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The scanning tunneling microscope (STM) has in recent years provided
us with a handle to achieve atomic resolutjon of surfaces. By replacing the
electron source in an STM with a liquid metal ion source (LMIS), essentially
a "proximity focused" technique, it has been f{ound possible to do
micromachining at close spacings. The current densities attained in such a
close-spaced system are up to three orders of magnitude greater than
currently available from focused ion beam (FIB) systems. Such bigh current
densities provide the possibility of carrying out nanoscale microfabrication at

speeds limited only by the mechanical deflection schemes.

Such enormous current densities and the resulting extremely rapid sub-
strate changes led us to study the capability of the LMIS to operate at much
lower currents than usual and led to the discovery of a2 new low current

mode of operation of the LMIS. It has further turned out that these low
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current LMIS have an application to the FIB technology, in terms of attain-

ing the maximum current density possible in the focused beam spot.

The desire to image any nanoscale features produced from the proximity
focused LMIS led to the investigation to obtain a highly confined beam of
electrons from the LMIS by subjecting a frozen-in Taylor cone to a field
build-up procedure. It now opens up the use of the LMIS as a dual source of
ions and electrons in either a focusing column or in 2 STM environment. A
use has also been found of the field electron emission from the LMIS for
determining the source-target separation, based on solving Laplace’s equation
in cylindrical coordinates or in prolate spheroidal coordinates (the latter by
A. M. Russell and Russell Young) and using the form obtained for the field

emission voltage to determine the diode separations.

Finally the operation of the LMIS in a STM embodiment at emitter-
target spacings of 100 nm or less, and also microfabrication features created
on various targets will be described. It is seen that the threshold voltage for
LMIS operation goes as the square root of the emitter-target spacing as

would be expected from the Taylor theory.
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CHAPTER I

INTRODUCTION

Liquid metal ion sources (LMIS) have been used increasingly as a means
of generating very high brightness sources of ions of a wide variety of ele-
ments. A LMIS consists of a low volatility liquid metal film which flows to
the apex of a solid needle support structure. Subsequent application of a
high electric field deforms the liquid and results in the formation of a conical
protrusion known as the Taylor conel>2. Taylor? showed that the balance of
liquid surface tension and electrostatic stress results in a stabilized cone of
half angle 49.3°. Emission of charged ions occurs through field evaporation,
whereby singly charged species are evaporated over the Schottky barrier
formed by field deformation of the potential welld. In recent years the
advent of alloy LMIS has expanded the ion species to include volatile ele-
ments such as arsenic and high melting species such as boron®. Because of
its very high brightness the LMIS is an excellent source for an ion

microprobe and has found use in micro-milling®, microcircuit fabrication’,

and high resolution SIMS?E.

The scanning tunneling microscope (STM) invented in the early 1980’s
by Gerd Binnig and Heinrich Rohrer? at IBM, works by positioning a very
sharp tip (radius =100 nm) within a few angstroms of the surface using a
three-dimensional piezoelectric scanner. A voltage (typically <l V) applied

between the tip and the sample, causes a tunneling current to flow. The



current is kept a constant using a feedback amplifier which monitors the
current and adjusts the tip height accordingly. The tip is scanned over the
surface in a raster fashion, and the tip height is used to buijld an image of
the surface topography, often with atomic resolution. An important aspect of
the operation of the STM has been the nondestructive nature of the tech-
nique. It has alternatively proved possible to intentiomally induce local
changes in the substrate and then use the tip as a probe for imaging the
changes. Such changes could be wrought mechanically, electrically, thermally

or be chemical in nature.

Mechanical deformations produced and imaged by an STM tip have
been reported by Abraham et al.'0 and by van Kempen and van de Walle!!,
In the latter work, indentations were made which were some hundred A
deep. After each contact, the indentations were imaged with the tip and were

found to be reproducible and pyramid-like, with relatively sharp edges.

Processes which are electrically induced, whether via the tunneling elec-
tron beam or via the high electric fields associated with it, are aimed at hoth
structural and chemical modifications. They are envisaged as potentialiy use-
ful for nanomachining, material deposition and removal, chemical and litho-
graphic processing etc. Two efforts reported thus far pertain to inducing
chemical modifications!? 3. In the work by McCord and Pease!3, they used
the STM tip to expose contamination resist (composed of hydrocarbon con-
tamination), thin Langmuir-Blodgett films of docosenoic acid, metal halide
films and PMMA polymer resist. Another technique was to use the STM to

deposit metal directly from organometallic vapors that decompose on the



surface when bombarded with electrons!®. All of these methods have
achieved resolution ranging from 10 to 20 nm. Atomic-scale resolution has
been achieved by pulsing the tip voltage to locally transfer individual atoms

from the tip to atomically smooth crystals of germanjum?5.

The purpose of the work presented in this dissertation has been to use
the LMIS in an STM embodiment, to study the possibilities for micromachin-
ing and microfabrication, with what is essentially a proximity focused tech-
aique. In a focused ion beam (FIB) system, (see Fig. 1.1) a portion of the
ions emitted from the source (as determined by an aperture) are focused in a
focusing column using electrostatic lenses and scanned by means of an elec-
trostatic deflector to perform ilon beam micromachining. In the proximity
focused case the micromachining with the ion beam would be achieved by
the use of a close-spaced diode system comprising the source and the target
as shown in Fig 1.2. The spot sizes attainable in a FIB system are ~0.3 pm
with a single lens focusing column and ~500 A with a twin lens focusing
column. In a proximity focused mode, the beam diameter at the target would
be of the same order of magnitude as the separation between the source and
the target and could theoretically be at least as small as the Taylor cone

apex (~50 Xx) of the LMIS.

A typical beam current density at the target in the FIB case is about i
A/cm2 since only 2 very small fraction (~107") of the available current from
the source is used in the focusing process. For the proximity focused LMIS,
the entire current available is used, allowing exceedingly high current densi-

ties to be achieved at the target. For example, at 0.1 pm spacing of the



Ga

FIB LMIS{Au Sn
In Al
Lens
2
3 A/em 1 p,ms/sec

Ga LMIS Operating Voltage 5 - 10 kV
Accelerating Potential 15 - 25 kV
Needle Diameter ~ 1 mm

Emission Currept 1 -2 pA

Target Current 60 pA ~ 107 °],

Spot ~ 50 nm

Figure 1.1 : Schematjc diagram of a Focused lon Beam system.
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Figure 1.2 : Schematic diagram of a proximity focused LMIS system.



emitter from the target and assuming an emission half angle of 20°, a target
current density of ~2300 A/cm2 can be achieved for 2 Ga LMIS operating at
0.1 pA total current. At closer spacings or at higher total currents at the
same spacing, the current densities would be correspondingly higher. Com-
bining the LMIS with an STM embodiment then provides the possibility of
carrying out nanometer fabrication at speeds limited only by the mechanical

deflection schemes available.

The rapidity of the ion beam induced substrate changes (because of such
high current densities) in the early stages of these "proximity focused" exper-
iments, led us to conduct an investigation of the capability of the LMIS, to
operate at much lower currents than usual. This led to the discovery of a
new low current {and low voltage) mode of operation of the Ga LMIS.
Currents as low as 1 nA were found possible instead of the normally
observed current threshold values of 1 wA from the conventional LMIS. The
threshold voltages at which LMIS operation commenced was as low as 2 kV
compared to the normally 5 to 6 kV for the conventional LMIS. It has
further turned out that these low current LMIS have an application to the
FIB technology, in terms of attaining the maximum current density possible

in the focused beam spot.

The desire to image any nanoscale features produced from the proximity
focused LMIS led to an investigation to obtain a highly confined beam of
electrons from the LMIS by subjecting a frozen-in Taylor cone to a field
build-up procedure and reversing the polarity. It now opens up the use of

the LMIS as a dual source of ions and electrons in either a focusing column



or in 2 STM environment.
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CHAPTER 2
REVIEW OF SCANNING TUNNELING MICROSCOPY

1. Introduction

Wolfgang Pauli once remarked, "The surface was invented by the
devil". One understands his frustration, when looking at the surface of a
solid, one realizes that it serves as the boundary between the solid and the
outer world, and is vastly different from the bulk or interior. An atom within
a golid is surrounded by other atoms, whereas at the surface it can interact
only with other atoms at the surface, with atoms immediately under it or
with atoms beyond the surface. Hence the properties of the surface of a solid
differ vastly from that of its interior, and these complexities have long
thwarted efforts to derive precise theotetical and experimental descriptions of

them.

The first successful attempts at imaging atomic structures came from
the invention of the electron microscope, which in turn grew out of a basic
discovery of quantum mechanics, that light and other kinds of energy exhibit
the characteristics of both particles and waves. In particular the
confirmation of the wave nature of the electron in 1927 by Clinton J. Davis-
son and Lester H. Germuer of Bell Telephone Laboratories led directly to the
invention of the electron microscope. With electron microscopy projections of

atomic rows and even atomic orbitals in thin crystalline films have been
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observed.

In the 1950°s Erwin W. Muller invented the field ion microscope, a
powerful tool for imaging the atomic structures of surfaces. The sample to be
imaged is required to be either in the form of a very sharp needle, or must be
placed at the tip of the needle. The sample must also be stable against the

high electric fields characteristic of this technique.

The scanning tunneling microscope invented in the early 1980’s by Gerd
Binnig and Heinrich Rohrer! at IBM, has in the past several years developed
into an imaging method for surfaces in real space on a scale which extends to
atomic dimensions. Its initial purpose was perceived to be the imaging of the
structure and electrical properties of insulating layers thin enough to permit
electron tunneling. Its capabilities which include this local probing of surface
structures, combined with its adaptability to various environments and the
capacity to tune its low electron energies have allowed its use in diverse areas

of science and technology.

2. Historical Background

Prince Louis de Broglie’s dualistic matter-wave hypothesis, found expres-
sion in the definite form of Schrodinger’s wave equation. A particle, say an
electron, was assumed to be represented by a solution of this equation. Such
solutions were found to have a continuous non-zero nature even in classically
forbidden regions of negative kinetic energy, implying an ability to penetrate
such forbidden regions and hence a non-zero probability to tunnel from one

classically allowed region to another. Tunneling was believed to occur by the
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distortion, lowering or thinning of a potential barrier under a high externally

applied electric field.

Electron tunneling was first envisaged in connection with vacuum bar-
riers, when Fowler and Nordheim? explained the main features of electron
emission from cold metals by high external fields, which had been unex-
plained since its first observation by Lilienfeld® in 1922. Their one-
dimensional model which confined the metal electrons in a potential well, of
beight equal to the work function ¢ and the Fermi energy, led, on the appli-
cation of a high electric field to a substantial decrease in the wall thickness
allowing electrons to tunnel through this potential well into vacuum as
shown in Fig. 2.1, and to the derivation of the well-known Fowler Nordheim

formula for the current density as a function of the electric field, F:

J = AF? expl—4(2 2 & 2.1
= xp {—4(2m) = (2.1)

An application of the tunpeling theory as developed by Fowler and
Nordheim? followed almost immedjately in the form of an explanation of «
decay as a tunneling process by Gamow? and Gurney and Condon® and sub-
sequently was used to explain molecular dissociation by Riceb. Further
important developments followed, wherein tunneling was invoked to under-
stand transport properties of electrical contacts between two solid conduc-
tors, like the anomalous temperature independence of contact resistance

between metals”:8 and the interpretation of metal-semiconductor contacts-



Figure 2.1 : Field emission tunneling diagram.
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rectifiers such as those made from selenium or cuprous oxide%!! as also to
understand interband tunneling or internal field emission otherwise known as

the Zener mechapism!? as an explanation for dielectric breakdown.

The next important development arose from the need to measure the
microtopography of surfaces, and was the "Topographiner” invented by
Russell Young and co-workers!d. They developed a noncontacting instru-
ment for measuring the microtopography of metallic surfaces, with a resolu-
tion of 30 A perpendicular to the surface and about 4000 A in the plane of
the surface. They found the inherent noise in the perpendicular direction to
be about 3 A or one atomic layer. They were able to use this topographiner
to obtain topographic maps of an infrared diffraction grating by using a field
emitter with a radius of 100 A. The instrument was shown to conform to the
Fowler-Nordheim description of field emission while spaced at large distances
from the surface but when moved to within 30 /K of the surface, the perfor-
mance was seen to be compatible with Simmons’ theory of metal-vacuum-

metal (MVM) tunneling!4.

The scanning tunneling microscope (STM)15 came soon after the topo-
graphiner, which was its precursor. The idea behind the STM was similar, a
sharp needle brought to very close proximity (< 20 .Xx) of a surface and

scanned over it to obtain topographical information.

For scanning tunneling microscopy the voltages that come into con-
sideration are very low, and we shall consider here, a form of Eq. (A.20)

(from Simmons theory of MVM tunnpeling!®, developed in Appendix A):
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J=1J, { & exp(—AF?) — (F+eV) exp[_A(zs+eV)l/2]} (2.2)

For eV ~ 0, B takes the value unity. Since & >> eV, Eq. (2.2) can be writ-

ten as

J=1, {EIS—(ES+eV) exp(—AeV/zasl/2)} X exp(—Ad?) (2.3)

Expanding exp(—AeV/QiBl/Z), and neglecting terms containing V2 and higher

orders, Eq. (2.3) becomes
J=J, {5—($+eV)(l~AeV/2EEI/2)} exp(—AF/Y

= J, eV [( A2/ )—1} exp(—AG'/?) (2.4)
Since (AEEI/Q/Q) >> 1, Eq. (2.4) reduces to
J=1J. 3%V exp(—-A$'?) (2.5)
where

Ju = {(Qm)'/z/L\S} (e/h)’

Since eV is very small, ¢ is considered to be the zero voltage mean barrier



16

height. Thus, in this case, Eq. (2.5) expresses the current density J as a linear

function of V; that is the junction is ohmic for very low voltages.

Eq. (2.5) can be expressed in the following form
J = (e%/R) - (kg/4m%s) - V - exp(~2kgs) (2.6)

where s = As is the effective tunnel distance in A, Ko the inverse decay
length of the wave function density outside the surface and given by the
expression QKO(‘&) = 1.025V $(eV), with & the effective barrier height, V the

applied voltage in volts, and (e?/h)=2.44 - 1070\

3. Physical Basis and Mode of Operation of the STM

Electron tunneling through two conductors separated by a vacuum bar-
rier, which conceptually is the simplest of barriers, provides the underlying
physical basis for the scanning tunneling microscope. The insulating layer, in
this case a vacuum, acts as a potential barrier and the tunneling current, I is
a measure of the overlap of the wave functions of the two conductors in the
intervening gap. Therefore [ is essentially a function of the separation of the
conductors and the nature of the electronic states in the separating gap. For
a planar conductor-insulator-conductor junction, { Fig. 2.2a,b, reproduced
from Binnig and Rohrerl6 ) considering free electrons tunneling through the
barrier, the current density is given by Eq. (2.6). For a vacuum barrier, { Fig.
2.2¢, from Binnig and Rohrer!® ) the total current I can not be expressed in a

simple and closed form as in Eq. (2.6). Nevertheless, there is still essentially
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(a) Planar metal-oxide-metal junction (M;—0—M,).
(b) INlustrative energy diagram for a tunneling junction having a
trapezoidal barrier (b,,4,) of thickness s. (¢) Calculated current
density distribution for tunneling from a tip to a corrugated
surface, assuming an effective barrier height of 2.41 eV, a tip

radius of 1.7 K, and s = 4 A.
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an exponential dependence of the current on tip-surface separation and bar-
rier height. The prefactor, though, is altered due to density-of-state effects.
The effective barrier height of a vacuum gap can be a expressed as the aver-
age of the work functions of the two conductors and is usually a few eV.
Oxide barrier heights in typical planar metal-oxide-metal junctions are usu-

ally below 1 eV.

In the case of the scanning tunneling microscope, one of the electrodes is
in the shape of a sharp tip, which is brought to within 20 A or less of a con-
ducting sample. Tunneling occurs when a few hundred millivolts is applied
across the gap. The tunneling current is confined to a fine filament between
the apex of the tip and the surface under investigation, and it decreases by
about an order of magnitude for every 1 A decrease in distance. By keeping
the tip at a fixed distance above the surface, which in essence means keeping
the tunneling current constant, one can obtain contours of constant tunnel-
ing current. For an electronically homogeneous surface, this can provide
topographical images of the surface with a resolution dependent on the
instrument’s resolution. For an electronically inhomogeneous surface, the
local electronic structure plays an important role in the variation of the tun-
neling current. Specific features in the I-V, V-s, or [-s characteristics as the
tip is scanned, provide detail about the electronic and chemical properties of
the surface under investigation. These manifest themselves in the voltage
dependence of the tunneling current. Then, by recording the dI/dV or dI/ds
one can in practise obtain electronic or chemical information on the surface.

An illustration of such a "scanning tunneling spectroscopic image" is pro-
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vided in Fig. 2.3 ( reproduced from Binrnig and Rohrer18 ). The images are of
NiO on a Ni(100) surface. In (a), the strong peak at 0.8 V is attributed to
NiO, being characteristic of that oxide. In (b), the STS (for scanning tunnel-
ing spectroscopy) and STM images are for bias voltages of 0.8 and 1.3 V. An
oxide island is evident on the left of the STS image obtained at 0.8 V. The

oxide istand is hardly noticeable in the STM images.

Hence we see that the close relationship between the tip-sample spacing
for constant tunneling current with the topography, while that of dI/dV with
the local density of states and dI/ds with the local barrier height {or work
function) allows us to obtain topographical or STM images, spectroscopic or
STS images, and work function profiles respectively. A unjque feature of
these and other types of images obtainable with the STM is the apparent
non-destructive nature of the process itself. On the other hand the STM
technigue can be used to intentionally modify or induce permanent structural

modifications as the latter portion of this work wilt show.

4. STM Images: Experiment and Theory

In surface science applications, the STM has provided a means to
achjeve atomic resolution while imaging surfaces. This has led to theoretical
studies, using the transfer Hamiltonian approach!’-!% and the direct
transmission approach?0-22 which have given valuable insight into the physi-
cal basis of the STM and the lateral resolution that could be achieved. In the
transfer Hamiltonian approach, the tunneling tip is regarded as tracing con-

tours of constant wave-function density, evaluated at the center of the
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Figure 2.3 : Spectroscopic and structural imaging of NiO on a Ni{100)
surface. Shown in (a) is dI/dV vs. V from an oxide covered
region. The STS and STM images shown in (b) were obtained at
indicated bias voltages of 0.8 and 1.3 V. Spatial separations in
units of the NiO lattice spacings are indicated at the left. The

divisions on the y and z axes correspond to spacings of 5 A



21

assumed spherical tip, while scanning a sample surface in the constant
current mode; while the transmission approach not utilizing such simple phy-
sical concepts, provides an instructive view of the current distribution in the
tunneling fAlament. Both approaches lead to similar expressions for the lateral
resolution. In particular, the minimum periodicity, a,, of a sinusoidal sur-

face corrugation with amplitude ¢, to be resolved 1s, for free electrons,

V
2y = Va/lnA Ly << wV2/InA - ¢{7;S (2.7)

where r i1s the radius of curvature of the tip, s is the average width of the
tunneling gap, & is the effective barrier height, A = c,/cy, with ¢4 the smal-
lest observable corrugation of the equicurrent surface traced by the tip (or, in
effect, the gap-width stability), and L.g is the effective diameter of the tun-
neling current filament. The dominant factors are tip radius, gap width and
barrier height; the vertical stability enters only logarithmically. Eq. (2.7) is
expected to be a good approximation [or a tip with a radius of curvature of 7
A or more. If the image potential and non-uniform barrier heights are taken
into consideration, it would result in a drastic reduction of ¢ at small gap
widths and hence affect the resolution with the former and cause a change of
barrier height at locations with strong curvatures due to smearing out of the
electronic charge with the latter. STM experiments on cleaved graphite have
yielded lateral resolution less thap 2 A and are believed to be due to an
enhanced focusing effect occurring when imaging is done with a single, rather

localized electron orbital as with an adsorbate atom at the apex of a metal
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tip.

Surfaces prepared using standard surface-preparation procedures, when
imaged with the STM, have looked quite rough with "terraces” and "flat
lakes" embedded ip 2 hilly landscape and not quite as flat as have always
been assumed. These surfaces nevertheless retain their "ideal" surface struc-
ture and electronic properties, even on quite restricted flat regions and in the
immediate vicinity of defects, defect areas and step-lines. This calls for neces-
sary caution when interpreting data obtained with averaging surface analyti-

cal methods.

Topographical imaging of surfaces on the nanometer scale as opposed to
atomic-resolution is of importance in applications relating to thin-fAlm
growth, technological preparation methods, new roughness standards for
industrially important surfaces, and imaging of biological matter. The STM
can with relatively simple instrumentation be employed for imaging with 2
lateral resolution in the nanometer range and a vertical resolution of 1 A.
An advantage of nanometer-scale imaging is the relatively little effect of the
local chemical and electronic character of the surface under investigation
which tend to predominate in atomic-resolution imaging.

A point of note in the imaging of high-resistance materials in the con-
stant current mode is the variation of the potential drop AV = IXR, where
R, is the spreading resistance across the surface. This requires that the
applied voltage be larger than AV everywhere on the portion of the surface
under examination. The case in point is the imaging of the 7x7 reconstruc-

tion of the Si(111) surface, where the high voltage used could be attributed
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to such a spreading resistance.

5. Spectroscopy with the STM

A powerful tool for obtaining electronic or chemical properties of sur-
faces, has been with the use of tunneling spectroscopy using the STM. Tun-
neling spectroscopy per se is concerned with density of state effects on the
tunneling current which in turn manifests itself in an anomalous dependence
of the voltage on the tunneling current. The spectroscopy is done experimen-

tally by obtaining current-voltage characteristics or derivatives thereof.

STM spectroscopy differs from conventional spectroscopy by the fact
that the tunneling barrier width is adjustable and its experimental control is
crucial to obtaining meaningful tunneling spectra. The gap width is con-
trolled by the tunneling current itself, either in the constant current mode or
the constant resistance mode. The spectra are usually taken by superposing a
small, fast modulation on the tunneling voltage while sweeping it slowly, as
in conventional tunneling spectroscopy. Alternately, curves obtained with
fast voltage sweeps or characteristics obtained with slow sweeps are also used
to obtain spectroscopic information. The advantages to using fast sweeps are
that the shapes of the spectroscopic features which are seen are not distorted
by a changing gap width and are thus more familiar in their appearance, and
that STM spectroscopy can be rendered insensitive to mechanical gap-width
instabilities. An advantage to using slow sweeps js that the electric fields at
the surface are prevented from becoming too high since, under the imposed

condition of constant tunneling current, the gap width increases with
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tuoneling voltage. This can be particularly important in systems with loosely

bound adsorbates or delicate molecules.

