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perature resistivity, ' are concave monotonically
increasing functions of nt,' (2) y(0)-y and y (0)
—T, &

', and (3) the yT vs InT behavior predicted
by Krishna-murthy, Wilkins, and Wilson'4 in the
U»F regime is qualitatively verified. The ori-
gin of the 6-K specific-heat bump is not known.
Finally, it should be noted that thermodynamic
arguments by de Boer et al."suggest that CeHh,
may not be tetravalent and hence disagree with
the results reported here.
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The ion emission from a fieM-produced Taylor cone on a molten tin surface is found to
consist of many atomic and molecular species, the abundance of which is analyzed by
mass spectroscopy. The energy spectra for these different ions have been measured for
several emission currents, providing information about the mechanism of ion production.
The behavior of the energy spread is discussed in terms of Coulomb interactions in the
beam.

PACS numbers: 79.70.+q

Liquid-metal field-ion sources provide great
promise in the field of ion beam microfabrica-
tion, ' as a consequence of their high emission
current (1—100 pA) and small emitting area. In
a standard source a needle of appropriate ma-
terial (usually tungsten) sharpened to a, point of
radius =1-10 pm is connected to a heated reser-
voir containing the metal of interest. By suitable
wetting, a film of molten metal can flow to the
tip. Ion emission occurs when a sufficient posi-

tive voltage is applied to the needle so that the
liquid on the apex is deformed into a cone—the
Taylor cone' —of semiangle 49.3 .

Most experimental investigations have con-
cerned gallium ion sources' ' in which case the
dominant ion species is Ga'. Other metals such
as goM, "cesium '' and alloys" have also been
studied; for them the mass spectrum is much
more complex with multicharge and molecular
ion species.
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This Letter presents results of an experimen-
tal investigation of a liquid-tin ion source, a
metal which does not seem to have been studied
so far. The source comprises a small coil of
tungsten wire acting as a reservoir of molten tin
from which protrudes a tungsten needle wetted
by a film of liquid metal. " By varying the ap-
plied voltage between tip and extractor from typi-
cally 5 to 8 kP, the total current increases regu-
larly from 1 to 70 IL(,A. Moreover the ion source
is mounted in such a way that the distance be-
tween the emitting point and the extracting elec-
trode can be varied. The emission current can
therefore be altered without changing the extrac-
tion voltage or any other setting of an analyzer.

The energy and mass distributions of individual
ion species have been measured with a double-
focusing mass spectrometer consisting of an elec-
trostatic sector followed by a magnetic analyzer.
Figure 1 shows a mass spectrum obtained at very
low current (I, = 1 pA) and the relative abundance
of identified species is reported in Table I. The
mass resolution is adequate to resolve the dif-
ferent isotopic combinations up to at least cluster
n =7. There are ten stable isotopes of tin and
for ions Sn", Sn', and Sn, ' all expected peaks
have been detected with their relative intensity.
Such mass spectra are extraordinarily rich in
different species, and signals corresponding to
heavier clusters have been recorded, but not yet

clearly identified except for single-charge clus-
ters with n ranging to 11. A general observation
is that the relative abundance of large clusters
with respect to small ones decreases as the total
emitted current grows. This behavior is illu-
strated in Table I which also contains the data
for a source working in a high emission current.
It should be emphasized that the cluster intensi-
ties are far in excess of those found in electron
ionization of a vapor of tin in thermodynamic
equilibrium with the liquid, for which, for exam-
ple, the ratio Sn, '/Sn' =10 '."

To record an energy-loss spectrum a bias volt-
age is applied to both tip and extractor so as to
keep constant the emission current while scanning
the spectrum. Figure 2 shows some typical en-
ergy distributions for Sn' and Sn at different
emission currents. The absolute energy scale
has been calibrated by recording the energy spec-
trum of Sn' issued from a frozen Taylor cone.
In this case, similarly to what has already been
observed for gold, a low current (less that 10 '
A) is emitted from self-sharpening protuber-
ances on the frozen Taylor cone surface. " It
seems most likely that ion emission from the
frozen cone is by field evaporation. The max-
imum in the energy distribution (with respect to
the applied voltage) is therefore given, to a good
approximation, for Sn' by
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FIG. 1. Logarithmic intensity distribution of the main peaks in a mass spectrum of a liquid-metal field-ion
source of tin. For the bvo main species Sn++ and Sn+, saturation effects in the Channeltron limit the count rate.
These effects have been taken into account to provide the numbers in Table I.
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TABLE I. Distribution, relative to Sn+, of the peak
heights for the most important identified masses. Note
that the relative intensity of double-charge clusters is
maximum for n = 7, in the low-current case but de-
creases regularly with n at higher currents. The num-
bers are uncorrected for the unknown variation of de-
tection efficiency for different masses.
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In this expression I, is the first ionization poten-
tial of tin (7.3 eV), h is the vaporization energy
(-3.1 eV), and q is the work function (4.4 eV).
%e thus assume AV, =6 V to define the absolute
voltage scale in Fig. 2 because it has been checked
that, at the lowest emission current, AV, is the
same for both the liquid and the frozen sources.
This is strong evidence that the mechanism of
emission is the same in the two cases confirming
therefore the proposal by Gomer" that the field
evaporation is the dominant mechanism at low
total current. The position of the energy maxi-
mum, as a general trend, moves towards V = 0
as the current increases. One possible explana-
tion is that direct field evaporation gives way to
thermal evaporation followed by field ionization—in which case the term h drops out of Eq. (1).
Another possibility is that some of the ions are
produced by field ionization in the vacuum, so
that a free electron is accelerated to the tip with
an energy of a few eV. It can bring Sn atoms in
the surface to an excited state with a reduced
effective I,. These mechanisms have also been
proposed by Kuk and Sakurai to explain the be-
havior of the intensity of the optical emission. "

