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The application of a high electric field to the surface of a liquid metal in vacuum can
produce intense beams of metal ions or a beam containing both ions and charged
droplets. The field emission systems based upon these processes, in the development
of which liquid gold is used extensively, show considerable promise for bigh
technology applications. In particular, the manufacture of submicron verylarge scale
integrated (VLSI) microcircuits, and bybrid microcircuits may be radically affected.

One of the distinguishing features of modern high
technology is an increased awareness of the importance of the
surface as well as the bulk properties of materials. Thishasled to
the development of a large number of techniques for processing
surfaces to modify both their chemical and physical properties.
The electrochemical passivation of surfaces is, for example,
commonly used, as is the production of surface coatings of the
nobler metals, including gold, by electroplating. Gold plating
is, of course, widely used in electrotechnology wherever high
conductivity electrical contacts and interconnecting pathways
are required.

While the development of surface treatments in general has
been a noticeable trend in recent years, the use of ion beam and
ion beam assisted techniques to effect surface processing has
undergone a dramatic growth during the last decade. In the
coatings field, for example, the various ion plating techniques
(1) are now recognized to have several important advantages
over ‘wet’ techniques such as electroplating and these include:
(1) No harmful effluent
(2) Vacuum cleanliness
(3) Improved film quality
(4) Good adhesion
(5) Excellent throwing powet.

The last is a particular feature of ion plating and can be very
useful when coating complex shapes including re-entrant
features. In the semiconductor field, ion beam machining ot
milling is playing an important role in the development of
microcircuit production techniques. However, arguably, the
single most impottant existing ion beam production technique
in the semiconductor industry is ion implantation (2) which is
used to dope semiconductor silicon in otder to modify its
electronic properties. Until now this process has always relied
* upon the use of ion-absorbing masks together with beams of
relatively large area to delineate the doped regions. Recently,
however, some excitement surrounds the possibility of maskless
processing of semiconductors using finely focussed ion beams to
produce the extremely small doped regions which will be
required as the pattern definition of advanced microcircuits
approaches the submicron scale.
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Both the liquid metal field emission systems described in this
article have potential applications in the semiconductor
industry and it is in this area that their impact is likely to be most
significant. As we shall see, gold is playing a role in the latest
development of both systems.

The fundamental structure of the two field emission systems
will be described in the next section, followed by a discussion of
their applications, with the emphasis on the semiconductor
industry.

Liquid Metal Field Emission Systems

Thete are two liquid metal field emission systems under
current development — the liquid metal ion source (LMIS) and
the field emission deposition (FED) sprayer. The former (3)
produces a beam of metal jons only, while the latter produces a
mixed beam or ‘spray’ of metal ions and charged liquid -
droplets. The FED sprayer is used to produce coatings of gold by
direct impact of its spray upon a cool substrate while the LMIS
has a2 wide range of other ion beam processing and analysis
functionsincluding ditectimplantation. The basic elementsare
common to both systems and are shown in Figure 1.

A needle, produced from a wire by electrochemical etching,
protrudes from a reservoir containing the liquid metal. The
needle is wetted with the liquid during the manufacturing
process to produce a film extending over its surface from
reservoir to apex. An electric field stress is applied to this liquid
metal film by applying a potential difference of several kilovolts
between the emitter and a neatby counter-electrode ot
extractor. Much of the early expetimental work on LMIS’s was
petformed using liquid gallium (4, 5) as the source of ions
because of its low melting point (29.3°C). More recently, the
need for sources using high melting point metals has led to the
development of resistively heated high temperature furnaces to
enclose the reservoir and needle. Present furnaces can be used to
produce sources of gold (6), which melts at 1060°C, and other
materials having high melting points.