The scanning tunneling microscope provides images in a five-dimensional
space, namely, in the three dimensional real space (z,y,z), the tunneling
current I, and the tunneling voltage V. Hence, it is the selection of the
dimensions of interest which determines the "imaging mode". For contours
of constant wave-function overlap, we measure z as z(z,y) at constant [/ and

V, and call it a "topographical” image.

6. Local Modifications with the STM

An important aspect of the applications of the STM discussed thus far
has been the nondestructive use of the tunneling-current tip. It has alterna-
tively proved possible to intentionally induce local changes in the substrate
and then use the tip as a probe for imaging the changes. Such changes could

be wrought mechanically, electrically, thermally or be chemical in nature.

Mechanical deformations produced and imaged by an STM tip lave
been reported by Abraham et al.23, and by van Kempen and van de Walle24.
In the latter work, indentations were made which were some hundred A
deep. After each contact, the indentations were imaged with the tip and were

found to be reproducible and pyramid-like, with relatively sharp edges.

Processes which are electrically induced, whether via the tunneling elec-
tron beam or via the high electric fields associated with it, are aimed at both
structural and chemical modifications. They are envisaged as potentially use-

ful for nanomachining, material deposition and removal, chemical and
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lithographic processing ete. Two efforts reported thus far pertain to inducing
chemical modifications?% 26, [n the work by McCord and Pease?8, they used
the STM tip to expose both "contamination” resist (composed of hydrocar-
bon contamination) and a thin Langmuir-Blodgett film of docosenoic acid.
They produced lines roughly I um apart with widths of order 0.1 pm with

both resists. Clearly the STM has the potential of doing lithography.
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CHAPTER 3
CONSTRUCTION OF THE LMIS-STM EMBODIMENT

1. Iantroduction

The Scanning Tunneling Microscope (STM)! has provided surface scien-
tists with a too) to image surfaces with atomic resolution. To obtain atomic
resolution, a well-designed STM requires the tip-sample position control to be
at least an order of magnitude smaller than the resolution desired?. For
imaging of individual surface atoms, a resolution of about 0.1 A s sought in
the z-direction (i.e. normal to the sample surface) and about 1 A in the x and

y directions. This then requires the tip-sample position control to be

Az = 0.01 & (3.1a)

Ax, Ay = 0.1 A (3.1b)

The tolerances stated above must be met in the presence of various dis-
turbances such as building vibrations, acoustic noise and temperature drift as
well as hysteresis and creep of the piezoelectric translation elements usually
employed. Further they must be met in the presence of four other mechani-

cal design requirements, viz.,

precision z distance regulation in the 0—1 pm range.
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x and y scanning capability in the same range.
tip approach z from several mm to 100 nm range.
scan window selection X, y in the same range.

The first two requirements result from the need for three dimensional tip
translation capability for recording surface topography. The last two arise
due to the need for convenient sample and tip loading, for reducing the tip-
sample separation from macroscopic to tunneling distances, and for selecting
an area of interest on the sample surface. Hence a complete STM incor-
porates six degrees of translational freedom. These traoslations have also to
be performed with reasonable and coordinated speeds, not only to achieve
efficient operation but also to minimize other disturbing influences such as
thermal drift or surface modification by adsorption. Finally all the require-

ments have to be satisfied with UHV—compatible design elements.

In the case of the liquid metal ion source—scannping tunneling microscope
embodiment, the tolerance requirements are not as severe as for the tunnel-
ing microscope itself, the reason being the operation of the liquid metal ion
source (at least at the present time) is at separations that are at least an
order of magnitude greater than the separations that are normally employed

in conventional STM work, which are 20 A or less.

During the operation of a liquid metal ion source (LMIS) there arises at
threshold, a protusion commonly referred to as a Taylor cone of 49.3° half

angle, from which field evaporation of (mostly) monomeric ions take place if
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a pure element LMIS is used. The Taylor cone, {or the purposes of the prox-
imity focusing experiments can be considered to be of length approximately
equal to the radius of the emitter supporting the liquid metal. The considera-
tions then, during the operation of a LMIS in a STM embodiment, is the
diameter of the ion beam at the target. Assuming an emission half angle of
20° for a LMIS operating at 0.5 pwA threshold current, one can obtain
theoretically, 2 beam diameter at the target proportional to the separation
between the source and the target. [t is conceivable then that a lower limit
on this beam diameter at the target could be the diameter of the Taylor cone
apex (~50 /‘gm)

Hence for a well designed LMIS-STM embodiment the main issues to be

considered are:
1. Coarse positioning (z) from several centimeters down to the 100 nm range.

2. Source translation capability over several centimeters of the sample both

in the x and vy directions.

3. The x,v,z piezoceramic drives for precision regulation for the directions
normal to the sample surface and in the plane of the surface, in the range

0—10 pwm.
4. The vibration isolation and damping stages.

5. Thermal effects.

We shall now consider these issues in more detail below.
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2.  Magnetically Driven Walker

In high resolution STM work it is essential to position a specimen and a
very sharp tip to within several nanometers of each other from a range of a
few centimetres. Such dynamic ranges of movement have usually been
achieved using piezoelectric walkers or "louse" as they are commonly known.
The piezoelectric walker works on the principle of expanding or contracting a
piezoelectric plate while clamping the appropriate end. Steps ranging {rom a
hundred to several thousand angstroms can be achieved. These steps are

summed to provide the required large range of movement.

In the magnetically driven walker used in this work, the movement is
generated by forces developed by current pulses through coils of copper wire
in a magnetic field as introduced by Smith and Elrod®. The walker slides on
a smooth low friction surface such as a microscope (glass) slide and does not
require clamping as in the piezoelectric walkers. The geometry of a one-
dimensional walker is shown in Fig. 3.1. The principle of operation is illus-
trated in Fig. 3.2 and is explained below.

About 300 turns of enamelled copper wire js wrapped around a rec-
tangular support machined out of aluminum. The support has three teflon
legs sharpened at the ends to fine points to reduce the coeflicient of static
friction but not so small as to prevent uniforrn motion by decreasing the
coefficient of kinetic friction. This was done empirically until uniform repro-
ducible motion was obtained as shown in Fig. 3.3. The magnetic field was

provided by a permanent magnet and was of the order of 10* gauss. The
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Figure 3.1 : Geometry of a one-dimensional magnetically driven walker used

in the LMIS-STM.
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Figure 3.2 : Principle of operation of the magnetically driven walker.
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magnetic Geld is directed vertically as shown in Fig. 3.2. Current pulses rang-
ing from 1.5 amperes to 5.0 amperes with voltages from 7 volts to 30 volts,
{depending on the range of movement desired) are applied to the wound
copper coils using a joystick type of controller. The current direction through
the coil can be changed at the turn of a switch as also single current pulses
can be applied to the walker to obtain single step capability. The electronic
circuitry for the controller is sketched in Fig. 3.4. The copper wire is wound
around the core such that when current flows through the coil, the portion of
the coil nearest to the magnet (~1 to 2 mm from it) develops a force that is
much greater than that developed by the portion of the coil farthest away
from the magnet (~1 ¢m away from it) due to the dipole character of the
magnetic field. It is also essential that the teflon legs be positioned such that
the lower part of the coil is as close to the magpet as possible so that the
difference in the forces generated be sufficient to propel the walker in the
desired direction. The specimen mounted on the walker can then move for-
ward or backward depending on the direction of the current in the coils.
The range of movement is confined to the region of overlap between the coil
and the magnet. Sideways motion of the walker was prevented by the use of
teflon side rails. Front and end stoppers determine the total range of move-
ment.

For use in vacuum, the walker was enclosed in a quartz tube sealed at
both ends and with two copper feedthroughs at one end to supply the
current to the coils. The first generation LMIS-STM embodiment (see Fig.

3.5) had coarse motion only in the z-direction and no source translation capa-
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Figure 3.6 : Arrangement of the x-y piezodrives and walker on the quartz
substrate for the first generation LMIS-STM. The piezoceramic
tubes provide redundancy as well as first order thermal

compensatijon.
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bility in the x and y directions. In the second generation LMIS-STM embodi-
ment (Fig. 3.6) this capability was provided by means of a screw thread
attached to the base of the magnetically driven walker and operated from
outside the vacuum chamber by means of a rotary feedthrough. Turning the
screw thread would displace the magnetically driven walker sideways (x-
direction) and the tip could thep be brought within operating range using the
motion of the walker. To provide for vibration isolation while using the
screw thread, the rotary feedthrough did not directly couple to the screw
thread but instead was brought to play by means of an L-shaped interlock
which after the desired motion was accomplished could then be disengaged

from the screw thread.

3. The X-Y-Z Piezodrives

The fine motion of the tip with respect to the substrate was achieved
using piezoceramic tubes in the arrangement shown for the first generation
LMIS-STM embodiment in Fig. 3.5. The piezoceramic tubes P, and P, pro-
vided movement in the x direction while P,, and P,, provided movement in
the z direction. Of the four rectangular quartz pieces QI, Q2, Q3 and Q4,
only Q1 is anchored to the quartz substrate (which holds the STM) while the
remaining three float above the substrate. The four piezoceramic tubes pro-
vided redundancy for the fine motion and first order thermal compensation.
The piezoceramic tubes operate in the longitudinal mode and require a cer-
tain minimum length to provide the range of displacements required. The

piezoceramic tubes used were Vernitron PZT-5H piezoceramics which are
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better suited for low frequency applications because of their increased per-
mittivity, but have a reduced Curie point which restricts the working tem-

perature range.

The displacement Ax versus voltage V relation for a piezotube is:

sy xvx [ L]
where the relevant parameters are:
dg, = —274 X 107" meters/volt
= —2.74 & /volt
L = 0.5 inches = length of the piezoelectric tube.

t = 0.02 inches = wall thickness of the piezoelectric tube.

Hence,

Ax/volt = —2.74 x (0.5/0.02)

= 68.5 & /volt

Here dj; is the relevant piezoelectric coefficient, and L and t are the
lengths and the wall thickness of the piezoceramic tubes respectively.

We tested the x,z scan arrangement in the SEM at magnifications of
10,000X and higher. A motion of about 70 A/volt was measured in both the

x and 2z directions for positive voltages applied to the inside of the
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piezoelectric tubes with the outsides being conuected to ground.

For, the second generation LMIS-STM embodiment, the fine motion in
the z direction as well as scanning in the x-y directions, orthogonal one inch
piezoelectric (PZT-5A) tubes (Fig. 3.6), driven by a 800 volt scan signal, to
provide ~10X10 pm scan range, were chosen as the most practical way to
achieve three dimensional electronically controliable motion on a nanometer

scale.

The displacement Ax versus voltage V relation for the piezoelectric

tubes (PZT-5A) works out to be:

Ax/volt = —1.71x(1.0/0.02)

= 85.5 A/volt

where the relevant parameters are:
dy, = =171 X 107"% meters/volt
= —-1.71 /&/volt
L = 1.0 inches = length of the piezoelectric tube.

t = 0.02 inches = wall thickness of the piezoelectric tube.

We tested the x-y scan arrangement using a Michelson interferometer
(Fig. 3.7) with a He—Ne laser of wavelength 635.2 nrn. Each movement of a

fringe in this set-up represented a travel of 317.6 num. [t was seen that both
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Figure 3.7 : Michelson interferometer set-up for calibrating the piezoceramic

tubes for the LMIS-STM.
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the x and y piezoelectric tubes showed motions of ~90 .&/volt while the z
piezoelectric tube had a resolution of only 55 A/VOIL This reduction in the
total displacement per volt of applied signal in the case of the z piezoelectric
tube is probably due to the coupling between the orthogonal piezoelectric
tubes which would restrict the total displacement possible with the individual

piezoelectric tubes.

4. Tip and Sample Mount

The LMIS tips are mounted on the scanner using copper tip holders
attached onto a small quartz block for electrical isolation from the piezoelec-
tric transducers. The tips are held securely using set screws on the tip hold-
ers, and can be quickly changed. The sample mount is made of copper and
has spring clips to hold the sample securely as also to provide electrical con-

tact.

5.  System Design

The STM embodiments were designed to be used in an ultra-high
vacuum environment. An ultra-high vacuum (a few times 10™* torr) environ-
ment was desired, for investigating both the proximity focused technique in
the ion mode and field electron emission from the LMIS for imaging the
features produced. This required that only ultra-high vacuum components be
used while designing the STM system. Further all connections were made
using "Huxless” solder, to rectangular pieces of quartz, the appropriate por-

tions of which were nicke] coated in a "Watts nickel plating bath" to provide
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electrical contact. The portions of the quartz pieces which were not nickel
coated served to provide electrical isolation between the coated portions as
well as to minimize the effect of temperature on the performance of the STM.
Another, quicker method used to provide areas of electrical contact on quartz
was to "fire on" several layers of silver paint using a hydrogen flame on the
desired areas. To render the STM even further insensitive to temperature
variations, it was mounted on a quartz substrate which was attached rigidly

to the top stage of the vibration isolation system.

As discussed by Pohl?, the tolerance requirements in a well designed
STM must be met in the presence of ill-defined disturbances like building
vibrations, acoustic noise and thermal] drift. These then have to be met with
design rujes for the optimization of damping and stifiness for the STM struc-

ture.

Low frequency vibrations, mainly due to buildings vibrating at frequen-
cies ranging between 10 and 100 H:z with the largest maxima of the
vibration-spectra ( Fig. 3.8, from D. W. Poh!?2 ) at 15 to 20 Hz, are of impor-
tance. The largest peak appears near 17 Hz with an amplitude of 0.2 pm.
The peaks at 50 and 100 Hz are much less pronounced. probably because
they are off-resonance with regard to the (lowest-order) floor eigenfrequency.
The peak around zero is an instrumental artifact. The floor responce to irreg-
ular motions such as those caused by persons walking around are typically in
the 1-3 Hz range, with amplitudes comparable to the 17 Hz peak. They are
indicated by dashed bars in Fig. 3.8.
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These external pertubations discussed above tend to affect the tip-
sample separation control and need to be reduced with vibration isolation
systems and/or sufficient stiffness of the STM structure. The combined
STM-vibration isolation system consist of elastic materials (viton rubber)
supporting the mass of the STM, mgty. The elastic elements are character-
ized by their elastic constant Cy4(spring constant) and quality factor Q4 which
is a measure of the amplitude enhancement at resonant [requency as well as
the width of the resonant curve. The effectiveness of a damping system can
be expressed by means of its transmittivity f4, defined as the ratio of ampli-
tudes of the supported STM structure, 1Z| and excitation 7, of the base. From

harmonic oscillator theory we get for the transmittivity:

W(0g) = [(Q2-1) + 04/Q| (3.2)

where the frequency ()4 is normalised to the (undamped) resonance frequency

1 S~ 7
vy = 5;\/ Ca/mgTas, (3.3)

Equation 3.2 is plotted in Fig. 3.9 ( reproduced from D. W. Pohl? ) for
two sets of parameters: Curve &3, results from vy = 3 Hz, Q4 = 3, which is
typical for damping systems with metallic springs and eddy-current attenua-
tion; the respective values for curve ¥y, are vg = 5 Hz, Q4 = 13, typical for

damping systems with commercjal antivibration pads made from caoutchouc.



There are three regions of frequency that can be recognised as seen in
Fig. 3.9: (1) well below the resonant frequency the vibration isolation does
nothing and the vibrations are transmitted with little or no amplification; (2)
near the resonant frequency the vibrations are amplified substantially; and
(3) well above the resonant frequency the vibrations are attenuated. The
amount of amplification near resonance and attenuation above resonance
depends on the damping. As seen from Fig. 3.9, for critical damping, the
amplification has a maximum of less than 1.5, but the attepuation is only a
factor of 5 for a frequency 10 times the resonant frequency. Typical rubber
has 2 damping of order 0.05 of critical. This gives an amplification of 10 near
resonance, but an attenuation of over 50 for a frequency 10 times the
resonant frequency. Typical undamped steel springs have a damping of
order 0.005 of critical. This gives an amplification of 100 near resonance and
an attenuation of roughly 100 for a frequency 10 times ils resonant fre-
quency. Thus some damping is necessary; for the exira factor of 2 attenua-
tion by undamped steel springs at 10v, the price is a factor of 10 more
amplification near resonance-but critical damping is usually too much.
Between 0.2 and 0.02 of critical damping is often 2 good range. The lower
the resonant frequency relative to the frequency of interest, the less damping

1S necessary.

To isolate the STM from building and other extraneous vibrations. a
resonant frequency of vy < 1 Hz would be desirable in view of the spectrum
of Fig. 3.8. That is however difficult to implement since it implies a large

static elongation A of the elastic element:



48

log (response)

1 10 100 lk 10k 100k
Frequency (Kz)

Figure 3.9 : Frequency characteristics of damping (i, .74,), stifiness (S,S,).
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A= —F (3.5)

2m ”d2

where g = 0.81 ms™? is the earth acceleration constant. Thus a resonance of
1 Hz would require a static elongation of 2.5 m. Such large elongations,
though feasible, involve inconveniences of design and operation. Most damp-
ing systems, for STM’s as well as other sensitive machinery such as inter-

ferometers, therefore operate at vy = 2 to 5§ Hz.

The quality factor Q4 should not be too large to ensure that accidental
excitations at vy attenuate within a reasonably short time. Its magnitude,
though should not be too small in order to achieve eflicient damping for fre-

quencies v > vy. For typical rubber type damping elements Q4 = 10—20.

The response to walking remains unattenuated using damping elements
with a resonant frequency between 2 to 5 Hz. The 17 Hz resonance as well as
the 50 and 100 Hz peaks and higher frequency pertubatjons can be efficiently
isolated from the STM using the above criteria. This result is supported by
the general experimental observation that noise in the tunnel current is dom-

inated by low-frequency fluctuations.

Large-amplitude low-frequency perturbations which are relatively
unaffected by conventional damping systems can jeopardize STM operation
unless the STM structure possesses sufficient internal stiffness. Considering a

stiffness transfer function:

S= 1A3,1/15] (3.6)
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which for low frequencies reduces to

0,/Q; = v/v,Q, = Ini(z,/3),

0% = (v/n) = 1-Ré(s,/ 3.7)

S(Q, - 0) ~

for the two cases considered (Re and Im denote real and imaginary parts
respectively). This is the low frequency tail of the stiffness curves in Fig. 3.9.
One recognises that a structure associated with S,, about 3X 107% of the 17
Hz excitation translates into a tip-sample distance disturbance, and 1077 of
the "walking" perturbation at 1 Hz. The respective data for S, are 2% 107®

and 107!% which is much more favorable.

The global instrument response to vibrations is obtained by multiplying
the damping and stiffness transfer functions. The resulting curves G, and Gy
in Fig. 3.9 clearly indicate the frequency regimes which are problematic with

regard to external perturbations.

For the pocket size STM, Figs. 3.5 and 3.6, that we have used to do our
proximity {ocusing experiments the vibration isolation system consists of a
stack of stainless steel plates with three (or more) viton rubber dampers
between each set of steel plates. These were cut from a viton O-ring and are
about 5 mm long and 2 mm in diameter. In such a vibration isolation sys-
tem, each layer will contribute an additional 1/[ damping for frequencies
above a low frequency resonance characteristic of each layer combination.
Hence such ap arrangement will provide very effective isolation of the STM

from externally induced high frequency vibrations, while averaging the
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results of rapid scanning at rates of 1 kHz and above should overcome the

problem of low frequency vibrations.

When the problem of isolating the STM from externally induced vibra-
tions has been solved, the next case of interest is the vibration characteristics
of the scanning needle. The needles in use in scanning tunneling microscopy
are electrochemically etched or ground to a sharp point. For electrochemi-
cally etched needles, (see Appendix B) there are two basic shapes; one
obtained using a d.c. etch technique with radii <5004 and cone half angles
of ~5 °, and the other from an a.c. etch technique with radii ~ 1000 A and
cone half angles of 10 to 15°. We have evaluated the stiffness and lowest
characteristic frequency of these two varieties of needle shapes, in Appendix
C, with a view to providing guidance in the selection of needle shapes for

scanning tunneling microscopy.

From the apalysis of the vibration characteristics, i.e. the Jateral
deflections and the lowest mode frequencies for the two types ol emitters, we
find that the a.c. etched emitters are superior. They deflect a factor of
~1000 less than their d.c. counterparts and their lowest mode frequencies of

lateral vibrations are much higher.
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CHAPTER 4

CONSIDERATIONS RELATIVE TO PROXIMITY FOCUSING
OF THE
LIQUID METAL ION SOURCE

Liquid metal ion sources (LMIS) have been used increasingly in those
applications requiring a high brightness source of ions of a wide variety of
elements. In recent years the advent of alloy LMIS has expanded the ion
species to include elements such as arsenic which are highly volatile at their
melting point and high melting species such as boron!. Because of its high
brightness, the LMIS is an excellent source for an ion microprobe and has
found use in micro-milling?, microcircuit fabrication3, and high resolution

SIMS4.

One of the main objectives in combining the techniques of the liquid
metal ion source (LMIS) with the scanning tunneling microscope (STM) has
been to build a proximity focused LMIS for micromachining and microfabri-
cation, in many ways to perform tasks similar to a focused ion beam (FIB)
system. The difference lies in the fact that in a2 FIB system, (see Fig. 4.40) a
portion of the ions emitted from the source (as determined by an aperture)
are focused in a focusing column using electrostatic lenses and scanned by
means of an electrostatic deflector while in the proximity focused case, the
micromachining with the ion beam would be achieved by the use of a close-
spaced diode system comprising the source and the target. The spot sizes

available in a FIB system are ~0.3 pwm with a single lens focusing column
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and ~500 A with a twin lens focusing column. In a proximity focused mode,
the beam diameter at the target would be of the same order of magnitude as
the separation between the source and the target and could theoretically be

atleast as small as the Taylor cone apex {~50 &) of the LMIS.

The properties of the LMIS that make it useful to both the FIB and the
proximity focused application are discussed below. For the FIB, the key
source parameters are angular intensity (I') and brightness (B). For proxim-
ity focusing, the key source parameters then are:

Jr?

S

2

m

' =

Qo
y

where m = — is the angular magnification (see figure below).