The energy spectra show two main differences
between Sn' and Sn at a given current: Firstly,
the distribution of Sn' is broader and secondly,
it has a pronounced tail, even at the lowest emis-
sion current. The behavior of the half-width AVj/2
with current is shown in Fig. 3. Such differences
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FIG. 2. Voltage distributions of Sn+ and Sn++ for
different emitter currents measured with respect to
the applied voltage (negative voltage corresponds to
slower ions). Note that the x scale is in volts and
therefore the energy scale is equal to the voltage value
multiplied by the charge of the ion. The y scale is
linear.

are similar to those observed for gold, ' in which
case one of the present authors had proposed an
explanation in terms of resonant charge-transfer
reactions between slow neutral and rapid ionized
particles. " The relevant cross section is at
least one order of magnitude smaller in the case
of double-charge ions.

Generally, these results show the existence in
the beam of ions possessing energy in excess of
the applied voltage. This is evidence of Coulomb
interactions in the beam after the production of
ions. Following the theory developed by Knauer"
for the Boersch effect in electron and ion beams,
we can predict a dependence of AVj~, as propor-
tional to I~' for given geometry of the emitting
zone, which is not in contradiction with our data.
However, since the important interactions are
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between particles of the same velocity it is diffi-
cult to understand why the energy spread is of the
same order of magnitude for different ion spe-
cies, the intensity of which covers several orders
of magnitude. We are consequently led to con-
clude that either the Boersch effect is so strong
as to imply a complete redistribution of the initial
thermal energy of the particles or that other
processes are also occurring.

One of us (A.D.) has received financial support
from the Science Research Council (United King-
dom).

'R. L. Seliger, J. M. Ward, V. Wang, and R. L.
Kubena, Appl. Phys. Lett. 34, 310 (1979).

Q. I. Taylor, Proc. Roy. Soc. (London) A 280, 383
(1964).

~V. E. Krohn and Q. R. Ringo, Appl. Phys. Lett. 27,
479 (1975}.

4Q. L. R. Mair and A. Von Engel, J. Appl. Phys. 50,
5592 (1979).

T. Sakurai, R. J. Culbertson, and Q. H. Robertson,
Appl. Phys. Lett. 34, 11 (1979); R. J. Culbertson,
Q. H. Robertson, and T. Sakurai, J. Vac. Sci. Technol.
16, 1868 (1979).

6L. W. Swanson, Q. A. Schwind, and A. E. Bell, J.
Appl. Phys. 51, 3453 (1980).

P. Sudraud, C. Colliex, and J. Van de Walle, J.
Phys. (Paris), Lett. 40, L-207 (1979).

A. Wagner and T. M. Hall, J. Vac. Sci. Technol. 16,
1871 (1979).

~R. Clampitt and D. K. Jefferies, in Low-Energy Ion
Beams 19T7, edited by K. Stephens, I. Wilson, and
J. Moruzzi, IOP Conference Series No. 38 (Institute
of Physics and Physical Society, London, 1978).

' J. F. Mahoney, R. Y. Yahiku, H. L. Daley, R. D.
Moore, and J. Perel, J. Appl. Phys. 40, 5101 (1969).
"C. A. Evans and C. D. Hendricks, Rev. Sci. Instrum.

48, 1527 (1972).
~P. Sudraud, P. Ballorgue, C. Colliex, R. Ohana, and
J. Van de Walle, in Proceedings of the Seventh Euro-
pean Congress on Electron Microscopy I, 1980 (un-
published), p. 96.
"K. A. Qingerich, A. Desideri, and D. L. Cocke,

J. Chem. Phys. 62, 731 (1975).
'4P. Sudraud, Ph.D. thesis, Orsay, 1979 (unpublished).
'5R. Gomer, Appl. Phys. 19, 965 (1979).
'6Y. Kuk and T. Sakurai, in Proceedings of the Twenty-

Seventh International Field Emission Symposium,
University of Tokyo, 1980 (unpublished), p. 74;
T. Sakurai, private communication.

' A. Dixon, J. Phys. D 12, L-77 (1979).
' gl, Knauer, Optik (Stuttgart) 54, 211 (1979)~

868


