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EXECUTIVE SUMMARY /

A meeti.ng was held at the La Jolla Institute on 3-4 August 1981, to

have experts discuss recent research in high brightness ion sources with an

eye toward possible applications of importance to DoD. ?articipation was

invited from the National Submicron Facility at Cornell University, t-he

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 Aurthority

• 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.

Or. A. Maschke (Brookhaven Nat.ional Laboratories) was also unable to attend,

but indicated that he has reproduced the Phrasor Scientific results on t-he

capillaritron using argon. He. intends next to study the focusabilitr of

ion beams produced by capillaritrons.

A. T. FORRESTER (University of California, Los Angeles) presented

an overview of the definitions of fundamental concepts used to characterize

ion beams. He pointed out the usefulness of normalized perveance for

comparing beams of different ions. The unLt poissance was suggested for this

parameter. Another quality which can be usefully normalized is the brightness.
In terms of the normalized emittance, :N = " , he normalized brightness

is defined by BN  2 /6 2 'f2 - 1I/12s 2 which compares with the br:.ght-.ess per

volt; I is a geometric factor of order unity.

A. T, FORRESTER AND J. PEREL (Phrasor Scientific, lnc.1

summarized the work at Phrasor Scientific on capillaritrons in which a -as at

high pressure (several hundred torr) is forced thrcuch a conducting =ap3i aryZ

kept at a potential of about 10 kV with respect to an annular anode. ions

are produced from the plasma near the tip of the capillar7 by a process not

I/



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 fluctuation

less than 0.1%. Drawbacks are: substantial energy spread (possibly due to

charge exchange) which is comparable to the accelerating pctentional, and low

gas efficiency (a few percent). 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 spiead 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 for

neutrals production; production of negative ions by directing t ' .ns at 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 MQALAC cannot be ruled out.

The work on droplet sources at Phrasor Scientific was also discussed.

The source is a liquid metal ion source with the droplet size set by -he ex-

tracting voltage and the current. Droplet sources have been used to study

the process of rapid solidification with cooling rates up to 106 , K/sec. As

the work at t.X.A.E.A., Culham, indicates (see Appendix C) , sub-.m droplets

can be produced by this method. if the particle size distribution can be

made sufficiently rarrow, novel applications may arise in cribology, abrasives,

and applications where homogeneous packing of solids is important.

The study of cooling of bodies whose size is comparable to or smaller

than the wavelengths of the emitted radiation is interesting in "ts 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 (LI) sources. In these sources, a metal is .'eated to

its melting point and then wets a bluntneedle cf tipradius 5-10 -_m. Under tne

influence of an electric field the liquid metal is drawn into a =one whose extent

.s set by the balance between the electric field pressure and the surface tension

atress Ions are produced by field emission. For use in an :.MI source, -nerefore, the



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

0 also be able to wet the needle without corroding it. These constraints have

in the past limited Zhe use of these sources to gallium and gold. A widening

variety of ions is now becoming available including: Ga*, In+, Bi-, A)., Li,

Cs and Au . More recently, liquid alloys of platinum and boron and of plati-

* num and arsenic have made boron and arsenic sources available. Other useful

dopants now available from LXI sources are tin and silicon.

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 LXI 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 then covered by aluminum. Availability of

long life boron and arsenic sources would render possible direct implantation

of their ions.

Current liquid metal ion sources produce high angual intensities (^,20

iiA/sr) and moderate energy spreads ('20 eV). But the present work on LXI

sources as reported, for instance, at the 28th International Field Emission

Symposium (Beaverton, 27-31 July 1981) indicates that these sources are con-

structed without much fundamental understanding of how they work. Unanswered

questions are:

i) What mechanism(s) are responsible for ?he energy spread?

ii) What is the ionization mechanism?

iii) Are the ions drawn from a (Taylor) cone or a whisxer?

.v) Is the emission space charge limited or is It set bv

hydrodynamic limitations (by flow rate or _nstabality)?
• v) Can the wetting process be explained such that opctima!

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 by which neutrals are formed and

why are they under certain conditions emitted into a

narrower cone than that for -he ions?

viii) What is the effect of the needle's surface conditon on

the current versus voltage zu=ve?



On the last :oint, it appears from work at 3ell Te!echone Laboratories tnat

a rough needle surface leads to greater emisslon for a given extract-on

violtage than a smooth surface.

On applications: J. H. Orloff has investigated -he -wri-ing speeds of

"MI sources for direct ion implantation fabrication of ,LS:: circuits and

concluded that LMI sources at lower ion doping levels (10 3 /cm will be

able to meet the VHSIC II goals at 0.5 um resolution level. Higher dosing

rates would be attainable if only small areas of the total wafer are doped.

it is exzected that direct write ion implantation will be the technology of

choice in the future for applications requiring low levels of doping or

moderately high production runs of 77LSI circuits.

Other microfabrication uses of :MI ion beams include ion mling and

resist exposure where ions have advantages over scanning electron systems

because of greater resist sensitivity to ions and less degradation of line

profiles due to charge particle scattering effects (proximity efffcts). A

limitation to ion beam use in deflection systems is caused by relatively ..cw

ion speed which limits deflection rates .o about an order of magnitude less

than for electron beam systems. In addition to these uses, IAI sources will

have application in SIZMS-and for high density memory storage.

Non-fine-focused beam appli.-ations include surface modification to

reduce wear and corrosion. A novel application for isotope separation can be

envisaged at relatively low cost by using arrays of L211 sources; uranium

migh be a candidate for such a use.

For survey on liquid metal ion sources and developments in Japan, see Appendix A.

G. Hanson CNationa! Submicron Facility) presented results on a gas phase

field ion source developed recently at the National Submicron Facilit 7 . Since

1951, many researchers have developed an understanding 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 neutral supply, temperature,

electrostatic field, etc., a low temzerature source has been develoced which

produces pure H2  from a virtual point (few angstroms source size) w.-h an

energy spread of 1 eV fwhm (%2 eV for 90% of ions) at an angular .ntensit. cf

20 'A/sr. This source is appropriate for verv high resolution beam work:

X-ray micro-analysis, a., lon resist lithocqranv and radiati-on e.-nanced e'="



processing at dimensions down to 1O0 A. The source brightness at 5 kV .s

calculated to be 10 3 A/cm 2/sr. With a good gun lens (C = C = 2 cm) the

effective brightness is 16 x l0 A/cm2/sr (beam energy of 50 kV) where source

current densities are %700 A/cm 2 (acceptance half-angle of 5 mr).

Control of the exact emitter configuration by Ticrofabricaton would

* allow the operation of such a source at much higher total current than in

the present source (20 'A). This would permit its use for ver- large

dimension (0.1 m - I m) beams. Microfabrication techniques are presently

being investigated at the National Research and Resource Facility for Sub-

* micron Structures at Cornell (NRRFSS). Once control of the emitter surface

configuration is achieved for the hydrogen source, the same principles could

be applied to generate high optical quality beams of other specles: dopants,

metals, etc. The source intensity, species and energy spread would of course

be a matter for investigation.

Further details are given in Appendix B.

M. SEIDL CStevens Institute of Technology) presented an overview

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

(a) thermionic emission (thermally activated field evaporation)

from the surface of ionic conductors. Examples cited were

0 and 02 from zirconia (doped with CaO, Y 0,) and 2 from

CaF2 .

(b) Sputtering of H ions from solids bombarded with Cs ions.

Substrates can be Li X . CsH , TiH x , VMx , Mo- chemusorbed

hydrogen, and Mo- implanted hydrogen.

These have the advantage of small thermal spread and good gas effi.ciency.

.They also !ave the possibility of producing exotic ions.

The present status of the thermionic emission trom ioui; crystals ii:

Only ions with large electron affinity can be produced (e.g., halogens, oxygen).