Y

L z -
W = RESOLUTION
Z = DIODE SEPARATION

and
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and

w = 2 tapa ~ 7

The current density at the target at z, J(z) is then

Thus we see that w * z, but z cannot be smaller than r. And J(z) = I’ and is

2

also _n_12_ Thus a large I’ and small r favor large J(z) and these same
r

source parameters favor large B. Hence we see that the key source parame-

ters are the same for both the FIB and the proximity focused applications.

Some of the issues that arose during the proximity focusing experiments

were

1. Emission instabilities of the LMIS due to back sputtered neutrals condens-

ing on the source.

2. Physical contact between the Taylor cone of the LMIS and the substrate,

in effect a "shorting" of the LMIS.

3. Reversing the polarity and obtaining electron emission from the LMIS for

imaging the micro-features produced [rom the proximity focusing
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experiments.

4. Current densities attainable at the target from the proximity focusing.

The first of the four issues, namely, the possible instabilities produced
during the operation of the LMIS at close spacings will be considered in

detail in Chapter 5.A.

A concern during the proximity focusing is the possibility of the Taylor
cone of the LMIS making contact with the substrate while operating at close
spacings. When that happens, the extraction voltage of the LMIS would
change to Vgyr = IXR, Ohm’s Jaw, and the current in the circuit would
then be governed by that law. It could also result in pulling off, of a drop of
liquid onto the substrate. Figure 4.1 shows schematically the shorting of the
LMIS to the target when it is turned on at a diode separation that is less

than or equal to the length of the Taylor cone protusion.

The last two considerations arose out of a need to image the micro-
features produced with the proximity focused ion beam as also to obtain a
measure of control from the enormous current densities that are available

from this procedure. These issues are discussed in the next four sections.

The operation of the LMIS in the proximity focused mode, was done by
positioning the LMIS apd the substrate with a calibrated, magnetically
driven micropositioner and piezoceramic drives. Large separations of the
LMIS from the substrate were determined by use of a 30X binocular micro-
scope with a calibrated reticule in the field of view. This was adequate down

to separations of ~12 um. Smaller distances were estimated by counting the
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N

A £ Length of Taylor cone protrusion

Figure 4.1 : Schematic diagram of the "shorting® of the Taylor cone

protrusion to the target.
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number of electromagnetic pulses delivered to the magnetically driven micro-
positioner. The even closer approach was done using the x-y-z piezoceramic
tubes. A 90X lens was also used in the binocular microscope, to visually note
separations of the LMIS and the target below 12 um. This lens could not be
used for quantitative determination of the separation since it did not have a

reticule in the field of view of the microscope.

The separation between the LMIS and the target would determine both
the beam diameter and the current density at the target as described earlier.
It was therefore felf desirable to develop a second method for determining
the separations between the LMIS and the target besides using the calibrated
magnetically driven micropositioner and piezoceramic combination. This
could also serve as a check on the values of the separations obtained from
the micropositioner/piezoceramic combination. It was felt that if electron
erission could be obtained from the LMIS, this could be used to determine

the emitter-substrate separations. (This is discussed in Chapter 4.B).

An investigation was conducted to try and determine if 1t was possible
to obtain d.c. electron emission from a LMIS. If possible, then the electron
emission from the LMIS could also be used to image the features produced
(from the ion emission), in a2 STM mode, by monitoring the variation in tun-
neling current to obtain topographical information. Another possibility for
imaging the substrate could be by withdrawing the LMIS away from the tun-
neling regime and using the field electron emission from it to profile the sur-
face as demonstrated by Young et al.®, with his topographiner. They

estimated that a vertical resolution of 1 nm and a horizontal resolution of



59

~20 om would be obtainable from an emitter placed at 10 nm from the sub-
strate. Though not possessing as good a resolution as the STM, this tech-
nique could be used in addition to the STM mode, for imaging the substrate
by simply using the emitter as a source of field emitted electrons and noting
the variation of the emitted current as a function of emitter X-Y position to

obtain surface topography.

The LMIS would then serve not only as a source of ions for possible
proximity focused micromachining, but also as a source of electrons for imag-
ing the microfeatures produced. A prospect for obtaining electron emission
could be from freezing in the Taylor cone and field building-up the frozen-in
cone to obtain a highly confined beam of electrons. This is discused in the

next section.
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A. A LIQUID METAL ELECTRON SOURCE

1. Introduction

The LMIS configuration consists of a needle wetted with the desired
liquid metal and an extraction electrode placed in front of the needle. When
a critical voltage of the order of 5 to 10 kV is applied to the needle the liquid
metal is pulled outward by the electrostatic forces which compete with the
surface tension [orces to form a stable cone shaped structure (commonly
referred to as the Taylor cone) and ion emission by field evaporation and ion-
ization occur at the cone apexB-9. Since the static forces involved in the for-
mation of the cone are polarity independent, one might speculate whether
with reversed polarity one could obtain stable, d.c. field electron emission
since the fields at the apex would be more than sufficient. Since solid field
electron sources are known to undergo catastrophic destruction when an elec-
tric arc occurs!® 1 the liquid metal electron source (LMES) would possess an

obvious advantage.

With the above in mind Swanson and Schwind!? investigated 2 Ga
LMES and found that a Taylor cone, much like in the case of the LMIS is
formed, and electron emission is obtained. The electron emission when exam-
ined in detail was found to consist of nanosecond pulses with large peak
amplitudes of 200 to 300 A depending on the capacitance of the electrode
structure. The frequency of the electron pulses was controlled by the RC
time constant of the diode circuit. It was deduced that the apex radius

decreased without limit as the liquid cone formed and led to sufficient
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current that a regenerative explosive current pulse occurred leading to eva-
poration of the apex region of the cone and the cycle repeated as the cone
reformed and the diode potential charged to the critical voltage. Under no
circumstances could stable d.c. emission be obtained from the liquid, cone-
shaped structure as observed in the case of ion formation with opposite
polarity. This result is not unexpected in view of the more recent under-
standing of the role of dynamic factors in stabilizing the liquid cone in the
case of liquid flow due to ion formation. Such dynamic flow is missing in the

case of electron emission.

Mitterauer!3 14 and more recently Hata et al.13:16 have reported d.c.
electron emission from a wetted needle source configuration; however, unless
the emission is investigated by high speed oscilloscope techniques such claims
must be questioned. It is possible to obtain d.c. electron emission if
sufficiently sharp needle substrates are used; in such cases the emission js not
from a field stabilized liquid cone, but rather it is normal field electron emis-
sion as would be expected from such a solid emitter coated with a liquid
layer. In some cases d.c. electron emission may occur {rom a solid whisker

grown from the liquid layer in the presence of a high electric field.

Another prospect for obtaining d.c. electron emission from such a sys-
tem is by forming a Taylor cone as in the normal case of ion emission from a
LMIS and freezing in the cone shape by quenching the temperature below the
liquid’s melting point. If such a procedure were possible one could imagine a
single source of both ions, as in the normal LMIS mode, and, by reversing

the polarity, electrons from the frozen in solid cone. This study is an
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investigation of the possibilities of obtaining d.c. electron emission (1)
without forming a Taylor cone and (2) by forming the Taylor cone and freez-
ing in the cone shape for a higher melting liquid such as indium. The practi-
cal consequences of a successful result would be a possible dual, high bright-
ness source of both electrons and ions that could be used in a focusing

column or in a proximity focusing diode system.

2. Experimental

The radij of the tungsten needles used as a subsirate were less than the
4 to 5 pm normally used for the conventional LMIS. Figure 4.2 shows a
SEM profile of an electrochemically etched needle used in this study. Typi-
cally they had apex radii of about 25 to 2000 nm and were electrochemically
roughened in 2M NaOH solution for a few seconds at ~1 V a.c. Larger
emitter radii could also be fabricated by a mechanical grinding process!’.
The needle was wetted with Ga or In by heating it to ~1000° K and then
repeatedly dipping the needle into a pool of the molten liquid while gently

heating the needle to ~1000° K) between dippings.

The emission studies were carried out in a field ion microscope (Fig. 4.3)
in which a microchannel plate image intensifier was used in order to view the
ion and electron emission patterns investigated. The base pressure for all

measurements was 1X 107° torr.



(b) 0.5um

Figure 4.2 : SEM profile of a 180 nm radius tungsten needle etched by a d.c.
drop-ofl technique: (a) low magnification showing part of shank

and (b) bigh magnification of the apex region.
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Figure 4.3 : Schematic diagram of field ion microscope with a microchannel
plate image intensifier for viewing the ion and electron emission

patterns.

¥9



65

3. Results

In this study the ion emission patterns and I(V) characteristics were
obtained first by raising the emitter temperature (by resistively heating the
emitter support filament) above the melting point of the liquid (for the case
of In LMIS) and then increasing the extraction voltage to the threshold for
the Taylor cone formation. The liquid cone was then solidified by slowly
reducing the emitter heating current below the melting point of In at which
point both the emitter heating current and the extraction voltage were
quickly reduced to zero. Subsequent electron emission was obtained by
thermal/field processing with both positive and negative fields. This pro-
cedure was carried out for small (50 nm to 1 um) and large (1 to 2 wm) radii
substrates. In addition, with the small radii substrates, it was possible to
obtain field electron emission without first forming and freezing in the Taylor

cone. These various results are described below.

3.1 Non-Taylor Cone Field Electron Emission

It is possible to obtain d.c. electron emission at a low extraction voltage
V, from wetted needle substrates if the emitter radius is sufficiently small.
This emission is classic field emission from a sharp needle coated with a
liquid metal film. Bell and Swanson!” have shown that the electric field Fy at
the apex of a conical substrate of half angle a and apex radius of curvature p

1s given by:

Fo = Unve/((PX)l_I‘O[Rova‘(l)x)%]) (4.1)
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where R is the emitter to extractor electrode spacing and
X = (1-vy)/2

The parameter v, is related to the cone half angle and the relation can be

determined by using the equation
r= b/[Pl,O(Cosﬁ)l/v"] (4.2)

to generate infinite cones with curved apexes (varying b and v, to vary the
radius and cone angle respectively of the resulting shape) which simulate LMI
needle geometries as discussed by Bell and Swanson!?. We assume that the
emitter is an equipotential for which b = r; while the counterelectrode is
generated by putting b = R,, where Rg is the distance from the apex of the
cone equipotential to the on-axis point on the counterelectrode. A diagram of
this electrode geometry generated from Eq. (4.2) is shownp in Fig. 4.4 for v,

= 0.176.

We find on generating the equipotentials that vg is very nearly a lineat

function of a and to a good approximation is given by
Vg = vy + ma

where vy’ = 0.068 and m = 10.796x 1072 deg™'. Thus for a = 10°, v, =

0.176 while for @ = 3°, vy = 0.122.



LIQUID
METAL

- —
COUNTERELECTRODE

Figure 4.4 : Diagram of the equipotentials generated from Eq. (4.2) for
vo = 0.176 and for the two equipotentials b = r, and Ro
representing an emitter shape and counterelectrode shape

respectively.
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[t can also be shown that the condition for the onset of the Taylor cone

formation is given by
Fo = (4v/pe)'/? (4.3)

where vy is the surface tension of the liquid film and € is the vacuum permit-
tivity. From Eqs. (4.1) and (4.3) one can calculate the relationship between
the threshold voltage V for coune formation and emitter apex radius, p. Using
vy = 0.72 N/m for Ga, « = 5° and Ry = 3 mm, ove can calculate that cone

formation occurs at 2218 volts (Fg = 0.09 V/J&) for p = 200 nm.

The values of threshold voltage V, and field Fy for various values of
emitter apex radius p are given in Table 1 and 2 below for cone half angles «

= 5° and 9° respectively.



Table 1. Threshold voltage V; and apex field F for
various values of emitter apex radii p.

(a = 5° y(Ga) = 0.72 N/m; R = 3 mm)

p(m) | V(volts) | Fo(V/A)

0.01 851.60 | 0.570325
0.05 1482.99 | 0.255057
0.10 1874.61 | 0.180352
0.20 2361.74 | 0.127528
0.30 2698.69 | 0.104127
0.40 2963.96 | 0.090176
0.50 3185.85 | 0.080656
0.60 3378.20 | 0.073628
0.70 3548.92 | 0.068166
0.80 3702.99 | 0.063764
0.90 3843.81 | 0.060117

1

1.00 3973.79 | 0.057032




Table 2. Threshold voltage V, and apex field F for
various values of emitter apex radii p

(¢ = 9° y(Ga) = 0.72 N/m; R = 3 mm)

p(um) | V,(volts) FO(V/AXL)

0.01 1191.49 | 0.570325
0.05 1967.50 | 0.255057
0.10 2432.37 | 0.180352
0.20 2098.31 | 0.127528
0.30 3383.33 | 0.104127
0.40 3683.27 | 0.090176
0.50 3932.23 | 0.080656
0.60 4146.73 | 0.073628
0.70 4336.15 | 0.068166

0.80 4506.37 | 0.063764
0.90 4661.37 | 0.060117
1.00 4803.94 | 0.057032




We see from Tables 1 and 2 that the threshold voltage for cone forma-
tion V, decreases with p. The field at the apex Fj, though, increases with
smaller emitter radii. Thus we conclude that one is more likely to obtain field
electron emission at or below the threshold voltage for cone formation from

the solid emitter covered with a liquid layer as the emitter radius decreases.

Figure 4.5 shows an SEM profile of an electrochemically etched needle
with apex radius of 0.16 pm and cone half angle @ = 9°. Figure 4.6a shows a
plot of the ion emission current versus applied voltage for the emitter of Fig.
4.5. The threshold voltage for ion emission, V, = 2620 V corresponds quite
well with the value shown in Table 2. Figure 4.6b shows a plot of the field
electron emission current versus applied voltage for the same emitter. The
voltage at which electron emission commences is seen to be well below the
critical voltage required to form the Taylor cone and must be attributed to
normal fleld emission from the substrate which is to be expected from such a
sharp emitter covered with a liquid layer. Figure 4.7 shows a Fowler
Nordheim plot of the field electron emission. The linear relationship between
togyo(I/V?) and (1/V) means that electrons are emitted by tunneling through

the surface potential, that is, the normal field emission mechanism.

Figure 4.8a is a microchannel plate image of the field electron emission
from a small radii emitter coated with liquid Ga. Figure 4.8b shows jon emis-
sion on applying the critical Taylor voltage to the same needle. Figure 4.9
shows plots of the emission current versus the applied voltage from the liquid
metal source for both the electron and the 1on mode. It is clearly seen again

that in the electron mode the voltage at which electron emission commences
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Figure 4.5 : SEM profile of a 160 nm radius tungsten needle etched by a d.c.
drop-off technique: (a) low magnification showing part of shank

and {b) high magnification of the apex region.
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Figure 4.6(a) : Current/voltage plot for the Ga LMIS of Fig. 4.5. in the ion

emission mode.
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Figure 4.6(b} : Current/voltage plot for the Ga LMIS of Fig. 4.5. in the field

electron emission mode.
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Figure 4.7 : Fowler-Nordheim plot for Fcld electron-emission from the Ga

LMIS of Fig. 4.5.
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Figure 4.8 : Microchannel plate images of the electron and ion beam patterns

from a sharp needle Ga LMIS.
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Figure 4.9(a) : Current/voltage plots in the jon emission mode, for the Ga

LMIS whose microchannel plate images are shown in Fig. 4.8.
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Figure 4.9(b) : Current/voltage plots in the field electron emission mode, for
the Ga LMIS whose microchannel plate images are shown in

Fig. 4.8. o0



is below the critical voltage required to form the Taylor cone. We plot in Fig.
4.10, a Fowler Nordheim plot of the field electron emission. The linear rela-
tionship again, between log,,(I/V?) and (1/V) is indicative of the field emis-

sion process.

Field emission was also obtained from a small radii needle wetted with
In. Figure 4.11a shows a microchannel plate image of the In LMIS operating
in the ion mode, Figure 4.11b is the microchannel plate image of the LMIS
operating in the classic field electron emission mode as would be expected

from such a sharp needle substrate.

When we increase the field electron emission voltage to the critical Tay-
lor voltage, we find that as with Swanson and Schwind!? this results in the
explosive emission process and the evaporation of the cone apex. In the case
of smaller radii emitters, this explosive emission also results in the destruc-
tion of the underlying substrate. Figure 4.12 shows an SEM profile of an elec-
trochemically etched emitter. After wetting with Ga and operating in the
ion emission mode, with a threshold V, of 3.5 kV, the emitter was operated
in the field electron emission mode at a voltage greater than the critical Tay-
lor voltage. The ernission was seen to be similar to that observed by Swanson
and Schwind!?, and resulted in the destruction of the underlying emitter sub-
strate as is clearly seen in Figure 4.13. We conclude that d.c. electron emis-
ston from a field stabilized Taylor cone is simply not possible regardless of

the substrate radius.
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Figure 4.10 : Fowler-Nordheim plot lor field electron-emission from the Ga

LMIS of Fig. 4.9.
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Figure 4.11 : Microchannel plate images of (a) the ion beam pattern and

(b) the electron beam pattern, for an indium LMIS.
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Figure 4.12 : SEM profile of a tungsten needle etched by a d.c. drop-olf
technique: (a) low magnification showing part of shank and (b)

high magnification of the apex region.
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Figure 4.13 : SEM profile of the tungsten ncedle of IPig. 4.12 after operating
in the held electron emission mode above the critical Taylor

voliage.
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3.2 Taylor Cone Electron Emission: Small Radius Emitters

A prospect for obtaining d.c. electron emission from a LMIS could be by
forming a Taylor cone in the ion mode and freezing in the cone shape by
quenching the temperature below the liquid’s melting point (In, in this case).
It may then be possible to carry out a field build-up process with either posi-
tive or negative fields at an elevated temperature in ordet to form the proper

radius for electron emission.

An applied d.c. electric field on a field emitter at elevated temperatures
causes "field build-up" to occur as seen in the early studies carried out by
Dyke and coworkers!8. The motivation for field build-up is the lowering of
the thermodynamic chemical potential at the emitter tip which in turn
motivates surface migration of the surface atoms towards the higher field
regions of the emitter apex. The rate of this process can be given in terms of

the rate of change of the emitter radius.

dr dr rF,
5], = 150, b “

and
dr Eq -1
[EJO = 1.25yv,Dya exp [—E] (AokTr3] (4.5)
where
Yy = surface tension (y = 360 dyne/cm for In)

v = volume per atom
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A, = surface area per atom

Dy = diffusivity constant

Egy = activation energy for surface diffusion
a = emitter cone half angle.

[t can be seen that dr/dt varies according to the following conditions:

(a) L50 if Fe [

dt r

1/2
87T'Y]/

Tm

1/2
dr . &
(b) 5o=0 it Foz[ 7]

dr
—<0 i F
(c) m < 1 > [

1/2
8y
r

Case (a) leads to emitter dulling and hence to a decrease in emitted current
with time. Case (b) ideally causes the emitter dulling due to surface tension
forces to be balanced by the electrostatic force opposing the dulling force.
This case is difficult to realize over the total emitting area due to the nonuni-
form field over the emitter surface. Case (¢) is of the most interest since when
it occurs, it motivates surface migration of surface atoms towards the higher
field regions of the emitter apex in a complex process called "field build-up".
The In LMIS from the needle of Fig. 4.2, with a substrate radius of 180
nm was first operated in the ion emission mode with a threshold voltage of
3.5 kV. Figure 4.14 shows a plot of emission current versus applied voltage in

the ion mode. That the current was due to emission from a Taylor cone is
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evident from the microchannel plate image shown in Fig. 4.15a. The umage is
the typical structureless pattern seen in normal LMIS operation. In addition
below the threshold voltage, the emission current was characterized by
pulses, the {requency of which increased with emission current, finally merg-
ing into d.c. at the threshold voltage. This is typical of LMIS behavior. After
a stable pattern was obtained (usually at an extraction voltage slightly above
threshold), the temperature of the liquid metal was quenched. As the tem-
perature dropped below the liquid’s melting point, it began to solidify. As
this occurred, the emission current began to drop to zero due, presumably to
lack of liquid-bourne replenishment of the metal, field evaporated at the apex
of the cone. At this point the electric field to the LMIS was shut off. Leaving
the field on though, for any length of time after the emission current begins
to drop to zero, would result in field evaporation of the ions from the
frozen-in Taylor cone of the LMIS and blunting back from the original sharp
point of the cone. Hopefully the result, after quenching the liquid metal and

shutting the applied field, is a Taylor cone-like structure frozen into place.

On reversing the polarity of the applied d.c. voltage to the LMIS, it was
found possible to obtain normal field electron emission from the frozen-in
structure. Figure 4.15b shows a microchannel plate image of the field emis-
sion pattern. A central emission spot was observed that overlaped the spot
previously occupied by the ion emission, in addition several random emission

spots were formed.

At this point the temperature of the now "solid" metal was gradually

increased to slightly below the melting point (which in the case for In is 430
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Figure 4.15 : Microchannel plate images of the ion and electron beam
patterns from the Fig. 4.2 In LMIS. (a) ion emission pattern (b)
field electron emission after freezing in the Taylor cone of the

LMIS, without doing a field build-up process.
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K), in the presence of the applied negative field. Figure 4.16 shows the varia-
tion of the electron emission current with time during this process of heating
in the presence of the applied field (i.e. a field build-up process). Within a
few minutes (~3 to 4) there resulted a radical change in the emission pattern
distribution with almost all the spurious emission spots disappearing leaving
only the central field emission pattern. The emission current rapidly
increased to the final value shown in the Fig. 4.16. Figures 4.17a and 4.17b
are the microchannel plate images of the field emission pattern at the points

marked in Fig. 4.16.

With the smaller radii emitters (< 100 nm), it is possible to obtain the
final single spot endform, by quenching the temperature and freezing in the
Taylor cone without having to perform the field build-up process. Where the
electron emission pattern displays random emission spots in addition to a sin-
gle spot, if then, the emitter is subjected to the field build-up process, field,
the random emission spots disappear to give rise to the single spot emission

pattern.