In the case of an LMIS the tip of the source needle has a radius
of ~ 10 pm. The application of avoltage, normally in the range
4-10kV, between the needle and extractor is sufficient to cause
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distortion of the liquid film on the apex of the needle. The
precise size and shape of the liquid protrusion produced in this
way is still the subject of some scientific debate, but it closely
resembles a Taylor Cone (7) which can be formed when surface
tension and electrical stresses balance on the sutface of a liquid.
Whatever the precise shape of the distorted film, the electric
field at its surface is sufficiently high to cause tons to be ripped
outof the liquid toformasmall brightion emitting regionatthe
tip of the prottusion. The exact mechanism of this emission is

again uncettain but is most likely (8) to be the process known as

field evaporation or field desorption (9, 10).

The source is designed so that flow of liquid to the emitting
region is limited by the hydrodynamicimpedance of the system.

In the case of the FED sprayer, on the other hand, a source
having much lower flow impedance is utilized. The
configuration is essentially the same as that of the LMIS (see
Figure 1) but a needle having a blunter tip (radius > 60 um) is
normally employed. The FED system therefore requites a
higher voltage for cteation of the Taylor Cone ( ~ 11 kV), but
once switched on it delivers an ion cutrent just like the LMIS.
Howevet, if the applied field is now raised well beyond the
threshold field, by raising the applied voltage to > 13 kV, the
FED system begins to emit a stream of liquid droplets in
addition toions. The electric field stress at the apex of the needle
is now so high that the liquid film is not just disorted but suffers
gross distuption leading to the emission of globules or droplets
of liquid metal. These droplets vaty in size according to the
conditions of operation, being typically in the range of 0.5 - 3
pmdiametet. They can be formed only if sufficient liquid metal
can be supplied against the hydrodynamic flow impedance of
the soutce. Since they are electrically charged, the FED droplets
can be focussed and steered by electrostatic means. Upon
impact on a cool target, the spray freezes to form a highly
adherent coatings. Asinion plating (1, 11), The presence of the
ions is essential for cleaning of the sutface of the substrate and to
provide an adhesion-promoting interface between substrate
and coating by the processes of sputtering and ion mixing (12).
For this reason, coatings produced using FED sprayers(13) have
been given the name IONCOTE® (Dubilier Scientific Ltd.) Most
of the development work to date in FED technology has been
concentrated on the production of coatings of gold and gold
alloys for electrical applications.

Some of the more important applications of both field
emission systems will now be discussed in greater detail.

LMIS Applications — the Role of Gold

The LMIS is demonstrating considerable potential in two
main areas requiting focussing of the ion beam to very small
spots (down to ~0.1 pm). The first of thése is the rapidly
developing technique of Secondaty Ion Mass Spectrometry
(SIMS) by which surfaces may be analyzed with high spatial
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Fig.1 Schematicdiagramshowing reservoirand wetted needleemitter
used in liquid metal field emission systems

resolution (14). Todate, gold LMIS’s have not been used for this
application for which sources of gallium and caesium ions will
probably be preferred.

It is for the second application of finely focussed ion beams
that gold or, to be more precise, alloys of gold are being studied,
namely the preparation of silicon microcircuits using highly
focussed ion beams,

The semiconductor manufacturing industry isseeking means
of producing microcircuits to increasingly finer dimensional
tolerances and circuit features of < 1 pm with packing densities
of a similar order are now required. Such VLSI circuits demand
the use of sophisticated new processes to produce these
extremely small, dense and highly complex circuit pattetns.
One such process is the implantation into silicon through an
ion-absorbing mask of ions of boron, arsenic and phosphotus.
These ‘dopant elements’ are used to modify the electronic
properties of thesilicon in the various regions of the microcircuit
(2). The ion absorbing masks are produced by a variety of
lithographic techniques (for example optical, electron beam,
X-tay), but the use of finely focussed ion beams from LMIS'’s,
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accelerated to energies in excess of 50 KeV is becoming
increasingly important (15, 16).