D.C. current densities of O and 02 up to 10 mA/cm: have been produced from

ZrO, at 12000 C. This might be improved if a better understanding of the sur-

face treatment needed were available. The current densitites in short pulses

are expected to be much larger.

On sputtering: M1any ions can be produced. H beams have been obtained

with a yield of 0.5 H per Cs and an energy spread less than 3 eV.



.mcrovement of sputter sources may result from a zetter ;nderstandna -:f ".:n

formation and from a detailed understanding of the processes zausing tne

energy spread. Also needed are studies on the neqat-ve ions and !:he deveicp-

ment of a pulsed surface plasma source.

.he advantages of using negative i.on beams result from the ease W"it. h

which they can be neutralized without material--, affecting the beam qual.ty.

The neutral beams can be used as the driver in inertial confinement fusion

by ballistic focusing on the target and as exoatmotiphezic article c eam

weapons. They are not subject to the usual eiectrostatic and electomaqnet-.c

instabilities and their compression is lLmited only by the thermai spread.

L. DANIELSON (Therno Electron Corporation1' reported on recent work

on negative ion sources at Thermo Slect-ron :orporaticn. Negat-ve -on seams

can be neutralized with high efficiency at hi- energies to pruduce intense

neutral beams. Negative ion beams are formed from Positive ion beams .y

volume production, double charge exchange, or surface production. Surface

production appears to be most promising at this time. :.n this =ase, negati.re

ions (e.g., ) are emitted from a low work function target immersed in a

hydroqen-cesium plasa. The S ions are formed either by "reflection" of

hydrogen ions from the surface or by sputtering by cesium ions.

The relative importance of reflect.ion versus sputtering =ould be

examined by supplying cesium to t.he back of a porous sample so sputtering ov

cesium is eliminated. Cesium diffusion throuch the taraet would maintain -- e

required low work function.

Thermo Electron Corporation has developed a -ech.-iizue for =recarinc

sublimed molybdenum samples. Zonclusive experiments have shown that zesi'm

can readily diffuse through these samples. These samples have also zeen

doped with oxygen. These oxygen-containing samples may provide a !ower work

function in the presence of cesium mh-n -*e bar2 -_ca1. samr-- -resent.':

employed.

Ultra high vacuum expermeni.. including measurements f -_ne 4crk

functions of cesium on sublimed molybdenum, iiffusion rates of zesi.m zroucn

sublimed molybdenum, and desorption products are -iecessary -o :cptu.ze -ne

H yield from such a surface. Substantial improvements -n H veld ma v =e

possible with the use of this novel cesium diffuser -:arzet.



D. ?REW ETT (U.K.A.E.A., lham, J.K. , provided details on hIs

work with field emission sources which are now zommerc_-ally available through

Oubilier Sclentific Ltd., and the work on a closely related field emisslon

system in which a maxture of metal ions and charged liquid droplets is pro-

duced by increasing the supply of liquid metal. A variety of metals can thrus

be sprayed onto substrates for the purpose of surface modification 'hardening,

etc.)

The work with gold deposited on glass showed that droplet size could

be held to 2 -m. Coating rates were achieved of L. - . i.-m m - nd

* the gold-glass adherence was measured to be 2 x .0' Nl/m" .

These sources can be used not only to produce highly adherent oatinqs

but also for making electrical contact patterns, surface corrosion protection

and metal bonding. Prewett points cat that, because the ion oeam is formed i.n

* 'h-4 vacuum and is highly directional, it can be used to produce highly uni-

form patterned coatings with masks. At a current of 600 LA and an extract.on

voltage of 17 kV the particle size is about 2 '=. Reducing -he current to

200 ur= at 14 kV the particle diameter drops to less than I .;m wit-h a deposit-Jon

rate somewhat less than 0.2 'uim.t/m.in. At the lower currents, therefore, the

poss.Lbility of using these sources for making complex patterns at subml.cron

tolerances without masks looks extremely att-ract-ive. Since the material is

dezcsited substantially as droplets, the writ:ng speed -would be markedly higher

than that of systems using ions only. The crucial work will be on focus ing

and deflecti-ng the spray.

S. ROBERTSON (University of California, rvirne) reported recent

work at UC: on a novel mode of propagation of intense :harge-neutral -on

• beams in magnetic fields. Two gecmetries have been -onsidered. :n one zase

1:ne beam transverses a transverse macnetic field, 3-nalcccus - -na encountered

by a beam incident in the outer magnetic surface of a :zamax. The motion us

znaracterized bv the value of . - . - , wnere_ s -he s orn olasma

frequency and . the :.on z-clotron frecquency. in ne second zecmemr-;, -_e

beam :s incident on a .cngitudinal magnetic field :ncreasing wz-h d.szance,

?. . ?rewett, -. 3cwland, K. I.. A .ten, ind . M. 2. Mancnv,
Thin Solid -lIms 3C, .7 U'S> - Acpend-x



zorresponding to -he situation In a -agnet.c frror, fcr :xamzle. :he

important parameter governing the motzon here ;s the rat:s: D: =-e magnet-:

skin depth to the beam radius. Magnetic zomression zc urs ; ns -. S

much less than anity. For ialues much Larger than unity, a snort s.enoda

field acts as a lens focusinq the beam outside ite field -oundar-,,.

Under conditions such that c/w is much less than z.e beam radius, --ne

magnetic pressure gradient leads to beam compression u=t;i --ne trarsverse

beam pressure balances the magnetic pressure. ExperiLments with a magnet-C

field of 700 G Lndicate compression leading to a :urrent iensit _-ncrease

from I to about 4 A/cmz .

By ananging the orientation of the magnetic field to long tudinal 'ith
a st~rength% sufficient to make the electr.on but niot t-he ionj behavlor radi'is

smaller than the beam radLius it becomes possible to focus a charge-neur-ra.

beam. It can be shown' that the focal length for both elect-rons and ions
equals the geometric mean of the -ralues for t.he ions ana elec--rons separately.

This is important in that it reduces the field required to focus protons, ror

i-nstance, by two orders of magnitude.

The beam should not distoz- thne imtxosed magneti c field. This Leads --o

t.he inequalit-f c/w Much larger than the beam radius. For a n.cnrelativrsticpe

beam of radius 10 am the current density at v = :/t is Limited to I A/cm' in
0

the lens.

Manipulation of the beam after neutralization may have advantages over

the usual procedure in which the beam is focused, then -ieutrralized, and

allowed to reach the target ballsticaily.

S. Robertson, H. :shizuka, W. ?eter, and N. Rostoker, U'ivers;.ty :f
Zalifornia, :rine, Physics Dept. Report No. 31-36 June L98L2 -

Appendi x D.