To be sure beyond reasonable doubt, that the electron emission was
occurring from the previously frozen-in Taylor cone structure, the In emitter
of Fig. 4.2 was operated in the electron emission mode without first freezing
in the Taylor cone in the ion mode. Figure 4.11 (earlier) shows the mijcro-
channel plate images of the ion and electron emission for this case. The elec-
tron ernission pattern in this case, never converged to the single spot emission
shown previously even on heating the emitter in the presence of an applied

fleld. It was necessary to go back to the ion emission mode and freeze in the
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Figure 4.16 : Current versus time plot during the field build-up process for
the In LMIS of Fig. 4.2. The applied negative voltage during
the entire process was 2090 V. The emitter was heated during
the time, t = 0 to t = 2. (2) and (b) are points at which

photographs were taken.
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Figure 4.17 : Microchanne! plate images of the electron beam pattern at the

points (a) and (b}, indicated in Fig. 4.16.
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Taylor cone again, to achieve the desired electron emission pattern. It was
also seen that if, after achieving the desired electron emission pattern, the
temperature of the emitter was increased to above the melting point of the
metal, the emission pattern disappeared. This was interpreted to mean that
the frozen-in Taylor cone structure had melted away. Figure 4.18 shows the
sequence of emission patterns, of the ion emission, the electron emission after
freezing in the Taylor cone and the electron emission on heating the emitter
to a temperature above the melting point of indium, for a emitter with a

substrate radius of about 1 wm.

In Fig. 4.19 we show the entire sequence of emission patterns (micro-
channel plate images) for the In LMIS of Fig. 4.2, the ion emission, freezing
into place the Taylor cone in the ion emission mode and field "electron"”
emission from the frozen in cone structure, and the process of heating the
emitter in the presence of the applied field for the In LMIS. The circular
emission pattern from the Taylor cone during ion emission is clearly shown
in photo {a). Upon freezing in the Taylor cone and application of voltage of
2080 V to extract electrons at T = 300 K at a total emission current of 2
nA, the pattern, shown in photo {b) is seen to comprise of a central, some-
what tetragonal structure with a couple of random emission spots around
and below it. Going up in extraction voltage to 2290 V and an emission
current of 5.8 nA, the central pattern is seen to have become brighter but
with an increase in the random emission spots (see photo ¢). Upon increasing
the extraction voltage to 2300 V and an emission current of 10 nA, and heat-

ing the emitter to a temperature slightly below T = 430 K for ~1 minute



(a)
ION EMISSION
5700 V, 900 nA

(b)
ELECTRON EMISSION
4000 V, 2,0 4A

(c)

ELECTRON EMISSION
4000 V, 24 nA

Figure 4.18 : Microchannel plate images of (a} the ion beam pattern {b) the
electron beam pattern on freezing in the Taylor cone and (c)
the electron emission pattern on later heating the emitter to a

temperature greater than the melting point of the In liquid

metal. The emitter radius was 1 wm.

€6
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(a) (b)

ION EMISSION ELECTRON EMISSION
4000 V, 340 nA 2080 V, 2 nA

(c) (d)

ELECTRON EMISSION ELECTRON EMISSION
2280 V, 5.8 nA 2300 V, 10 nA

Figure 4.19(a-d) : Sequence of ion and field electron patterns after freezing in
and subsequent field build-up of the In LMIS of Fig. 4.2 (a)
ion emission pattern (b),{c) field electron emission patterns
after {reezing in the Taylor cone (d) field electron emission

patterns during the fieild build-up process.
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(e) ()
ELECTRON EMISSION ELECTRON EMISSION
1800 V, 26 nA 2090 V, 180 nA

Figure 4.19(e,f) : Field electron emission patterns after the field build-up

process (continuation of the process from Fig. 4.19d).
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results in the central pattern becoming brighter and a few of the random
emission spots disappearing, and is clearly shown in photo (d). Finally, after
a few minutes of heating, the final bright emission spot shown in photo (e) is
obtained. The extraction voltage was lowered in photo (e) to 1800 V at an
emission current of 26 nA. Increasing the extraction voltage to 2090 V yields
an emission current of 180 nA and the emission pattern seen in photo (f).

This pattern sequence was reversible and reproducible.

Figure 4.20 shows the SEM profile of a tungsten emitter with an apex
radius of about 1 wm, the emission patterns of which are shown in Fig. 4.21.
Photo (a) shows the ion emission pattern at an extraction voltage of 5700 V
and an ion emission current of 900 nA. Photos (b), {¢), and (d) show the
electron emission patterns at electron emission currents of 300 nA, 2.0 pA,
and 3.5 wA. The extraction voltages for the patterns were respectively 3000
V, 4000 V, and 5000 V. It is interesting to note that even when the ion emis-
sion from the LMIS was off-axis and not confined to the center of the screen
the electron emission pattern tended to overlap the ion emission pattern and
is clearly shown in photos (a), (b) and (¢} in Fig. 4.22.

Figure 4.23 shows SEM micrographs of the emitter of Fig. 4.20 after
freezing in the Taylor cone and operating for several hours in the electron
emission mode. The micrographs clearly show what appears to be a frozen in
structure on the apex of the underlying emitter. The departure from a true
Taylor cone shape could possibly be due to the field build-up process during

the formation of the proper radius for the highly confined electron emissjon.



10
{a) Hm (b) T}Lm

Figure 4.20 : SEM profile of a 1 um radius tungsten needle etched by a d.c.
drop-off technique: (a) low magnification showing part of shank

and {b) high magnification of the apex region.



(a) (b)
ION EMISSION FELECTRON EMISSION
5700 V, 800 nA 3000 V, 300 nA

(¢c) (d)
ELECTRON EMISSION ELECTRON EMISSION
4000 V, 2.0 uA 5000 V, 3.5uA

Figure 4.21 : Sequence of ion and field clectron patterns after field build-up
of the In LMIS of Fig. 4.20 (a) ion emission pattern {b).(c),(d)

field electron emission patlerns.
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(a) (b}

ION EMISSION ELECTRON EMISSION
5400 V, 500 nA 2300 V, 2 nA

{c)

ELECTRON EMISSION
5000 V, 2.8 A

Figure 4.22 : Sequence of ion and field electron patterns after field build-up
of an In LMIS where the ion emission was off-axis (a) ion

emission pattern (b),(c) field electron emission patterns.
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Q.1
(2) pm (b) il

(c) A

Figure 4.23 : SEM micrographs of the emitter of Fig. 4.20 after field build-up
and operation as an electron emitter for several hours (2) al a
magnification of 10,000X showing part of shank and (b) at a

magnification of 55,000X and (c) at a magnification of 90,000X.
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In order to further characterize this electron source we evaluated the
emitting area for the In LMIS of Fig. 4.20 using a Fowler Nordheim plot and

is discussed below.

If we cousider a field electron-emission model based on the Fowler-

Nordheim equation!®, we have the current density J given by

J = (1.54x107°F?/d) exp(10.4/d)
X [exp(—6.44x 10°*?/F)] A/cm? (4.6)

where J is in A/cm?® when F is in V/em, and the work function ¢ is in eV.

The total current is then given by
[=JA (4.7)

where A is the effective emitting area. Combining Eqs. (4.6) and (4.7) one

obtains the total current as a function of area and work [unction.

I = (1.534X 107 ARV /&) exp(10.4/d)
* fexp(~6.44 % 10732/ V)] (4.8)

where F = BV. Equation (4.8) can then be written as

I/V? = (1.54% 107°AR?/d) exp(10.4/d)
X [exp(—6.44% 10743/ /B V)] (4.9)

Taking the logarithm of both sides, we obtain what is generally known as the

Fowler-Nordheim equation
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logo(1/V?) = log, {(1.54>< 107°AR%/d) exp(10.4/<b)}

B (6.44>< 10732

G X Iog,oe} (4.10)

where the first term on the left side is the Intercept in the logo(I/V?)} vs
(1/V) plot, and the second term represents the slope in that plot. A Fowler-
Nordheim plot of the field "electron emission" for the emitter of Fig. 4.20,
with a correction applied for the protective resistance of 500 M(), is shown in
Fig. 4.24. The linear relationship between log,o(I/V?) and (1/V) quite evident
in the plot, is indicative of a field emission process. From the slope of the
Fowler-Nordheim plot which is measured to be m = —1.3534% 10* we obtain
a value of the field factor 3 = 1.71561x10* ¢cm™!, and from the intercept
which is measured to be -9.404, we estimate the effective emitting area to be

of the order of 2.82x 107" em?.

From the value of the emitting area, A, one can determine a value for
the radius of the emitting structure, (obtained after the field build-up pro-

cess) by using the equation
A = 2nr*(1—Cos6) (4.11)
where 6 is related to the emission hall angle a by the relation
a = mh (4.12)

where m is the angular magnification and is usually taken to be equal to 0.5.
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* Figure 4.24

: Fowler-Nordheim plot for Reld electron-emission from the In

LMIS of Fig. 4.20.
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The emission half angle for the electron emission patterns after the field
build-up process was measured to be 4.5°. Then, from Eqgs. (4.11) and (4.12)
and using the value of A obtained earlier from the Fowler-Nordheim plot, we

get a value for the emitting radius to be 1.91x 107 % em.

3.3 Taylor Cone Electron Emission: Large Radius Emitter

The process of {reezing in the Taylor cone by quenching the temperature
of the liquid metal and subsequent field build-up process was repeated, but
with a positive field, for 2 much larger radius emitter (2 pum), the SEM
profile of which is shown in Fig. 4.25. After wetting with indium, the LMIS
was put in the field ion microscope chamber (Fig. 4.3). After operating in the
ion emission mode, the Taylor cone was frozen in by quenching the tempera-
ture of the liquid metal. Rather than do a field build-up process with an
applied negative field, it was decided to use a positive field slightly higher
than the threshold for ion emission while heating the emitter to a tempera-
ture ~1/3 of its melting point. This was done because it was seen that
unlike for the previous "smaller radii" emitters, the desired result, i.e. elec-
tron emission from preferably a single spot could not be achieved within a
reasonable amount of time, by doing the field build-up process with a nega-
tive field. Increasing this field to a higher value to achieve the desired result
was fraught with the possibility that this would result in an excessively high
current density and the destruction of the emitter. Hence it was decided to
heat the emijtter in the ion mode but with the temperature low enough to

prevent melting of the metal and hence ion emission. This was done for ~5



Figure 4.25 : SEM profile of a 2 pm radius tungsten needle {a) low

magnification showing part of shank and (b) high magnification

of the apex region.

G01
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minutes at 7100 volts. Figure 4.26 shows the variation in the electron emis-
sion current with time at the beginning and end of the field build-up process
with a positive field. The data points were obtained at a field electron emis-
sion voltage of 3400 volts before and after completion of the field build-up
process. At the end of the field build-up process the electron emission current
was seen to have increased to its final value shown in Fig. 4.26. The electron
emission pattern finally obtained is shown in photo (a) of Fig. 4.27. Photos
(b) and (c) show the emission patterns at total electron currents of 450 and

550 nA respectively.

Angular intensities for emission currents in the electron mode in the
range 0.6 nA to 700 nA were obtained for the emitter of Fig. 4.25 and are

plotted in Fig. 4.28.

A Fowler Nordheim plot of the field electron emission from the emitter
of Fig. 4.25 is given in Fig. 4.29. From the slope of the Fowler Nordheim
plot which is measured to be m = —1.19916x10* we obtain a value of the
field factor B = 1.93627Xx10* em™ and from the intercept which is meas-
ured to be -8.8, we estimate the effective emitting area from the Fowler

Nordheim equation to be of the order of 8.90643%x 10" ¢m?.

Using Eqs. (4.11) and (4.12) and the value of the emitting area from the
Fowler Nordheim equation and again calculating a value for the radius of the

emitting structure, we obtain 3.4X107% cm.
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Figure 4.26 : Electron current at various times during the process of field

build-up of the In LMIS of Fig. 4.25 with a positive Reld. The
field build-up voltage during the entire process was 7100 V.

The electron emission data poinls were taken at an electron

201

voltage of 3400 V after cooling the emitier to 300 K.
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{a) (b)
ELECTRON EMISSION ELECTRON EMISSION
1900 V, 2 nA 2800 V, 450 nA

(c)

ELECTRON EMISSION
2800 V, 5650 nA

Figure 4.27 : Field electron patterns al various electron vollages after field

build-up of the In LMIS of Fig. 4.25.
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4. Summary

This study showed that it was possible to obtain d.c. electron emission
from an LMIS either from the solid substrate covered with a layer of the
liquid metal or by freezing in the Taylor cone shape and doing a

thermal/feld process to obtain a highly confined beam.

The electron emission from the solid needle was classic held emission
from a small radii emitter and not from a field stabilized Taylor cone.
Increasing the field electron voltage to the critical Taylor voltage resulted in
a pulsed explosive emission process. For these small radii emitters it also

resulted in the destruction of the underlying emitter substrate.

It was also found possible to obtain d.c. electron emission by freezing in
the Taylor cone shape of the LMIS while operating in the ion mode and then
doing a field build-up process on the frozen in structure at elevated tempera-
tures. The electron angular emission distribution was highly confined and
overlapped the ion emission distribution. The optimum substrate radius for
easy field build-up and for obtaining on axis emission was 0.5 to 1.0 wm. The
frozen-in Taylor cone electron emission could be easily restored after elimina-
tion of the Taylor cone by melting. The electron emission areas deduced were
of the order of 107" ¢m? and the emission believed to arise from the same

geometrical area as the ion emission.
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B. EVALUATING SPACINGS IN THE LMIS-STM EMBODIMENT

1. Introduction

The object of this study was to develop a means for obtaining the
separations between the LMIS and the target for the proximity focused
LMIS. Two models were evaluated, with the aim towards establishing a rela-
tion between the field electron emission voltage from the LMIS and the
emitter-target spacings. The values obtained for the emitter-target spacings
from these models could also serve as a check on the emitter-target spacings
obtained using the magnetically driven micropositioner and piezoceramic

combination (see Chapter 3.2).

The first model, based on the work of A. M. Russell, Russell Young and
others® 20 establishes a relation between the emitter voltage [or electron
emission from a field emitter, the emitter-substrate spacing, and the emitter
radius by solving Laplace’s equation in the prolate spheroidal coordinate sys-
tem. Russell Young used this model to evaluate emitter-target spacings in his
work on the topographiners. We have used this model in a similar attempt,

to evaluate its usefulness in the proximity focused LMIS system.

The second model, uses a cooical tip geometry to establish a relation
between the emitter voltage for electron emission and the emitter-substrate
separation by solving Laplace’s equation in 2 polar coordinate system using

Legendre polynomials.

We first of all develop the mathematical relationships between the elec-

tron emission voltage, the emitter radius and the emitter-target separations
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for the two models and then see how well the mathematical predictions from

these models correspond to experimental data.

2. Prolate Spheroidal Model (Model 1)

The idea of using field electron emission as a means of determining the
emitter-substrate separation during operation at close spacings in the scan-
ning tunneling microscope was attempted earlier by Young et al.%, in their
work on the topographiner based on earlier work by A. M. Russell?0 on elec-
tron trajectories in a field emission microscope. There they used the solution
of Laplace’s equation to determine a relationship between the emitter vol-
tage, emitter-substrate spacing and the emitter radius. The emitter was
assumed to be a hyperboloid and the prolate spheroidal coordinate system
was used to obtain solutions of Laplace's equation. The appropriate diagram
for the present calculation is shown in Fig. 4.30 ( reproduced from Young et
ald. ) where lines of constant £ are the electric field lines, surfaces of con-
stant T are equipotential surfaces, 7, is the equipotential corresponding to
the emitter surface, and 1 = 0 is the flat anode surface. The potential then,

in this coordinate system?: 20 js:

(4.13)

where V, is the potential applied between the emitter and the substrate for

field electron emission. The relationship between the emitter radius p at the
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ELECTRIC FICLD
LINES

COUPOTENTIAL
LINES

7 = const s

Figure 4.30 : Prolate spheroidal coordinate system. 7, is the equipotential
contour corresponding to the emitter surface, = 0

corresponds to the specimen or anode.
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apex, and a, the distance between the focus of the hyperboloid and the origin

(n = 0) in cartesian coordinates, and m, is given by:

p=——(1-7,) (4.14)
Te

Solving for m, in terms of p and a, we get

1/2
Erifiy
a a

N, = . (4.15)
The field at the apex, is:
2V, 1
E = - = Eg (4.186)
1+T|e 1'—ne
aln [ ]
l—m,

Rewriting Eq. (4.16), we get the following relationship between the emitter

voltage and the emitter-target spacing:

(4.17)

where we consider only the negative root of Eq. (4.15) in Eq. (4.17).
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3. Polar Model (Model 2)

In addition to solving Laplace’s equation in prolate spheroidal coordi-

nates, it can be solved in polar coordinates. Solutions of Laplace's equation

for conical conductors would then take the form!7: 2!

V=Vy+ T P.(Cost) (Al,ir“"+Bl.ir_vi_l] (4.18)

=0

where the indices v; are in general non-integral. To ensure the correct
behavior as r approaches zero, B,, = 0. For the special case when the equipo-

tential shapes are generated by
r = b/[Pl,o(Cosﬁ)JU““ (4.19)
(as shown in Fig. 4.4, for vy = 0.176) V is reduced to a single term in r:
V=Vy+A,b" (4.20)

where V is chosen to be 0 at the emitter and equal to V, at the counterelec-

trode. Hence we have, with V. = 0 at the emitter, in Eq. {4.20):
O = VD + A‘,/)roll(‘
where b=r, the axial position of the emitter apex. which gives us

— g
VO - — Al,nro
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Hence the potential becomes:
V=2, (4.21)

At the counterelectrode, V. = V, so that

A, = — (4.22)

where Ry 13 the distance from the apex of the cone equipotential to the on-

axis point of the counterelectrode.

Substituting Eq. (4.22) in Eq. (4.21) we get, {or the potential:

ORI
V=V ° (4.23)

& Vo g

Ry " - 1o
The electric feld E, is given by:
rvo——l
E, = (dV/or)y = V. v, — (4.24)
Ro =19 °

where vy for the needles typically used in this study (cone balf angle ~10 °)
i3 0.176. Here 1, is not the radius of curvature of the emitter apex but is

related to it by the expression:
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ry = ——r (4.25)

where p is the radius of curvature of the emitter apex.

The electric field on-axis at the apex (r = ry and § = 0) is

. — veUO
0= L—rq vo vy
Lo (Ro —ry ')
This can be written as
V. v
EO — e

If we assume Ry = d + ry, where d is the emitter-target separation, we get

Vv

EO = . : v

{52 ]
To -1
To
which 1s

V.v

EO - e 0 ; (426)
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Rewriting Fq. (4.26), we get the following relation between the voltage for

electron emission and the emitter-target spacing:

E vo
Ve= —D-TD [{1+i} —1] (427)
Vo To

4. Experimental

The emitters used for this investigation were much sharper than the 4 to
S pm radii emitters used for the conventional LMIS. Figure 4.2 from an ear-
lier section, shows a SEM profile of an electrochemically etched needle typi-
cally used in this study. Typically they had apex radii of about 25 to 500 nm
and were electrochemically roughened in 2M NaOH solution for a few

seconds at ~1 V a.c.

The emission studies were carried out in a LMIS-STM embodiment
described earlier (Chapter 3). The experiments were concerned with deter-
mining the field electron emission characteristics of the small needle radii
LMIS at various diode spacings in the LMIS-STM embodiment. An I(V) ip

the field electron emission mode was obtained at various separations.

The larger separations, of the LMIS from the substrate were determined
by using a 30X binocular microscope with a calibrated reticule in the field of
view. This was adequate down to separations of ~12 wm. Smaller distances
were estimated by counting the number of electromagnetic pulses delivered
to the calibrated magnetically driven micropositioner. A 90X lens was also

used (in the binocular microscope) to visually note separations of the LMIS
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and the substrate below 12 pm. This lens could not be used for quantitative
determination of the separations since it did not have a reticule in the field
of view of the microscope. Further a check on the distances estimated from
the number of electromagnetic pulses delivered to the micropositioner, were
done with respect to the substrate which was used as the reference point
after the LMIS made direct contact with it, at which time the ion extraction
voltage of the LMIS would drop to V. = IXR where R was the external
resistor in the circuit and the current in the circuit would then be governed

simply by that relation.

5.  Results

[t was first found essential to determine the value of the electric field at
the emitter apex from both the models for a particular value of the field elec-
tron emission current, 1 nA. To determine the value of the electric held, we
used Eq. (4.16) of the prolate spheroidal model, with the emitter-target
separation, a, obtained from the magnetically driven micropositioner and
piezoceramic combination, and the field electron emission voltage V, of the
LMIS at an electron current of 1 nA, for that separation. The same calcula-
tion, to determine the electric field, was done using Eq. 4.26 [or the polar
model with 1y = 0.176. (See Section A.3.1 in Chapter 4) The values of the

electric field obtained have been tabulated in Table 3.



Table 3. Values of the electric field at the

emitter apex, E,

Field Electron

Diode Spacing

Electric FField

Electric Field

Emission using at Apex at Apex

Voltage Micro (Prolate (Polar
Positioner Spheroidal Model)
and Piezo Model)

(Volts) (nm) (V/4) (V/A)
-35 0.07 0.14206 0.1
-82 0.116 0.1646 0.114

-200 0.3 0.163 0.156
-250 0.56 0.142 0.142
-400 1.24 0.162 0.161
=725 4.0 0.211 0.189
-900 10.6 0.214 0.174
-1250 254 0.256 0.189
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A plot of the electron emission voltage (for a current of 1 nA) versus the
emitter-target spacing, can be done using the values of the electric field

obtained for the two models, from Table 3. Such a plot is shown in Fig. 4.31.

From Fig. 4.31 we see that the plot for the prolate spheroidal model
tends to level off and consequently would be expected to be inaccurate at
spacings = 10pm. The polar model, seems to provide the more accurate
values for spacings upto ~25 wm. At very large spacings both models would
be expected to become inaccurate. Below about 5 pm, both models would
converge and be expected to be in good agreement with experimental values.
Hence for the reason thal the polar mode) is probably the more accurate of
the two, upto spacings of ~25 pm, we shall, for the remainder of this section
consider only the polar model to evaluate the emitter-target spacings in the

proximity focused LMIS.

From the values obtained for the electric field (for the polar model) an

average value can be calculated.
Ep = 1.3x10" V/em

Equation (4.27) can now be used to determine a value for d, the
emitter-target separation, using the field electron emission voltage obtained
at that spacing in the LMIS-STM embodiment. As an example, using the
field electron emission voltage, V, = 200 volts obtained at a micropositioner
spacing of 3000 jx, we find the separation predicted from the polar model to

be & = 2300 A. Alternately we can use the plot of field electron voltage



12000 T T ] T IIII]II;ITI1 II“II I LI | II ll | [Esl o

1000.0 - -

800.0

PROLATE SPHEROIDAL T
MODEL

600.0

400.0

200.0

[ '] I 1 i I 1 1 I i 1 l 1 1. I i 1 ! ) 1 l L 1 I L i I i 1

0
0.0 3.0 0 9.0 12.0 150 18.0 21.0 24.0 27.0 30.0

Figure 4.31 : Plot of the electron emission voltage versus emitter-target
separation for an emitter radius of 1501 A from the prolate

spheroidal model and the polar model.

