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EXECUTIVE SUMMARY f{1 ,
H-/ ( 2D

A meeting was held at the La Jolla Institute on 3-4 August 1981, <o
have experts discuss recent research in high brightness ion sources with an
@ye toward possible applicaticns of importance to DoD. Participation was
invited from the National Submicron Facility at Cornell University, the
Stevens Institute of Technology, the Brookhaven National Laboratory, the
Oregon Graduate Center, the University of California at Los Angeles, the
University of California at Irvine, United Kingdom Atomic Energy Authority
‘Culham Laboratory, Phrasor Scientific, Inc., and Thermo Electron Corporation.
Of these, the U.K.A.E.A. representative was unable to attend but provided us
with a written account of his recent work on liquid metal ion sources.

Dr. A. Maschke (Brookhaven National Laboratories) was also unable to attend,
but indicatad that he has reproduced the Phrasor Scientific results on the
capillaritron using argoen. He.intends next to study the focusability of

ion heams produced by capillaritzrons.

A, T. FORRESTER (University of Californmia, Los Angeles) presented
an overview of the definitions of fundamental concepts used %0 charactarize
ion beams. He pointed out the usefulness of normalized perveance for
comparing beams of different ions. The unit poissance was suggested Ior this
parametar. Another quality which can be usefully normalized is the brightness.
In terms of the normalized emictance,sN = 3v £ , the normalized brightness
is defined by B I 32,/82y? = n:/nzsvz

which compares with <he brightness cer

volt; N is a geometric factor of order unitv.

A. T, FORRESTER AND J. PEREL (Phrasor Scientific, Inc.)
summarized the work at Phrasor Scientific on capillarictzreons in which a zas at
nigh pressure (several hundred torr) is forced through a csonducting capillary
kept at a potential of about 10 XV with respect %20 an annular ancde. Izns

are produced from the plasma near the tip of the capillary dv a process not




completely understood.- Current densities are in the range of 100-1000
A/cm®. A range of gases has been employed including helium, neon, argon and
xenon. The source provides a very quiet beam with a relative Zluctuation
less than 0.1%. Drawbacks are: substantial snergy spread (possibly due to
charge exchange) which is comparable to the accelerating potentional, and low
gas efficiency (a few percemnt). However, for some gases, notably helium,
there is a marked peak in the energy profile. Work is underway to isolate
the dominant mechanism(s) for the energy spread to determine the inherent
limits on an energy spread of this source. Dr. G. Hanson suggested that the
energy spread due to charge exchange could be reduced by deflecting the

neutral beam away from the ion beam.

Possible applications cited for the capillaritron are as a source Sor
neutrals production; production of negative ions by directing =h» i~ns arn a
surface coated with cesium; ion implantation for surface hardening; and
annealing. If _ne energy spread can be reduced this source could be useful
in ion beam writing applications and lithography. Also, its use as a driver
for the MEQALAC cannot be ruled ocut.

The work on droplet sour¢es at Phrasor Scientific was also discussed.
The source is a liquid metal ion source with the droplet size set by the ex-
tracting voltage and the current. Droplet sources have bDeen used to study
the process of rapid solidification with cooling rates up o 10° °X/sec. as
the work at U.X.A.E.A., Culham, indicates (see Appendix (), sub-um dropists
can be produced by this method. If the particle size distribution can be
made sufficiently raxrrow, novel applications may arise in tribology, abrasives,
and applications where homogeneous packing of solids is impor=ant.

The study of cooling of bodies whose size 1s comparable <o or smaller
than the wavelengths of the emitted radiation is interesting in its own right.
Does the Stefan-Boltzmann law apply here, for instance?

A. E. BELL (Oregon Graduate Center) discussed the recert work of his
Group on Liquid Metal Ion (LMI) sources. In these sources, i metal .s heated =2
its melting point and then wets ablunt needle cf %ip radius 5-1C .m. ZJnder <he
influence of an electric field the liquidmetal is drawn into a cone whose extent
is set by the balance between the electric field pressure and zhe surface -ensicn

stress Ions are produced by field emission. Tor use inan IMI source, =herafore, =he




metal should have a low vapor pressure and high surface temsion. It must

also be able to wet the needle without corroding it. These comnstraints have
in the past limited the use of these sources to gallium and gold. A widening
variety of ioms is now becoming available including: Ga+, tnﬁ, Bi+, Al+, Li+,
cs’ and au’. More rececntly, liquid alloys of platinum and boron and of plati-
num and arsenic have made borom and arsenic sources available. Other useful
dopants now available from LMI sources are tin and silicom.

Corrosion of the needle (usually tungsten) has limited the lifetime of
these sources, however. Bell and co-workers have found that a graphite
needle substantially increases the lifetime of aluminum LMI sources and will
probably also do so for sources of boron and arsenic ions. The difficulty of
wetting and corrosion with aluminum has been overcome by first diffusing ti-
tansium into the graphite which is them covered by aluminum. Availability of
long life borom and arsemic sources would render possible direct implantatiom
of their ioms.

Current liquid metal iom sources produce high angual intensi:ties (~20
UA/st) and moderate energy spreads (520 eV). But the present work on LMI
sources as reported, for ianstance, at the 28th Internmational Field Emission
Symposium (Beavertonm, 27-31 Jﬁly 1981) indicates that these sources are com-

structed without much fundamental understanding of how they work. Unanswered

questions are:

i) What mechanism(s) are responsible for the energy spread?
11} What is the ionization mechanism?
iii) Are the ions drawn from a (Taylor) cone or a wnisker?
iv) Is the emission space charge limited or is it set by
hydrodynamic limitations (by flow rate or instability)?
v) Can the wetting process be explained such zhat optimal
needle composition can be predicted for any given metal?
vi) What is the theoretical limit on the figure of merit
(for fine focus applications)?

vii) What is the process oy which neutrals are formed and
why are they under certain conditions esmit+ed into a
narrower cone than that for the ions?

viii) What is the effect of the needle's surface condizion an

the current versus voltage zurve?




On che last coint, it appears from werk at Bell Teleghone lLaboratorias zhat
a rough needle surface leads to greater smission IO0r 2 3jiven axtraczion
voltage than a smocth surface.

On applications: J. H. Orloff has investigated che writing speeds oF
LMI sources for direct ion implantation fabrication of VLSI <ircuits and
concluded that LMI sources at lower ion doping levels (10°%-103/cm?; will ze
able to meet the VHSIC II goals at 0.5 um resolution level. Higher desing
rates would be attainable if only small areas of the =otal wafer are doped.
It is expected that direct write ion implantation will te =he technolcogy of
choice in the future for applications requiring low levels of doping cr
moderately high production runs of VLSI circuits.

Other microfabrication uses of LMI ion beams include ion milling and
resist exposure where ions have advantages over scanning slectron systems
because of greater resist sensitivity to ions and less degradation of line
profiles due to charge particle scattering effects (proximity affects). A
limitation to ion beam use in deflection systems is caused by relatively low
ion speed which limits deflection rates to about an order of magnitude less
than for electron beam systems. In addition to these uses, LMI sources will
have application in SIMS—and for high density memory storage.

Non-fine~focused beam appli:ations include surface modification =o
reduce wear and corrosion. A novel application for isotope separation can ze
envisaged at relatively low cost by using arrays of LMI sources; uranium
might be 2 candidate for such a use.

For survey on liquid metal ion scurces and developments in Japan, see Aprendix A.

G. Hanson (National Submicron Facility) presented results on a gas phase
field iom source developed recently at the National Submicrom Facility. Since
1951, many researchers have developed an underscanding of the physical pro=-
cesses which produce in a given field range point projection images of surface
atoms. Using an understanding of the effects of aeucral supply, Cemperacture,
electrostatic £ield, etc., a low <emperature sourca 1as peen Jevelored wnich
produces pure H * from a virtual point (few angstroms source s1ze) With an

2
energy spread of 1 eV fwhm (2 aV for 20% of ions) at an angular .ntensizy of

20 UA/sr. This source is appropriate for very high resolution Team work:
-

X-ray micro=-analysis, d, ion resist lithography and radiation annanced 2tczh

-
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processing at dimensions down to 100 g. The source brightness at I kV is
calculated to be “10° A/em?/sr. With a good qun lens (C_ = C_ = 2 cm) the
affective brightness is 6 x 107 A/cmz/sr (beam =snergy of 3530 kV) where source
current densities are 700 A/cm’ (acceptance half-angle of 5 ar).
Control of the exact smitter configuration Sy microfabrication would
® allow the operation of such a source at much higher total current zhan in
the present source (20 uwA). This would permit its use for very large
dimension (0.1 um - 1 um) beams. Microfabrication technigues are cresently
being investigated at the National Research and Resource Tacility for 3Sub-

@ micron Structures at Cornell (NRRFSS). Once control of the amitter surface
configuration is achieved for the hydrogen source, the same principles could
be applied to generate high optical quality beams of other species: dopants,
metals, etc. The source intensity, species and energy spread would of course

Py be a matter for investigation.