CONCLUSIONS

* I. SOURCES CONSIDERED

A. GAS 4CZLE SOUJRCES (e.g., C.A'ILLA 'TRON)

Advantages

Large choice of qases

Simple coznstruction

Quiet source
Currant dersity up to I .%/c-Z possible

Disadvantages

* .Large energy spread

Low gas efficiency

B. TAYLOR ZCME LIQUID TAL ION SOUR=

* -Advantages

High Angular Intensity (-~0 'A/sr)

Moderate energy spread (:0 eV)

Larme -on choice

Sma.11 apparent source

Low noise at Low currents

Disadvantages

Tip corrosion with some metals

Limited to wetting aaterials

Noise due to cone instability at high currents

C. CORNELL GAS ?RASE FIELD ION SOURCE

Advantages

Very small virtual source (few A)

Small energy spread (1,2 eV)

High angular intensity (--20 ._A/sr)



C. CORNELL GAS PHASE F--) :0N SOURCE *:ont')

oisadvantages

At present .im.ited to H,+

Needs control of emiter sur-ace zonfigurat.on

D. THERMION1IC ION SOURCE

Advantages

Can produce negative ions

Small thermal spread

Large currents possible from extended source

Disadvantages

Limited ion choice

Source supply limited

S. SPUT=ERING SOURCES FOR NEGATrVE IONS

Advantages

Small thermal spread (few eV)

Possibility of producing exotic ions

Good gas efficiency

Large currents

Many ions can be produced

Yield improvement with pulsed surface plasma source

Disadvantages

Formation process of negative ions not well

understood



F. LIQUID METAL NOZZLE AND BLUNT WETTED NEEDLE SOURCES

Advantages

Large deposition rates

Controlled droplet size

. Submicron droplet formation

High brightness

Compatible with ultrahigh vacuum applications

Available for gold alloys, silver, copper,

aluminum alloys, and silicon

• .Highly directional

Disadvantages

Limited focussability of the charged droplets

l at present

Somewhat limited choice of materials

Particle size distribution possibly too broad

for some applications

II. 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,ZF)

High resolution surface analysis (BC,F)

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

Irradiation of small targets by ballistic focusing (D,Z)

Isotope separation within beams with small thermal spread
(A? ,B)

The letters in parenthesis refer to the source classification
of Part I.



The advantages of ion beams for many of :hese appl, zat:.cns over a terna-

:ves such as electron beams and X-ray sources are "well known. They are

discussed in some of the references _.sted -n Appendix A.

111. 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 before quantitative

predictions can be made.

Useful research directions include:

Investigate effects of needle geometry and surface macro-

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 field ionization.

Investigate possible multiple Taylor cone array.

Develop new ZMI sources for the elements, e.g., ohosphorus

and nickel.

The micro-droplet sources need further work on:

Understanding of relation between droplet size distrinut.on

and V-I.

Focusing and deflection schemes.

Calculation of cooling rates of very smal! ob:ects.

The gas nozzle source requ.Lres:

Understanding of origin of energy spread.

Study of alternative geometries separating gas from !on beam.

Study of effect on ion production efficiency of varous

electron emtters coating the nozzle.

nmnnnu~m~nmm mln m m m u



The Cornell gas phase fiejd ion source requLes:

Cantrol of exact -miter configuration to ohItanr

higher total currents.

Thermionics emitters requlze:

* nderst~andi-q of surface treaFment.

sputter sources need:

T*I=moved understanding of ion format-4on

Development of pulsed surface plasa source

Reduced energy spread.
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A REPORT ON THE STATUS AND ACTIVITY IN RESEARCH AND APPLUCATIONS

OF THE LIQUID METAL ION SOURCES

by

L. W. Swanson and J. Orloff

Oregon Graduate Center

Beaverton, Oregon 97006

In this report we wish to summarize the recent growth and current

level of research and development relating to the liquid metal ion (L.M.I)

source and applications. We are motivated to do this at this point in

time in order 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

LXI source is becoming worldwide and is motivated by (1) a basic inter-

est in the mechanism and characterization of the LI source and

(2) its potential for fine focus (i.e., submicron) applications.

From the existing work it can be concluded that a - 0.1 ;m beam

of metallic (or non-metall ic in the case of B and As) ions with a current

density of 1 to 10 A/cmI is achievable. The use of low meltIng binary

and ternary alloys extends the L\1I source to a wide variety of ionic

species. The ionic species which have been successfully employed thus

far are s-arized in Table I.

in Flg. 1 we suiarize the growth of published papar or, :he '\I

source and its applications. The very rapid growth observed in the

last 2 or 3 years is due to a significant level of activity in this

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



TABLE I

A Sumary of the Ionic Species Employed in LMI Sources

Ion Pure Metal Allov

B x (Pt/B)

Li x

Al x

Bi x
In x

Cs x

Bi x
Sn x

Au x

Si x x (SilAu)

Ge x (Ge/Au)

As x (As/Sn/Pb)

Pb x

of this report, Drs. Jon Olrloff and Lynwood Swanson recently visited

the groups in Japan who are active in LZU R & D. Both of us were

surprised at the extreme interest in the LMI 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 microcircuit

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 :nstitute

of Crystallography, USSR Academ-; of Science who expressed considerable

a ta0m N H i I m



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 activity.

Recently LMI sources have become comercially available. Dubilier

Scientific, a French firm, has a license from Culham Research Laboratory

to manufacture a Ga LI source. More recently, Oxford Applied Research,

a company founded by R. Clamitt, has announced a similar commercial LMI

source of a variety of metals including Au.

The advances in applying the L.MI source to microcircuit fabrication

were first carried out at Hughes Research Laboratory (HL) 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 to Japanese Laboratories, November, 1980

Introduction

In November, 1980 I visited several laboratories in Japan where

research on electron optics and liquid metal field ionization (;.M)

sources is under way. The laboratories were: Osaka University;

Nippon Telephone and Telegraph (NT & T); The Electrotechnical Laboratory

at Tskuba (Science City), Ibaraki; Japan Electron Optics Laboratory

(JEOL); Hitachi Central Research Laboratories (CRL). Ac each of these

laboratories, with the exception of JEOL, there is intense interest in

and research devoted to the application of L.MI, particularly towards

microfabrication. Ac JEOL the interest is on applications with a view

towards producing ion-optical instrunants. A brief description of

what I was shown follows.

Osaka Universit'

Professor Namba heads a group studying LCI sources. They are

working intensively on As 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 180C malting point. This group has some six or eight graduate

students who are making sources and measuring their properties.

Professor Goua, who works closely with Professor Namba, is designing

and building an optical column to utilize L.MI sources. It consists of two

einzel lenses, a Wien filter for mass separation and an octupole stig-

macor deflector. This laboratory had just received a S150,OO grant from

:he Japanese government for focussed ion beam studies.

There are extensive facilities at Osaka University for the

study of microcircuit fabrication, including MBE equipment, a JEOL

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



light-optical lithographic devices and wet chemical development

facilities.

It is evident that the University is training large numbers of

students, 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

were at the University in conparison with the private company laboratories.

Much of the equipment used by graduate students and professors alike

looked Like what one would expect to find in freshman laboratories in

the U.S.

N~T & 7

XIT & T is the Japanese analogue of 3.11 Labs. They have a

great interest in microcircuit fabrication and have elaborate facilities

for experimental work on cheir production. They have just begun to

study focussed ion beams produced with L.MI sources, using a Dubiller

source (including power supplies). This is coupled to an optical

column which consists of an einzel lens followed by an immersion lens,

a beam blanker and a deflection system. They have achieved 1 -m beam

size with currents of 0.7 to 0.8 nA in preliminary tests.

The HfT & T group is studying means of developing resist

exposed by ions. They came up with the 02 plasma technique in which

a layer of GaZ0 3, formed from Ga implanted in the resist, protects the

underlying resist from attack by the plasma. In effect, the implantation

of Ga creates a negative resist (H. Kuwaro et al., Jap. J. Appl. ?hys.

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



halocarbon ions produced by an rf field is accelerated to I 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 systems. Workers at NT & T commented that they believed

ion resist exposure systems held great promise for construction of

submicron features.

Electrotechnical Center, Ttkuba, Ibaraki

Tskuba, or science city, is the location of several large,

new laboratories. There are several thousand scientists and rechnicians

who live near and work in this government supported facility. I visited

* only the section involved with L14I studies. It took about six weeks to

obtain permission to see the laboratory.