AN



124

versus diode separation {Fig. 4.31) for the polar model and directly read off

the diode separation for the field electron emission voltage.

Table 4 on the next page compares the values for the emitter-target
separations obtained using the polar model, with the values from the micro-

positioner and piezoceramic combination.



Table 4. Comparison of the methods used to

determine the emitter-target separation

Electron | Diode Diode
Emission | Spacing | Spacing
Voltage using using
Polar Micro
Model | Positioner
and Piezo
(Volts) | {um) (pm)
-35 0.023 0.07
-82 0.062 0.116
-200 0.23 0.3
-250 0.343 0.56
-400 0.90 1.24
=725 4.17 4.0
-900 8.03 10.6
-1250 23.96 254

125
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6. Summary

It is seen that for diode separations below about 25 pm, the polar model
i3 in reasonably agreement with the diode separations determined using the
calibrated micropositioner and the piezoceramic tubes as seen in Table 4.
Hence for spacings < 25 pm one can rely on the polar model as a predictor
of the spacing. Larger separations can be determined quite easily by using a
30X binocular microscope with a calibrated reticule in the field of view. This

i3 useful down to separations between the source and the target of ~12 pm.
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C. ALOW CURRENT LIQUID METAL ION SOURCE

1. Introduction

As the spacing between the LMIS and the substrate becomes very small
for the proximity focused LMIS, the current density due to the LMIS at the
substrate becomes very large. This may result in either rapid sputter erosion
of the substrate by ion bombardment or deposition of gallium (the principle
liquid metal used in this study) at ion energies below the sputtering thres-
hold. For example, at 0.1 pwm spacing of the emitter from the substrate and,
assuming an emission half angle of 20° a target current density of ~2300
A/em? can be achieved for a Ga LMIS operating at 0.1 LA total current.
This is equivalent to about 2x 107 ions/surface atom/sec, which for a sputter-
ing vield of unity, would result in surface erosion taking place at the rate of
~107 monolayers per second. Alternatively, if the LMIS operation is occuring
at voltages where net deposition of gallium is taking place, that is below the
sputtering threshold, theo build up of gallium rather than sputtering would

conceivably occur also at extremely rapid rates.

These high current densities posed experimental difficulties because of
the rapidity of ion beam induced substrate changes at the early stage of these
"proximity focused" experimeats. {Conceivably, such enormous current densi-
ties could be harnessed at a later stage and would directly translate into
higher processing speeds for micromachining). Hence for the reason of lack
of manageability of such high current densities, an investigation of LMIS,

capable of operating at much lower currents than usual, was carried out.
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This was successful and a new low current (and low voltage) mode of opera-
tion of the Ga LMIS was discovered. Currents as low as | nA were found
possible instead of the normally observed current threshold values of 1 pA
from the conventional LMIS. The threshold voltages at which LMIS opera-
tion commenced for larger emitter/extractor separations was as low as 2 kV

compared to the normally 5 to 6 kV for the conventional LMIS.

2. Experimental

The tungsten needles used as a substrate for the low current gallium
LMIS were much sharper than the 4 to 5 wm radius normally used for the
conventional LMIS. Typically they bad apex radii of about 25 to 500 nm and
were electrochemically etched in 2 M NaOH using a d.c. voltage of about 10
to 15 volts. The process is shown in Fig. 4.32 and is described in Appendix
B. The emitters were roughened somewhat before use in 2 M NaOH solution
for a few seconds at ~1 V a.c. Care was taken that the roughering pro-
cedure was not carried to excess so that the emitter apex did not blunt back.
Figure 4.33 shows an SEM profile of an electrochemically etched needle used
in this study. The needle was wetted with Ga in the usual manner by heating
to 1000° K and then dipping the needle repeatedly into a pool of moiten Ga
at room temperature while gently heating (< 1000° K) the needle between
dippings. The measurements were carried out in a field ion microscope (see
Fig. 4.3) in which a microchannel plate image intensifier was used in order to
view the ultra low current ion emission patterns investigated. The base pres-

sure for all measurements was 1x10~2 torr.
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Figure 4.33 : SEM pholos of an electrochemically etched needle with o
d.c. etch technique: (a) low magnification showing part of shank

and (b) high magnification of the apex region.
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3. Results

In this study, the ion emission patterns and I(V) characteristics for Ga,
were obtained by increasing the extraction voltage to the threshold for Tay-
lor cone formation, at which point, ion emission commenced from the LMIS.
In the case of indium, the temperature of the emitter had to be raised to
above the melting point of the metal, before applying the extraction voltage

to obtain ion emission.

Figure 4.34 shows a plot of ion emission current versus applied voltage
for the Ga wetted needle LMIS of Fig. 4.33. The threshold voltage for the

onset of emission was 3.0 kV.

That the current was due to emission from a Taylor cone is evident
from the microchannel plate images which are shown photographed in Fig.
4.35 for the emitter of Fig. 4.33. These images are the typical structureless
patterns seen in normal LMIS operation. In addition, below a very low thres-
hold voltage the emission current was characterized by pulses, the frequency
of which increased with emission current, finally merging into d.c. at the
threshold voltage. This is typical of LMIS behavior. Figures 4.35B and 4.35C
show what appears to be ion emission from two and four Taylor cones
respectively as the voltage is increased. The suvsceptibility of these low
current LMIS to multiple Taylor cone formation may be due to the critical
electric field for onset of ion emission which goes as r_l/g, being sufficiently
high not only at the needle apex buf also for a considerable portion along the

sides of these sharp emitters.
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(A) (B)

(C)

Figure 4.35 : Microchanne! plale images of the ion beamn from the Fig. 4.33
low current Ga LMIS. lmages were pholographed at the

indicated currents in the I(V) plot in Fig. 4.34.
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The appearance of multiple Taylor cones coupled with off-axis emission
has been a troubling factor throughout, for these low current LMIS. These
problems tend to disappear somewhat if the substrate needles used are of
larger radii, approaching that of 500 nm and sometimes even as large as 1
wm; though at the larger radii the threshold currents jnitially starting out as
low as 50 nA tend to creep up to 0.5 to 1 LA over a period of time, with the

result that the source is no longer a low current source.

Another drawback in these low current LMIS, having sharp needles as
substrates is that they tend to become supply limited during operation. An
I{V) plot taken in a vacuum chamber with a microchanpel plate image
intensifier showed the I(V) to flatten out in a plateau (Fig. 4.36) and was
seen to correspond to the ioo image on the phosphor screen becoming
smaller, as well as somewhat reducing in intensity. This in all probability is
due to a supply limitation which would lead to an inability to draw currents
more than a few pA from these sharp needle LMIS. Again, using emitter

radii between 300 and 500 nm seemed to somewhat solve this problem.

IFigure 4.37 shows an SEM profile of an electrochemically etched
tungsten needle, with an apex radius of 50nm. Figure 4.38 shows a plot of
lon emission current versus applied voltage for the needle ol Fig. 4.37 after
wetting with indium. In an earlier experiment molybdenum was used as the
substrate and it was seen then, that indium wet molybdenum much better
than tungsten, except that over a period of time the indium tended to alloy
with the substrate leading to progressively higher meiting temperatures to

turn on the ion source. This did not happen when tungsten was used as the
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substrate. The threshold voltage, as in the case for the Ga LMIS is 3.0 kV

with a threshold current of 30 nA.

4. Discussion and Summary

For LMIS with needle radii of 2 to 5 wm the emission current turns on
abruptly at a threshold value of about 0.5 to 1.0 pA. At emitter voltages
below that corresponding to the threshold current, the Taylor cone collapses
and current either ceases or pulses, the frequency of which increases as the
voltage is increased towards the threshold value. At threshold the current
merges into d.c. The fact that one is able to obtain lower threshold currents
with smaller emitter radii may be due to the fact that the equilibrium radii
of the Taylor cone is also smaller. Kingham and Swanson’ showed that the
electric field required to stabilize the Taylor cone shape for a dynamic model

of the LMIS is given by

4 I/’Z
—l—I-pva] (4.28)
pe

where p = pr ¢ is the radius of the Taylor cone. py is the liquid density, vy is
the surface tension, and v is the fluid velocity. The condition for onset of
Taylor cone formation for the case of a needle substrate covered with a liquid

layer, is given by Eq. (4.3), which is reproduced below.

1/2
F— [ﬂ] (4.3)
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where for this case, p = p, is the radius of the underlying needle substrate.

Eqs. (4.3) and (4.28) then, differ only in the term p4qv® which in the
analysis by Kingham and Swanson’ takes into consideration the emission of
ions during the operation of a LMIS i.e, the dynamic case. We will consider

only the static case and ignore the term pyv? in our calculations.

It has also been well established ( Kingham and Swanson® ) that field
evaporation is the primary mechanism ol ion formation which, for Ga,
implies that a field strength at the Taylor cone apex of ~2 V/IX\ [t can be
seen from Table 2 in Section 3.1A (earlier) that if an emitter radius of 200
nm and cone half-angle of 9° are used, the turn on voltage must be ~3000 V.
In order to achieve a fGeld of ~2 V/.& at 3000 V the radius must therefore be
~6 nm — perhaps even smaller since the Taylor cone half-angle is larger
than 9°. In contrast, if the emitter radivs is 1 wm, the turn-on voltage must
be ~4800 volts. At this voltage a somewhat larger Taylor cone emitter radius
of ~12 nm will suffice to provide the required field evaporation electric field
of ~2 V//&. The larger emitting area associated with the latter emitter will

obviously lead to a larger threshold current.

As noted by Bell and Swanson!’ for a cone half-angle a = 49°, there is
a remarkably small dependance of the threshold voltage for cone formation
on the emitter radius. A greater dependance of the threshold voltage on the
eritter radius was noticed for LMIS of narrower cone angles. This can be
shown by plotting Eq. {4.3) for cone half-angles of 5°, 9°, 20°, 30° and 49°
and has been done in Fig. 4.39. We see then, from Fig. 4.39 that the

difference between the threshold voltage for Taylor cone formation {for a
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needle substrate of radii 1.0 wm) and the voltage for stabilization of the Tay-
lor cone (assuming a Taylor cone radius of ~10 nm) gets smaller as we go
from cone half-angles of 5° to 30° and upto 49°. This then shows that if it
were possible to fabricate emitters with small radii (= 1.0 pm) and cone
half-angle approaching 49° these emitters would in all likelihood provide
more stable operation as a LMIS than the currently used emitters with much

narrower cone half-angles of 5 to 10°.
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D. APPLICATION OF THE LOW CURRENT LMIS TO THE
FOCUSED ION BEAM TECHNOLOGY

1. introduction

Focused jon beam machines use one or more "lenses" to focus ions gen-
erated from the liquid metal jon source In an operation analogous to a series
of optical lenses which focus a source of light in one plane onto another
plane?% 23 Hence one speaks of ion optics or ion lenses in a focused jon

beam column.

The lenses used to deflect electrons in electron microscopes and electron
beam lithography machines often employ magnetic fields. To do the same
operation for ions would require higher magnetic fields (the ions being more
massive and travelling more slowly) and consequently would be more difficult
to generate. Ion lenses are therefore usually electrostatic and consist of two
(or more) very precisely machined washer-shaped electrodes at some high
potentials as shown ip the schematic of an ion column in Fig. 4.40. The
optics for the ion focusing column is schematically depicted in Fig. 4.41. The
beam passes through the center of these concentric electrodes and is deflected
and accelerated by the electric fields. Since the structure and felds are
cylindrically symmetric about the axis of the beam. and since the dellection
of the beam by the electric field is proportiona) to the distance from the axis,

the lenslike operation results.

One of the properties which limits the operation of a simple optical lens

is chromatic aberration, i.e., the lens has a different focal length for different
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Figure 4.41 : Schematic diagram for the optics in an ion focusing column.
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wavelengths of light. Similarly an electrostatic lens has a focal length which
depends on the energy of the ions. The most serious practical limitation to
the performance of most present focused ion beam columns is this chromatic
aberration. The chromatic aberration would cause an otherwise zero diameter
beam to have a diameter d_ given by

c

where M is the magnification of the lens system, C, is the chromatic aberra-
tion coefficient, &y is the object side aperture half-angle, AV is the energy
spread, and V; the emitter extraction voltage. (This expression refers to the
sample or object side of a lens. A similar expression can be written for the
image side.) The beam energy spread for the ions appears to be a fundamen-
tal property of the liquid metal ion source. The origin of this spread is due
to the statistical nature of the ion emission and the mutual electrostatic

repulsion between the ions?4,

Another effect which results in a change in the beam diameter is spheri-
cal aberration. Spherical aberration arises from the nonideal radial depen-
dance of the focusing fields of a lens, i.e., the focal length of a lens for a par-
ticular ion depends on how far the ion trajectory is off axis. The contribution

to the beam diameter from spherical aberration is given by

d, = éMCS(aOP (4.30)
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where C, is the spherical aberration coeflicient.

Equations (4.29) and (4.30) hold for individual lenses or for combina-
tions of lenses, provided that the coefficients are correctly added?®. The
values of the aberration coefficients C, and C, may be obtained by a com-

puter caleulation of the fields and ion trajectories in a lens system?8-28,

The other important effect which contributes to the finite beam diame-
ter is the virtual source diameter or the Gaussian source size d, which for a
LMIS is ~500 A29. Then as discussed by Swanson?9, when the performance
of LMIS in FIB is limited by aberration effects, the total diameter of the

beam spot at the image side of the column d; is given by
(d)* = [(d)* + (do)* + d,)° (4.31)

where d. and d,, depend on the beam acceptance half-angle a, and can be
reduced at the expense of beam current, by reducing the beam defining aper-

ture.

If the spherical aberration term is neglected in Eq. (4.30) i.e.,
(dy)? < (dy)? + (d.)* (4.32)

then Eq. (4.31) reduces to

(@ = [ +(a] (439
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which, using Eq. (4.29) can be written as

(@) = M| ()" + (CC)Q(AV:;(%)Z (134)
Rewriting Eq. (4.34) we get
(o)f = (i_}f (A C:;”V 2 (4.35)
The total current at the target is given by
= (e’
and using Eq. (4.35), we obtain
[ = %ﬁ (;1/;): —(d)? cjzv 2 (4.36)

al . . . .
where —— is the angular intensity of the source. The current density at the

target will then be given by

which becomes
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(dy)’
M2

Vo

C.AV

4 dl -
m(dy)® 40

Ji= - (dv)2

Hence the relationship between the focused beam current density J; and

beam size d; is given by

2

|| |
J = |—— 2V,y/[C.AV I’ 4.38
1 M2 (dl)‘Z 0/| ] ( )
where I’ = i
4}
If
L (d)?
—_— >
M7 (dy)
then we get
J; = 4Cf (4.39)

where the column properties are contained in the first part of the above

expression 1.e.,

while the source properties are represented by the last part as
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This latter expression may be regarded as a source figure of merit. The value
of f generally decreases as the emission current increases, almost without
exception, because the increase in angular intensity is more than offset by an
accompanying increase in the AV? term in the denominator of f. Hence to

maximize focused beam performance according to Eq. {4.38) one must max-

’

imize V)2 . We thus see the importance of energy spread in determining
the properties of chromatically limited FIB systems. A curious conclusion we
are left with is that to increase the current density at a fixed beam diameter

one must operate the source at the lowest possible current.

Conventional wetted needle type LMIS exhibit an abrupt cut-off of the
angular intensity at about 10 to 20 pwA/sr which occurs at the threshold
current of about 0.5 wA. Above this value the angular intensity increases
linearly with emission current30. This feature of the angular intensity
behavior coupled with the inverse square dependence of { on energy spread,
as discussed above, results in f having 2 maximum value at the lowest emis-
sion currents attainable with conventional LMIS3l. An LMIS capable of
operation at emission currents that are less than the low current threshold
values of the conventional LMIS could provide a larger value of {. Hitherto

the lowest LMIS threshold currents reported were approximately 0.1 pLA32.

It has been seen that the spread in the energy ol the ions varies with

increasing (total) ion current. Swanson et al.33, showed that the energy
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spread (full width at half maximum, AV) for a gallium beam ranged from
about 5 eV at 1 pA emission current to about 30 eV at 25 pA ( Fig. 4.42,
reproduced from Swanson et al?3. ). These values further varied with the
temperature of the source as seen in Fig. 4.43, (reproduced from Swanson et
ald3. ). The peak position of the energy distribution also is seen to vary with
emission current and temperature, being at an energy deficit of around 4 eV
at 2 WA, this deficit reducing with increasing ion current, Fig. 4.42. Varying
the temperature of the source, tended to reduce the peak height of the
energy distribution and move the peak position to smaller energy deficits,
Fig. 4.43.

If field evaporation is the dominant emission mechanism, the minimum
energy spread of the Jiquid metal ion source is expected to be about 1 eV or
less. For gas-phase field ionisation over regions of space with strong enough
fields, energy spreads of about 1 to 2 eV would be expected. The energy
spreads though, observed for gallium sources at the onset of emission are
around 5 eV ( see Fig. 4.44, reproduced from Mair et al?2. ). The increase in
the energy spread has been attributed by Mair et al.34, to Coulomb interac-
tions between ions in the high current density region near the emitter tip.
The variation of the full width half maximum, AV, with emission current, I,

for collision dominated Coulomb interactions is predicted to have the form
AV = [1/? (4.40)

Knauer?* in an analysis of the energy spread in beams produced by field

emission point sources, attributed the energy exchange mechanism to be that
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of steady Coulomb repulsion between neighbouring particles unlike the colli-
sion dominated models wherein the energy exchange mechanism is that due
to the conversion of transverse kinetic energy to axial kinetic energy through

collisions. Knauer obtained a formalism for the energy spread, given 2as

AV o /3 (4.41)
Swanson et al.33, had in their paper observed the relation

AV = 107 (4.42)

The energy spreads for Ga - the most studied LMIS - have tended to decline
only to 4.5 eV as the emission current decreases. This value is triple the
value found by Culbertson et al.3! in a studyv of the energy spreads at very
low emission current where the emission mode was field evaporation of Ga
from the solid substrate at 78° K. It is naturally of interest to search for an
emission current of a LMIS operating in the Taylor cone mode at which the
energy spread value would converge to that of the Culbertson value. In the
Culbertson experiment Ga ions were formed by field evaporation from layers
of Ga adsorbed on a2 W emitter while for a conventional LMIS they are
formed in the high field region at the end of a field supported Taylor cone. In
both cases field evaporation is Lhought to be the mechanism of ion forma-
7,31

tion , so that a convergence of energy spread values is thought likely at

sufficiently low currents.
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2.  Experimental

The tungsten needles (Figs. 4.45, 4.48) used for this study had apex radii
between 25 and 300 nm. They were electrochemically etched using a d.c.
voltage between 10 to 15 volts and were roughened somewhat before use by
etching in 2 M NaOH solution for a few seconds at ~1 V a.c. The needle was

wetted with Ga in a wetting chamber, in the usual way.

A retarding potential analyzer (Fig. 4.47) was used for ion angular
intensity, I{V) and energy spread measurements. The extractor electrode con-
tained a2 2 mm diameter aperture located 1 mm from the emitter. The base

pressure for all measurements was 2x 10~% torr.

3.  Results

A plot of the Full Width At Half Maximum (FWHM) of the energy dis-
tribution is shown in Fig. 4.48 for two emitter apex radii together with data
obtained with a larger radius emitter. As with the energy spread data of
Mair. et al.32, the data has been plotted on a logarithmic scale so that the
current in Fig. 4.48 spans a four order of magnitude range. As can be seen,
the leveling off in the energy spreads, which were already apparent in the
data obtained from the larger radii LMIS, was affirmed by the new measure-
ments at the lower current. The average of 17 measurements was 4.5*0.33
eV. This was a surprising result considering the fact that the lowest currents
investigated in this work were comparable with those studied by Culbertson,

et al.3! who obtained energy spreads as low as 1.5 eV.
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Figure 4.45 : SEM photos of an electrochemically etched needle with a d.c.

etch technique: (a} low magnification showing part of shank

and {b} high magnification of the apex region. Apex radius of

the emitter is 25 nm.
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Figure 4.46 : SEM photos of an electrochemically etched needle with an a.c.

etch technique: (a) low magnification showing part of shank

and (b} high magnification of the apex region. Apex radius of

the emitter is 160 nm.
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Angular intensities for emission currents in the range 1 nA to 10 pA are
plotted in Fig. 4.49 for the various emitter radii used in this study. In previ-
ous studies30 it was shown that for emitters of varying geometry the value of
[' for a constant [ varied linearly with the extraction voltage. Here the values
of I’ have been normalized to an extraction voltage of 5 kV. For the small
emitter radii LMIS a maximum in the axial current was noted as a second
Taylor cone formed (see Fig. 4.50). The formation of the second cone would
be expected to alter the fields at the site of the first Taylor cone and hence
the emission current. It could also change the supply of liquid to the first

cone and consequently affect the emission.

A plot of the figure of merit versus I as described by Eq. (4.38) is shown
in Fig. 4.51. As stated earlier, the combination of a fixed energy spread cou-
pled with a declining angular intensity results in the figure of merit reaching

a maximum value at the total emission current of 1 pwA.

4. Discussion

The leveling off of the energy spread at 4.5 eV as emission currents fall
below 1 pA, seems, at first glance, to rule out ion-ion interactions as the
source of the energy spread in excess of the 1.5 eV values found for field eva-
poration of Ga from tungsten needles at 78° K31, Since ion-ion interactions
should diminish as the lon current declines, it seems likely that some other
mechanism should be invoked to explain the 3 eV difference. On the other
hand, theoretical formulations of the energy broadening AV, due to stochas-

tic charged particle interactions are generally of the form?4
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AV, = (4.43)

where, in this case r is the radius of the Taylor cone apex. [t has been shown
theoretically’ that r decreases with I for the Taylor cone mode] with dynamic
terms included. Thus, one can envison the possibility of AV, becoming

independent of [ if r = I*™ for I <~ 1 pA.

As to whether it is possible to attain FWHM values of the energy spread
below 4.5 eV for Ga LMIS it is interesting to examine the results of Mayer
and Gaukler3® who reported energy spreads declining to 2.3 eV at 0.3 pwA
emission current. The low energy spread results were attributed to changes
in the flow impedance associated with smaller radii emitters. Although flow
impedance variations may account for the low threshold currents observed,
we cannot reproduce the low energy spreads (and higher figure of merits

reported by Mayer and Gaukler).