Further details are given in Appendix B.

M. SEIDL (Stavens Institute of Technology) presented an overview

of his work on negative ion sources. Mechanisms used include:

(a) thermionic emission (thermally activated field evaporaticn)
. from the surface of lonic conductors. Examples ciczed were
0~ and 02- from zirconia (doped with Ca0, Y,0,) and 7 from
Car,.
(b) Sputtering of H~ ions from solids bombarded with Cs* iens.
Substrates can be L.‘LHx. Cst, ’:‘LHX, VMx’ Mo+ chemisorbed

hydrogen, and Mo+ implanted hydrogen.

These have the advantage of small thermal spread and good gas 2£f£i:ziencv.
They also have the possibility of producing exotic ions.

The present status of the thermionic emission rrom iouic crystals ia:
Only ions with large electron affinity can be produced (e.g., halogens, oxygen).
D.C. current demsities of O anmnd O, up to 1O mA/cm’ have been sroduced from

2
® zro_ at 1200°C. This might be improved if a better understanding of the sur-

Py

-

face treatment needed were available. The current densitites in short pulses
are expected to be much larger.
< On sputtering: Many ions can be produced. i DSeams have been obtained

- +*
J‘ with a vield of 0.5 8 per Cs and an energy spread less than 3 eV.

(X1}




Improvement of sputter sources may result Srom 3 cetier understanding 3£ Lcon
formaticn and from a detailed understanding of <he Zrccesses zausing i
anergy spread. Also needed are studies on zhe negative lons and zhe Zevelicp-
ment of a pulsed surface clasma source.

The advantages of using negative ion b>eams resuls Srom zhe 2ase wizh
which they can be neutralized without materially iaffecting the seam zualiizvy.
The neutral beams can be used as the driver in iner=zial confinement fuszon
by zallistic focusing on the target and as excatmospheric Jarticle seam
weapcns. They are not subject <o the usual eiecirostatic and =2.iectromagnetic

instabilities and their compression is limited cnly b5y zhe zhermal spread.

L. DANIELSON (Thermo Zlectron Corporation; reportad on recent work
on negative ion sources at Thermo Zlectron Corporaticn. Negative icn -eams
can be neutralized with high efficiency at hig> energies to produce Lntense
neytral beams. Negative ion bDeams are formed from Sosicive ion beams oV
volume production, double charge exchange, or surface zroduction. Surface
production appears to be most promising at zhis zime. In zhis case, negative
ions (e.g., H™) are emitted from a low work Sunction target immersed In a
aydrogen-cesium pilasma. The H--ions are formed either by "refleczion" =f
aydrogen ions from the surface or by sputtering by cesium ions.

The relative importance of reflection versus sputtering zould -=e
examined bv supplying cesium to the back of a porous sample so sputterinig ov
cesium i1s eliminated. Cesium diffusion through =zhe =carget would marntain =he
required low work function.

Thermo Electron Corporation has developed a zechriigue Zor sreraring
sublimed molybdenum samples. Jonclusive exper:iments have shown <=hat sesium
can readily diffuse =hrough these samples. These samples have alsc ceen
doped with oxygen. These oxygen-containing samples may csrovide a _ower work

N

Zunction in the presence of cesium than ie zarz m2tal sampr’es ~resentlc
amploved.

Jltra high vacuum experiments including measurements >f zhe work
functions of cesium on sublimed molybdenum, diffusicn rates of zesium Thrsugn
suplimed nolybdenum, and desorpticn products are necessary =2 >gtimize Ine
4  vield from such a surface. Substantial improvements in 2 vi2.3 Tav ce

JDossible with ~he use of this novel cesium diffuser zarzerx.
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P. 0. PREWETT (U.K.A.E.A., Culham, U.K., provided details on ais
work~ with field amission sources which are now sommercially available through
Dubilier Scientific Ltd., and %he work -n a closely related fieid 2mission
system in which a mixture of metal ions and charged Liguid droplets s cro-
duced by increasing the supply of liguid metal. A variety of metals can zhus
be sprayed onto substrates for the purpose of surface modificatzon ‘hardening,
etc. ).

The work with 3old deposited »n glass showed =hat drcoplet size could
be held %o 2 um. <Coating rates were achieved of J.3 - 1.2 .m =? 'min :nd
<he gold-glass adherence was measured <o de 2 X 107 N/m*.

These sources can be used not only <o produce aighly adherent coatings
out also for making electrical contact catterns, surface corrosion protection
and metal bonding. Prewett points ait that, because +“he ilon zeam is formed in
~igh vacuum and is highly directional, it can be used <o produce highly uni-
form patterned coatings with masks. At a current of 300 LA and an extraction
voltage of 17 kxV the particle size is about 2 um. Reducing <he current o
200 um at 14 XV the particle diameter drops to less than 1 um with a deposition
rate somewhat less than 0.2 um._cm®/min. At the lower currents, therefore, the
Possibility of using these sources for making complex zatterms at sucmicron
zolerances without masks looks extremely attractive. 3ince the material Is
deccsited substantially as droplets, =he writing speed would be markedly higher
th that of systems using ions only. The csrucial work will Ze 2In Zocusing

and deflecting <he spray.

S. 0BERTSON {University of Caiifornia, Irvine) reported recent
work it UCI on a novel mode of sropagation of lntense charge-neutral Lon
seams .0 magnetic fields. Two Jecmetries have Teen :considered. In cne ctase
“he beam <ransverses a transverse magnetic fleld, analcgous =2 that a2nccuntered
by a bdeam wncident .a +=he 2Juter magnetic surface 2f a1 toskamak. The motion LS
sharacterized by the value 2 £ = [ - w__ L, ! , where . L S =he iom -lasma
frequency and .., zhe .on cvclotron Irequency. In <he seccnd JecmetIry. the

-

ceam .s incident 5n i Lcongizudinal magnetic field ilacreasing with distance,

-~

Thin S0i.d *ilms 3C, Ll

-~

?. 3. ?Prewett, L. 3cwland, X. L. Ax<ken, ancd Z. M. . Mancnv,
281, - Appendix CZ.




corresponding To =he situation in a magnetic mirror, Sor 2xamcla2.  The
_mportant parameter governing he moticon xere .5 the ratic 2 <ne magnetic
skin depth =Zo the beam radius. Magnetic comrression 2ccurs £ Thls ratio L5
much less than uanity. For wvalues much larger =han uanity, & 3nort sclenoidal
field aczts as a lens focusing the beam cutside the £ield zoundaxry.

Under conditions such that c/w is much less zhan the zeam radius, =—he

e
magnetic pressure gradient leads <o beam compression uptil IRe transverse

'

beam pressure balances the magnetic pressure. ZIXperiments wlth a lagnetic
£ield of 700 G indicate compression leading =o a current densiTy .ncrease
ir 1 to about 4 A/cm”.

By cnanging the orientation of the magnetic field <o longictudinal wizth
a strength sufficient to make the 2lectron (but not the lon) cehavior radius
smaller than the beam radius it becomes possible =o focus a charge-neucrral
beam. It can be shownf that the focal length for soth =2lectrons and lons
equals the geomecric mean of the values for the lons ana 2lectrons seaparately.
This is important in that it reduces the field required =c Zfocus zrotans, Ior
instance, by twWwo orders of magnitude.

The beam should not distort the iamposed nagnetic £ield. This leads <o
the inequality c/q.‘De much la.rqe}: than the heam radius. 7ZFor a nonrelativistic
beam of radius 10 &m che current density at vO = z/¢ is limited =o 1 A/cm? ia
the lens.

Manipulation of zhe bDeam after neutralization may 2ave advantages over
the usual procedure in which the beam is focused, then neutralized, and

allowed <o reach the =arget balllistically.