The group studying electron optics and ion beams at the

- Electrotechnical Cancer consists of some half-dozen professional level

individuals. They are young and aggressive and are vigorously studying

new electron optical schemes. In particular, they are examining those

which involve the use of electrostatic quadrupole lenses with entrance

and exit apertures excited to potentials chosen to minimize spherical

aberration. Application of strong focussing lenses to ion beams is

foreseen. Work on electron optics is both theoretical and experimental,

as is work on LXI 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 LUa source, beam blanking capability and current

stabilization by means of a control electrode in the ion gun, is in

the design stage.



The stated goal of this group is to apply fine-focussed ion

beams to microcircuit fabrication. 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

which does relatively 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 it is not a research-strong company, It has demonstrated

great skill at exploiting research developments made elsewhere. At

present, a low level effort is under way to study L21 sources. If

there should develop a market for ion beam instrumentation based on

reasonably sophisticated optics, it would not be surprising if JEOL

were to build and sell such devices, applying the knowledge it gained

from its e-beam machine program.

litachi

Hitachi is a large (1979 sales - $7.7 x 109) company which

spends about 5Z of its sales on R & D. I visited both the Central

Research Laboratories (CDL) in Tokyo and the Production Engineering

Laboratories in Yokohama. The latter organization Is interested in

the use of fine-focussed ion beam for microcircuit fabrication, but

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 internal Hitachi use. One
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is a field emission, round beam, vector scan system and the other is a La 6

* 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 I spent time seeing the e-beam

syste=s, I was shown very little of the experimental systems used for

L4I studies. Whether this is because they are very secretive or because

they have done relatively little, I don't know. Theoretical studies

are under way on the nature of the source, and there was certainly

great interest evidenced in the use of ion be== for resist exposure.

Questions asked of ae relating to practical applications of the L'

source indicated that an experimental program was just beginning.

Hitachi personnel indicated that they were coitted to pursuing all

approaches to submicron lithography. The size of the effort (I

estimate 5 Ph.D. level people) and their high quality personnel

surely mean that, if it is possible to apply LMI techniques to

microcircuit fabrication, Hitachi will do it.

Sz
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Abst:r a

7*he a,;P! 4cation of fieic 4cnization as a tzoi ,r --%:irne sucnlcr-.n

f1aorIcation mill lepend :ri:~ca!7! -,on :hie -.aractarist4is :16 -.ne source;
.1e angular intensity and *:e ener-:y spreaa of the 4ions. . rma

aterration ccef-ficlent of the ion cptlcal syst-am, t.he ancular aaeru-re and

t.4e anergqy spread combnine to set vie 14mit of sotiz and vrrent bens~ty

for very high resolution przbes %qitn sources af enerty 4,idth's even as low as

1 eq. rt is known Vhat the various 'ilolecilar species :r-.cucac .Y 'iydr--gen

f'ield i1onization are identifiable ty the aner-Y oaistriojution and zecause t.ne

inass of --.e 41on willi deter-nine the ;#artlcle range 'n -rssts at any given

anergy, ener-,y ilteasurd-ments carry lurther Imaor-,ance 41m :ne :ev/elcomen: o

t.e oroe fo igsystem. .7n crier to l.aractaize :-.e scur-.e ener-3Y .44otns

and mass species as a function vcf.'eam current, aniujar vInensity and sur-4aca

charactariszics of the emitter tio*, me nave zesignea anc :oeratac a xnz",zei,

zositionaale inter-ediate imtage -,filter lens wMith a -emorstrata'a resal-j:t'Cn

of a &/ at 2.S KV and accaotanca .ialf-ingles :14 7ass :-an 3 -.r. A: ancu-

lar intansitiles iess than 10 ~as,906' of tne 'f'ieta ions frcm zrion:1 s4i.a

eission of fields of 1.5 v/,A occur Mithin an ener:.y wo-tnof -- = 7._7'

.9 eq. 7his .narriw spread shows t.~ onl : seinc :rccucald.

zeam current and angular intensity, frcm a Single r~qrt si;ta :3n :e 'n-

Ceasec zy r34S4ng :he source :as :rsssurs and :ne aczl>ec -4-_7 75-a:

enlergy zr-.acening cours at 'iign intanslt~jes ;s :emcns:ra:ac :y :ne :!C: :7!a:

at 2.E ;a/sr (0. ~a eittaed :nrcugn zG -. acer-t-,r- s;:snc~-c a

a-- 2C67K 4aofins accear 44:ni n _' -'i "-,I el/ 74 i M' .e



13 ia/sr (2.5 na, i112 of 0.0067r) 9O of ions aopears 4itin 2.2 eV '0.38 eV

*HM) where a tail develops on the low energy side causing a :roaeenfng -f

the energy distribution.

The impact of field emitter surface configuration on source angular 4-

tensity and reliability are also discussed.

01



Small, intense ion sources have imoortant 3ot-ential aoolica:ons 4n

nicrofabrication and -icroanalysis. The uzility of ne ion microorcoe zr

suomicron work is presently limited by source orizntness and secondary 4on

colection efficiency. Ion microprooe systems designed for x-ray 47uores-

cence analysis are of interest because of tne higher -esoiution 're,:n :-.m

which the x-rays are emitted would be determined by beam size below .

dimensions) and higher signal to noise (no :r~mary beam premsstranlung) of

ions as comoared with electron probes. 'Aith a nign :rign:ness, licuic ga'-

lium source, Seliger, et al,( 1 ) have demonstrated the octential of 'on zroces

for use in microfabrication. This demonstration utilized the innerent nigh

sensitivity and high resolution of ion resist exporure and 4on :eam iachining.

The development of high brightness ion sources with 7ow energy s:reacs are

of interest because chromatic aberration limits :eam size and ie-'ec:on "eis

at high resolution (probe diametars of 0.31 - l P). Parent ions r.m eTd

ionization have been obsered to have energy spreads of -I eV at :nresnolt

fields. Ion beams of such ions would have octential advantages ermen

compared with liquid metal ion sources wnich nave minimum energy' sreacs of

._ekl., This fact and/or the inherent nign orcntness oi* :.e -.e7Z em::ar

configuration has stimulated interes; in :ie :rocess of e on-

ization as a potential source for high resolution proce orinc syste:ms.

In addition to source brightness and energy soread, nass s:ectral :ur;ty

is an imoortant source cnaracteris:ic because ion rance zecends strongoy jCon

the nass of the probe oar:icle. :t is '<nown -hat f elc 4cnizaticn a: :4eT:s

of i .l 4 3/ rocuces parent ions, H. , and as the f:elc s increasec :z

2 v/A and above, a -ixture of p 3arent !zns, c secondary 4:ns anc -. .

enerqy soreads mnich increase -oi-/ "m -1. e : 4i:. Icreas -c "e. :s.



the Final point or' inquiry ,n rim.e gas :nase source nves:toa:-:ns * :a

or oneth~er t:,e :ricess can :e o:nt--:led :.- :e uice:, 'x: :

isable over a large range of ;r-ce system -cera: ng :araiecers 's-es 2

I'_m) and reliable ana stable -or excenced :eriocs. :acn~eve :ne *a:ar :n.ar-

a6 c:ar'st'cs, control of t.he --it::ar sur-face :ngr:n s:ne ;mccr.an:

cons ideratIon.

7on Source ~OeratIon.

* Because the field wnitzer configurataon is -.ne .vnicn zrccucas a i-'':;a.

point source of ions, the source trightness mnay te 4nFerrec 'jsinn -eas;r-_entS

if the ion angular current intansity obtaining tne --r4ssion area e4:ner -c

*ion micrCgraphs or calc-ulated estimates of Vi.e -ela--umit-tr cross-over -aC4,u5.