An important practical consequence of this work is to underscore the
usefulness of operating the Ga LMIS at ~1 pA since, according to Fig. 4.5}
this current leve! gives the maximum value of the figure of merit. For exam-
ple, a current of 3 @A results in a figsure of merit 439 lower than the value
at 1 wA. Equally important is the fact that source life with respect to Ga

utilization will increase by a factor of 3.

5.  Summary

It is possible to operate the Ga LMIS in the Taylor cone mode at
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currents down to a few nA using small radii emitters (< 0.5 um). However,
off-axis emission and multiple Taylor cone emission is more prevalent. The
sought after lower value of energy spread at these lower currents is not real-
ized but, instead, bottoms out at 4.5 eV as the current is decreased below 1

A

The figure of merit, , maximizes at or near | pA total current.

V?
This leads to a motivation to choose an emitter radius and shape so as to

give stable operation at ~1 pA. In this way emitter life and focused ion

beam current density is maximized.
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CHAPTER 5

A PROXIMITY FOCUSED LMIS SYSTEM

The principle of LMIS operation is based on a needle substrate whereon
a liquid metal (commonly gallium) flows. Without any electric field the liquid
has a meniscus shape; however, when a high voltage is applied between the
emitter and the extractor plate (typically several kV), the electric field and
the surface tension forces compete and, for a critical voltage value, form a
conical equilibrium shape, the well-known "Taylor cone", with a 49.3° half
angle. Furthermore, a small protusion also occurs on the apex of the cone
whose size depends on the emission current, being about 20 A in radius and
about 300 A in length for an emission current of 10 pAl2. As in field elec-

tron emission the beam is very divergent (20° half angle for 1-2 pA).

One of the main objectives of this research project has been the investi-
gation of the LMIS in a STM set-up at spacings from 100 pm down to a few
hundred angstroms or less. Electron sources have been used in the scanning
tunneling microscope for imaging the surface3 and for modifying the surface
through electron beam lithograplly4’5. The argument for investigating LMIS
in 2 STM has been to use these ion sources for micromachining and microfa-
brication in what is essentially a proximity focused mode as has been dis-
cussed earlier in Chapters 1 and 4. It could also be feasible to use these
sources in the STM embodiment for deposition at voltages below the sputter-

ing threshold. The LMIS could 2lso be operated in the reverse polarity as an
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electron emitter (see Chapter 4.A and 4.B) for mapping the surface topogra-~

phy in an application similar to scanning tunneling microscopy.

Some of the potential problems and issues that arose during the proxim-
ity focusing have been discussed in Chapter 4. The emission instabilities of
the LMIS that arose due to the back sputtered neutrals condensing on the
source is discussed in the next section as also the close spaced investigations

that were carried out with the LMIS.
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A. CLOSE-SPACED INVESTIGATIONS WITH A CONVENTIONAL
LIQUID METAL ION SOURCE

1. Threshold Voltage Considerations

Before discussing the close spaced investigations in the LMIS-STM it
may be worthwhile to develop the Taylor theory and its extension to very
small spacings between the LMIS and the target, especially the variation in
threshold voltage of the LMIS with diode spacing as predicted by the theory.

Taylor®, showed that there is a unique geometry for which the electros-
tatic stress and surface tension stress balance one another over the entire sur-
face of the liquid. This shape is that of a cone of half angle 49.3°. Solutions

of Laplace’s equation for conical conductors take the form’:

V=V,+ TP,(Cos)(A,r"+B,r ") (5.1)
1=0

where the indices v; are in general non-integral. To ensure the correct
behavior as r approaches zero, B,=0. For the special case when a coun-

terelectrode of shape generated by:

I = Ry/[P,(Cos8)]"/*" (5.2)

‘o
is selected, V is reduced to a single term in r:

V=V, + A, 1P, (Cosh), (5.3)
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where V is chosen so that P, (Cost) = 0 on the cone surface when § = @,
where (8 is the cone exterior half angle, A, is a constant which depends on
the geometry of the electrodes, V, is the potential of the cone, Ry is the axial
distance from the cone apex to the counterelectrode, and r is the axial posi-

tion of the emitter apex as seen in Fig. 4.4. On the counterelectrode, V =

Vg so that
An,,:(VCE_VO)/ROUO- (5.4)
The electric field Ey, perpendicular to the cone surface may be found from
Eg = (0V/30), r ' = A, ™ 'P’, (Cosb) (5.5)

If we seek a balance between the electrostatic stress o, and the surface ten-

sion stress o, on the surface of a liquid cone of half angle o we have:
O‘e:()‘s (56)

where o, =E%/8% and o,=(yCota)/r, so that

2 »
(1/8w)A%, (r“"_l] [P, (CosB))? = (yCota)/r (5.

(W]
~1
—

As shown by TaylorS, if Vo is taken to equal 1/2, a value of A,, may be
chosen so that o, = o for all values of t i.e. at all points on the surface of

the cone. Substituting vy=0.5 in P, (CosB) = 0, we obtain 3 = 180-«
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130.7° correspording to an internal cone half angle of @ = 49.3% in this case
P'y;(CosB) = 0.974 and the counterelectrode shape is derived from
r=R, {Py5(Cosb)]™2 By noting that at the counterelectrode axial position
r = R, and obtaining Ay from Eq. (5.7) then, following Taylor, one may
derive an expression for the counterelectrode/cone potential difference

Veg—V, required to stabilize the cone, i.e.,
Veg — Vo = AV, = 1.432x10*Ryy)*? [V], (5.8)

where Ry i1s in cm and vy is in dyne/cm.

To determine the variation in the threshold voltage V, with the diode spac-

ing Ry we write:

AV, = kx(R4)** (5.9)
0.5
(AV,), | (Ro)y (5.10)
(AVgs | (Ro)s |
Considering (from experiments) AV, = V, = 9.0 kV for a

counterelectrode/cone separation R; of 0.05 c¢cm, we can arrive at various
values of AV, = V, for various separations. Some selected values are pro-

vided on the next page.



Table 5. Threshold voltages V, for various diode spacings

for a liquid metal ion source. (y = 720 dynes/cm)

Diode Diode Vi
Spacing | Spacing

(cm} (volts)
1.0e-08 | 1.00 A 4.0
1.0e-07 | 10.00 & 12.72
1.0e-06 0.01 um 40.25
3.0e-06 0.03 pm 69.71
5.0e-06 0.05 pm 90.00
1.0e-05 0.10 pm | 127.28
5.0e-05 0.50 pm | 284.60
1.0e-04 1.00 pm | 402.49
2.0e-04 2.00 pm | 569.21
3.0e-04 3.00 pm | 697.14
5.0e-04 5.00 m | 900.00
1.0e-03 10.00 pm | 1272.79
2.0e-03 | 20.00 pm | 1800.00
3.0e-03 30.00 pm | 2204.54
4.0e-03 | 40.00 pm | 2545.58
5.0e-03 | 50.00 pm | 2846.05
6.0e-03 60.00 pm | 3117.69
7.0e-03 | 70.00 pm | 3367.49
8.0e-03 | 80.00 pum | 3600.00
9.0e-03 | 90.00 pm | 3818.38
1.0e-02 | 100.00 pm | 4024.92

174
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A plot of the threshold voltage versus (diode sxpacing)l/2 derived from
the Taylor theory and shown in the table on the previous page, is given in

Fig. 5.1.

2. Experimental

For the close spaced LMIS investigations, two approaches were tried for
fabricating the emitter; the first one being the "a.c. method of electrolytic
shaping of emitters" and the second one by "grinding the emitters" to a
sharp point. The emitters fabricated by grinding a tungsten wire blank to a
sharp end point of radius between 2-4 pum performed much better with
regard to stability of the LMI source, i.e. the current emitted at constant vol-
tage remains virtually unchanged over long periods of time. The onset of
LMIS operation, too seems to occur generally at lower currents ~0.5 wA for
"ground" emitters as compared to "electrochemically etched" emitters. Both
types of emitters were roughened in 2N NaOH for ~1 - 2 secs after fabrica-
tion. This was done to facjlitate smooth flow of the liquid to the apex of the
emitter. Figures 5.2 and 5.3 show typical SEM micrographs of electrochemi-
cally etched and ground emitters. Also attached, Fig 5.4, is a typical -V
characteristic for a gallium LMIS, the source most used in our close-spaced

investigations.

After wetting with Ga in the wetting chamber, the emitter is turned on
by applying the appropriate extraction voltage and the emission current is
noted. The emission pattern is also observed for centering and if not, it is

centered by gently heating and/or applying an overvoltage while in the
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(a) 100sm (0) 1O,unf!1

Figure 5.2 : Electrochemically etched W LMIS needle shape: {a) 100X
magnification; (b} 1000X magnification; the emitter has been

electrochemically roughened.
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process of emission.

The LMI source is then transferred to the source holder in the STM set-
up described earlier. The initial experiments were concerned with determin-
ing the close spaced emission characteristics for a gallium LMIS and a n+
GaAs substrate doped with silicon. A GaAs substrate was used initially, in
the hope that back sputtered material returning to the gallium source during
close spaced operation would not result in instabijlity of the LMIS as prob-
ably would, with some other target material. It was later seen that close
spaced ion emission worked as well with other targets like silicon, chrome on
Glass, and some II-VI compounds like MnTe, MnCdTe etc. Instability of the
LMIS did occur at separations of 2 - 3 mil, but the source operated more and
more stably as the separation between the LMIS and the target decreased

below 2 mil.

The larger separations, d, of the LMIS from the substrate were deter-
mined as has been discussed earlier in Chapter 4.B. A resistor of value 50
M(} was provided in the circuit to prevent damage to the power supply when
the LMIS made physical contact with the substrate when operating at close
spacings. The smallest distances measured were uncertain by an amount
equal to the length of the Taylor cone protusion which is believed to extend
by about 1 pm. Hence actual needle - substrate separations were less than

those recorded by about the size of the Taylor cone.
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3. Results

The dependence of the threshold voltage V, for LMIS operation as a
function of d were initially plotted on logarithmic scales (Fig. 5.5) for the a.c.
etched emitter of Fig. 5.2 and for the mechanically ground emitter of Fig. 5.3
since both the threshold voltages and the diode separations spanned a three
order of magnitude range. The closest spacings that were obtained for the
two plots were 6.7 pm and 1.7 wm respectively. Figure 5.6 shows the above
graphs replotted on a linear—linear scale in order to better show the behavior
at threshold. Included in Fig. 5.6 is another run (#3), from ~[2um down to
eventual touching of the substrate by the LMIS. The dependence of V, on
d, was also determined for silicon and the plots are shown in Fig. 5.7. Figure
5.8 shows SEM photographs of the region on the silicon substrate where V,
versus d'/? data were obtained. The Auger plot in Fig. 5.9a confirms the
presence of gallium in the trench, which presumably arose due to sputtering
while obtaining the close spaced emission data. [t is interesting to note the
sizable drop of liquid near the trench which probably pulled off from the
LMIS when the source was operating at close spacings. The Auger energy
plot in Fig. 5.9b taken around the trench registers the presence of gallium in
the drop of liquid. Also shown in Fig. 5.10 is a plot of V, vs d on loga-
rithmic scales, reproduced from G. B. Assayag et al.8, for a Au LMIS and a
silicon target using a mechanical method of obtaining coarse LMIS—substrate

motion.

In the process of determining the dependence of the threshold voltage on
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Figure 5.8 : SEM photographs of the region on the silicon substrate where
the data for Fig. 5.7. were obtained. Note the sizable drop of

liquid near the trench.
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the diode spacing, it was noticed that emission instability occurred in the
liquid metal ior source during the proximity focusing experiments. These
emission instabilities were found to be most prominent at LMIS—substrate
separations of ~2 to 3 mil. The reason is believed to be due to the fact that
at 2 to 3 mil separations the voltage to operate the LMIS is large enough (2
to 3 kV) that the back sputtered "neutrals" would have enough initial
kinetic energy to return to the source and condense on it thereby causing ins-
tability. Figure 5.11 shows SEM micrographs of a gallium LMIS before and
after use in the STM set-up. There seems to be some sputter induced deposi-
tion in the tip region as seen in the SEM photographs. Figure 5.12. is an
SEM photograph of the tip in Fig. 5.11 after etching away the gallium using
concentrated HCl. The damage, presumably caused by sputter induced depo-

sition are very evident on the surface of the tip.

4. Discussion and Summary

As discussed by Bell and Swanson?, the threshold voltage for LMIS
emission from the Taylor theory is expected to be proportional to the square
root of the separation, d, in the case where the collector or extractor elec-

trode shape is generated according to Eq. (5.2).

The square root relationship holds quite well (for d= 100 pm) for all the
runs 1,2 and 3 as wel} as for the data of Assayag® as shown in Fig. 5.7. At
higher values of d (i.e for d = 100 pm) the square root relationship was not
followed so well for runs 1,2 and 3. The sharp drop in voltage occurring

below the knee in the plots shown in the Figs. 5.6 and 5.7 could be due to
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Figure 5.11 : SEM micrographs of LMIS after use in close-spaced
investigations in the STM showing possible sputter induced
depogition: (a) 1000X magnification; (b) 10000X magnification

of region near emitter apex.
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Figure 5.12 : SEM micrograph of the LMIS in Fig. 5.11 after removing the

gallium with concentrated HCl.
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the distortion of the liquid cone and pulling off of a drop of liquid so that the
subsequent values of "d" are reduced by the presence of a liquid pool in front
of the LMIS. Such liquid drops being pulled off from the LMIS have been
visually noted through the binocular microscope as the LMIS approached to

< 10 pm of the substrate.

The possibility of contact between the LMIS and the substrate as
accounting for the knee in the plots in Figs. 5.6 and 5.7 may be ruled out
because of the high resistance between the substrate and the LMIS (
~10% (1). Any plausible geometry for a liquid bridge between substrate and
LMIS would be of the order of 10? Q. Contact did occur, at values of d less

than 1 pm and is shown in the figures as a final step decline to zero.

At close-in spacings special effects come into play: the fact that the Tay-
lor cone is probably of the order of 1 to 4 wm in length, so that the coarse
movement bringing the LMIS with its underlying needle to within a few pm
of the substrate followed by development of the Taylor cone as the voltage is
applied is obviously fraught with the possibility of the Taylor cone spearing
into the substrate as the LMIS is turned on. Another series of effects arises
from the fact that the current density of the LMIS emission current rapidly
reaches levels at which significant changes to the substrate geometry occur
either as a result of sputter erosion of the substrate by ion bombardment or
due to build up of deposits of galtium that conceivably could occur if ion
bombardment occurs at energies where sputtering effects are diminished. This

has been discussed in Chapter 4.C.



193

Because of the high current densities prevailing at close LMIS — sub-
strate spacings and the resulting uncertainties in those spacings, it was
deemed appropriate to investigate close spaced ion emission from the low
current LMIS developed earlier (Chapter 4.C). This is discussed in the next

gection.
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B. CLOSE-SPACED INVESTIGATIONS WITH A LOW CURRENT
LIQUID METAL ION SOURCE

1. Introduction

The concern of operating the conventional LMIS with apex radii
between 2 to 4 pm has been the significant increase in current density levels
that occur as the diode spacing decreases resulting in either sputter erosion of
the substrate by ion bombardment or net deposition of gallium (the principal
liquid metal used for this study) at lon energies below the sputtering thres-

hold at extremely rapid rates.

The new low current (and low voltage) Ga LMIS 10 that has been
developed (See Chapter 4.C), operates at currents as low as ! nA, instead of
the usual low current threshold values of 1 A for the larger, more conven-
tional LMIS. The operation of these low current LMIS can be attributed to
the normal Taylor cone mode of operation, by the fact that the emission was
observed as a featureless bright spot on the phosphor screen of a channel
plate image intensifier in a field ion microscope set-up. In addition, below a
very low threshold voltage (typically, between 1 to 2 kV) the emission
current was characterized by pulses, the [requency of which increased with
emission current, finally merging into d.c. at the threshold voltage. This is

typical of LMIS behavior.
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2. Experimental

The low current LMIS used for this investigation was electrochemically
etched from 2 3 mil tungsten rod (spotwelded to a tantalum loop) down to a
very sharp point using the d.c. drop-off process. The apex radii obtained was
between 0.05 to 0.1 wm. The SEM photographs of a typical emitter used in

the close spaced investigations are shown in Fig. 4.5.

After etching the tip in the d.c. drop-off process, it was wetted with gal-
lium in a wetting chamber. The LMIS was then placed in the scanning tun-
neling microscope embodiment. The large separations, d, of the LMIS from
the substrate were determined by use of a 30X binocular microscope with a
calibrated reticule in the field of view. This was adequate down to separa-
tions of ~12 wm. Smaller distances, down to separations of 2 to 3 um were
estimated by counting the number of electromagnetic pulses delivered to the

11" The separations below this were generated by

calibrated magnetic drive
using the piezodrive units for which the voltage/distance relationship was

known ( ~ 7 nm/V).

3. Results

Figure 5.13 shows a summary of the experiments using a low current Ga
LMIS and a silicon substrate where the threshold volltage V has been plotted
against the diode separation d in four separate runs. The X axis represents
the distance from the substrate, measured from the point at which the Tay-

lor cone came into contact with the substrate. Figure 5.14 shows a
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current/voltage plot using the low current Ga LMIS at an estimated
tip/substrate spacing of 1500 pm. Figure 5.15 show current/voltage plots at

various close spacings using the low current LMIS and a Si substrate.

4. Discussion and Summary

The model for LMIS operation according to the Taylor theory,
developed earlier®, is that the threshold voltage is proportional to the emitter

— target spacing, or
V=kd'/? (5.11)
where
k = 1.432x10°xy"/? volts/cm!/?
and v is the surface tension of gallium (720 dynes/cm)
Kiheory = 3.84 V'OltS/z&l/Q
The slopes of the V versus d'/% curves in Fig. 5.13. were found to be:

k —d(XL'v&ltO.ﬁi volts/z&l/2

experiment — d(dlﬂ)

Considering the fact that the LMIS is operating at spacings of the order

of the Taylor cone protusion as well as the high current densities expected at
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such spacings, the above values of k seem to be in relatively good agreement

with one another.

The much closer approach to the substrate attained in Figs. 5.14 and
5.15, is probably due to the use of the low current LMIS which, because of
its small radius, is capable of supporting a very small Taylor cone. This is
estimated to be of the order of 500 A long, as compared to the 2 to 4 um

long Taylor cones for the larger LMIS.

The fact that these low current LMIS operate at such close spacings and
enable us to obtain any consistent data at all, considering the prodigious
current densities expected at those spacings, would seem to mean that
significant sputtering is probably absent on account of these low voltages at
which these LMIS function. Significant deposition could also be ruled out
because the landing ions would have enough energy to diffuse away along the
plane of the substrate, from the region of impact. Further no evidence of
deposition has been noted on examining the regions of impact on the sub-
strate at the present voltages (~25 to 40 volts) at which the LMIS operate. It
is concievable that at closer spacings {(and consequently lower threshold vol-

tages) there would be net deposition {rom the LMIS.



202

C. MICROMACHINING WITH THE PROXIMITY FOCUSED LMIS

1. Introduction

Microelectronic circuit fabrication i1s based on the ability to selectively
remove (etch) material from and add (deposit) material to the surface of a
suitable substrate (e.g. semiconductor wafers). The methods used at the
present time to etch the desired surface structures on the substrate, range
from wet chemical etching, to plasma etching and sputtering. However the
drive for new devices and circuits such as gallium arsenide integrated circuits
demand patterning down to submicron dimensions with highly accurate
linewidth control. These materials though, are difficult to etch using chemical
methods. Ion beam etching (using a well collimated beam) offers several
advantages for such materials. They are (1) high etch resolution with no
mask undercut, (2) the ability to etch any material or multilayer combina-

tions, and (3) the ability to control the profiles of etched sidewalls!?,

It is quite possible to use either focused ion beams or broad-area ion
beams with masks to perform ijon beam etching. Jon beams have very little
proximity effect and can be used down to 0.1 pm resolution or even
better!3-15 Further, ion beams can etch any material (e.g. permalloy) or
combinations of materials {such as multilayer metallizations Ti, Pt, Au) that
might be difficult to etch using wet or plasma chemical techniques. Chemical
etch rates are often highly selective, whereas ion etch rates of most materials
differ by less than an order of magnitude!?. Hence, multilayer structures can

be etched in one continuous process. Second, ion etching does not suffer from
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excessive etch penetration beneath the masking layer, which leads to mask
undercut or tunnel formation where lines cross over sloped surfaces (anisotro-

pic etching).

The nature of ion etching though, has several unique problems. In the
case of focused ion beams where the exposure is serial (meaning the ion beam
is focused to a suitable small spot and scanned over the desired surface
areas), it appears that, because of speed limitations they will be used mainly
for direct (mask-less) implantation, and for repair of photo and x-ray
masks!®17 and the more recent use as an integrated circuit restructuring
tool!8 and the fabrication of optical surfaces on semiconductor lasers!9 20
rather than in lithography. Broad area ion beams for projection lithography,
analogous to projection lithography with light, which can cover Jarge areas at
a time and expose resists with high aspect ratios in a short time seem
extremely promising. Although the problem of fabrication of high resolution

masks for projection lithography is difficult, there have been significant gains

made and the results appear very good.

2. Interaction of lons with Surfaces

Before proceeding to discuss ion etching with the proximity focused
liquid metal ion source (LMIS) it may be worthwhile to mention in brief the
process of the interaction of an ion with the atoms of a target and the resul-
tant modification of the surface. A parameter that follows almost naturally
from the study of the interaction process is the sputtering yield of the ion on

the atoms of the target and will be discussed later,
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When an ion approaches the surface of a target (of the same or different

21

material), one or more of the following phenomena®' may occur ( Fig. 5.186,

reproduced from Chapman?! ),

* The ion may be reflected, probably being neutralized in the process. This
reflection is the basis of an analytical technique known as Ion Scattering
Spectroscopy, which enables us to characterize the surface layers of the
material and obtain information about the fundamental ion-surface interac-

tion.

* The impact of the ion may cause the target to eject an electron, usually

referred to as a secondary electron.

* The ion may be buried in the target. This is the phenomenon of ion
implantation, which is used extensively in integrated circuit technology for
selectively doping silicon wafers with precisely controlled amounts and depth

profiles of specific impurities.

* The ion impact may also be responsible for some structural rearrangements
in the target material. Rearrangements may vary from simple vacancies
(missing atoms) and interstitials (atoms out of position) to more gross lattice
defects such as changes of stoichiometry (i.e. relative proportions) in alloy or
compound targets, or to changes in electrical charge levels and distributions,
and are usually collectively referred to as radiation damage, a subject of

creat importance, especially in relation to nuclear energy.