J

r

3. Rober+tson, H. Ishizuka, W. Peter, and N. Restoker, Tniver
Zalifornia, Irrine, Physics Dept. Report No. 31-36 June 138
Aprendix D.
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CONCLUSIONS
e I. SOQURCES CONS:DERED
A. GAS NCZZLE SOURCES (e.g., CAPILLARITRON)
Advantages
e Large choice of gases
. Simple construction
Quiet source
Currant density up to 1 kz/em? sossible
Disadvantagas
o . Large energy spread
Low gas efficiency
B. TAYLOR CCNE LIQUID METAL ION SOURCE
® - Advantages
High Angular Intensity (~20 uA/sr)
) Moderate energy spread (520 eV)
Large -on choice
o . Small apparent source
Low noise at low currents
Disadvantages
® Tip corrosion with some matals
Limited to wetting materials
Noise due to cone instability at high currents
C. CORNELL GAS PHASE FIELD ION SOURCE
®
Advantages
o
Very small virtual source (few i)
Small energy spread (™2 aV)
° High angular intensity (20 _"A/sr)




CORNELL GAS PHASE TIZLD ICN SCURCE icont'id)

Disadvantages

v .
At present limited %o H,

Needs control of Ltter surface configurat.on

THERMIONIC ICON SQURCE

Advantages
Can produce negative ions
Small thermal spread

Large currents zossible from extended source

Disadvantages

Limited ion cheice
Source supply limited
SPUTTERING SOURCES FOR NEGATIVE IONS

Advantages

. Small thermal spread (few eV)

. Possibility of producing exotic ions
Good gas efficieﬁcy
lLarge currents

. Many ions can be zroduced

Yield improvement with pulsed surface zlasma source

Jisadvantages

Formation process of negatlve Lons not well

understood




II.

ny

LIQUID METAL NOZZLE AND 3LUNT WETTED NEEDLE SOURCES

Advantages

Large deposition rates

Controlled droplet size

Submicron droplet formation

High brightness

Compatible with ultrahigh wvacuum applications
Available for gold alloys, silver, copper,
aluminum alloys, and silicon

Highly directional

Disadvantages

Limited focusability of the charged droplets
at present

Somewhat limited cheoice of materials

Particle size distribution possibly too broad

for some applicatiocns

APPLICATIONS™

Direct (maskless) ion beam writing and milling (B,C,F)

Lithographic imaging at submicron resolution (B,C,F)

Image demagnification with extended source (B,C,

tiy

High resolution surfag¢e analysis (B,C,F)

Surface coating (A,3,C,E,F)

Irradiation of small targets by ballistic focusing

(0.,2)

Isotope separation within beams with small thermal spread

(A?,B)

The letters in parenthesis refer to =he source classification

of Part I.




The advantages cf ion beams for many of these applicaticns cver alterna-
~2ves such as electron beams and X-ray sources are well <nown. Thev are

discussed in some of the references listed in Appendix A.

III.  RESEARCH RECOMMENDATIONS

Present understanding about the operation of liquid metal sources is for
the most part limited to qualitative conclusions drawn from highly idealized
models. A great deal of numerical work needs to be done nefore zuantitative

predictions can be made.

Usaful research directions include:

. Investigate effects of needle geometry and surface micro-
structure on I/V characteristics, angular intensity, and

energy spread.

Investigate energy spread as a function of emission angle;

search for ways to reduce energy spread.

Study mechanisms of ion formation to distinguish between
field ionization and field evaporation mechanisms:

determine origin of neutral species for f£ield ionization.
. Investigate possible multiple Taylor cone array.

. Develop new LMI sources for the 2lements, 2.3., shespnorus

and nickel.
The micro-droplet sources need further work on:

. Understanding of relation between droplet size distridution

and V-I.
. Pocusing and deflection schemes.
. Calculation of cooling rates of very small cbfects.

The gas nozzle source requires:
Understanding of origin of snergy spread.
. Study of alternative geometries separating cas Irom ilon Ceanm.

study of 2ffect on 1on production afficiency of various

electron amitters coating zhe nozzl




mhe Cornell gas phase field ion source requires:

Control of exact ematIier configuration to ogtain

higher total currentcs.

Thermionics emitters require:

Understanding of surface treztaent.

Sputter sources need:

Improved understanding of ion formation

.

Development of pulsed surface plasma source

. Reduced energy spread.

-
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A REPORT ON THE STATUS AND ACTIVITY IN RﬁSEARCH AND APPLICATIONS
OF THE LIQUID METAL ION SOURCES
by
L. W. Swanson and J. Orloff
Oregon Graduate Center

Beaverton, Oregon 97006

In this report ve wish to summarize the recent growth and current
level of research and development relating to the liguid metal ion (LMI)
source and applications. We are motivated to do this at this point in
time in ordear that various groups in the USA will be aware what appears
to be a unique source of a variety of ionic species that may have
significant impact on microcircuit fabrication as well as other ion
microprobe applications. The explosive growth of interest in the
LMI source is becoming worldwide and is moctivated by (1) a basic inter-
est in the mechanism and characterization of the LMI source and
(2) its potential for fine focus (i.e., submicron) applications.

From the existing work it can be concluded that a ~ 0.1 um deam
of metallic (or non-metallic in the case of B and As) ioms with a current
densicty of 1 to 10 A/cm® is achievable. The use of low melting binarvy
and ternary alloys extends the LMI source to a wide variety of ionic
species. The ionic species which have been successfully emploved thus
far are summarized in Table I.

In Flg. ! we summarize the jrowth of published papers on the LMI
source and its applications. The very rapid growth observed in che
last 2 or 3 years is due to 3 significant level of activicy in this

subject by Japanese and Zuropean research groups. Two of the authors

w




TABLE I
A Summary of the Ionic Species Employed in LMI Sources

Ion | Pure Metal Allov

B

Li
Al
Ga
In
Cs
Bi
Sa
Au
Si x (Si/Au)
Ge i x (Ge/Au)

As X (As/Sn/Pbh)
Pb b4

!
|
I
|
i

P

L T S

of this report, Drs. Jon Orloff and Lynwood Swanson recently visited
the groups in Japan who are aczive in LMI R & D. 3Both of us were
surprised at the extreme interest in the IMI source and the wide spread
and, perhaps, coordinated R & D being devoted to this technology. The
stated goal of the Japanese effort is to apply this technology to the
development of microprobe systems for various aspects of microcircuic
fabrication.

Similar activity pre-dating the start of the Japanese effort has
been occurring in the USA and Europe, however, the level of effort in
terms of manpower, funding and coordination has been exceeded by the
Japanese program. We are not aware of such work in the USSR although
our laboratory has been visited by Dr. E. I. Givargizov of the Institucte

of Crystallography, USSR Academy of Science who expressed considervable




interes: in the LMI source work at OGC. A report of the Japanese

trip by Dr. Jon Orloff is given in Appendix I. In Table II we summarize
the various groups that are currently in LMI R & D and the approximate
starting date of their activicy.

Recently LMI sources have become commercially available. Dubilier
Scientific, a French firm, has a license from Culham Research Laboratery
to manufacture a Ga LMI source. More recently, Oxford Applied Research,
a company founded by R. Clampitt, has announced a similar commercial LMI
source of a variety of metals including Au.

The advances in applying the LMI source to microcircuit fabrication
were first carried out at Hughes Research Laboratory (HRL) and to our
knowledge they are still the leader in this technological application.
However, based on the level of activity and commitment of the Japanese
effort this technological advantage held by HRL may be overtaken. It
should be kept in mind that many other applications of these sources

in both fine focus and broad beam embodiment can be envisioned.
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Report on Visit ﬁo Japanese Laboratories, November, 1980

Introduction

In November, 1980 I visited several labhoratories in Japan where
research on electron optics and liquid metal field i{onization (LMI)
sources is under way. The laboratories were: Osaka Universicy;
Nippon Telephone and Telegraph (NT & T); The Electrotechnical Laboratory
at Tskuba (Science City), Ibaraki; Japan Electron Optics Laboratory
(JEOL); Hitachi Central Research Laboratories (CRL). At each of these
laboratories, with the exception of JEOL, there is intense interest in
and research devoted to the application of LMI, particularly towards
microfabricacion. At JEOL the interest is om applications with a view
towards producing ilon-optical i{nstruments. A brief description of
what I was shown follows.

Osaka Universicy

Professor Naaba-hcads a group studying LMI sourcss. They are
wotking intensively on A# sources and have two which provide As beams:
B-Ge-Pt-As and As-Sn-Pb. They are also working on an As-Se eutectic
with a 180°C melting point. This group has some six or eight graduate
students who ars making sourcas and msasuring their properties.

Professor Goma, who works closely with Professor Namba, i3 designing
and building an optical column zo utilize LMI sources. It consists of two
einzel lenses, a Wien filter for mass separation and an octupole stig-
mator deflector. This laboratory had just received a $150,000 grant from
the Japanese government for focussed ion beam studies.

There are extensive facilities at Ogsaka Universicy for the
study of microcircuiz fabrication, including MBE equipment, a JEOL

Model 50 e-beam machine, sputtar-etch capability for resist development,




light-~optical lithographic devices and wet chemical development
facilities.

It 1{s evident that the University is training large aumbers of
sctudents, at the graduate level, in the techniques of microcircuit
fabrication as well as in electron optics and field ionization

techniques.

I was surprised at how crude the equipment and facilities
vers at the University in conparison with the private company laboratories.
Much of the equipment used by graduacte scudents and professors alike
looked like what one would expect to find i{n freshman laboratories in
the U.S.

