessary for theoretical ionization probability.



Theoretical surface ionization probabilities
Pj for several elements with relatively high
production capabilities as a function of
E -4 where Ea is the atomic electron affinity
of the element and * is the work function at
its minimum. The sample temperatures were
assumed to be T = 673°K.

-0.8 -0.6

Theoretical surface ionization probabilities
Pj for several elements with low production
capabilities as a function of E -$ where E
is the atomic electron affinity of the element
and A is the work function at its minimum.
The sample temperatures were assumed to be
T = 673°K.

be normalized experimentally.) The theoretical values
for Cu" assume a positive ion impact angle with
respect to the normal of the cone surface of 70°. C"
values are computed for the case of normal incidence,
such as would occur for the reflected beam mode of
operation. For both cases, the probability of extrac-
tion is assumed to be 1. (Computer simulation studies
now in progress indicate that Pex is < 1 for generation
and extraction from a conical cavity sample.) Space
charge limited conditions were assumed in computing the
theoretical curves using the full emission area of the
cesium surface ionization source. In reality the
effective emission area may be considerably less than
the full value for porous type ionizers. We note that
the normalized experimental and theoretical yield
curves closely follow each other up to a given extrac-
tion potential before deviating and that the point at
which the deviation begins increases with increasing
cesium oven temperature. This is thought to be attrib-
utable to the lack of sufficient cesium vapor for
maintaining space charge limited flow conditions in
the surface ionization source.

As indicated in Figures 6 and 7 substantial
differences exist between the absolute yields predicted
by theory and those experimentally observed for opera-
tion of the source 1n the conventional extraction mode.
These are consistent with the long-standing conjecture
that sources based on the Middleton-Adams concept do
not provide sufficient, or perhaps appropriately
placed, surface cesium necessary for maximum yield

realization. However, lower than assumed positive ion
currents from the surface ionization source coupled
with low probabilities of extraction could make theory
and experiment more closely agree.

Discussion and Conclusions

Theoretical analyses of experimentally observed
negative ion yield data from cesium rich plasma dis-
charge sources such as those based on the University of
Aarhus source concept appear to correlate experiment
and theory through surface Ionization mechanisms for
many species. The agreement between experiment and
theory is rather remarkable considering the idealistic
model used. A few atomic species appear to overproduce
relative to the simple theoretical model. These devia-
tions suggest that still other mechanisms may be
Important for certain elements such as the affinity
level mechanism recently reported.18

The simple semi-empirical relation for estimating
maximum work function changes A* in terms of the
intrinsic property *Q of the absorbant and the atomic
properties of the absorbate (Ig and Ea) appears to pre-
dict 4* with reasonable accuracy for polycrystalline
materials. The probability of surface ionization for
a particular atomic species 1s sensitively dependent on
the magnitude of the difference between the electron
affinity Efl and the final work function * at a given
surface temperature T and thus maximum negative ion
yields can only be realized whenever *„, is minimized.
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Fig. 6. Comparison of negative ion currents I" for
Cu" extracted from a refocus Middleton-Adams
type source with theoretically predicted
values as a function of the extraction
voltage Vex. Theoretical values were com-
puted by assuming space charge limited
positive ion currents, positive ion impact
angles with respect to the surface normal
of e = 70°, and that the probability of
extraction once formed is Pex = 1.

Fig. 7. Comparison of negative ion currents I" for
C" extracted from a refocus Middleton-Adams
type source with theoretically predicted
values as a function of extraction voltage
Vex. Theoretical values were computed by
assuming space charge limited positive ion
currents, positive ion impact angles with
respect to the surface normal of e = 0°, and
that the probability of extraction once formed
is Pex = 1.

Although the present results are encouraging,
temperature dependent measurements need to be performed
in order to firmly establish the appropriateness of the
simple surface ionization model for description of
negative ion generation by sputtering in the presence
of an alkali metal. Efforts to establish this depend-
ence are presently in progress.
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