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Résumé : Nous montrons que l°influence de 1’atmesphére résiduelle sur le
bruit et la durée de vie des sources d’ions 3 métal liquide (LMIS) est
significative lorsque des électrons secondaires frappent la surface de
1’émetteur. Nous .proposons une méthode de suppression des électrons
secondaires lors de la conception d’un cancn LMIS.

fbstract : The influence of residual gases on the noise and life time of
liquid metal ion sources (LMIS) has been found to be significant if
secondary electrons impinge upon the emitter surface. A straightforward
method of preventing electron bombardment of the LMIS in a 1ion gun
structrure is shoun.

1. INTRODUCTION

Liquid Metal Ion Sources (LMIS) are increasingly used in focused
ion beams systems for a variety of technically important applications
including ion microscopy(i), research in ion lithography(2), direct ion
implantation(3), micromachining(4), mask repair(S) and SIMS{1).

Focused ion beam (FIB) systems employing LMIS have become
widespread. Measurements of source current and stability (6,7) have
revealed the LMIS to be extraordinarily good when operated at
ultrahigh wvacuum of 18-7 Pa (10-® Torr), uith noise currents near
the shot noise limit. However, many applications of the LMIS do not
require ultrahigh vacuum and many of the ~focused ion beams systems
reported to date operate with a vacuum of the order of 1@-* to 10-5 Pa.
It is therefore of interest to know - what effect the vacuum will have
on stability of operation of an LMIS, what some  possible
mechanisms ‘are that “can effect source stability, and whether the
LLMIS gun design will have an effect on the stability of the ion
source.

We have found that smali amounts (partial pressures less than 18-S
Pa) of hydrocarbon materials in a vacuum systewm can have significant
effect on the stability of an LMIS, -especially if secondary electirons
produced when the ion beam strikes an aperture near the source impinge
on the source structure. !t seems that hydrocarbon gases uwhich condense
on the source can be cracked by high energy secondary electrons
accelerated towards the LMIS by the strong field reguired for 1its
operation. In fact, the appearence on an emitter after gperation  in
a contaminated environment is as if the reservoir of liquid metal and
the tip were contained in a plastic shell. This effect 1is similar
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to specimen contaminationm often-seen in an SEM or TEM if its vacuum
system 1is untrapped. Because LMIS are often used in systems with vacuum
guality similar to that found in a SEM, we also investigated the
effect the LMIS gun design might have on the stability.

Initially a simple bell-jar vacuum system capable of a pressure of
about 10-* Pa was used. Such a system contains a background partial
pressure of carbon bearing gases from pumps. A LMIS gun structure was
built which allows the primary ion - current and the secondary electrons
current to be measured, and also allows the secondary electron current
to be suppressed by applying a bias voltage. Further experiments uere
conducted in a vacuum system capable of 1x19-¢ Pa with a controlled leak
of acetone vapor.

11. EXPERIMENTAL PROCEDURE

An LMIS gun was built with an extraction electrode close to the
emitter but with dimensions that prevented any of the primary ion beam
from striking the electrode. The 1ion beam was collected 3 cm from the
LMiS on a metal plate which could be biased at up to 80 wvolts with
respect to the extracting electrode. Positive bias was used to suppress
the lou energy secondary electron emission produced by the incident ion
beam. A diagram of the LMIS structure used is shoun in Fig. 1 and
the gun structure in Fig. 2. The source was operated at a temperature
estimated to be 5S06-60@ C by Joule heating. At this temperature, most
contaminating gases are quickly desorbed if there is no electron
beam induced chemical reaction at the surface of the liquid metal.

lon current striking the collector was amplified by an amplifier
with an A.C. coupled output, the front end of which could be elevated to
80 wvolts with respect to ground. The amplified current was subsequently
analysed with a Nicolet 4490 B spectrum analyser. In addition, the
extraction electrode could be biased negatively with respect to ground
while the collector was left at ground potential. Then the ion current
could be used to directly drive a strip chart recorder with a banduith
of roughly ©-4Hz. This provided striking visual evidence of the effects
of electron bombardment on the wvery low frequency behaviour of the
source current. However, the disadvantage of biasing the extraction
electrode negatively was that changes in the bias voltage caused the
electric field on the emitter, and hence the 1ion current, to change
whenever the bias voltage was varied.

After each spectrum of the noise current was completed, background
was substracted by running the spectrum analuser in a mode where counts
were substracted from the memory. During background substraction runs,
the beam current wuwas turned off by louering the extraction voltage of
the source slightly, while all other system parameters uere Xept
constant. When the higher vacuum system was emploued, it was found that
the background noise was completely negligible. Unfortunately,
it was not possible to measure the partial pressure of the
carbon-bearing gases in the bell jar system. However, this was measured
in the high vacuum system.

111. EXPERIMENTAL RESULTS

It is possible to estimate the secondary electron yield for the
system extraction electrode/shield plus collector electrode by noting
the difference betueen the collector current when the suppressor is off
and the emitter current when the suppressor is on, at least in the range
where the true ion current is less than 1@ microamps. Above this value,
it was not possible to tell what fraction of the 1ion current uas
striking the shield as the angular distribution broadened. For this
range, the uield was approximately 1.3 electrons per ion.



The current recorded on the collector plate was strongly affected
by the suppressor voltage, typically increasing by more than a factor of
two uwhen the secondary eleciron suppressor uas turned off. A voltage of
+15 volts on the collector structure was sufficient to suppress most
(88 %) of the secondary electrons and no improvement in secondary
electron suppression was noted for a suppressor voltage greater than 25
volts. In order to be conservative, in these experiments, a suppressor
voltage of +30Q volts was used.