NT & T

NT 6 T is the Japanese analogue of Bell Labs. They have a
great interest in nicrociréui: fabrication and have elaborate facilities
for experimental work on their produczion. They have just begun o
study focussed ion beams produced with LMI sources, using a Dubilier
sourcs (including power supplies). This is coupled to an optical
column which consists of an einzel lens followed by an immersion lens,
a2 beam blankar and a deflection system. They have achieved . u.m beam
size with currents of 0.7 to 0.8 nA in preliminary tascs.

The NT & T group is scudying asans of developing resist
exposed by ions. They came up with the 0. plasma technique in which
a layer of Ga,04, formed from Ga implanted in the resist, protec:ts the
underlying resist from attack by the plasma. In effecs, the implantation
of Ga creates 3 negative resist (H. Kuwaro et al., Jap. J. Appl. Phys.

19(1980) 615). The ion shower concept, in which a collimated beam of




halocarbon ions produced by an rf field is accelerated to 1 kV and
aimed at the surface of the resist, is being tested extensively. It

is expected that techniques such as this will be used with ion beam
resist exposure sysctems. Workers at NT & T commented that they believed
ion resist exposure systems held great promise for construction of

sybmicron features.

Electrotechnical Center, Tskuba, Ibaraki

Tskuba, or science city, is the location of several large,
new laboratories. There are ssaveral thousand scientists and technicians
who live near and work in this government supported facility. I visited
only the section involved with LMI studies. It took about six veeks to
obtain permission to see the laboratory.

The group studying electTon optics and ion beams at the
Electrotachnical Canter consists of some half-dozer professional level
individuals. They are young and aggrassive and are vigorously studying
new electron optical schemes. In particular, they are examining those
which involve the use of electrostactic quadrupcle lenses with entrance
and exit apertures excited to potentials chosen to ainimize spherical
aberration. Application of strong focussing lenses to ion beams Iis
forsseen. Work on electron optics is both theoretical and experimental,
as is work on LMI sources. Efforts are now being made to study the
exposure of resist by ion beams using conventional ion sources. A 50
kV system with an LMI source, beam blanking capability and curreat
stabilization by means of a control electrodz in the ion gun, is in

the design stage.




The stated goal of this group is to apply fine-focussed ion
beams to microcircuit fabricacion. There are extensive facilities
available to them for I.C. fabrication by conventional means, which
they hope to augment by this new technology. Any successful develop-
ments can be expected to be rapidly utilized by Japanese industry,
since this is a government funded facility.

JEOL

JEOL is primarily a manufacturing and engineering company
vhich does relacively little research. JEOL produces a broad line of
electron microscopes and other scientific equipment, incl._ding a
scanning Auger microscope and an electron beam lithography system.
Although 1t is not a research-stromg company, it has demonstrated
great skill at exploiting research developments made elsewhere., At
prasent, a low level effort i3 under way to sctudy LMI sources. If
there should develop a uargct for ion beam instrumentation based on
reasonably sophisticated optics. it would not be surprising i{f JECL
were to build and sell such devices, applying the knowledge it gained
from its e-beam machine program.

Hitachi

Hitachi is a large (1979 sales = $7.7 x 10%) company which
spends about 5% of its sales on R & D. I visited both the Central
Research Laboratories (CRL) in Tokyo and the Production Engineering
Laboratories in Yokohama. The latter organization is interested in
the use of fine-focussed ion beams for microcircuict fabricatiom, bdut
has done no work on the problem. The CRL groups are actively engaged
in research on sources and optics. Two types of e-beam lithography

machines have been developed at CRL, for intermal Hitachi use. Ome




is a field emission, round beam, vector scan system and the other is a LaBg

cathode, shaped beam system along the lines of those developed at

IBM by Pfeiffer and coworkers. Therefore, the expertise needed to
build sophisticated electron-optical columns clearly exists at CRL.
Although I was invited to visit CRL and ! spent time seeing the e-beam
systess, I was shown very little of the experimental systems used for
LMI studies. Whether this is because they are very secrerive or because
they have done relactively little, I don't know. Theoratical studies
are under vay on the nature of the source, and thers was certainly
great interest evidencead in the use of ion beams for resist exposure.
Questions asked of me relating to practical applications of the LI
source indicated that an experimental program was just beginning.
Hitachi personnel indicated that they were committed to pursuing all
approaches to submicron lithography. The size of the effore (I
estimate 5 Ph.D. level pcople) and their high quality personnel
surely mean that, if it {s possible to apply LMI techniques to

microcircuit fabricacion, Hitachi will do {t.
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Abstracs

The asplication of Fisle fcnization as 2 <201 “3r ~cutire sucmicran
faprication #ill depend <ritically upon the charactaristics af tne sourcs;
the anguiar i{ntens{ty anc <ne gnergy soread of tne fgns. The ¢arcmatic
aperration coerfficient of the ion gptical systam, the anaular apersure ind
the 2nerqgy spre2ad csmoine £2 sat the limit oFf spot size ing current density
for very nigh rasolution Jrobes with saurcas 3f anergy widshs 2ven 3s low is
1 a¥. [t is «nown %hat the various molecular speciss :2rcoducag 3y Aydregan
tield ifonization are icentifiable 3y the snergy distribution ing teciuse %ne
mass ot the ion will determine the 2ar+ticlie ringa n r3sists 3t any given
anergy, 2anergy measyramants carrf fur<her imoartancsz in <he seveiccment 27
the oroce forming system. In arder %0 charagctarize tne scurce 2nergy w~ictns
and mass species as 2 function cf Seam current, inquiar intensity and sur<aca
characzaristics of the smittar ti3, we nave designeq and soeritad 31 unitizaeg,
fositionanie intarmediate ‘mage Filtar lens with 1 Zemonstratag resgiuticn
of 3.7 a¥ at I.3 KV and accaotance nalf-angles of Tass Inan § onr. AT ancu-
iar intansitiaes less than 10 ua/sr, 30% of the Fiald fons ram arignt sisa

+ -

smissicn of Fields of 1.5 v/i acsur w~ithin ian snergy wigen af “=om 1.2 <~
1.3 a¥, Thnis narraw spreiad shaws that anly HZ’ is seing srcquced.  The
Jeam current ind angular intensity, frem a single 2rignt sisa 23n ze ‘n-
¢reasaq 2y ~2ising <he sourcs 3as Zressure and tne 28c)‘ea fia Thaz
anergy Srcadening cclurs at nign intansities i3 zemens3Irizac sy Tas “ict tnas
at 3.3 ua/sr (0.3 na amittaq :arcugn 30 um icer<ure sustancding 3 oealf-angla

. -
> 3

{e,/z) af J.2067~) 30% 3f igns iopear wi<hin




18 ua/sr (2.5 na, 31/2 of 0.0067r) 30% of ions appears within 2.2 2y 37.38 a¥
FWHM) whers 2 £3il develops on the low snergy side causing 3 droacening =¥
the energy distribution.

The impact of field emitter surfaca confiquration on source inguiar ‘n-

tensity and reliability are aiso discussed.




3

Small, intanse ion sgurces have imoortaht Jotantial apolicatiens
nicrofabrication and microanalysis. The utility af tne ion micraoprope <3r
supmicron work is presently limited Dy sourcs drigntness ind sacsnaary “on
coliection efficiency. Ion microprobe systams dJesignea “or x-ray “luores-
cence anaiysis are of interest bYecause of tne nigner resoiution 'reqgicn -om

-

wnich the x-rays are emitted w~ould he detarmined Sy Zeam size 2elow J.7um

wr

dimensions) and higher signal to noise [no Srimary 2eam dremsstraniung; 2f

ions as compared with 2lectron probes. «With a high >rigntness, 'icuic 3al-

(1)

4
!

Tium source, Seliger, at al, have demonstrated the zotantial af ‘en 2ropes

for use in microfabrication. This demonstration utilized %he innerent nigh
sensitivity and high resolution of igon resist exporura and ‘on zeam machining.

The development of high 3rightness ion sources with ‘ow anergy scr2ags are

-
i
v

of intarest because chromatic aberration 'imifts neam 3ize ana Jef acticn 4aids

at nigh rasolution (probe diametars of 2.031 - lum). Parent fons “rom “faig

ionization have been observed to have anergy 3dreads of -1 2y it Inresnoid

(2,3)

fialds. [on beams of such ions wouid have Jotantial idvantiges w~nen

compared with liquid metal ion sourcaes wnich nave minimum 2nergy screags o7
r4)

[ gV
13ave

This fact and/or the inherent nign drigntness 37 the 772

[ - -~ - \
2,0,/ ’3/

configuration has stimulatad interes:t: in <he Jracess 37 e

ization as a potential source €ar high r~asoiution oroce forming svstams.