* The ion impact may set up a series of collisions between atoms of the
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target, possibly leading to the ejection of one or more of these atoms. This

ejection process is known as sputtering.

3. The Mechanisms of Sputtering

In the energy range most relevant to sputter deposition, the interaction
between the impinging ion and the target atoms, and the subsequent interac-
tions amongst the latter, can be treated as a series of binary collisions?!.
The sputtering process is very often compared to the break in a game of
atomic billiards ( Fig. 5.17, reproduced from Chapman?! ) in which the cue
ball (the bombarding ion) strikes the neatly arranged pack (the atomic array
of the target), scattering balls (target atoms) in all directions, including some
back towards the player j.e. out of the target surface. In the real process the
interatomic potential function (the variation of interatomic repulsion or
attraction with separation distance) is rather different from the hard sphere
billiard ball case, but nevertheless the billiard ball model is not too unrealis-
tic.

When the ion strikes the target and initiates a series of collisions known
as a colliston cascade, the cascade could lead to sputter ejection of an atom
or could head off into the interior of the target dissipating the initial impact
energy into lattice vibrations. To consider in detail this target collision
phenomena would require the use of the interatomic potential function but
the interactions, for the energies considered, being of quite short range, con-
siderable information can be obtained by only considering interactions

between immediate neighbors. Then, a binary collision can be characterized
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by the energy transfer function:

E; 4mym,
! [mi+mt]

where m; and m, are the masses of the incident ion and the target atom
respectively. E; is the energy of the incident ion and E; is the energy
transferred from the incident ion to the target atom. The sputtering process

is the result of a series of such collisions.

A useful parameter encountered frequently is the sputtering yield S,
defined as the number of target atoms (or molecules) ejected per incident ion.
It js seen that the sputtering yield depends on the masses of the incident ion
and the target atom, and on the energy E of the incident ion. It must be
noted too that during the sputtering process the energy is transferred mostly
to the surface layers of the target, and therefore the yield is seen to be pro-
portional to the energy deposited in a thin layer near the surface and deter-
mined by the nuclear stopping power s(E). An expression by Sigmund?? for

s(E), involving the energy transfer function is:

S(B) = ———— — (5.13)
[mi+mt]

=

and has been used to predict the following form for the sputtering yield S:

g = 3o s(E) (5.14)

172
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Here U, is the surface binding energy of the material being sputtered, and o
is a monotonic increasing function of mg/m; which has values of 0.17 for

my/m; = 0.1, and increasing up to 1.4 for my/m; = 10.

Equation (5.14) for the sputtering yield predicts the yield increasing
linearly with E and seems to be satisfied in practise up to above 1 keV for
light projectiles and targets and where the energy densities under considera-
tion are relatively low. Above 1 keV, S becomes relatively constant as seen in

21 At higher energies S remains con-

Fig. 5.18a, reproduced from Chapman
stant since the higher input energies are being distributed through a larger
volume, so that the energy transmitted to the surface layers remains virtually

constant. At very high energies, S even decreases as ion implantation

becomes dominant { Fig. 5.18b, from Chapman?! ).

Hence the expression for the sputtering yield S {Eq. 5.13) is valid only
up to about 1 keV, and needs to be modified above 1 keV. The modified

expression?! yields:

Zizt m; SD(E)
Zi2/3’+Zc2/3 mi+m; Uy

S = 3.56a (5.15)

where s,(E) is the reduced stopping power and is a function of a reduced
energy based on the actual epergy, masses and atomic numbers Z; and Z, of

2l compares the theoretical

the atoms involved. Figure 5.19, from Chapman
result above with experimental data obtained for the case of argon on

copper.
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4. Experimental

In the case of focused jon beams as mentioned earlier, milling or
micromachining as it is often referred to, is an important application. A por-
tion of the ions emitted from the source (as determined from an aperture) are
focused using electrostatic lenses and scanned by means of a deflector (Fig.
4.39). A typical beam current density at the target is about 1 A/cm2 gince
only a very small fraction ( ~107*) of the available current from the source
is used in the focusing process. In the LMIS-STM, micromachining with the
ion beam can be achieved by the use of a close-spaced diode system compris-
ing the source and the target, such that the beam diameter at the target
could theoretically be the same order of magnitude as the Taylor cone apex
(~5 nm) as discussed earlier. Also as the entire current available from the
LMIS is used in the proximity focusing, this would allow exceedingly high
current densities to be achieved at the target. Combiring the LMIS with an
STM embodiment theo provides the possibility of carrying out nanometer
fabrication at speeds limited only by the mechanical deflection schemes avail-

able.

5. Results

In order to determine the emission characteristics and results for a close
spaced emitter-target geometry, some initial work® 23 was done using a gold
LMIS and a silicon {111) target placed close to the emitter (0.01 mm to 1

mm). The silicon target distance was changed with a micrometer.
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Figure 5.20 ( reproduced from Swanson et .28, and Assayag et al.8, )
shows holes in the Si target from the Au LMIS as a function of diode spac-
ing. It is very interesting to note the sharpness of the edge. The exposure
time was 10 secs and the emission current 1 - 2 pA. From these pictures one
may plot, as shown in Fig. 5.21 { reproduced from Swanson et al.23 and
Assayag et al.8, ) the sputtered hole diameter versus emitter-target distance;
the slope gives a constant emission angle of about 20°. The minimum operat-
ing distance, and hence the hole size was limited by the micrometer accuracy
(0.01 mm) position. From a dektak profile shown in Fig. 5.22, ( reproduced
from Swanson et al.23, and Assayag et al 8 ) the measured depth and diame-
ter of one of the holes was found to be 0.35 and 430 pwm respectively. The
current density was about 0.2 A/em? for the smallest diode spacing possible
(0.03 mm). From this data was calculated a sputtering yield for Si of 14
atoms/ion at 6.1 kV which is unusually large when compared with the lower
current density sputtering results {~1.5 for 5-10 keV Ar" ions on Si for a
current density of about 1 mA/em® or 2.6 for 30 keV Ga™ ions on Si at a

current density of 0.71 A/cm?)22, 24,25

For the next series of experiments, we constructed a STM set-up
(described in Chapter 3) with a magnetically driven micropositioner for gross
motion of the sample from ~1.0 cm down to about 1 - 2 um from the LMIS.
To bring the sample even closer piezoceramic drive units were used for which
the voltage/distance relationship was known (~7 nm/volt). Maxirnum
motion of about 8 to 10 pm was possible using these piezodrive units. The

emnission characteristics were determined this time for a close-spaced gallium



214

Figure 5.20 : Micrographs of holes made in a Si target with a close spaced Au
LMIS and different emijtter-target distances d. Exposure time

was 10 secs. (a) d = 30 pm, 1 = 1 pA; (b)d =50 um, I =1
LA,
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Figure 5.21 : Hole diameter versus emitter-target distance.
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Figure 5.22 : A DEKTAK profile of a hole of diameter 430 pm and depth
0.35 pm.
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LMIS with a gallium arsenide (GaAs) target. Figure 5.23 is an SEM photo of
2 hole made in GaAs using a Ga LMIS. The time of exposure was ~15 sec
with a total current of ~0.5 WA. The sharpness of the edge is seen quite
clearly in the photograph. Using a silicon target and a Ga LMIS, a hole of
diameter ~120 pum was machined in ~2 min with a total current of 0.5 pA.
The hole is shown in Figure 5.24a. The depth of the hole as seen in the dek-
tak profile in Figure 5.24b is about 17 wm. The sputtering yield calculated
for this, turns out to be about 17 atoms/ion. The sputtering yields calcu-
lated for the features made with the proximity focused LMIS were done
without making a correction for secondary electrons, which if taken into
account would increase the yield by atleast a factor of 2. Figures 5.25a and
5.25b are micrographs of holes in Si (with a Ga LMIS) of diameters 30 and
25 um respectively with depths of about 8 to 10 wm. The exposure times
were about 12 secs and 7 secs respectively with total currents of 1 - 2 pA.
The sputtering yields for these are 2.1 and 2.8 atoms/ion respectively. The

dektak profiles of the above holes are shown in Figs. 5.25¢ and 5.25d.

Holes were also made in Si with a low current Ga LMISIO, Figures
5.26a2 and 5.26b show holes of diameters 60 and 35 pm respectively. The
exposure times were about 1 min with total currents of about 2 nA and 20
nA respectively. The sputtering yields for these were 14 atoms/ion and 13
atoms/ion respectively. The dektak profiles of these holes are shown in Figs.

5.26¢ and 5.264.

Holes were also etched in silicon with micron and submicron dimensions.

Figure 5.27a shows a hole made in Si with a Ga LMIS, of diameter ~4 um



Figure 5.23 :

Hole made in GaAs target with a Ga LMIS of diameter
~30 pm and depth ~20 pwm at a current of 0.5 wA. The

exposure time was ~ 15 sec,
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Figure 5.24 : {a) Hole made in Si target with a Ga LMIS at a current of
0.5 pA. The exposure time was ~2 min (b) a DEKTAK profile

of (a). The diameter i3 ~100 wm and depth 17 pm.
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(a) 10pm (b) 10pm

Figure 5.25{a,b) : Holes made in Si target with a Ga LMIS with a current of
1-2 pA and (a) bhaving a diameter of 30 pm with an
exposure time of about 12 secs (b) having a diameter of 25

um with an exposure time of about 7 secs.
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Figure 5.25{(c,d} : (c¢) a DEKTAIC profile of Fig. 5.25(a) and {d) a DEKTAK

profile of Fig. 5.25(b).
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(a) | S0m : (b) 1w

Figure 5.26(a,b) : Holes made in Si target with a Ga LMIS (a) having a
diameter of 60 wm with an exposure time of about 1 min
at a current of 20 nA. (b) having a diameter of 35 pm with

an exposure time of about 1 min at a current of 2 nA.
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Figure 5.26{c,d) : {¢) a DEKTAK prolfile of Fig. 5.26(a) and {d) a DEKTAK
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profile of Fig. 5.26(b).
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Figure 5.27(a,b) : Holes made in Si target with a Ga LMIS at a current of
0.5 wA and exposure times of 1 to 4 secs with (a) diameter
~4 pm and depth ~2 pum (b) diameter ~1.5 pm and

depth ~1 pm.
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Figure 5.27(c,d) : Holes made in Si target with a Ga LMIS at a current of
0.5 wA and exposure times of 1 to 4 secs with (¢) diameter

~1.25 pm (d) diameter ~0.67 pm.
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Figure 5.27(e,{) : Holes made in Si target with a Ga LMIS at a current of
0.5 pA and exposure times of 1 to 4 secs with (e) diameter

~0.5 um (f) diameter ~0.5 pm.
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and depth about 2 pm. Figure 5.27b shows a hole of diameter ~2 pum and
~1 pm deep. Figure 5.27¢ is a hole of diameter about 1.25 pwm. Figure
5.27d is a hole of diameter about 0.67 um. Figures 5.27e and 5.27f are holes
of diameter ~0.5 wm. The ion emission current during the exposure was 0.5
pA and the exposure times were between 1 to 4 secs. Holes were also etched
in Si using a low current Ga LMIS. Figure 5.28a shows a hole of diameter
about 0.4 wm with a total current of 100 nA. Figure 5.28b shows a hole of

diameter 0.3 wm exposed with a total current of about 20 nA.

Holes were also etched in CdyggZ05 4Te using a Ga LMIS. Figures 5.29a
and 5.20b shows micrographs of two holes etched in CdggeZng4Te with
diameters of about 200 pm and 160 pm respectively. The dektak profiles of

the above holes are shown in Figs. 5.29¢ and 5.29d.

An attempt was also made to mill fine lines on GaAs and Si substrates.
Figure 5.30 is a SEM photo of what is believed to be the result of this effort.
Two lines are shown, corresponding to the two attempts made. The time for
each scan was about 20 secs. The large crater evident at the beginning of
each line corresponds to the deliberate initial impact of the LMIS with the
substrates prior to the scans. The linewidths and lengths of the lines are
~100 nm and 10 um respectively. Figures 5.31a and 5.31b shows line scans
on Si using a low current Ga LMIS. The linewidths are ~0.2 and 0.4 pm

respectively and the lines are about 5 to 6 wm long.

Table 6 gives the values of the sputtering yields in atoms/ion for the

various holes etched in Si with a Ga LMIS.



(a) 0-lum (b) Tpm

Figure 5.28 : Holes made in 5i target with a Ga LMIS and exposure times of
15 to 20 secs with (a) diameter ~0.4 pm and a current of 100

nA and (b} diameter ~0.3 um and a current of 20 nA.
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Figure 5.29(a,b) : Holes made in Cdp geZn, ,Te target with a Ga LMIS with

(a) diameter ~200 pwm at a current of 2 pwA for an
exposure time of 30 secs. {b) diameter ~160 pm at a

current of 4 pA for an exposure time of 30 secs.
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Figure 5.29(c,d) : (¢) a DEKTAK profile of Fig. 5.29(a) and (d) a DEKTAK

profile of Fig. 5.29(b).
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Figure 5.30 : Two parallel lines etched in GaAs with a close spaced Ga LMIS
having a linewidth of ~100 am and length ~10 pm (a} at

3600X magnification (b) at 10,000X magnification.
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(a) Tpm

(b) Tm

Figure 5.31 : Two lines etched in Si with a close spaced Ga LMIS having
(2} 2 linewidth of ~200 nm sand length ~5 pm and (b) 2

linewidth of ~400 nm and length ~5 pm.
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Table 6. Sputtering yield, S, in atoms/ion for the proximity focused LMIS.

(Ga™ on Si)
Incident Ton Current Time Volume Aspect S
energy current density removed ratio
(volts) | (nA) | (mAfem?) | (sec) | (nm®x10%) | (d/h)
4500 1.0 10.0 120 262.00 0.125 17.45
4471 1.5 10.0 60 157.00 0.025 13.97
4000 2.5 30.0 30 43.20 0.056 4.61
3000 5.6 120.0 20 43.20 0.111 3.08
3000 1.5 310.0 7 3.68 0.333 2.81
3000 1.5 220.0 12 4.59 0.200 2.04
2261 2.0 40.0 25 13.40 0.033 2.14
2750 0.020 0.7 69 2.26 0.0033 | 13.11
2372 0.028 0.3 60 1.13 0.0800 5.39
2000 0.007 0.6 60 0.13 0.0025 2.39
2000 0.007 1.0 40 0.07 0.0033 2.05
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The volumes removed were determined, modeling the holes as cylinders and
obtaining the diameter of the holes from the SEM photographs and the
depth of the holes from the DEKTAK profiles. The aspect ratio was given by
d/h, where @ was the depth of the sputtered hole and h was the hole diame-

ter.

Figure 5.32 gives a plot of the sputtering yield versus the ion incident
energies from the table above. Figure 5.33 gives 2 plot of the sputtering yield
versus the volumes removed in p.m3. The currents of 2.0 wA and 10 nA
recorded in Figs. 5.32 and 5.33 are the average of the currents from Table 6.
We see from Fig. 5.33 that the sputtering yield varies as the square root of

the volume removed, for the cases considered.

6. Discussion and Summary

This study has demonstrated the ability to operate LMIS (of gallium
and gold) at close spacings for a variety of substrates, like silicon, gallium

arsenide, and Cdgy¢4Zng 4Te. The proximity focusing does not seem to affect

the emission stability.

We have also demonstrated the ability to make holes and lines as small
as 0.1 to 0.3 pm with the proximity focused LMIS. The sputtering yields
calculated for the larger features are as high as 15, much larger than compar-
able current density results??2425 and as seen from Fig. 5.33, the yield is
proportional to the volume removed. We see from Table 6 that the high
sputtering yields could not arise due to high energy densities within collision

cascades as the energy densities in our experiments are vastly different for
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the conventional LMIS and the Jow current LMIS, yet the sputtering yields
are comparable. The sputtering yield is proportional to the volume removed
and could be due to the evolving profile of the sputtered hole. Initially as the
beam sputters the surface, the hole is gaussian in profile with the aspect ratio
being low. As the sputtering continues, the aspect ratio increases as the hole
gets deeper. More of the sputtering then occurs from the sloping side-walls
than from the bottom of the hole. The sputtering yield being highly angular

dependant, consequently increases as the volume removed increases.

The temperature rise that could be expected during micromachining
with the proximity focused LMIS can be calculated using the classical theory,
as given in Carslaw and Jaeger26.

The steady state temperature rise in a semi-infinite plate due to a depo-

nen

sited energy of "F" watts into a spot of radius "r" and thermal conductivity

"k" is:

&F
3mlkr

rise = (5.16)
For a substrate for which k ~1 watt/cm-K, F = 1 pwatt and r = 100 nm,
T ise ~0.03 K. This is based on 2 1 nA current at 1000 eV energy. Si has a
thermal conductivity of 1.5 watt/cm-K and GaAs has a value of 0.5
watt/cm-K so that at the 1 nA emission current level, the calculated tem-
perature rise of the substrate is seen to be negligible. At 1 LA emission
current, the calculated temperature rise is 30 K. At a spacing of 10 nm and 1

A emission current, the steady state temperature rise would be ~100 K.
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For the Jow current LMIS there would seem to be no significant thermal
effects and very little even for a high current source from the proximity

focusing.

Figure 5.34a shows an SEM photograph from operating a gallium LMIS
at close spacing with a Si target in the LMIS-STM. The source was operated
at 150 volts at ~5 nA for 90 seconds at one position after which the LMIS
was moved ~1.5 pm to the right and operated again at 150 volts at 10 nA
for 80 seconds. Rather than there being two neat holes separated by ~1.5
pLm, the surface appears to have been damaged by a catastrophic event such
an arc. Figure 5.34b shows the result of operating the gallium LMIS at
another point on a Si target at 140 volts, 8 nA for 60 seconds, then moving
the source ~1.5 pwm to the right and operating it at 60 volts, 15 nA for 55
seconds, and moving it again ~1.5 pm to the right and operating it at 140
volts, 10 nA for 65 seconds. The surface as in the previous example appears

to have again undergone a catastrophic event.

The temperature rises as calculated from the classical theory above, is
negligible for the ion energies and currents considered. Hence the damage to
the substrate in Figs. 5.34a and 5.34b probably arose, due to a catastrophic
event such as an arc, due to a build-up of deposits during the proximity
focusing operation leading to a possible "shorting" between the LMIS and the

substrate.



{a)

Figure 5.34 :
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Results obtained from operating a Ga LMIS at close spacings

(a) in two regions ~1.5 pm apart at 150 volts for 90 sec and 60
sec respectively with a current between 5 to 10 nA and (b) in
three regions ~1.5 pwm apart at 140 volts for 60 sec with a
current of 8 nA, 60 volts for 55 secs and with a current of 15

nA and at 140 volts, 10 nA for 65 sec.
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CHAPTER 6

CONCLUSIONS

The results presented in the preceding chapters can be grouped into the
two sections: (1) Considerations relative to proximity focusing of the LMIS
and (2) A proximity focused LMIS system. The first section can be subdi-
vided into four categories: {(a) a liquid metal electron source, (b) evaluating
spacings in the LMIS-STM embodiment, (¢) a low current liquid metal ion
source, and (d) application of the low current LMIS to the FIB technology. In
the second section, we consider (a) close-spaced investigations with a conven-
tional LMIS, (b) close-spaced investigations with a Jow current LMIS and (c)
micromachining with the proximity focused LMIS system. The following

paragraphs summarize the results obtained for each of these categories.

The development of the liquid metal electron source showed that it was
possible to obtain d.c. electron emission from the solid substrate covered with
a layer of the liquid metal or by freezing in the Taylor cone shape and doing
a field build-up process to obtain a highly confined beam. The electron emis-
sion from the solid needle covered with a liquid layer was classic field emis-
sion from a small radii emitter and not from a field stabilized Taylor cone.
Operating the emitter above the critical Taylor voltage resulted in a pulsed
explosive emission process and for these small radii emitters, the destruction
of the underlying substrate. It was possible to obtain d.c. electron emission
from freezing in the Taylor cone and doing a field build-up process. The

optimum radius for doing this was between 0.5 to 1.0 wm. The electron
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emission area obtained from the Fowler Nordheim equation, using the

2

Fowler-Nordheim plot was of the order of 107'3cm’ with the emission

believed to arise from the same geometrical area as the ion emission.

The electrop emission from the LMIS could also be used to determine
gource-target separations. The polar model, after solving Laplace’s equation
in polar coordinates, provided reasonably accurate values for the diode
separations and corresponded well with the separations determined using the
magnetically driven micropositioner and the piezoceramic tubes for spacings
= 25 wm. Larger separations could be determined quite easily by using a
30X microscope with a calibrated reticule in the field of view. This was ade-

quate down to separations between the source and the target of ~12 pm.

It was found possible to operate the Ga LMIS in the Taylor cone mode
at currents down to a few nA using small radii emitters (< 0.5 pm). How-
ever, off-axis emission and multiple Taylor cone emission is more prevalent.
The fact that one is able to achieve a much lower value of the d.c. current
threshold is surprising, but may be due to the very small size of the Taylor
cone and to its location, perched on the apex of a very small radius - ~25 to
500 nm needle. For an emitter of radius 200 nm and cone half-angle of 9°,
the Taylor cone radius must be ~6 nm, perhaps even smaller, to achieve a
field of ~2 V/AXL for field evaporation ai{ the observed threshold voltage of
3000 V for the LMIS. It is also conceivable that the susceptibility of the Tay-
lor cone to surface instabilities at voltages close to the normally observed
threshold is diminished when the cone dimensions are much smaller than

normal and, in addition, low impedances may be altered due to the smaller
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emitter cone angles associated with smaller emitter radii.

The Full Width at Half Maximum (FWHM) of the total energy distribu-
tion, also known as the energy spread levels out at 4.5 eV as the current is

decreased below 1 pA using the low current LMIS, The figure of merit,

dI
dQ AV?

, maximizes at or near 1 pA total current. This leads to a motiva-

tion to choose an emitter radius and shape so as to give stable operation at
~]1 pA. In this way emitter life and focused ion beam current density is

maximized.