7he angular current intensity is measured in -..esa exoerilments jsng a

KOum defining aperture in the energy analyzer t.- :af~me :.Ile ancular :4iver-

-ence of :.he bear,measuring the -transmitted current. :m :ne "mace 4ncans""ZV

4it :.e analyzer grcunded. 71e size of tie ;r-o.jec:a.: 4mage a <ncwn :4s:arce

rtm :.ne e-uittar gives :.Ie subtended angular aceru=re 'Se : 'ur ir

4 s an auxiliary elect-.ide on the -intansifiler on .mn4cn a ieggat-ve -sI ao

oliled for :ne purpose of suppressing seco.ncary electr-.ns ~rm:ne n:ens""e

surface Nnicn would at~ermise double tne accar~ant ion our-ent. : :ese -iea-

surewents of t:Ie source angular intensity, io :crrec-:4on 4s iace -;:r -7e ~

effect o:f :.',e cat~lde aperture which~ decreases :~e acoarent ancu'ar i:ars :

tecause -If tne axial flid difference acr!:ss :he :efiniig acer:;re.

An inderstanding a,, :,e mecnanism of iign :r~gnwness s n*: e:as

onase source 4s acc.uirea 'using :nIe aralysi.s of SOU:inn :r ::'e O-u-

t:ion :of neutra, nolec.Ies :o :e iign field rig4.-n -:r a I y 7 c> a ~: r

ex-r-essed : ne fo:rmula:

-a :rt, is, sac



Nnere -- is :.he eiec:rsta:-c '"iela, - 4s :.ne tarn-era:u;ri :- :e :as and :ne

emit-ter, A is the area of :.he emi::er sur-Oace in the iton -'*e'o reqon 'a

-emiscnerical cao of radius R) 4s :ne source :as :ressure, 4 4s :ne

Boltzman constant, : is thie gas Zolar~:abi74ty and M 's the a::m4c nass o

the gas molecule. Although the for-ula inderes."mates :.ne ou.r-en: 4e oc-

serve from :lie emitter, it- qualitat4ively tescribes the imoact:4 th e ;ysica7

oarametars on :he supoly of neutrals and terore :.ne ou-t: **s :ear

:he source should be des~lgned for lo :emoerature wi6, as ii-n a :as oressure

as ocssibie wit.nout i.noucing ion-neutri b1eam br-:adeninc.. Asc t:ie emi~tter

surface should be ccnfigured to maximize the area of the "elc re'oion.

Conversion of the neutral supoly to 'oca'14Zed, ',4;m zr~gntress e-mission

occurs by dif'fusion in --.e high il regicn to !oCa~,icns .f-7 ne e.;

wnere ionization times are short. :;.gure 2 snows an examcle :-F t:*is effec:

isi41ng a tungsten <ll I e 3>-mi tter Zin ina s oeen fas nea a: -ZCCC '< ~i -. , some

residual partial zressure of hydrogen ,resent. '.n -gure !--, :-ae ion :a:ta",

.r-.m :.ne emiz:r aoex region is viewed : ir-ugn in aertu re Su-:enc~nq -C.:r.

F'aure 2t sh~ows :,ne -emn~ssion zat:ern -cm :ne same aei:-e' osuatmcer-

ature, intensifier gain and e-mi::er ioltage neidonsa: re :ne a,.cear-

ance of a bright site 4ntarpretabla in :his case to .e a :ro::ru cnc :ntam'4-

nation 'N, Q2, etc. )-:ungsten ccmzlex on :ne sura4ce., -s ooservec

that no-, only is the total current t rougn :ne acer-ture ncreasec :ecause

ofnuta ucaliy f-r.m regions suctenced :y :,ne a-ert r , -a.-

emission oattarn is oil 'ower intansitzy :art~ci;arl,/ near :ne :r-':r s-:a.

2ear~Y, :here 4s o~~s o tfhre neutra, ":o'<n:e~ n Cr. vo

-f :ne emtt~:er Nn7:n :an' :e 'n:errre:'o as ocour-4ng a :rvs-scr:ec ae

not tta. < ecu ora-e to :e em4:tar -.~ea:r ecza;se :,:-ne "arcse our-



rents emitted and .,e relatively large oiar~zation energy :eing 44ssioa:ed

(0.07 eV per particle). The practically :omolete 0caliza~ticn of _misslon
.r*m smooth, diffuse ion :at:arrs of zarge ancular acer rs .izn :e ac:ear-

ance of a contamination site or a negative ion sou:zer :amace :ize on tne

surface of emitters with radii of 5010-900 indicates tna: naeria. s :iX

-using distances greater than 440 .

These particular emission sizes, pro!ducad y contaminazion :r negative

ion bombardment, are of limitead utility because there is io ::ntral over :eir

location on the emitter surface nor on their ?ormation. ver severa! -curs of

source operation other bright si*es 'mill accear at a rate Zeterrine 'y :e

ion current and contamination 3art.ial pressures. -hese :-moetng sl:es -lave

the effect of reducing :he supply to the orlgina7 sit ano :Refre, :he

current at the ion beam e=mission site oeing used as a source oF iOns.
tne configuration reported by Brady, et ai(( I)  inimizes :his e jec: -y :rc-

ducing a localized high field region an the axis of <20> or~entc single

crystal tungsten emitter and therefore, long range efrects of surace :e-

arrangement are not as Prmnounced and local rearrangement is not as likeiy

compared to he annealed emitter brign: sites. Al.tough nign source oressures

are recuired, at the present time this emitter is the 7os: accr-cr r :e. source

configuration far octaining a steady H2 ion source ai:h argular :ur-ent 4n-

:ensities of jp :o = 15 .a/sr.

Surface features from 1 to I0 atoms in s-ize, see :i ure , cn is ex-

oec:e -om fie1 incuced tungsten-nitrccen :.moliexes -r ran~cM :*.'szers

cacaole of sustaining naxrnium crrent oens4:4es :cr-esccncin : : -.!.sr

oefore :ney are exci:ed and desor:ed, :r reszruc:urea. "! .... V , -C --17

oceration is lirmited t-o -15 -asr tctn in tnis case anc aso 4n :: 7re :ase

:ne .ointec emitter cescribe :y Brady, et al AMl 1 S s" s



Our investigations into the possibility of reiadly -enera:4ng struc-

tures of larger olecular complexes, or protrucing :lusters, on annealed

field emitters have on occasion cemonstrated higner angular intensities in

which the structure is not desoroea with higner :otal currents. 9owever,

after investigating the possibilities of microcrystal growth, -etal wnsker

formation, radiation damage, thermal dissolution of net olanes and thermal

field effects (1 2 ) we have found these processes to :e jnreiiabie ietnods 'or

producing a sur-ace configuration which localizes t.e e:mission on axis with-

out subverting the neutral supply -nechanism. We are presently investigating

the possibility of faoricating a low aspect ratio structure -20 hign and

400 wide on a field emitter ;000 in radius. Tecnnicues to be investi-

gated for oraviding the local field ennancing a-mission sur'ace are S con-

tamination cones, -netal layers prmduced ty microfabrication tecnnicues

using resists such as IaCZ, MgF2 , or contamination cones as resists 'or etcn-

ing (electropolish or plasma) or deposition (electroplate), SEA radiation

depositea tungsten from a layer of acsorbed 'iI(CO), etc. Sucn a protruding

structure 4ould contain 10 atoms and 10 surface atoms on vnicn surface

roughening due :o field-enhanced contamination comolexes nicn :ccur a: a

rate of several per hour would be ins'gnificant. With gooo adhesion or

structuring in tungsten, desorption of the surface iateria 4ces not occur.

Total currents increase in proportion :o :Me -P.5 ower of :he -acius 'see

5g. 1) and reliable operation at i0 .a/sr can ze acnievec.- A acr~ca:ion

tecnnique also offers :e dossibility :f :ontrol*4ng :ne 4on emissicn arcu-

lar aoerture.

:on Enerzv Analsis.