Notwithstanding the importance of ion beam lithography,
perhaps the most exciting single concept in this fast-developing
field is that of ditect implantation without a mask by using a
finely focussed beam of dopant ions for ‘direct writing’ of
implanted regions. Should this be feasible, the VLSI
manufacturing route will be greatly simplified, even
revolutionized. In order to be practicable, the submicron
doping beam must be of an intensity that only the LMIS is
currently able to provide. Unfortunately, the chief silicon
dopants(boron, phosphorus and arsenic) are highly volatile and
cannot be used to form an LMIS in their pure states. Gold is
being used expetimentally to solve this problem..

Since the principal dopants used in silicon device technology
ate unsuitable for use in high brightness LMIS’s, an alloy
containing the dopant is sought. Then, provided the vapour
pressure of the alloy is sufficiently low at its melting point and
provided a compatible needle material can also be found, an
LMIS can be fabricated. The ion beam produced will contain a

Table

Alloys Used to Produce Liquid Metal lon Sources of Species of

Importance in the Semiconductor Industry

fraction of dopant ions depending upon the proportions of the
alloy. The lower the melting point of the alloy, the lower will be
its vapour ptessure duting source operation. The focussed ion
beam must then be mass-analyzed to separate out the desired
dopant ion if direct implantation doping is to be performed.
The binary alloys of gold are well documented and have
relatively low melting points (17). Moreover, pure gold ion
soutces have been extensively studied and the good wetting of
gold to tungsten needles is well known. In addition, the large
differences in atomic mass between gold-197 and the dopants
boron-11, phosphorus-31, atsenic-75 and antimony-122
encourages optimism that efficient mass filtering can be
achieved. Unfortunately, while gold forms several useful low
melting binary eutectic alloys with elementssuch as tin (280°C)
and silicon (370°C), the quest for dopant-bearing alloys has
necessitated the use of more complex ternary systems. The way
has been led by Japanese and American wotkers who have
studied several gold, platinum and other systems with the
results shown in Table 1(21, 22, 23).

More recently, the value of silicon as a resist-exposing ion has
led to the development of an alloy source
for experiments on ion beam
lithography. The reason for thisis simple
— anysilicon ions which pass completely
through the resist and enter the silicon
substrate will have no deletetious effect
upon its electrical properties. The gold-

T silicon LMIS source is already producing
Dopant Alloy Loy s iphal References romisi Its i i i
MGG promising results in experiments on ion
T et B beam lithography (24).
B Pt,, Au,.. Ge 321 v 03 22 . .
B::.s Pt:; Nla::‘f' BRI s 23 The FED Spraycrlnngthchflology
Boron By Pl 5 5 29 . The‘re hgvc been some experimental
By Nig Pdy 16 4 29 investigations of FED sprayers of
B,, As, Nig Pd,, EEM 2L 21 aluminium (25) and its alloys (26) l?ut
most progtess has been -made- using
Ast As?* As®t sprayers of gold and gold alloys and a
Arsenic | As,y By Nig Pdy, By A 2 reliable FED module has now been
Asg Sng Pby, 04 01 01 2 developed (27). As stated earlier, ION-
Sh* Sp2+ Sb2+ Sb3+ COTE®m<?tal films a're formed by ag-
Antimony | Sby . Pby,, Aug, 71 08 60 46+oclusters 23 glomeration of the tiny liquid droplets
from the FED sprayer as they strike the
SiF- Bl AuS target surface.
Siticon Sy Aug 122 120 609 22,24 The mean diameter of these droplets
Sig  Aug, 29 21 varies with the value of the applied elec-
B2+ tric ﬂe}q, which .alscé dl;:tcr}rlnincs the ClX-
, rent of ions emitted by the sprayer. At
Baryllium; B0 Mgy % # cutrentsup to ~ 150 uA the FEszray is
Ge?t composed almost entirely of ions,
Germanium| Ge,, Au,, 30 21 though there is evidence to suggest the
emission of extremely small clusters and
36
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(a) [=100 pA