In addition o source hrightness ind energy spreac, Mass 3ceq¢ir2

“

is an impor+ant scurca chariaciaristic 2eciuse ion ringe Jercends sIreng./ Jcon

*he mass of “he Jrope Jarticle. % is <nown that “9eig ‘cnizaticn 2T “ s

of 1 - 1.5 v/A oroduces zarent ions, 4, , iInd as the Tfeic¢ ‘s increasec o
-

. _,‘ . - . . - .
2 v/i and above, 3 mixturs of 4, 2Parent ‘cns, 4 sacsndary “ons inc <. «T i 1

anerdy sorsads wnich increasa ripidly Srom 1.3 av «itn increasing “faizs.




The Final point of inquiry in the gas onase scur<s ‘nvestizaz-sns '3 Tnas
af wnether the 2rocess can 28 zsntrolied o e sufficiently “Taxizla =s
1

JdsaDie aver a iarga range o :roce systam cperiting zdrimersrs s°zas o.10 I3

tum) and reliable iand stanie “or axtandad zericds. T3 icniave zne “asar znar-
ictaristics, zantral of the amitiar surfics zonf guraticn ‘s <ne ‘moor=eans
¢ansiderition.

lon Sourcs Joeration.

Secausa the fiald emittar configuration is cne wnign srogucas 2 /irsual

noint squrca of ions, the source Srightness may e infarweg Jsing neasyrament

of the ion angular current intansity qbtaining <n

is3ign 3rea aiimer ‘w20

4

ion micregrashs ar calculatad sstimates of the “falid-amitsar srass-aver -~agius.
Tne angular current intansity is measursd in thesa axgeriments using 2

SQum defining apertura in the energy analyzer %3 cafine the anguiar 2iver-
gence of the beam measuring the transmitted current on tie image ‘ntansiFiar
~1%h the analyzar grounded. The'size of the zrojecsaa ‘mage 2 «ncwn Iistancs?

’ - . . -
-

‘rem <hne amittar Jives <the suptanded anguiiar ipaerture ‘see Figure |, . Thers
‘s an auyxiliary alagtrsde <n the intansifiar an w~nicn 31 neqacive "ECV “s 13-
Jifad Tor tne purpese aT suporessing sacsncary 2iecirins Trom the ‘ntanstiar
surTacs wnicn would otherwisa douple Zne apparent ¢n Zyrvrent. 7 I7esa Tea-
surements oFf the sourcs angular intensity, no zorreciion {s 7mage “sr tna “ans
affact ¢f ihe cithode aperture wnich decreasas the 200arent ingu’' ir “ntans’zy
Jecause 37 tne axfal field differenca across the zefining apercura.

An understanding oF Ile mecnanism of nign Srigntness amisstin o ite zas

Jndse sour<2 i3 3accuired using he anaiysis oFf Scutnome fsr tte sustis funce

tion 37 neutral molecules 25 the nign field regizn fir 2 aycersciic: amiitar

axoressed v tne formuia:
} —
- AP T L -
i - -/ -« " -
3 3 —:'< /W =dr<.c.2as, JEC,




anere 7 is <he 2jectrostatic fieie, T is <ne <amterazurs 27 <re zas iang :ne

amitiar, A is the area J3f the amitiar surfaca in the aign Fi2iz region (2
nemisonerical cag of radius R) =27i2, ? is the sgoursce zas cressure, < is <ne

3eitzman  constant, = s %tne gas gsoiarizapitity and M s <ne zzomic mass oF
the 3as molecule. Although the formuia underestimatas the cur=ent ~e 3C-
serve from the amitter, it qualitatively describes the impact 27 ne znysica:l
sarametars on the supely oFf neutrals and thsrsfore tne cur-ent. 1% ‘s Clear
<he source should se designed Tor iow ctamperiture with 2s 7ign 2 3as DSressure
is ogssible without inaucing ifon-neutral =eam drsadening. ATse the amiftar
surface shouid be <cnfigured to maximize <he area af ne fieic reqion.
Conversion of the neutral supply <3 ‘ccalized, "igh srightness amission

occurs Dy diffusion in the nign Fieia regicn 22 locaticns 37 ~igner “Falz
wnere ion{zaticn times are short. Figure 2 snows 2n exameie =7 <his et ace
Jsing a tungstan <110> emitter wnicn nas 2een “lisneq 37 -ICCC°K witn scme
resicual partial 3ressurs of hydrogen =sresant. In figurs 22, zhe icn satzarm
from thne emitiar apex regicn is viewed thrsugh 2n agertire sudtanaing -C.3r.
fgure 25 shows tne amission gJatIern “rom Ine same amitsar | Irassyrs, camoer-
iture, intensifier gain and amitisr voltige neid zonstanst, :¥2ar <ne ascear-
ance 3f 2 dright site intarpretadie in this case I e 3 Iritrucing 2snlami-

A}

nation {NZ, 02, atc.;-tungstan cImoliax 2n tne surtace.: I 75 spserveg
<hat nat only is the %$otal current <hraugn Tne aperturs ‘ncreasec secause
37 neytral fupoly From regions suotenced 2y Ine icter<turs, Iyt Ine 3riginal

amission zattarn s af ‘cwer intansity zarzicu

Cleariy, chere i3 2iFfusion oF tne neutril syccly ‘n tne fgn Y

P - _ . : . .

ST M@ amITI8r 4N Zan 2e 'ntararetad is Iczurting in a2 SnYstsirIec 3yer
c it - ; N : - -

70T T3T2. ¥ 2CUT . TIriTag T oIne amitlar lamcerilyre zeciysad T Ine arge Iur-




.

rents amitted ang the relatively large 207arization 2nergy zeing 2issincatad

. s
1
!

(0.07 eV per particle). The 2ractically zomolete lccaiizaticn af amission

(1Y)

from smooth, diffuse fon zatiarns of large angular azgersturss yith <he ictear-
inc2 of 3 contamination site or a negative ion souttar 2amage sit2 2n tne
surface of amittars with radii of 500-3C0 2 indicates snat matarial s zi4-
fusing distances greatar than 4Q0 3.

These particular emission sitas, producag 2y cantaminazicn sr negative
ion Jombardment, are of limited utility Decausa thers is no <zntral aver their
Tocation on the emittar surfaca nor on their farmaticn. lver savera! acurs of
source agperition other Sright sites will apcear it 3 ratz catarmined Sy the
ion current and c<ontamination partial Sressuyras. These zimpertiag 33it3s nave
the effect of raducing the supply t3 the ariginmal sita anc :nerafirs, the

af HZ igns.

w

current it the ion team smissign sit2 3eing usad as a2 sours
(11)

(1]

The confiquration reportad 2y 3rady, et ai minimizes <his arfact Sy ro-
ducing a2 Tocalized high fieid region on the axis of <130 > orientaq singla
¢rystal tungstan smitiar and theratare, long range 2f<2¢3s of surtica ro-
arrangement are not s pronounced and ioc3l rearrangement is act 3s iixaly
compared g the innealed amitiar Jrignt sitas. Altnougn aign scurcs sressures
ire required, at the Presant time this amitier is the mOsT 3pcrecriata scurss
configuration f3r ootaining a staady H2+ ion sour<e with ingular surrant ‘n-
tensities of up %0 = 1S ua/sr.

Surfacs featurses from 1 %3 1C atems in size, sas
secta2q from fiald inqucad tungsten-nitrogen ssmoliexes sror-indsm 2lustars ars
caganle o7 sustaining maximum curm2nt Zensisiss 2orrescencing 22 I7 .3 sr
gergre tney ire 2xcitad ind descrzed, 3r rastrucIured. harafore, -alf1za
operation is limitad 22 <13 ua/sr sotn in tnis <case 2nc 21350 n Ine zase 7

<ne cointad amittar Zescribeda zv 3rady, 2t 2




Qur investigations into the 20ssibiiity of raliaply jenerating struc-
tures of larger molecular complexes, ar protruding ziustars, 2n annealed
field emitters have on occasion demonstrated Aigner ianguiar intansicies in
which the structure is not desoroed with higner zotal currents. However,
attar investigating the possibilities of microcrystal growth, ~etal wnisker
formation, radiation damage, thermal dissalution of net nlanes ind thermal
fielg effects(12) we have faund these processes <3 Se uynreiiabie methods *or
producing a surface configuration wnich localizes tne amission an axis with-
out subverting the neutral supply mechanism. We ire aresently investigating
the possibility of fabricating 3 low aspect ratio structure 20 3 hign and

400 3 wide on a Field emitzer 3000 X in radius. Technigques t2 Se investi-

gated for oroviding tne lcocal field ennancing emissicn surfaca are SEM con-

. . . . o , . . , . (12)
camination ccnes, metal layers produced 5y microfabricaticn tecnnicues' ™’

using resists such as NaCz, MgFZ, Qr contamination c¢ones as resists for etcn-
ing (electropolish or plasma) or aepositicn (electroplate), SEM r;diaticn
deposited *ungstan from a layer of adsorbed H(CO)G , 2tc. Sucn 3 orotruding
structure would c¢antain 105 atoms and 104 surface atzms an Nnjcn surtaca
roughening due t0 field-annancad <cantamination comolexes ~nicn aczur at 3
rate of several per hour would be insignificant. With jood ighesicn ar
structuring in tungsten, desorption oFf the surface matarial dces not zscsur.