For :he puroose of having an enerly ana.':zer :s sie' zesizn ,vncn Vcu'-

3e removaoie -or ion Pattern viewing ano :ositinaoie or a,:rrnen: .rny



particular emission site, an intermediate image filter lens 'retarding anaiyzer'

*as designed using the analysis and data of Simoson and Sca R'W :o nave

-0.1 eV resolution at SKV and lQmr acceptance ialf-ingle. Figure 1 shows

the electrode configuration and aperture sizes. The averture spacings are

*0 4.4mm and Q.9mmn. The analyzer was designed for an image in the retarding

plane with an object distance of -Amm in front of the cathode aperture when

the emitter, bias electrode and retarding plane are at essentially he same

*0 potential.

There is generally the perception that space charge effects .will domi-

nate ion beam optics particularly in the source and in a retarding energy

* analyzer which has a low energy cross-over. Knauer has analyzed energy

broadening in ion beams wnich is due to the "thermal" Boerscn effect and

Boersch effect which is the result converting transverse velocity of the

cross-over motion into longitudinal energy.

Thelhterma7 Boersch effect will not be considered nere because the trans-

verse beam temperature is extremely small and not well defined. The initial

kinetic energy of ions produced by field ionization is very low as a result

of the neutral supply accommodation process. The thermal kinetic energy at

IOOK, kT, is -1 meV. Because the neutral supply is not in equilibrium this

low value is not reached, however, -l meV is a reasonable, conservative

estimate for the average transverse initial energy of :he resulting ions.

This small value is further reduced by t.e acceleration of :e :artic'es out

of the high fiel region which as central field orooernies.

Two further regions of beam energy broadening nicn are analy:a'e tn

:erms of the formulation of Knauer (IS) are those of :me :iver tng -eq4n 4n

frnt of the source and the converging region in frcnt of whe -etar~tng

0



plane of :ne energy analyzer. The energy ana'yzer -egon s "he ,os: :-rt.ia

because :f the relatively larcer region of low icn :eam erer-Y "were as ::m-

:area ,it.n the correszonding region in front f :ne cc ei::ar Ynere -- e

fiela of 1.5 v/ rapidly accelerates the ions.

Figure lb shows the "raectory boundaries :.e s. :n cera:icn

tie analyzer would produce the lowest energy spreaaing if the lens imagec

the souroc behind the retarting ;lane. .n such a :ase, ,.ie lmi:atlon 4n

energy resolution due to variation of the sacle :oten:ial bev.qeen the axis

and a radial point at the edge of the beam toundar-y would occur if :he :rcss-

over were too far behind the retarding ;lane. T'-,e :recise ocerating polnt

was found by adjusting the bias high ana law ocseri/ng :,he values a: Yni4Cn

diminution of energy resolution occurrec. A - 1 ias was founa "o oive :e

iiahest resolution. 't should be noticed t.hat ..e acc-eeration lens ,as io

ef fec: uion the energy analysis because it seres only :c reaccelerate :e

transmie:td ;articles to :he image intensifier-tae act-r.

using the exprission of Knauer(15) for :te r-ot-rean-squars energy screac

fcr the jostream beam boundary of the lens cross-over, energy sreac -esultig

from the lens operating Nit_ Z. na into 5.7 nr "Kine.ic Energy - . ,I, is

0.01 eV. This rather small value results from several effec-s: -*,e -ia-

angle of the crnss-over is very large, O.23r fcr a i.7 mr entrance !.agle as :a*,-

culatec using the Helmholz-;-grange relation. 71e r-o-mean-scuari enery

soreac is inverseiy prccort ional :o this angle. 4i, Thie area of :ne :eam z,

t.he retarting ;lane can :e relatively large. A :a'cuia:ion af ne :is:anca

from an axis poin to an off-axis :oint in t.te aceru.rs :,f t.,e "ens -or Yn C.-.

the .oaential varies by 0.7 e, as a result of 44el. :ene-traticn s,-,cws a :e.-

tiameter of 3 ,m. i4) Beam n:erac:ions iave -oo:-ean-scuare erer' szreacs



*mflich dweend jccn the 'ourth rcot o4 :',e ;article ,,ass. -ius "t is :I-ear

th~at 4 )r :-he inves:igation of sour:e prccer:es, :the 4nternace a'

ens p~fgr:o rovides toth oiin~i~ and ener~y-es >:i

* Ulsing field emnitzad electr-,ns r=m a tnermallY anneae <iQ I >~

emitter as a caiiobration standard, :,e ener;y resclutc. :o :ne ana>/:!er

can te estmated. Figure 3a, show eec-:ron current 4:r 2 iolt scans :f ::,e

*retarding zlane and oIaz voltages in the 4or of Pozcgracns .f ::-e osc4'^.

scope display of the electr-ometer coart from the intensifier as a -'4ncct4Cn

ofr acc!l!ed scan voltage. -The -.ata shown ;i F4.oures .'and -* are .,norce5sec.

*integral distributions of current transimittec througn :he 7ens as :n.e -2tar.:-

*,ng plane voitage is -nanuailly scannei once during a :7 me :erco~ of _' 11"1

The apoarent resolution of 0.1 eV shown in :icures ata an electro n ener-:'/

* ~of 3.5 KV gives a demonstrated lens risolvIng power f .x. At 7 <'., :ne

on ener-:gy resolution is it leasZt 0.2 eV which is acecuate 4or -neasrc io4n

erner-y iOths of i el and acove.

Figures 3c,-4 show the ef'ec: ofl localized 'ilgn dro,4ntress _-r.4sz4:r and

*ncrasec oressure for such, znission on the anersy :istrtu:.o r ' os

These data snow :.he ec-.ac energy istributionor ; aren: c r:s oou

ty 44id icnization. At 3..Sua/sr (0..Sna, i 3 5.71ir) an 7:S4a,' sr 1'2. Ta,

.12 .7,r), zeaks of essentia!'y eV (- M are s.vc.:4o

angular 4:etns~lties, Figure 1c snows :.he -.resence orI =ener-:y screac&ng -. :7

o~ora w enero:y tail which i1s accounted for Zv severz. -.:s :Z. :r :cesses.

j P-essurs '_r,:adening tetween Vi~e --nit:ar and :-e ara:er:fii.c or:-

At z:nwcer :rissurss :-f 9.x!1' and acove, sourt:a :ress ri anc :0 s* Z

sec~os rocate : e 4rcc : f'n-,leu:ra', ::o s7:r1S .,or-ar

acove scurOc :resssure,. 44, Tharoe 4,taractcro *:ns lirc 'r'u~



interaction in the region of the ionization zone near the ami:':ar surtace.

Although, as mentioned above, the fieid is ;ui:a high .5 v/2, is seen

from the analysis l  that the mean-square energy screading is or-.ort:cnai

:o the beam diameter and the current density which is orooortional to :ne

,nit:'e current ovided wy t =i aidmeter of :te beam. Since :ur-ent censities

are high, or beam diameter is extremely small, for a short distance near the

ionization zone source ener.y spreading -nay result in accition to some

collisional broadening resulting from hign neutral densi:y in the same region.

Figure 4 demonstrates the imcortance of Prjoer adjustment :f :he source

electrostatic field. There is energy broadening whicn is aooarent',y cue :

cnemical reactivity at bright sites operated at f'elds telcw :ncse su-ficient

to produce a large amount of fiel lissociation. This result is ioent4ifiea

as a surface chemical Process because of its pressure ceoendence, 4.e., the
+

amount of produc:S i and H depends upon the numaer of neu:ral hydrogen

molecules present at the ionization site. 3ecause of its _etrimental effects

upon the source optical properties, this regime is :o te avoice. 4n scurca

operation by ooerating the source on :ne low field side of :ne sur'ace suc-

plied peak in the total ion current. :n this field iinccw, onl, ' is :ro-

duced as is seen in Figure 3.