An independant pouwer supply uwas used to provide the suppressor
voltage in this study. However, in an actual gun structure for an
optical column, the necessary voltage can easily be provided by using a
bias resistor in the ion source extraction wvgltage return line, to
maintain the first dounstream aperture at around + 25 wolts with respect
to the extraction electrode. This method wuas employed in the 200 nm
resolution beam column in this laboratory, and was found to have a
negligible ion optical effect. A 56 wvolt zener diode was connected in
parallel wuwith the resistor to prevent the bias wvoltage from reaching
values dangerous for the resistor if for some reason the extraction
current were increased to some hundreds of microamps.

1t was found that approximately 90%. of the secondary electrons
produced by the ion beam at the collector would return to the emitter,
with the remainder striking the extractor electrode. The effect of the
secondary electron current is dramatically shoun in Fig 34 and 3B. Here
the side “A" of the extraction electrode represented on Fig. 2 is
shoun after 3 hours of running time with the suppressor off (3AR) and on
(3B), with the carbonaceous contamination quite evident. An  Puger
analysis showed the contamination to be composed primarily of C and O,
with traces of wmaterial sputtered from the collector electrode. This is
consistent with the composition of the polyphenolester diffusion pump
fluid used in the vacuum system. The thickness of 'the contamination
layer was measured to be approximately 60 nm after one hour of operation
at a source current which totalled 1@ microamps of 1ions with no
electron suppresion.

The A.C. component of the current in the fregquency 0.125 Hz -~ 50
Hz was measured with the spectrum analyser. In this case, the extraction
electrode was grounded and the collector biased at +30 volts when the
suppressor uas used. A spectrum taken with the suppressor off is shoun

in Fig 4A uhere it can be seen that the noise current is
essentially contained below 3@ Hz, with most of the power falling
belouw 1S5 Hz; uhen the suppressor was turned on, the nesise

current fell by app;oximatelg a factor of 1.4 compared to the value
measured when the suppressor was turned off, in the bandwidth 0.125 -
5@ Hz as shoun in Fig. 4B.

This experiment uas repeated with a turbo-pumped system having a
base pressure of about 1x10-6 Pa. In this case both air and acetone were
leaked into the sustem, acetone at a pressure of 3x10-¢ Pa. It was again
found that the carbon bearing gas caused a higher noise current uhen
there wuwas no secondary electron suppression; the suppression factor uas
about 2.2. The noise current due to acetone was measured to be about 4
times higher than that for air with no secondary electrons suppression,
even uith the air pressure 3 times higher than the acetone. When the
secondary electrons uere suppressed, the noise spectra were essentially
identical.
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1V. DISCUSSION

We have found that a large fraction of the secondary electrons
produced by the ion beam striking an elecirode several centimeters
distant from a LMIS, return to the source. Based on micrographs of the
source and exawination of the nearby extraction electrode, it is
evident, as was found earlier by Suwanson (8), that the secondary
electrons promote the formation of carbonaceocus films if there is any
feedstock of hydrocarbons in the wacuum system which can condense on
surfaces. We have found that the low frequency portion of the noise
current of an LMIS is significantly affected by this process. We have
also noted that the operationnal life of the emitter is strongly
affected by the carbonaceous film. The effect of carbon-free air on the
noise current is less by several times.

Since the current from an LMIS is produced at a very tiny cusp
with extremely low mass in a very high electric field at the end of a
Taylor cone (9) (19), it is difficult to see why only low frequency
fluctuations in the current would be produced if the mechanism were only
the direct contamination of the cone. It seems more likely that the lou
frequency fluctuation are caused by interference with the fiow of liquid
metal up the shank of the emitter towards the cone. For some
distance along the shank of the emitter the thikness of the liquid metal
is only of the order of some nanometers. The impact of a contamination
layer on this thin film could easily cause huydrodynamic instabilities
in the cone. The supposition that it is contamination of the
emitter structures and not Jjust the Taylor cone which causes
problems . is strengthened by calculations of Saitou (11) who has shoun
that in the case of electrons field emission, the trajectories of
almost all ions produced by the electron beam carry them to the
gmitter shank, not the tip. Additionally, calculations of the Fflow
rate of liquid metal along the shank (12> indicate that the time
constant for ewents dependant on the Flow should be of the order of
Q.05 second, which is the order of magnitude of the frequency
current fluctuations we have actually seen.

V. CONCLUSIONS

1t is clear that secondary eleciron bombardment of the LMIS can
cause a significant increase in the low frequency current fluctuations
of the ion beam, if  there are any contaminant wvapors present in the
vacuum system that can be polymerised by high eneryy electrons.
Therefore, if an LMIS is to be operated in conditions where there may he
such contaminants present, it would be well to arrange for some sort of
secondary electron suppression in the ion gun structure.

The authors would 1like to thank J. Gierak for his assistance in
carrying out the experiments and P. Ossart (CNET) for performing the
Auger analysis
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Figure 1 . SEM Micrograph of the liquid metal ion source configuration
employed. Heating current can be passed through the W ¢oil, which holds
a large reservoir of BGa. The W emitter substrate had an end radius of
approximately 10 micrometers.
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Figure 2 . Schematic diagram of the LMIS gun structure used in this
study. The LMIS (see Fig. 1) wuas located approximatively 3mm from the
extraction electrode, the aperture of which substended a half angle of
43 degrees uith respect to the emitter tip. The shield was electrically
connected to the extractor and insulated from the collector.

Figures 37 and 3B . The area of the exiraction electrode marked “"A" in
fig 2 after 38 hours of operation with 1@ wicroamps ien current without
(4A) and with (4B) secondary electrons suppression. The vacuum was 10 -*
Pa, contaminated with pumped oil.
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Figures 4A and 4B . The spectral density functions for the total ion

beam current without secondary electrons suppression (3R) and uith
secondary electrons suppression (3B),
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