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Equation (11) can be differentiated with respect
to T to obtain II,(E,T). We then find II,(O, T)
~ T' for T -0. Even though this II,(E,T) is not
analytic at T =0 it may be substituted into Eq.
(3) to yield

S(E,T)r, = (4ItA, /p)T'+ 3 pT', (13)
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A systematic study was made of negative-ion formation by sputtering from a Mo(100)
surface with and without adsorbate layers. Correlation with the work-function change

when the surface electronic state was modified by a Cs overlayer reveals a possible tun-

neling mechanism. Tunnel barrier widths and heights were estimated for Mo, 0, H,
and D from the experimental data.

The formation of secondary ions during sput-
tering is the basis of secondary-ion mass spec-
trometry (SIMS). SIMS has rapidly become an
important analytic technique especially for sur-
face and metallurgical studies. Extremely high
detection sensitivity for both elements and com-
pounds has been achieved. ' Quantitative applica-
tion of SIMS, however, is unfortunately hindered
by our lack of understanding of the secondary-ion
formation process. In particular, there is still
no microscopic description of negative SIMS. In
this Letter, I report a systematic experimental
study of the negative-ion formation process
through its dependence on the work function of
the specimen surface. An electron tunneling mod-
el has evolved from this work which can possibly
form the basis for a microscopic theory of sec-

ondary ion formation.
The energy threshold of negative-ion formation

is the difference between the surface work func-
tion and the electron affinity of the ion. A lower
work function enhances the electron capture proc-
ess as observed during sputtering with Cs+ ions. ' '
I have looked into Mo formation' from clean
Mo(100) surfaces and the formation of H, D,
'60, and "0 from adsorbed layers on Mo(100).
In this experiment I deposited a submonolayer of
Cs onto the sample surface to modify the surface
work function. The secondary ion yields during
low-energy Ne' bombardment were monitored
as the work function changed with the Cs cover-
age. Some results with K overlayers are also
presented.

The experiment was performed inside an ion-
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pumped UHV system with a base pressure in the
upper 10 " range. High-purity single-crystal
Mo(100) samples, 0.2 in. && 0.5 in. && 0.004 in. in
size, were used. The crystal was oriented to
better than 1. The sample was resistively heat-
ed and the sample temperature was monitored
with a W-26/gRe-W-5~/gRe thermocouple. The
sample cleaning procedure included heating the
sample to 900 C in 10 ' Torr of 0, for an hour to
remove carbon, followed by flash heating to
1400 C to remove the oxygen. The sample was
then examined (in situ) with an Auger-electron
spectrometer to determine the surface cleanli-
ness. The above procedure was repeated when
necessary.

The primary ion beam used was a Ne+ beam
collimated to a beam diameter of 4 mm, with a
1-nA typical ion current. The incident angle was
about 45'. During operation, the Ne partial pres-
sure was in the 10 '-Torr range in the chamber.
A liquid-nitrogen-coo1. ed Ti sublimation pump
kept the other residual gases, mostly hydrogen,
in the low 10 "-Torr range. The Ne+ current
density was kept very low (& 10 nA/cm') to reduce
the radiation damage on the sample surface. The
total sputtering time in one run was typically 600
sec. Negative ions were detected by using a quad-
rupole mass spectrometer with the sample sur-
face perpendicular to the mass spectrometer ax-
is. The energy filter in front of the mass spec-
trometer had an energy passband roughly from 0
to 30 eV. No attempt was made at energy analy-
sis of the secondary lons.

Cesium was applied to the sample surface by
thermal evaporation from a thoroughly outgassed
Cs getter. ' The rise in chamber pressure was

an 5 &&10-» Torr during evaporation. Pxy-
gen contamination, estimated to be about 5%, wa, s
observed in the C s overlayer. The C s coverage
was increased in small steps while sputtering
and negative-ion detection were done in between.
The electron-beam retarding-potential method'
was used to measure the work-function change
Dy to an accuracy of about + 0.05 V. Figure 1
shows the work-function change Dy and the Mo
yield as a function of Cs deposition time. The
maximum work-function reduction was about 2.6
eV, in good agreement with the literature value.
No Mo was detected above noise (-1 Hz) in the
absence of Cs. With the gradual decrease in y,
the Mo yield increased rapidly and reached a
maximum when Ay was close to its minimum.
The Mo yield dropped significantly as the Cs
coverage increased further while y rose to its
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FIG. 1. Variation of p and Mo yield with Cs deposi-
tion time. The Cs dependence of H, D, and 0 pro-
duction was also very similar. The yield maxima cor-
relate closely with the y minima.

saturation value. The Cs dependence of H, D,
and 0 production was also very similar. Some
H data were reported previously. ~ For H, the
sample was exposed to 5&& 10 ' Torr of H, for 15
min, totaling an exposure of 4.5 L [1 L (Lang-
muir) = 10 ' Torr ~ sec]. Work-function measure-
ments showed a small (-0.1 eV) increase in y re-
sulting from the hydrogen overlayer. Then Cs
was deposited onto this hydrogenated Mo surface
and the experiment was repeated, as in the pure
Mo case. The treatment with D, was exactly the
same. Although both H and D yields had simi-
lar hq dependences, the D yield was usually an
order of magnitude lower than that of H under
similar experimental conditions.