Gas pnase field.ionization at ISua/sr produces ions w'it an energy screac

of 1 eV (F7HM) if the field is adjusted Prcperly. 7he oriontress of :e staurce

:an be estimated jsing either :ne emission area frm :ne '"l:-ooservec 'n ::e

field ion zat:er" .r ;rom estimates of :he cross-over -acius. -A ::nserva:*ve

estimatae of the initial , transverse ion ener;y of 3._5 el/ :recics a :r:ss-

over radius (for-rulation of '4iesner ano Eiernart .vnicn s :- r n o e

:ip radii "50-4100 A) used 4n tnis work. Source :rtgn:ness of -
. , -sr



at 5 KV are calculated. With a gun lens characterized by chromatic and soner-
ical aberration coefficients Cs  = 2 cm, the apoaren: source -rooe formed

mould be chromatic aberration limited using an acceptance 5a-ng~e f 3r,

giving a probe radius of -i00 4 witn a current density of 700 a/cm 2. The

caicuiaceu effective brigntness is 6xi0 7 d ,Qn2/s, ac 6t %! assuming a ou'ce

of 18 ua/sr angular current intensity and an energy soread of eV 7.4HM.

These results ¢ompare well with the liquid metal sources mnic operate with

4.5 eV energy spreads at 20 !a/sr which give an effective brigntness with

the assumed lens of x105 amp/cm-z/sr at S0 kV using a 5 mr acceptance half-

angle and plasma sources which have source brightness of only -.03 aic'n/sr

with energy spreads of at least 5 eV.
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Fioure Cao:ions

:igure 1. a) Schematic diagram of the source showing field em--:tr anc :atn-

ode aperture which are cooied :o tei peratures of 10-75'K. The

intermediate image filter lens shown gives integral energy analysiS

of the ion beam. It is mounted so as to be :omoletely :osi"ionaoie

and removable for ion pattern viewing. Beam current is measured

and observed on an electron intensifier (CEIA) wnich ias an electron

suppressor ring for eliminating secondary electron :urren:s from

the ion current meAsurements. b) Ray path of 4ons during energy

analysis. Ions mitted into an acceptance half-angle .f 4.7 mr

cross the retarding plane at an angle of 0.28 rid.

;igure 2. Ion emission from a localized bright site on a :hermal~y annealed

tungsten <110> oriented field mitter. a) on ia::er- r, a Qif ootlh

surface (7M, 7xl0 torr cnamber pressure, 5.5 na :hr-ugn cathode

aperture subtending 0.5 rac). b) Bright site _:mission (7KV,

7x!O "7 torr, same intensifier setting !s Za), 73 ia :hrough :atn-

ode aperture). Angular current oer unit source :ris ure zeoends

upon the iumber of other ei:ting sites and :he slnae :4 :-e _ier

endform. jrrent appears locaiizec into half-anales if C -r a:

a maximum .20 'a/sr.

Figure 2. a) b) Field emission electron energy distributicn '-'tecral

calibra:icn of the energy analyzer. Electrin :ure-nt 1: ix'O a

is coi1ected through .5Oum aperture sutdndi -i ir 'ai-ance.

Energy .,.iotns of electron emi-ssin are 0.2 :4 .l es :o-

served jsing t.e analyzer oemonstrt:ing a -esolv'qg :cwer ',V
.... ' on ener-y 4str"-,u:4cr 4ntacra

0.1 0/3.5 0 2.2xl0 . z :onery iruto nec.

at .8ua/sr '2.37 na, . 5 : .7 -rir 38 e I/ 7i7 , Ile/ - 3C

I,



of ions. d) :on energy iszribution at 3.5 a/sr i.5 ,a, ez/ 2 -

105 .7 mr), 0.94 eV. The increase in current of c, is :he result of

increasing the source pressure and increasing :he 'voi:ace -.5 frcm

that of d). Ion emission from :hese sites is 1imiec by oesoro:ion

C ,u a 5i,,.auni of 20 .a/sr. Ion emission from the pointei emitter

configuration discussed in the text is 1imited to 15-20 -a/sr by

breakdown at the high source oressures required.

0 Figure 4. Pressure effects in the energy distributior of brignt sites operatec

at too high an average electrostatic fieid (-Z v/4).

a) Chamber pressure 5.Sxi0 " torr.

* b) 2x10-7 torr

c) 9x10 8 torr

S4
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THE DEVELOPMENT OF A SPRAYER FOR FIELD EMISSION
DEPOSITION"

P. D. PREWErT, L. GOWLAND. K. L. ArTK.EN A ,N C... O. MAHONY

UXJ AtO~w Ewry A ug-eA ty CMI//ni Lab.uary, Abmrdo. OxtordsJure OXJ4 3DB 1,1. B uvam)

In the process of field emission deposition (FED) or IONCOTE. a blunt wetted
needle is used to generate a coating spray of ions and droplets under the action of a
high electric field. Coatings of a variety of elements and alloys can be produced in
this way. but this paper deals mainly with gold for which most progress has been
made.

The blunt needle concept was incorporated into the design of a prototype
sprayer and its performance characteristics were investigated. In particular, control
of emitted droplet size was achieved and the optimum operating conditions with a
droplet diameter of about Z pm were identified. Under these conditions, coating
rates in the range 0.5-1.0 .m cm- min - I are achieved with measured adherence as
high as 2 x I0 N m- for coating of gold on glass.

Preliminary experiments demonstrated electrostatic foc-sing and delection of
the coating spray and spot sign ofa few millimetres in diameter were achieved. As a
resut the FED procss shows great potential for maskless generation of coating
patterns such as gold-on-alumina interconnects for hybrid microcircuints.

* 1. Wn-RoDuCTlON

There is currently a great deal of interest in the development of high brightness
liquid metal ion sources for a variety 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 Ltd.. Abingdon relies upon the
emission of ions from an electric-field-distorted film of liquid metal which is
anchored by wetting to the surface of a ne-dle of Lip radius r, : 5-10 pm. In this
paper we describe the development of a closely related "1eld emission system" in
which a greater supply ofliquid metal is employed to provide a beam composed ofa
mixture of metal ions and charged liquid droplets This spray of ions and droplets
may be used to produce highly adherent coatings of a variety of metals and alloys as
has been reporied -'.

*Paper piew-ted at the 3rd International Conference on Ion and Ma.a Asisited TechniqueL.

Amnsutrdam. Thc NethericandL June 30-Jujiy' . 1991.

0040-6090 81 0000-00'002..30 S Elsevier Sequoia, Printed in 'The Netherands
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, 118 P. D:. ?RzwTT et ai.

This field emission depositioni FED) or IONCOTE 'rocess i ONCOTE is the
repstered trademark of Dubiiier Scientific Ltd.. Abingdonj shows potential for a
variety of applications in which localized highly adherent coatings of high structural
integrity are required. Applications investigated to date include electrical contact
patterns, corrosion protection and meta bonding. In contrast with conventional ion
plating, the FED technique is a true vacuum ion process compatible with ultrahigh
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 recentdy we have
been able to demonstrate that both ions and droplets can be focuse and stred by
electrical means. As a result the FED or IONCOTE technique now appears to odrer
considerable potential for maskless generation of complex coating patterns. This
will be discussed more fully. in Section 3.