(b) 150 uA

Fig.2 Scanning electron micrographs of FED coatings showing vasiation of droplet size with emision current ()

(c) 300 A

droplets with diameters ranging from 10 nm to 100 nm (28). In
this so-called ion mode, high enetgy metal ions are used to
sputtet-clean the surface prior to deposition at higher currents
(that is at higher voltages and electric fields) when increased
field distuption of the liquid surface occurs and the ratio of
droplets to ions in the spray is increased. In this sprayer or
coating mode, IONCOTE® deposits are produced. The coating
mode beginsat acurrent of about 200 uA (Figure 2(a)) when the
average droplet diameter is less than 1 umand the deposition
rate R iscortespondingly small (R < 0.2 pmcm’/min). Atmuch
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(d) 500 A

higher currents (greater than 700 pA, see Figure 2(c)), deposi-
tion rates ate significantly increased (R ~ 1 pm cm®/min) but
this is achieved at the expense of deposit quality which is far
coarser (@ ~ 4 um). The optimum coating mode for most ap-
plications occurs at cutrents of about 600 A (R ~ 0.5 um
cm’/min, & ~ 2 um), as shown in Figure 2(b). These coatings
ate highly adhetent. In fact, attempts to measure adhesion of
FED coatings of gold on a variety of substrates including glass
have revealed values of adhesion in excess of 2 x 10'N/m?’.
Failure is normally due to breaking of the substrate or of the test
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stub-to-gold bond with no damage to the gold-to-substrate
bond. The potential of such coatings is indicated by the fact that
recent thermal compression bonds using silver FED coatings
have achieved strengths of up to 10° N/m’. This promises to
develop into an important new process for bonding of com-
ponents. Thermal compression bonding of quartz to stainless
steel for manufactute of high temperature vacuum-tight win-
dows is just one possibility (29).

Asin the case of the LMIS, however, the greatest potential of
the FED process is in applications which exploit fine focussing
and electrical deflection of the droplet beam. Electrical focuss-
ing and deflection ‘of FED sprays has been a major recent
development (30). The focussing and deflection of electrons
and ions using electrostatic lenses is, of coutse, commonplace,
but the successfuf use of such lens systems to focus a spray of
droplets of comparatively massive charge might at first sight
seem surprising. The key to this success lies in the fact that, in
contrast to magnetic lenses, the deflection and focussing of
chatged particles using radial electric fields is independent of
particle charge and mass. This is best illustrated by considering
the simple case of the deflection in an electric field E of an
energetic particle carrying charge Q. This is governed by the
exptession:

dy = QFZ
dz T (1)

where T isthe kinetic energy of the particle which travels prior to
deflection in the axial (2) direction. This kinetic energy was
gained during initial acceleration through some axial potential
difference V, and may be expressed as:

T=Q,V, 2

where Q, is the charge on the particle during acceleration.
Provided the particle is not subjected to any accelerating or
decelerating (axial) fields following its initial acceléfation, the
quantity Twill be invariant during itsflight through the system.
If there is no change in the electric charge of a droplet, then its
transverse deflection is given by:

dy:]EZ

dz 4V, (3)

Even if the patticle charge does change before deflection, the
charge-to-mass ratio is still immaterial and deflection depends
onlyupon the ‘beam potential’ Iy at the time of exposure to the
transverse field, that is:

Fig.3 Scanning electron micrographs of a well-focussed spot deposit showing
central ‘pip’ (I = 200 nA)
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(i) The diffuse spot produced under an FED beam

Fig.4 Photograph of line deposits generated by mechanical translation of a target substrate under an FED beam:

(i)} A line deposit several hundreds of micrometres wide is produced by single pass translation of the substtate under the beam. The deposit is bounded by an ion
cleaned region and a very faint band due to deposition of evaporated neutral atoms
(iii) Multiple pass scanning broadens the deposit. Lines a, b, cand d are produced by 2, 3, 4 and 5 passes respectively

dy=1EZ
dz 4V

(4)

The same argument applies to focussing as well as to deflection.