Total currents increase in 2roportion %o the ~2.3 Icwar 37 the r~agius see
1

Zq. 1) and reliable 2peration at 3Q _a/sr can ze acnﬁevec.~3' i fapricatic
tecanique ilso offers tne cossidility 2f sontrai’“ng <ne “en amissicn ingu-
.

1ar iperturs,

Ton Znerav Analvsis.

foar the jursose 3f having an 2nergy 3nalvzer 37 s mcie zesizn wnign wCuls

se removapie “or ion jattarn viewing ianag 20siticnacia “Ir ilfznment In any

[
"




rding analiyzer;
<9 nave

-

~-J.1 eV resolution at SKY and 10mr accsotancs half-angle. shows
the electrode configuration and aperturs sizes. The aperture spacings are
4.4mm and 0.9mm. The analyzer was designed for an image in the retarding
nlane with an abject distance of -3mm in front of the cathode aper<ure when
the emitter, bias electrode and retarding slane are at essentially the same
potential.

There is generally the perception that space charge effacets will domi-
nata ion beam aoptics particularly in the source and in a retarding energy

!/
analyzer which nas a low energy cross-over, Knauer‘75)

has anaiyzed znergy
broadening in ion beams wnich is due %o the "thermal" 3ocersch effesct and
8oersch effect which is the resylt converting trinsverse velocity af the
cross-over motion into langitudinal energy.

The "therma™ Scersch effect will not be considered ners Secizuse the :rans-
verse beam temperature is extremeiy small and not well defined. The initial
xinetic energy of ions produced bv field icnization is very icw 3s 3 rasyit
of the neutral supply accommodation procass. The thermal kinetic anergy at
10°K, kT, is 1 maV. Because the neutral supply is not in agquiiibrium this
Tow value is not reached, however, -10 meV is a reasgnaplie, c2nservative
estimate for the average ftransverse initial snergy af the resuiting icns.
This small value is further reduced 2y the acceleriation of :tne car<iclas out
of the high field region wnich has central field sroper<ies.

Two further regicns of beam 2nergy Sroadening w~nicn ir2 anaiyzasia in

(18)

<arms of the formulation of Knauer ire <hose 27 ne 2iverging regizn fn

frant of the source ind the canverging regicon in front 37 %ne retirzing




plane a7 tne 2nergy analyzer. The 2nergy analvzer ~egion s the mest sritical
Jecausa J7 the relatively larger region of low ion eam anergy thers is zzm-
narad «ith the correspending region in front 57 Ine “9aig¢ amizzar wvnere Ine
sigla of 1.5 v/4 rapidly accalaratas the fans.

Fiqure 1b shows the <rajectsry soundaries in <ne Tans. In gperaticn
the analyzer would produca the igowest 2nergy screaging i¥ the lens imaged
the sourca hehind the retirzing alane. In such 2 casa, the (‘mitation ‘n
anergy resalution due to variaticn of the sadala sotantial letween ine ixis
and 3 radial point at the 2dge o7 the zeam bdoundary would occur i¥ the z2rass-
cver wara toc far 2ehind the retarding slane. The 3recise sgerating s0int
~as Tound By adjusting the 2ias nigh ang low ocosarving the vaiues 3t ~nich
diminutign of aenergy rasoluticn accurrea. A 1% 2ias was founa 3 3ive 3n
nighest rasafution. It shculd de naticad that the icsaieraticn lans nas o
affact upen the energy analysis aécause it sarves 2niy :o rsacgalarita Ine
transmittad particles to tha image intensitiar-qetacicr.

Using the axpression 3t <naver' %) for tne ~aot-mean-square znergy soreac

far the upstream Jeam squndary 97 the lens crass-over, gnergy sor2ad -~esyitin

fram the lans operating with 2.3 na intd 5.7 ar (Kinetic Znergy - 3.0 2V is
3.31 aY. This rather small value resuits “rom saveral offacis: 7, The nal

angle of zhe c¢ross-gver is very large, 3.28r for 2 3.7 mr antrance angla 15 22

culatag using the Helmnoliz-iagrange relation. The rogT-mean-scuar

[
1]
3
1}
3
u)
<

spread is inversaly oroporeional t3 %his angle. i) The arez of Ine Zeam n
=he ratarding 2lane <¢an se reiatively large. A 23icu
Spam an axi3 20int %3 2n a7T-axis soint in the igersure of tne lans fIr wnren
she sotantial varies Sy J.' aV 3is a resuylt ¢of field cenemriticn sncws i Ieam

4iamarar 37f 3 um. i) 3eam ‘nrarictions nave ~g0QT-mMean-sIuare 3arerdy $Ir3acds




wnich deocend upon the fourth rtot 2f <he jtar<icla mass. Thus it is zlaar

that f3r the investigation of sourca orocersias, tne ‘ntarmeciats ‘mage F7car
lens sonTiguration Jrovides both cositicnasility ind anergy raso
Using fiald amittad 2lagirens From 2 tnermal'y anneai’aq <170> ‘e
amitter as a calibration standars, the energy resoluticn oFf the analyzer
<an be sestimatad. Figure 2a,3 shcw aleceran curvrent “Ir 2 vol<% scans 37 ne
retarding olane and Hias veltages in the “orm of Jnotzgracns 27 tne osei’'c-
scope display of the alectrometar current from the intansifier is a2 funciic
sf apelied scan voltage. Tne 2ata shewn ‘n figures I ing 1 ire unorccassed.
intagral distributions of current Irinsmittad througn the Tens is tne -atare-
ing slane vQltage is manually scanned onc2 during 3 time saricd of -1 Tin.
k 32 an alae<ren 2nerzy

-
g -

The apparent resglution of 3.1 2V shown in Figures

-
-
-

97 3.3 KV gives a1 demonstratad lans rasolving power =7 2.3x70 At T KV, <ne
fon anergy rasglution is 3t least 0.2 e which is acecuata for measuring ien

M
§

snergy w~igaths af 1 aY and apova.

Figures 3Ic,d show the affsct o7 localized nign 2rizntness amissicn ing
‘ncredsadq Jressure far such amission gn tne anergy iistrihuticn of tne ign
Thasa data snow the axpestad 2nargy 2istributicn af 2arent < sns Sracucas
Sy Fiaild fenizaticn. At 3.35ua/sr [Q.3na, 31/2 omr) ane T3.a/sr (2.3na,

’

9”2 2 3.7mr), Seaks af aessentiaily ! aV (F4HM) are 2csarved. iz 1igner

anguiar intansities, Figure 3¢ shows :the cSresanc2 o7 2nergy scr2acing ‘a4 Ine
form 37 2 icw 2nergy tafl wnich {s accssuntea for sy saver:’ 3nysizal orogassas.
i) Prassyra 2rcadening Setween the amittar and Ine 2nalszer zZefining iceraurs.

-

A =2 e “ .o
At Znameer Zrassuraes 37 3xiQ and 3cQve, sSQuUres Iressure ind IS TsTIn Iriss

secstigns ‘naicata tne Iracabiiicy 37 ifcneaeusral ziTisicnas Tom T ¢ anz
| R - : : d - N - .
ipove sourca crassure). ‘1, lharge ‘ntaragticn ¥ Tins ing ‘cneceyTval




intaraction in the region of the ionization zcne near the amiz=ar sur<ace.

Althougn, as menticned abave, the Fieid is Quita nigh 3 4/3), 1 is saen

1
from the anaIysfs(TS) <hat the mean-sguare 2ner3y soreading is arspor=icnal
T0 the Deam diametar 2nd the current density wnich is zropor=ional 23 zne
amitlag current divided uy the diametar of the sezm. Sinc2 Zur=ant censities
are high, or beam diameter is extramely small, far 3 snor< distanca near <ne
ionization zone sourca energy spraading may raesyls in 2aaition <2 scme
coliisional broadening resulting from nign neutral density in the same region.
Figure & damonstratas the importanca of Jropcer idjustment =7 the sourcs
alectrastatic field. There is anergy 5Sroadening wnich is acparantiy z2ue <2
cremical reactivity a% brignt sitas operatad it “feids seleow tacse sufficient
%0 2roduca 3 large amount of field dissociation. Thnis rasyls is igenti<iad
as a surface chemical grocass becauysa af its pressure Jegendencz, *.3., :he
amount ot aroducts H* angd H3+, degends ugan the numper of neystral 1ydrogen
moiecules preasant at the ionization sita. 3ecause oF i3S z2etrimenta)l affacs

Jpon the squrce optical oroperties, this regime is 3 3e ivoicea in saurss

-8

dperation Jy gperiting the sourcs an he jow

[}
O
=R
«
3
1]
vr
c:
3
-1,
W
[y
n
w
c
(8]
]

ield sid
Plied Jeak in the total ion current. [n this ffelq winacew, cnly *2
duced 3is is saen in Figure 3.