The proximity focused LMIS investigation demonstrated the ability to
operate the LMIS at very close spacings for a variety of targets, including sil-
icon and gallium arsenide. The proximity focusing did not seem to affect the
emission stability of the LMIS and seemed to be in good agreement with the
Taylor theory model. It was found possible to create microfeatures as small
as 0.1 pmon various targets, The current densities at very close spacings in
the proximity focused mode are orders of magnitude higher than presently

available in a FIB system.
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APPENDIX A

DERIVATION OF THE TUNNEL CURRENT EQUATION BETWEEN
SIMILAR ELECTRODES SEPERATED BY A THIN INSULATING LAYER

1. Introduction

The study of the tunpel effect wherein flow of current takes place
between two "metallic" electrodes seperated by a thin insulating flm was
investigated theoretically by Sommerfeld and Bethe for very low voltages and
for high voltages; and later extended to include intermediate voltages by
Holm. The present derivation from Simmons!, utilizes the WKB approxima-

tion to present the theory for current flow through a generalized barrier.

2. Notation
m = mass of the electron
e = charge of the electron
h = Plank’s constant
s = thickness of insulating film
1,8 = limits of barrier at Fermi level
As = gy—5
J = tunnel current density
V = voltage across film
V; = image potential

n = Fermi level
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f(E) = Fermi-Dirac function
¢ = work function of metal electrode
by = beight of rectangular barrier
& = nmean barrier bheight
€ = permittivity of insulating film
K = dielectric constant
o = tunnel resistivity (Q—cm?)

3. The Tunnel Equation

When two metallic electrodes are separated by an insulating layer, the
equilibrium conditions require that the top of the energy gap of the insulator
be positioned above the Fermi level of the electrodes. This is akin to intro-
ducing a potential barrier between the electrodes which impedes the flow of

electrons between the electrodes.

The flow of electrons between the two electrodes will then take place if:
(a) The electrons have enough thermal energy to surmount the potential bar-
rier and flow in the conduction bands of the electrodes or (b) The barrier is

made thin enough to permit the electrons to tunnel through it.

The derivation of the tunnel equations below is done in similar fashion
to that carried out by Sommerfeld, Bethe and Holm assuming low tempera-

tures, hence restricting the transport of electrons to tunneling only.

The probability D(E,) of an electron penetrating a potential barrier of

height V(x) as shown in Fig. A.1 ( reproduced from Simmons! ) is given by
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Figure A.1 : General barrier in insulating film between two metal electrodes.
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the well-known WKB approximation:

D(Eg—exp{ f [em(V(x)~E)|'/* dx (A1)

where E, = mvx2/2 is the energy component of the electron in the x direc-
tion. The number N, of the electrons tunneling through the barrier from

electrode 1 to electrode 2 is given by

Vin

E.
N, = fv, n(v,) D(E,) dv, = if n(y dE, (A.2)
0

m
0

where E_ is the maximum energy of the electrons in the electrodes, and
n(v,) dv, is the number of electrons per unit volume with velocity distribu-
tion between v, and vy+dv,. For an isotropic velocity distribution, assumed
to exist within the electrodes, the number of electrons per unit volume with

velocity between the usual infinitesimal limits is given by
n(v) dv,dv,dv, = (2m*/h®) I(E) dv,dv,dv, (A.3)

where f(E) is the Fermi-Dirac distribution function. Hence from Eq. (A.3),

4
= le f f f(E) dv,dv,
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Expressing the integrand in polar coordinates;

vl = vy2+vz2
E, = mv.?/2
which then gives us
, —4”m3ffE dE A
n(v,) = X (E) dE, (A.4)
0
Using (A.4) in (A.2) we get:
Em x
47m*
N, = 3 f D(E,) dE, f f(E) dE, (A.5)
0 0

The number N, of electrons tunneling from electrode 2 to electrode 1 is
determined in a similar manner, since the tunneling probability D(E,) is the
same in either direction. The Fermi-Dirac function is written as f(E+eV) to
account for the second electrode being at a positive potential V with respect

to electrode 1; and so

x

E.

2

N, = 4’;’; f D(E,) dE, f f{(E+eV) dE, (A.6)
0 0

The net flow of electrons N (= N;—N, ) through the barrier is
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Eu, P'Y
N = f D(E,) dE, X ‘1’;‘?2 f[ f(E)~[(E+eV) | dE, (A7)
0 0

Representing

x

2
(= 4Tm’e f f(E) dE,

3
1
} 0

and

4mm’e
h3

L = f I(E+eV) dE,
0

and { = {,—{, . Eq. (A.7) then becomes

E.
1= [ pe) g, (A5)
0

For a generalized barrier as in Fig. A.1 we can write V(x) = m + &(x) which

in Eq. (A.1) becomes:
S

DE) = exp |~ 2m) 2 [ e bfx)-E 2 (A.9)

S

which is:
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D(E,) ~ exp{ —A(n+5-F,)/? } (A.10)

where ¢ is the mean barrier height above the Fermi level of the negatively

biased electrode and is defined by:

and

A — {4115.55 ] (2m)1/2

where 8 is a correction factor. At 0°K. {, and {, are given by
{; = (4mme/h’) (n—E,)
and

{y = (4mme/h’) (n—E,—eV)

Hence,

(47me/h%)(eV) O0<E,<m—eV
{ = {(4mme/h’)(n-E,) n—eV<E,<n (A.11)
0 E,>n
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Substituting Eqs. (A.10) and (A.11) in Eq. (A.8) gives us

n—eV

J = (4mme/h?) {eV f exp[—A(n-&-Eﬁ—Ex)]/Q] dE,
0

m

N f (n—E,) exp|-A(n+F—E,)"/’] dEx} (A.12)
n—eV

To facilitate integration. Eq. (A.12) can be written as

n~eV

J = (4wme/h®) { eV f exp|—A(n—&—E,)/? dE,

0

\
3 | ewl-A(rB-E)) aF,

n—eV

m

* f (+3-E,) X exp(~A(n+3-E,)'/?} dE, } (A.13)

n—eV

The first of the integrals in Eq. (A.13) results in:

(8mmV/h?%) (e/A)? ( [A(B+eV)H/211] exp[—A(F+eV)!/?]

— |A@+m)Y 41 exp[—A($+n)‘/2|} (A.14)
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The second term in the braces can be neglected in comparison to the first

and, also, [A(Eﬁ—#-eV)l/Q] > > 1; and so Eq. (A.14) reduces to

(8mme? /h*A) V(F+eV)? exp[—A(F+eV)'/?Y (A.15)

The second integral is of the same form as the first and hence taking advan-
tage of the approximations that led to Eq. (A.15) we get, for the second

integral
—(87me/h3A%) & { [A5]/2+1] exp(—AH!/?)

— [A(F+eV)/241) exp[—A(EE-f-eV)l’/Q}} (A.16)

The third integral of Eq. {A.13) has the form

3 2
3 — Az . ~Az Z 3z 62 6 -
fze de= —e {—A+—A2 -l-—A3 +—A4} (A.17)

where
T n+d-F,

The third and fourth terms in Eq. (A.17) are negligible in comparison to the

first two; therefore the third integral in Eq. (A.13) integrates to
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(8wme/h3A){ 5?2 exp(—AF'?) — (F+eV)*? exp(—A<aa+ev>‘/21}
+ (8wme/hA) (3/A) [a exp(-AF/?)

— (d+eV) exp[—-A(cT)—l—eV)l/i}} (A.18)

Summing Egs. (A.15), (A.16) and (A.18) yields

J = (e/2mh) (BAs)? {as exp(—AF"/?)

— (d+eV) EXPI—A($+GV)1/2]} (A.19)

Equation (A.19) can be expressed in the {ollowing form:

I=17 {$exp(~A&3l/2) — (b+eV) exp|—~A(EE+eV)1/2|} (A.20)

where

e

omh(pAs)?

Jo =

The advantage of using Eq. (A.20) is that it can be applied to a poten-
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tial barrier of any shape provided the mean barrier height is known, or,
alternatively, if the current-voltage characteristics of a tunnel junction is

known, the mean barrier height can be determined.

Equation (A.20) can be interpreted as a current density
Jo & exp(—A&'/?) flowing from electrode 1 to electrode 2 and a current den-
sity  Jo (B+eV) exp[—A(F+eV)/? flowing from electrode 2 to electrode
1, resulting in a pet current density J, given by Eq. (A.20). ( See Fig. A.2,
reproduced from Simmons! ). When V js zero, a state of dynamic equilibrium
can be considered to exist, that is, a current density of magnitude

Jo & exp(—A?El/z) flowing in either direction.
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Figure A.2 : Pictorial illustration of Eq. (A.20), showing current flow

between the electrodes.
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APPENDIX B

ELECTROCHEMICAL ETCHING OF TUNGSTEN EMITTERS

1. Introduction

The production of a very sharp point from a cylindrical wire blank
depends on the establishment of a non-uniform rate of metal dissolution
along the blank. The necessary selectivity is achieved by either physically
confining the reaction to a specific zone or by setting up convection currents
in the electrolyte. We have used two methods to produce the tungsten

emitters?

The D.C. Method of Emitter Shaping.

The A.C. Method of Emitter Shaping.
2. The D.C. Method of Emitter Shaping

(a). Intermittent Polishing

The first step in the d.c. electropolishing technique is the uniform remo-
val of metal from the surface of an emilter blank of diameter 20 mi! down to
approximately 5 mil using a d.c. voltage between 5 to 10 volts, before pro-

ducing the sharp tip required. The process is shown in Fig. B.1.

The natural convection currents in the electrolyte set up by the stream-
ing of the reaction products downward along the surface of the emitter biank

are useful in promoting the tapered shape, desjrable in point formation. If
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Figure B.1 : Schematic diagram for the parallel production of emitter

filaments by the intermittent polishing technique.
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such convection currents can be avoided, the rate of removal of metal from
the anode (i.e. the emitter blank) is uniform over the entire immersed por-
tion. To remove the effects of convection currents one applies the voltage in
short bursts instead of continuously. When the "on" period is of the order of
one-half second or less and the "off" period several seconds, the effect of
natural convection is greatly reduced and the metal is removed uniformly
over the entire surface of the anode. To avoid discontinuous etching due to
the level of liquid falling during the period of the intermittent polishing
which usually stretches to a few hours, a2 few drops of oil are added to the
liquid. The addition of the oil prevents the liquid from evaporating and helps
in maintaining the desired level of liquid. An advantage of the intermittent
process is the simultaneous reduction of many emitter filaments supported in
parallel in the NaOH solution. The intermittent polishing technique is car-
ried on for about 4 to 5 hours using 5 to 10 volts d.c. with a timer, providing
an "on-time" of 0.5 sec and an "off-time" of 5 to 10 secs, until the 20 mil
diameter of the emitter blank has been reduced to between 2 to 5 mil in

diameter.

(b). The D.C. Drop-off Process

The emitter blank reduced to between 2 to 5 mil in diameter from 20
mil is immersed in the electrolyte (2N NaOH) and a steady d.c. voltage of 5
to 15 volts is applied as shown in Fig. B.2 The production of a sharp point
from a cylindrical wire blank depends on the establishment of a non-uniform

rate of metal dissolution along the blank. The necessary selectivity is
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IFigure B.2 : Schematic diagram for the d.c. drop-off technique for producing

emitter Ailaments.
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attained by setting up convection currents in the electrolyte. These convec-
tion currents, caused by the downward streaming of the tungstate ion pro-
duced in the anodic dissolution process, brings fresh electrolyte to the top of
the submerged portion of the blank, the metal accordingly dissolving faster
in this region. Continuation of this process causes the blank to become nar-
rower near the surface, and ultimately when the weight of the lower portion
exceeds the tepsile strength, it drops off, leaving a sharp point of radius =<
500 A attached to the flameot. Removal of the lower portion of the blank
causes considerable reduction in the reacting area and hence a djscontinuous
reduction in the cell current. A simple relay utilizes this discontinuous
change in cell current for the purpose of terminating the process automati-
cally. Results obtained using the d.c. drop-off process is shown in the SEM

photographs in Fig. B.3.

3. The A.C. Method of Emitter Shaping

Although the d.c. drop-off method results in the production of extremely
sharp emitters with narrow cone angles { ~5° ) the a.c. approach provides a
method of producing emitters of greater apex half-angle of about 15° and

hence of greater rigidity.

During the a.c. shaping of an emitter, Fig. B.4., strong convection
currents carrying reaction products upward along the blank are caused by
hydrogen gas evolved from the blank during the cathodic bhalf cycle of the
impressed alternating voltage; metal removal takes place during the anodic

haif cycle. Since fresh electrolyte is continuously brought to the lower portion
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Figure B.3 : SEM profiles of tungsten emitters shaped by the d.c. drop-off

process.
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of the blank, the dissolution of metal is more rapid in Lhis region, and is just
the opposite of the preferential dissolution observed during the d.c. process.
Continuation of this process results in an overall thinning of the blank and
eventual point formation at the lower end. Within certain limits, continued
a.c. polishing after initial point formation results in a decrease in length of
the emitter, but a sharp point is maintained. A useful point of radius
approximately 1000 A is obtained even when the process is allowed to go to
self-termination; that is, until the current is interrupted when the lower por-
tion of the blank is completely dissolved and the surface of the electrolyte
breaks away from the remainder of the blank. This automatic termination
involves no special circuitry and is especially advantageous in the shaping of
a2 number of emitters on a common supporting flament, a circumstance
which precludes the use of the electrically terminated d.c. process since
drop-off very rarely occurs simultaneously for al]l blanks. Provided the
emitter structures are spaced such that there is little meniscus interaction
between the individual blanks, multiple emitter structures may be fabricated

which have quite uniform envelopes and tip geometries.

We have been able to achieve a.c etched emitters of radii between 500 to
1000 A by controlling the immersion depth of the 5 mil emitter blank
(obtained after the intermittent polishing technique). For immersion depths
Jess than a2 mm below the surface and hence much lower reaction currents,
the resulting a.c. etched emitters proved to be very sharp with radii between
500 and 1000 A while for greater immersion depths and so greater reaction

currents the radii of the emitters were greater than 1000 A up to 1 um. The
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reason for this is probably due to the fact that during the intermittent pol-
ishing technique the diameter of the reduced emitter blank is not uniform
throughout, sometimes varying as much as 2 to 3 mil over the entire length
of the reduced blank, being narrower near the end of the blank and broader
a3 we proceed up the shank. Hence during the a.c. self termination process on
the emitter blanks, the radius of the resulting end form depends to a great
degree on the initial diameter of the emitter blank that is immersed under
the electrolyte. For low immersion depths the emitter blank to be etched is
usually much narrower than the emitter blank etched with greater immersion
depths. Figure B.5 shows SEM photographs of various a.c etched emitters
with varying radii depending on the depth of immersion of the tungsten
blank. It is worthwhile to note that the a.c etched emitters of radii < 500 A

in Fig. B.5. resemble d.c etched emitters to a great degree.

4. Roughening of Etched Emitters

It is sometimes necessary to roughen the emitters obtained after the
etching process. For use of these emitters as substrates for liquid metal ion
sources it becomes imperative to roughen them so as to produce smooth flow
of the liquid from the shank to the apex of the emitter. Roughening can be
accomplished by dipping the emitter apex in 2N NaOH and applying an a.c.
voltage of 1 to 2 volts for about 1 sec. Care must be taken to immerse only
the apex and not the shank under the surface of the Jiquid as this gives rise

to more pronounced roughening of the emitter as can be seen from Fig. B.6.



(a)

Figure B.5(a) : SEM profiles of tungsten emitter shaped by the a.c. self-
termination process. Etching done with an initial reaction

current of 200 mA
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(b)

Figure B.5(b) : SEM profiles of tungsten emitter shaped by the a.c. self-
termination process. Etching done with an initial reaction

current of 57 mA.
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Figure B.5(c) : SEM profiles of tungsten emitter shaped by the a.c. self-
termination process. Etching done with an initial reaction

current of 43 mA.

392



Figure B.6{a)

(a)

: Roughening of etched emitters in 2N NaOH at 1-2 volls [or
~ 1 sec. Roughening done with apex and part of shank of

emitter under liquid.
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(b)

Figure B.8(b) : Roughening of etched emitters in 2N NaOQH at 1-2 volts {or
~ 1 sec. Roughening done only with apex of the emitier

under liquid.
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A = area of cross section

vy = specific weight of the beam

and EI is known as the flexural rigidity of the beam, with [ the moment of
inertia of the cross section with respect to the longitudinal axis x. Here par-

tial derivatives are used because y js a function of x and t.

Since a> = Elg/Avy, Eq. (C.1) becomes

4 2
E]a y YA 97y (C.2)

ax? g 9%’

where for free transverse vibration of beams without external loading, we

2 '
have copsidered the inertia forces, {;(x) = A(yA/g)%; as the load intensily
X

along the entire length of the beam.

Eq. (C.2) can then be written as:

prdy _ _dQ_ g (C.3)
dx

dx*

Assuming El is a constant and integrating Eq. (C.3) twice, we obtain:

d’y dM
s =9 (C-4)
2
BrdY = v (C.5)
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where Q is the shearing force and M is the bending moment at a cross sec-
tion located a distance x from the origin of coordinates ( see Fig. C.1, repro-
duced from Jacobsen and Ayre3 ). This then, is the well known differential

equation of the static deflection curve of a2 beam.

We have calculated the lateral deflection, y, due to an external force for
needles of cross section represented by r = kz™ where r is the diameter of
cross section and z is the axial distance from the apex of the needle. The
lateral deflection force was applied at a distance z = x from the needle apex
and k and x were chosen so that a, Ry and L were the same for various nee-
dles where r = a is the diameter of the needle at the point where the
deflection force is applied, Ry is the maximum radius of cross section of the
needle and L is the tapered section of the needle. The lateral deflection, y,
was calculated for m = 1 and m = 2 and a ratio of L/Ry = 3. The case of
m = 1 is typical of W needles made by the "a.c. self- termination" technique
and the m = 2 case is more like that of an extremely sharp "d.c. drop-ofi"

needle as can be seen from Fig. C.2.

Case 1 (m = 1).

As shown in Fig. C.3a. and from the relation between similar triangles,

we have

A _x
R, L

which becomes
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Figure C.1 : Beam in flexure; transverse vibration.



(a) {b)

Figure C.2 : Photomicrographs (a) and {b) show emitters fabricated by the
a.c. self-termination {m = 1) and d.c. drop-off {m = 2)

methods respectively. Magnification approximately 170 X.
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Figure C.3 : Simple taper beam (a) for the case m = 1, and (b) for the case

m = 2, for evaluating the lateral deflections.



The moment of inertia of the cross section at a, with respect to x is then

WR04

4
411 ¥

From Eq. (C.5) for the deflection curve of a beam, we have

M ) 414 0
E 1TR04X4

dx?

Solving for y, we then have, for small x:

ML
Yim=1) = _( «E ) 6R028,2

where L, R, and a are in centimeters.

Case 2 (m = 2)

(C.6)

As shown in Fig. C.3b, we have, using the relation between similar tri-

angles:

2w
I
N
ol P
| —
o
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which then becomes

The moment of inertia of the cross section at a, with respect to x, is

‘ﬂ'XBRO4

418

From Eq. (C.5) for the deflection curve of a beam, we have

2 8
dy |aM )L _,
dx’ B | Ry*x®

Solving for y, we have for small x:

“—M—J % (C.7)

Ym=2) = [nE 42R 423

For a ratio of L/Ry, = 3, and assuming a = 107% ¢m and L = 3% 1078
cm, we obtain for the ratios of the lateral deflection in the m = 1 and 1mm =

2 cases, (Eqs. C.6, C.7):

3
Y(m=2) 42Rya 7a

y(m:l) o 6R02a.2 a RO

which for the values given above, becomes:
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Yw=2) _ 6.25x107°

Y{m=1) 7%107°

We therefore see that the d.c. drop off needles (m=2) deflect a factor of
approximately 1000 times more than that of the a.c. self termination needles

(m=1) for a given lateral force applied to the needle apex.

3. Frequencies of Lateral Vibrations of Taper Beams

In his treatise on the theory of sound, Lord Rayleigh showed that the
fundamental natural frequency as calculated from the assumed shape of a
dynamic-deflection curve of a system will be equal to or higher than the
system’s true npatural frequency. Moreover if the assumed shape of the
deflection curve is a close approximation to that of the true curve, the calcu-
lated frequency will be a very close approximation of the true one. In other
words, small departures from the shape of the true dynamic-deflection curve
will not be ecritical in the determination of the system's fundamental natural
frequency.

For a conservative system, the total energy of the system is unchanged
at all times. If the total kinetic energy of the system is zero at the maximum
displacement but is a maximum atl the static equilibrium point and the

reverse is true for the potential energy, then:

(K.E)max = (P.E)pax = total energy of the system

This is known as Rayleigh’s method. The resulting equation will readily yield

the natural frequency of the system.
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The lowest mode frequencies of the )ateral vibrations for the two needle

shapes calculated using Rayleigh'’s method are then given by:

-

where T is the kinetic energy and U the strain energy for the member of

length L, and are given by:

where y = mwa’p, and p is the mass density.

Case 1 (m = 1)

From the deflection curve of a beam {Eq. (C.5)),

d’y
El—; = -M C.5
0 (C.5)
4 mx'R*
where [, ) = LI % and so



The strain energy U then is

L L
1 oy ’ 4ML* dx
Y Y N VIR
2 g ax 2wERY v x

which then becomes:

C4ML* [ 1 1| 4MLt
6wBRY (LP «° 6 ERY,
and the kinetic energy T is
L L
1 ay | b! (3 2x
RN N R A E
2 y[ax] *T o) TPy [L2 L
which becomes
_ 4pMiL®
9xmBR,
Hence the lowest mode {requency is:
1/2
oY 2 [3E | Re
(m=1)= | T Tl p |xL
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which for values of E = 50x10% psi, p = 19.35 g/cc, L/Ry = 3, and x =

107° ¢m, gives us:
W(m=)) = 7.59 GHz

Case 2 {m = 2)

For m = 2, the strain energy U is

L
U=lf}31
2

X

oy, [avree
o’ 7w ) xRy’

and the kinetic energy T is

L
2
1 Jy 1 , [d, 1 6x
SN % R N -
2 Y[ax] T 'rap[42| L
X X

which then becomes:

T 16M? pL!2
12348E% ) 7R x’

and the lowest mode frequency is then

1/2
21E B_O_]

O(m=2) = [ o L2

which for values of E = 50x10% psi, p = 19.35 g/ce, L/Ry = 3, and x =



283

107% em, gives us:

4.  Summary

From the analysis of the vibration characteristics viz. the lateral
deflections and the lowest mode frequencies for the two types of emitters, the
a.c. etched emitter and the d.c. etched emitter, it is clearly evident that the
a.c. etched emitters are superior. They deflect a factor of ~1000 less than the
d.c. etched emitters and their lowest mode frequencies of lateral vibrations

are much higher.
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