For 0, the clean Mo(100) surface was exposed
to 1~ 10 ' Torr of "0, or "0, for 10 minutes,
totaling an exposure of 6 I,. The oxygen overlay-
er raised the work function by about 1.7 eV.
Some evidence for patch formation was observed,
but it rapidly went away with Cs deposition. The
0 yield was significantly enhanced by the depo-
sition of Cs. However, the yield only decreased
slightly with Cs coverage after reaching the max-
imum. "0was used to avoid complications from
the oxygen contamination in the Cs overlayer.
But no significant difference was noticed. The"0 yield was usually 10 to 20~/p less than the"0 yield under similar conditions. However,
the oxygen contamination in the Cs prevented an
accurate assessment of the effect of isotopic
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mass differences.
When an atom escapes from a surface, it inter-

acts with the surface electrons which leak into
the vacuum. The tunneling of an electron be-
tween the escaping particle and the substrate can
cause de-excitation, ionization, and neutr aliza-
tion. ' " I found that my experimental data could
readily be explained by a tunneling model. We
represent the salient features of the tunneling
process by two parameters: the height V0 and
the width a of the tunneling barrier. The e1.ec-
tron tunneling probability is given by"

V —E= V, + Ay, (2)

where V, is the initial barrier height when there
was no Cs. So the ion yield I" is related to the
total sputtering yield F0 and the neutralization
probability A of the ion by

16E(V, + 6y)
0 y 2

0

feet of the Cs atoms was nonlocal. I shall postu-
late that the Cs overlayer changes the barrier
height V, by Ay so that

16E(V„—E)
2

2m '"
x exp —2, (V, + ay)'~'aa' (3)

2m
x exp —2, (V, -E)'~'a

where E is the energy of the electron. Bone of
the negative-ion yields monitored was proportion-
al to the Cs coverage. This suggests that the ef-
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With the proper choices of V, and a, Eq. (3) fits
the experimental data very well for a large Cs
coverage range and over two orders of magni-
tude variation in yields, as shown in Fig. 2. By
means of a least-squares fit, V, and a &vere de-
termined for the various ion species and sputter-
ing conditions Vy and a so determined have very
reasonable physical values as shown iq Table I.
The least-squares fit was not very sensitive to
the choice of V, since only the square root of the
quantity V, + Aq enters into the exponent. V, was
only determined to +0.5 V." Values of the bar-
rier parameters determined for individual ion

TABLE I. V&, a, T&, and T&* at different Ne' ener-
gies. The values of T&~ calculated from V& and a as in
the tunneling model agree very well with the values of
T& obtained by fitting with the LTE model.
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FIG. 2. Least-squares fit of the experimental data
with the tunneling model. The values of V& and a are
shown in fable I. The "loops" at high Cs coverages
are still not understood.
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species are consistent to within +0.5 eV and
+0.5 A of the averaged values of V, and a, re-
spectively, in spite of over one order of magni-
tude change in the energy of the sputtering ions.
Electronic excitations produced by the incident
ions are expected to perturb these parameters.
The data, however, seem to indicate that the ef-
fect is still small in this energy range. Although
H and D showed very different yields, barrier
parameters are practically unaffected by the iso-
topic mass difference. Using K instead of Cs for
H production, however, gave a slightly larger
barrier width. The evidence is that V, and a are
probably related to the electronic transitions in-
volved, and not the sputtering process. It also
suggests that the large difference in the H and
D yields is caused by a large difference either
in the neutralization probabilities, similar to the
isotope effect in electron-stimulated desorption, "
or in the sputtering coefficients between H and

D, or both.
Deviations from Eq. (3) at zero and very high

Cs coverages were observed. The negative-ion
yields at zero Cs coverage were usually smaller
than expected from Eq. (3). At high Cs coverages,
the Mo, H, and D yields were higher while
the 9 yield was lower than predicted. The rea-
son is still not understood.

The most successful quantitative theory for
SIMS is the local thermal equilibrium (I,TE) the-
ory' which assumes the formation of a local high-
temperature plasma at the impact of an incident
ion. The secondary ion yields are then deter-
mined by the Saga-Eggert equation which governs
the equilibrium concentration of the secondary
ions and electrons at the "plasma temperature"
T~. In LTE, the work-function dependence of the
ion yield is

Y~ exp(- Ly/k ~T~ ) .

Although the LTE model is still the most useful
theory available, there has been a lot of contro-
versy over the physical significance of T~. In
practice, T~ is used as an experimental parame-
ter and there is no theory of T~.

In Eq. (3), the exponential function is the domi-
nant term. For limited range of Acp, we can lin-
earize the hy dependence in the argument:

I"~exp[- 2(2m/lr')'~'V, '~'(I+ aq)/2V, )a],
~ exp(- r cy/0 ~T~*),

where

] jl2 l/2 V 1/2

~B 2tpl 0 (6)
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Equation (5) is exa, ctly the functional form expect-
ed from the I.TE theory but with the "plasma
temperature" T~* given by the microscopic quan-
tities of the electronic transition and not by the
sputtering parameters. Not surprisingly, my
data fit Eq. (4) quite will except at zero and very
high Cs coverages. ' The values of T~ obtained
by a least-squares fit are shown in Table I.
They agree very well with the values of T~* cal-
culated from V, a, nd a using Eq. (6). This analy-
sis raises the question of whether the LTE ex-
pression is actually a restricted form of the tun-
neling equation (3), and whether its success is a
consequence of the limited barrier-height varia-
tions in real systems.
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