Gas ohase field-ionization 2¢ 18ua/sr producas ions with in 2nergy soreag

ST tne sgur<s

of 1 ay (F4HM) if the 7ieid is 3djustad sroperiy. The Jrigntnes

w

.
I
i

zan be astimatad using either the smission iarea rom ne fialq zpsarveg in Ine

fiald ign 7atsern ar from astimatas of the crass-gver ~i¢ius. A ssnsarvative

]

»

(YY)

b

1

(9]

w

[
[

astimata of the initial, transverse icn snergy 37 J.2% eV Iregisss

e Rt e 4 i - - IUU U S
aver radius [formuiation oFf Wiasner iand Ivernar+’ )Z wnign s -7 4 FIr <ne
<i2 radii (500-300 1) usegq in this work. Sourcs >Srigntness 37 2xI27 3, :Im7 sr




at 5 KXY are calculated. With 3 gun lens characterized Sy chrcmatic and spner-
ical aberration ccefficients Cs = CC = 2 cn, the apoarent source probe ‘ormed
~ould e chromatic aberration limited using an iccantance ﬁal?-ang}e st 3 ar,
giving a probe radius of ~1Q0Q 3 witn a3 current density of 700 a/cmz. The
caicuiaceu effective brigntness is 6x207 a/cmz/sr at 32U «{ assuming 2 souice
of 18 ua/sr anqular current intensit; and an energy sorsad of 1 aV SWHM,

These results compare well with the liquid metal sources wnich aperats with
4.3 eV energy spreads at 20 ua/sr wnich give an effective Hrigntness with

the assumed lens of 4x105 amp/cmz/sr at 50 kY using 3 5 mr accaeptances haif-
angle and plasma sources which have source brightness of only ~103 a/cmz/sr

w#ith energy spreads of at laast S av.
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Figure 2.

igure 3.

Figure Captions

a) Scnematic diagram of the source showing field emister ane zitn-

-

ode aperturs wnich are cogied o tamperaturss 2F 10-13°Y, The

intermeaiata image filter lens shown gives intagr2l energy 2analysis

of the icn beam. [* is mounted so 3s to Se comoletely 2¢sitionabie

and removable for ion pattern viewing. 3eam cuyrrent is measured

and obsarved on an electron intansifiar (CIMA) wnich "as 3n alaczIron

supprassor ring for aliminating secondary alectren currents frem

the ifon current measurements. 5) Ray path of ions during anergy
an&]ysis. Tons amitted into an acceptance haif-angie <7 5.7 ar
¢ross the retarding plane at an angle of 0.28 rad.

Ion emission from a localized Hrignt site on a thermally annealad
fraii émooth

tungsten <110> oriented fieid emitier. a) .un Jatiern

surface (7KY, 7x10”7

(V1)

torr champer pressure, 3.3 na hrsugn cithode

aperture sudbtanding 0.3 rad). b5) 3right site amissicn (7XY,

-

7x10°" tore, same intansifier setving 2s 2a), 13 na through catn-

Angular cQurrant 2er unit soursa Ire surz2 Zepends

ode aper+ure).

)

. .
f ne emitiar

- [ ISR

upon the ~umper of Jther amitsiing sitas and the shage
endform. Clurrent appears lgcalized intg half-anales 37 .iC mr at
3 maximum 27 20 ua/sr.

a) 3) Fiald emission electron energy @istribution  ‘ntegral,
calibraticn of the snerqdy analvzer. Ileciron urvent 37 3x'3 '3
is collacted *Shrough ZQum aperzure subtanding -3 Ar 1aif-ang
Energy widtns of electren smission 2re 3.2 2 2.2 2V
sarvad using the

analyzer demonstiriting 3

0.1 «/3. 2.2x107°%. 2

(91}

Y = lon 2nerqgy

na, 3.,, = 3.7

1/

ar', J.38 a2y TukEM, 2.2 ay “ar
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O
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Figure 4.

af ions. d) lon energy distribution at 3.5 Za/sr (0.3 na, e,/2 =
6.7 mr), 3.34 2Y. The increasa in current of ¢) is the rasult of

increasing the source pressure and increasing the voit2ge ~3% from

-
1
|

that of d). Ion emission From these sitas fs Timiteq 3y desorotion
wu 2 Tmaxiwum o7 20 ua/sr.  lon emission From the pointaa amitier
confiquration discussed in the taxt is limited o 15-20 .a/sr dy
breakdown at the high source Jressures required.
Prassure effects in the energy distributicr of Hrignt sitas Jperatad
at too high an average 2iec=irastatic fielag (-2 v/&).

a) Chamber prassure 5.5x1077 orr.

5) w1077 tore

c) %1072 torr
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METALLURGICAL AND PROTECTIVE COATINGS 117

THE DEVELOPMENT OF A SPRAYER FOR FIELD EMISSION
DEPOSITION®

P. D. PREWETT, L. GOWLAND., K. L. AITREN AND C. M. Q. MAHONY
UK Atomuc Energy Authority Cutham Laboratory, Abingdon, Oxfordshire OX14 3DB (Gt Bruasn)

In the procass of field emission deposition (FED) or IONCOTE. a blunt wetted
needle is used to geaerate a coating spray of ions and dropiets under the acuon of a
high electric field. Coatings of a variety of ejements and alloys can be produced 1o
this way. but this paper deais mainly with goid for which most progress has been
made.

The biunt needle concept was incorporated into the design of a prototype
sprayer and its performance characteristics were investigated. In parucular, controi
of emitted dropiet size was achieved and the optimmum operating conditions with a
droplet diameter of about 2 um were identfied. Under these conditions, coating
rates in the range 0.5-1.0 um cm* min "' are achieved with measured adherence as
high as 2 x 107 N m ~? for coatings of goid on giass.

Preliminary experiments demonstrated electrostatic focusing and deflection of
the coating spray and spot sizes of a few millimetres in diameter were achieved. Asa
result the FED process shows grzat potential {or maskiess generaton of coating
patterns such as gold-on-alumina interconnects for hybrid microcircuits.

1. INTRODUCTION

There is currently a great deal of interest in the development of high brightness
liquid metal ion sources for a vaniety of applications such as the lithography of
microcircuit patterns and high resolution surface analysis' One such source (DSL
Series A and B ion sources, Dubilier Scientific Lid.. Abingdon) reiies upon the
emission of ions {rom an electric-feid-distorted film of liquid metal which is
anchored by wetting to the surface of a ne=<le of up radius 7, = $~10 um. In this
paper we describe the deveiopment of a closely related “feid emission system” in
which a greater suppiy of liquid metai is empioyed to provide a beam composed of a
mixture of metal ions and charged liquid dropiets. This spray of ions and droplets
may be used to produce highly adherent coatings of 3 vanety of metais and alloys as
has been reported?™,

¢ Paper presented at the 3rd [ntermational Conference on lon and Plasma Assisted Techmiques.
Amsterdam. The Netherfands. June 30-Juiy & 1981,

0040-6U90 81.0000-0000:502.50 ¢ Elsevier Sequoia, Printed in The Netheriands
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118 P. D. PREWETT &! al.

This field emission deposition tFED) or IONCOTE ~rocess (IONCOTE is the
regstered trademark of Dubilier Scientific Lid., Abingdon) shows potenual for a
variety of applications in which localized highly adherent coatings of high structural
integrity are required. Applications investigated to date inciude eiectnical contact
patterns. corrosion protection and metal bonding. In contrast with conventonal ion
plating, the FED technique is a true vacuum ion procsss compatibie with uitrahigh
vacuum conditions. The coating flux is highly directional and uniform deposits are
produced by mechanical manipulation of the substrate. In previous experiments
patterned coatings have been obtained by the use of masks, but recendy we have
been able to demonstrate that both ions and droplets can be focused and sieered by
electrical means. As a result the FED or IONCOTE technique now appears to offer
considerabie potentiai for maskiess generation of complex coaung patterns. Thus
will be discussed more {ully.in Section 3.

2. SPRAYER DESIGN

We shail refer mainiy to the use of goid as the coating materniai since this is the
element on which most effort has been concentrated. Recent progress has been
made, however, using sprayers of goid alloys, silver, copper, aluminium alloys and,
in particuiar, silicon (see Pang et al.®).