A series of experiments to investigate the electrical properties
of the FED gold droplet spray and to evaluate its technological
potential has been conducted and full details are be reported
elsewhere (31). Some of the results of this recent work may be
summarized as follows.

The FED sprayer delivers droplets and ions which can be
tocussed and deflected using simple electrostatic einzel lenses.
Thete isinadditionasmall neutral vapour componentwhich, of
course, cannot be focussed. A scanning electron micrograph
showing a typical spot deposit generated by an FED sprayer is
shown in Figure 3. The gold vapourdepositis too nebulous to be
seen but the effects of the ion and droplet components are
visible. The datk outer ring is a region of substrate which has
beencleaned by the ion componentin the focussed spray. Inside
this is the droplet-coated spot extending to a radius of ~ 200
pm. Atitscentre isa ‘pip’ of some 30 um radius where the peak
of the droplet beam has built up a coating of some tens of
micrometres in a few minutes.

Electrical deflection has been used to generate coated lines
from such focussed spots and rectangular deposits have been
formed using raster scan genetators. Whethet theyare produced
by electrical deflection of the focussed beams or by mechanical
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translation of the target under a fixed beam, the width of the
coated lines depends upon the ‘exposute’ of the substrate, In

other words, the coated width will effectively increase with
increasing droplet dose due to the enhanced effects of the outer,
less intense regions of the droplet distribution. With
mechanical scanning, the coated width increasés"with the
number of passes of the substrate under the beam as shown in
Figure 4. The effect of the ion component of the beam is visible
in Figure 4 as a band of sputter-cleaned substrate on either side
of the coated gold line,

Even with the simple einzel lens arrangements used in
experiments to date, the considerable technological promise of
the FED technique is appatent. Already gold lines a few
hundreds of micrometres wide have been produced and, with
the aid of improved optics, spots and lines 60 pm or less across
should soon be feasible asindicated in Figute 3. Thus the process
might well be adapted for the generation of complex patterns of
contacts and interconnections such as those used in hybrid
microcircuit technology. FED coatings for this application
could be written by electrical pattern generators under
microcomputer control in a single-step vacuum deposition
process to replace the multi-step lithographic and masking

‘techniques used at present.

Finally, it is worth listing some of the advantages of the
IONCOTE® /FED process as was done for ion plating at the start
of this article. The process provides:
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(1) No harmful effluent

(2) Vacuum cleanliness

(3) Good film quality

(4) Excellent adhesion

(5) Electrical focussing and deflection fot maskless pattern
generation,

FED has, in fact, all the advantages of ion plating except
throwing power — it is a highly directional process and as such
itsability to coat ‘around corners’ isnegligible in contrast to that
of ion plating. The adhesion obtained in FED is probably
greater than that obtained by any other coating technique, but
its most outstanding advantages are associated with the unique
facility for electrically-controlled generation of pattetn coatings
which it affords. FED has some similarities to the Ionized
Cluster Beam Deposition technique (ICBD) pioneeted atKyoto
University, Japan (32), in which atomic clusters  or
microdroplets as small as 5 nm are employed.

Conclusions

The two liquid metal field emission systems, namely the
LMIS and FED sprayer, are clearly of potential technological
impottance. The full impact of the LMIS on the fast-developing
technology of submicron microcircuit fabrication will surely be
seen during the next five years. Ion beam lithography will
undoubtedly develop first, but direct implantation writing of
microcitcuits, using dopant ions generated by alloy LMIS’s
offers a significant ptize to the ion source technologist.

Field emission deposition (FED) sprayers for the production
of IONCOTE® coatings have a less certain future at this stage in
their development, but significant progress has recently been
made. The maskless generation of hybrid microcircuit
conductot pathways, using FED sprayers linked to computer-
driven pattern generators, may be only a few years away.

Int the development of both these field emission systems,
liquid gold is playing an important experimental role.
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