2. SPRAY!r DEIGN

We shall refer mainly to the use of gold as the coaung material since this is the
element on which most effort has been concentrated. Recent progress has bee
made, however, using sprayers of gold alloys, silver. copper. aluminium alloys and,
in particular, silicon (see Pang er at:)

. The basic design requirements are that a reservoir of liquid metal should be
maintained at its m.p. and subjected to a high electric field by application of a
positive dx, potential between the reservoir and a negative counterelectrode or
extractor as shown schematically in Fig. 1. The required temperature (1060'C for
gold) is a"i,-d by means of a resivvely heated furnace and the "ervoir may take
a variety of forms including an open nozzle or capillary (Fig. 1(a)L In practime, we
have found that the wetted needle desig. similar to that used in liquid metal ion
so2rces. and shown in Fig. 1(b), produces the most controllable performance
characteristis together with coatings of an acceptable quality (see Section 3). It is
essntial that the liquid 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 flow over its surface from
the reservoir. It is vital that this flow should be controlled in order to prevent
flooding of the tip. As we shall see in the next section. an excessive supply of liquid to

-A -

F I. Sc~gMtts di~tlvam showmin ihe baSiC sp rayv d 3ipi uhlng tai opcr noz.zie or zoitilarvy aid Il

weited ane I connguru'Ji wwl.
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the tip causes the emission of droplets which are too larie id> 2 Lmj to produce
high quality coatings. An inadequate flow, however, will starve the tip, thereby
reducing the ratio of droplets to Ions emitted by the sprayer which will then operate
essentially as an ion source. It is found in practice that a needle of tip radius in excess
of 50 jim (compared with 5-10 jimn for an ion source) provides the most satisfacto-.,

emitter. The prototype sprayer, which is normally mounted on a 70 mm confla:
vacuum flange. is shown schematically in Fig. 2- It is designed to spray either
horizontally or vertically, though in the vertical mode care must be taken not to
overfill the device with consequent flooding of the needle due to hydrostatic
pressure.

Also illustrated in Fig. 2 is the electrostatic lens and deflection arrangement

used in the preliminariy experiments for maskless pattern generakion.
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high energy metal ions are used to sputter-clean the surface prior to deposition. At
higher currents (corresponding to higher voltages and electric fields), increased field-
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 agglomeration of the
energetic droplets which solidify on impact witb the substrate. This coating
mechanism is condrmed by scanning electron micrographs (SEIM) of the coated
surface as shown in Fig. 3. The coating mode begins at a current of about 200 4iA (see
Fig. 3(a)) when the average droplet diameter d is 1e= than I =i and the deposition
rate R is correspondingly small (,R < 0.? pm =- min - ). At much higher currents
(greater than 700 gA. see Fig. 3(c)), deposition rates are sizsmfcantly increased
(R > I Lm crn' min ') but this is achieved at the expense of deposit quality which is
far coarser (d ;.- 4 pml The optimum coating mode for most applications occurs at
currents; of about 600 JAA (R 0.S L m l m in. d z2 (.ziJ as shown in Fig. 3(b).

W :- j -r

§VW Z 4 1 6!i~

l~ffg-j 'Mo V ~q

4f

(c77

Fig. 3. SEM miaorpfS ~o( FED counp showing vaniono( dropiet size with cmission curern for an
extracsordianwer o(4.15 um.4al Fine deposza:I - QO, LA. V a 4kV: R <OZ MCnMMin :4 <1I
Aim (b) Optaniwn dirpostion: I - 6W0 AA V v7 IkV: Rt = O i m min-': d ;zZ m te LArge
dropiidcpasiion:I _% 7251AA. V - l5.3kV:R :-- zmi4,,=

These variations are further illustrated by the metailurzical sections of
IONCOTE deposits as shown in Fig. 4 (in this case for Irns of aluminium 0f

thickness in excess of 10 ;an). Fi gure -t(a) shows porosity in the film associated wi th
the presece of large droplets in the coating spray. Figure 4bj shows the dense ilm,
structure obtained by coating in the optimum mode.



DEvELOP- OF -0RAYER FOR FED

Cocting-- •

substrate--...

10 Wm

(al

coating---

--

• " , . 0 in

(b)
FS. 4. MistIUrval sectons oi FED coatinp comparing the porous deposit obtained using -z- fy

large drotd e at lugher currents (a) with the dense siruciure obtained uncler opinium depition
conditions (b

If the coating spray is not focused, the divergent beam of droplets and ions
causes a peaked axially symmetrical coating to be produced. Thickness profiles of
the coaunp formed using a gold sprayer on a substrate placed 48 mm from zhe
emitter were obtained using a Dektak profile recorder. Computer-fitted coaung
profiles obtained from this data are shown in Fig. 5. The sharply peaked profiles in
Figs. 5(a). 5(b) and 5(c) refer to the three deposits shown in Figs. 3(ai. -(bi and 3(c).

Te effcci of ion sputtering during coating is clearly seen in Fig. (ai. which shows a
net erosion of the substrate rathcr than a coating- at distances areater than 9 mm
from the centre of the deposit. This effect is not present in the deposit profiles shown
in Figs. 5(b) and 5(c) for which the mass deposition rate due to droplets 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 vanety of
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substrates including glass have revealed an exceptionally high adherence. Values in
excess of 2x 10' N m - ' have been obtained with failure occurrng in the bulk
substrate or at the test stub-gold interface with no failure of the gold-to-substrate
bond. Recent thermal compression bonds using silver deposits have achieved
strengths of up to 10 N m"

3 a
oau "motio Roo. poit " -- a

(b)

z * ° • .:
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Fig. 5. Measured depost proiles as funcuons of sprve current correaponding, io deposits as in Pis.
IaU small dropia deposauon (note sputeing beyond 9 mum radiusi; bi optimum deposition. ic)ialec
drp deouaw

Eectrostatic focusing of the coating spray down to spot sizes of a few

millimetres has been achieved. Figure 6 shows the focused spray from an FED
sprayer as viewed telescopically using an image-intensifying camcra. 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 sprayer. This
mode of operation is likely to be of particular interest for the naskles5 etneration ,i
hybrid microcircuit interconnects.

4. DISCIJSSION AND CONCLUSIONS

As a highly directional vacuum.coating technique. the FED or IONCOTE
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process is similar in some respects to Ionized cluster beam deposition as developed
by Takagi er ai.' However, the coating par-ticles are much larger in :- soi FED
and migration effects are subsequently reduced. It is possible to produce amorphous
deposits by FED as demonstrated for a Ni-Nb alloy and, more recently, for
silicon-'.

Fljj. . Photographic seqin sbovnns eeical dciectiofl wid focusing of the coating sprity.

The, energetic metal ions in the spray are felt to be the key to the high adherence
which can be achieved. Int addition to their sputter-cleaning effect. the ions will
undergo shallow implantation into the substrate. This effect. in addition to sputter
mixing of substrate and coating. probably. pihys a signi ficant role in establishing the
ob%crved high interfacial bondinw.

Our increascd understanding of thc hy1drodynamics of sprayer operation hzL
rcsultcd in much closer control of the droplet size and coating rates. For most
applications, maximum droplet diameters of about -un gve the optimum results.
Howcvcr. thcre will probably be growing interest in the low current mode which has
hitherio been used solely for ion-sputicr preconditioning of substrates Prior to



124 p. ?REwETT eL ai.

deposition. The tiny ciusters anid microdroptets present .n this mode might weil De
used to generate microcircuit conductor patterns to submicron tolerances. Maskless
pattern generation appears to be the most important potential appiication of FED
technology. Though much work on focusing and deflection of the spray remains to
be done., the successful preliminary experiments reported here for the first time .
indicate the considerable promise of the FED process.
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The prototype sprayer and lens system described in this paper is being
developed as a commercial module in collaboration with Duoilier Scientific Ltd-
Abingdon. Oxfordshire, GL Britain.

The authors ae grateful to Mr. D. J. McMillan and Mr. G. R. Horse.l of
Culham Laboratory for experimental and technical assistance. Mr. i. L Roberson
is thanked for his ad'vice on computatonal matters.
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