- The basic design requiremests are that a reservoir of liquid metai shouid be
maintained at its m.p. and subjected to a high electric field by appiicauon of a
posidve d.c. potential between the reservoir and a negative counterelecirode or
extractor as shown schematcally in Fig 1. The required temperature (1060 °C for
gold) is avliic » =1 by means of a resiztively heated furnace and the reservoir may take
a vaniety of forms including an open nozzie or capiilary (Fig l(a}). In practice, we
have found that the wetted needle design, similar 10 that used in liquid metal ion
sources’ and shown in Fig 1(b), produces ithe most controllabie performance
characteristics together with coatings of an acceptabie quality (see Section 3). It is
essentiai that the [iquid should wet the surface of the needle to form a film which is
anchored to it and which is maintained at the needle tip by low over its surface from
the reservorr, It is vital that this flow should be controlled in order 10 prevent
flooding of the tip. As we shall see in the next section. an exceassive suppiv of liquid to
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Fig |. Schemauc diagram showing the basic sprayer design using 1a) open nozzie or capiilary and (b)
wetted needle configurations.
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DEVELOPMENT OF A SPRAYER FOR FED o

the up causes the emussion of dropiets which are (oo large «d > 2 umi to produce
high quality coatings. An inadequate flow, however, will starve the tp, thereby
reducing the ratio of dropiets to 1ons emitted by the sprayer wnich wiil then operate
essentially as an ion source. It is found in practice that a needle of ip radius in excess
of 50 um (compared with 5-10 um for an ion source) provides the most sausfactory
emitter. The prototype sprayer, which is normally mounted oo a 70 mm conflat
vacuum flange. is shown schematicaily in Fig. 2 [t is designed to spray either
horizontally or verticaily, though in the vertical mode care must be taken not to
overfill the device with consequent flooding of the needle due to hydrostatc
pressure.

Also illustrated in Fig. 2 is the electrostatic lens and deflection arrangement
used in the preliminary experiments for maskless pattern generauon.

&
neGter cormections To vaguum !lange

- !

reagrvos

ang  wetted

nevdie !

extracior /
sactrosiate
.rs
qetieciors

Fig 2 Schematx diagram of prototype sprayer with focusing iens and deflectors.
3. SPRAYER PERFORMANCE

The onset voitage for emission from a blunt needle FED spraver is typicaily
about 12k V. Atcurrents of up to about 1 S0 uA the spray s .omposed chiefly of ions.
though there is evidence 10 suggest the existence of clusters .ad microdroplets with
diumetets ranging from a few hundred dngstroms to about 1000 A*. In this mode the
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high energy metal ions are used to sputter<ciean the surface prior to deposition. At
higher currents (corresponding to higher voitages and elecinc fields), increased fieid-
disruption of the liquid surface occurs and the ratio of droplets to ions in the spray is
increased. In this mode, IONCOTE deposits are produced by aggiomerauon of the
energetic droplets which solidify on impact with the substrate. This coating
mechanism is confirmed by scanmng electron micrographs (SEM) of the coated
surface as shown in Fig 3. The coating mode begins at a current of about 200 A (see
Fig 3(a)) when the average dropiet diameter 4 is less than | um and the deposiuon
rate R is correspondingly smail (R < 0-2 um cm® min " '). At much higier curreats
(greater than 700 pA. see Fig. 3(c)), deposition rates are significantly increased
(R > | um cm? min ~ ') but this is achieved at the expense of deposit quality which is
far coarser (d = 4 uml. The optimum coating mode for most applications occurs at
currents of about 600 uA (R = 0.5 um cm? min~'. 4 = 2 uml, as shown in Fig. 3(bl.

STOTNEERY BT T
B T i AN
PR IR SN T N

-y e

= -
N 1~ - ‘.u..._.

. 0 S av
harsi @™ BT, o~ ¥.. .-,

. . -
B PSP e ™ . PR I Y e

o Wt e e Ve o8V
-~ o, 6D LT ‘u’ " .--A*\

- ® . R R L = --’
Rt o ot
M , B Uit b, S s sme
r;—‘-&ﬂ Ly ‘.:ﬁ- f‘r?., S . N

D ] :
A o .3
. 2y T

et

B Tos e - 4dum

(©

Fig 3. SEM micrographs of FED cosungs showing vanation of dropiet size with emission current fof an
extractor diameter of 4.15 mm. (a) Fine deponst: / @ 200uA: ¥V » [4kV. R <O0lumem‘mm™':d < |
um. (5) Opumum deposition: [ = 600 uA: ¥V = 17 kXV: R = 0S5 um an® min~': 4 = 2 um. i} Large
dropiet deposition: / = T25pA: V = IS5kV:R = J0umam s "' 4 = dum

These variauons are [urther illustrated by the metailurgical sections of
IONCOTE deposits as shown in Fig 4 (in this case for dims of aluminium of
thickness in excess of 10 um). Figure 4a) shows porosity in the film associated with
the presence of large dropiets in the coating spray. Figure b) shows the dense ilm
structure obtained by coating in the optimwm mode.
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Fig 4. Meullurpcal sections of FED coatings companng the porous deposit obtained using excessively
large dropiers at higher currents (2) with the dense siructure obtamned under opumum depomuon
conditions (b}

If the coating spray is not focused, the divergent beam of dropiets and ions
Gauses 2 peaked axially symmetrical coating to be produced. Thickness profiles of
the coatings [ormed using a goid sprayer on a substrate placed 48 mm irom the
emitter were obtained using a Dektak profile recorder. Computer-fitted coaung
profiles obtained {rom this data are shown in Fig. 5. The sharpiy peaked profiles in
Figs. 5(a), 5(b) and 5(c) refer to the three deposits shown in Figs. 3(ai, jib)and 3(c)
The effect of ion sputtering during coating is clearly seen in Fig. 3(a), which shows a
net erosion of the substrate rather than a coating art distances greater than 3 mm
from the centre of the deposit. This effect is not present in the deposit profiles shown
in Figs. 5(b) and S(c) for which the mass deposition rate due to dropiets exceeds the
mass loss due to sputtering over the whole of the measured regon.

Attempts to measure adhesion of FED coatings of gold on a varnery of

i
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substrates inciuding glass have revealed an exceptionaily high adherence. Values in
excess of 2x 107 N m~? have been obtained with faliure occumng in the duik
substrate or at the test stub-goid interface with no faiiure of the gold-to-substrate
bond. Recent thermai compression bonds using siiver deposits have achieved
strengths of up to 10* Nm ~2.
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Fig 5. Measured deposit profiles as funcuons of sprayer current corresponding to deposits as in Fig 3
{a) small dropiet deposition (note sputtenng beyond 9 mm radius): ib) opumum deposition: (C) iarge
dropiet deponiton.

Electrostatic focusing of the coating spray down 1o spot sizes of a few
millimetres has been achieved. Figure 6 shows the focused spray from an FED
sprayer as viewed telescopicaily using an image-intensiiying camera. The sequence
1-4 shows the focused spray being deflected from a central position to strike the
substrate at a point outside the circle of light cast by the furnace of the spraver. This
mode of operation is likely 10 be of particular interest for the maskless generauon of
hybrid microcircuit interconnects.

4. DISCUSSION AND CONCLUSIONS

As a highly directional vacuum-coating techmque, the FED or IONCOTE
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process is similar in some respects (o ionized ciuster beam deposilion as deveioped
by Takag et al.> However, the coating particies are much larger in 1~z z2se of FED
and migration effects are subsequently reduced. Itis poss:blc to produce amorphous
dcposus by FED as demonstrated for a Ni-Nb alloy  and, more recently, for

smcon .

Fig & Photographic sequence showing ciecincai deflection and focusing of the coating spray.

The energetic metal ions in the spray are felt to be the key to the high adherence
which can be achieved. In addituon to their sputter—cleaning effect. the ions wiil
undergo shallow implantation into the substrate. This effect. in addition to sputter
mixing of subsirate and coating. probably pilays a significant role in estabiisning the
observed high interfacial bonding

Our increascd undersianding of the hiydrodvnamics of spraver operation has
resuited in much closer control of the dropiet size and coauing rates. For most
applicauions, maximum dropiet diameters of about 2 um give the opumum resuits.
However, there will probably be growing interest in the low current mode which has
hitherto been used solely for jon-sputier preconditioning of substrates pnor 1o




124 p.D. PREWETT et al.

Jeposition. The uny ciusters and microdroplets present in this mode might weil oe
used 10 generate microcircuit conductor patterns (o submcron lojerances. Maskless
pattern generaton appears to be the most important potenuai appiication of FED
technology. Though much work on focusing and deflection of the spray remains to

be done, the successful preiiminary experiments reported here for the first ume .

indicate the considerable promise of the FED process.
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