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PREFACE

This technical report covers the research performed under
Contract No. F33615-76~C~1327 from 15 May 1976 to 15 August 1977.

This contract is with the Department of Applied Physics and
Electronic Science of the Oregon Graduate Center, with Professor
L. W. Swanson as principal investigator.

The primary thrust of the work was the development and evalu-

ation of high brightness electron and ion sources for use in

high density archival memory systems. Work was under the
direction of Mr. John Blasingame, Avionics Laboratory, Wright-

Patterson Air Force Base, Ohio.
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SUMMARY

The purpose of this research program is the development of high
brightness field emission sources of both ions and electrons suitable
for use in information storage systems. Progress has been made in the
development and characterization of high brightness sources using field
electron and field ion emission phenomenon. In addition, a novel pulsed
electron and very high brightness gallium (Ga) ion source has been de-
veloped which appears to be one of the highest brightness ion sources
nature provides.

Three classes of field electron (FE) sources have been examined
which include (1) a clean tungsten (W) (100) orfented emitter which has
been field built-up so as to confine emissfion along the (100) crystallo-
graphic direction; (2) a W(100) emitter that has an adsorbed zirconium/
oxygen (Zr0) layer which specifically lowers the work function of the
(100) plane; (3) rare earth hexaboride emitters which mostly includes
LaBg. Included in the class of (1) above are iridium (Ir) and tantalum
(Ta) which form field built up ends forms which confine emission along
the (110) and (111) crystallographic directions respectively.

At present the built-up W(100) and Zr/W(100) emitters operated in
the thermal-field (TF) mode appear to be the most promising. Both emitters

exhibit long life (> 1000 hrs) ogerating at angular intensities U of
107" to 1073 A sr™! in ~ 1 x 107? torr pressure of residual gas. An
anomaloul broadening of the energy distribution of these emitters occurs
for I'> 2 x 10™* A sr™! which has been studied. This will cause chromatic
aberration to be the most dominant aberration for low voltage guns and
must be taken into careful consideration when designing a microprobe
gun using high brightness FE electron sources.

Both Ta and LaBg appear to be promising TF emitters, however,
further work will be required to establish their capabilities with
respect to the built-up W(100) and 2r/W(100) sources.

A substantial study of gas phase field fon (FI) sources usiug
an Ir emitter and hydrogen, argon and xenon as the fonized particles
has been carried out. A differentially pumped FI source and electro-
statically focussing ion microprobe column have been developed. With
the emitter operating at 77 K the maximum source sensitivity observed
for H, and Ar is ~ 5 x 10~5 A sr-} torr 1, With the existing source
design a gas pressure of 10 to 20 x 107" torr can be cmploved which
provides an ion source angular 1ntensity of 2 to 4 x 1077 A sr-l,
Source sensitivity with Xe was much lower presumably due to the for-
mation of solid films on the emitter at 77 K. Noise studies showed
that large signal to noise ratios can be obtained for gas phuse FI
sources.
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The Ir emitter was found to be the most durable emitter with
respect to the well known field induced chemical etch which severely
limits the useful life of most other field ion emitter materials.

In addition, it is shown that the field built-up (110) oriented
Ir emitter provides good angular confinement of the ion beam. Using
existing electrostatic einzel lenses we anticipate > 107 !! A in
~ 0.1 um focussed beams df Ar can be obtained.

An unusual 50 to 250 A by 5-10 nsec repetitive pulsed electron
mode of emission was observed for the liquid Ga source. Unfortunately,
a d.c. mode could not be obtained. However, a very intense d.c. ion
emission mode could be obtained which gave an angular intensity in
the range of 1 x 10~% to 1 x 10™% A/sr. Several source configurations .
have been investigated and continuous source operation of 25 hrs has
been achieved.
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SECTION I

INTRODUCTION

This report describes progress made during the first year on a
research program aimed at the development of high brightness charged
particle sources suitable for use in information storage systems. In
particular the charged particle source and focussing system envisioned
for this application must be capable of providing a particle beam with
sufficient flux density and smallness of size to address and/or read
at least less than 0.1 um resolution and at a rate of ~ 107 bits/sec.
Because such requirements place a severe limit on the brightness re-
quirements of the particle source, very few sources remain in contention
as a viable option for such a memory system.

The primary aim of this research program is to evaluate high bright~
ness field emission sources with respect to their potential for satis-
fying the above mentioned requirements for a particle source. In view
of the fact that present high density archival memory schemes include
both ion and electron beams this research will be examining field
ionization (FI) as well as field electron (FE) scurces. It is now
established that FE and FI are the brightest sources presently avail-
able for electrons and ions respectively. Although considerable under-
standing and knowledge concerning the basic processes of FI and FE
have been developed since their theoretical formulation some 50 years
ago by Oppenheimerl and Fowler and Nordheim,2 and their expcerimental
embodiment pioneered by E. W. Hu11er,3 many questions concerning their

ultimate suitability as stable and long lived emitters remain.




Specifically this research is divided into the two following
major tasks:
1) Field Electron Source Development
and
2) Field Ionization Source Development
In each task new source materials and modes of operation will be developed
coupled with detailed evaluation of emission characteristic properties.
In addition, some effort will be devoted to the further development of
existing FE sources. The method of approach and specific measurements
to be carried out will be given in greater detail in following sections

of this report.
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SECTION II
A CONSIDERATION OF FIELD EMISSION SOURCE OPTICS
The attractive feature exhibited by field emission sources in
regards to their potential use in microbeam applications is their high
brightness. An electron or ion beam brightness B at a given point in
a given direction is defined as the current dI per unit area dA normal

to the given direction, per unit solid angle dR2, that is

d1
B = 30da 1)

It can be shown that a charged particle beam whose electric potential
varies from V; to V, cannot increase the ratio of B;/V; that is

By B .
A 71 (2)

which is the fundamental expression of the conservation of brightness.
Thus, for a given Q; the maximum rate at which information carried by
a charged particle beam can be transmitted into a unit area of target
at potential V, is determined by the brightness B; at the source.
Langmuira showed that for a charged particle source exhibiting a

semi-Maxwellian distribution of initial velocities the current density J
at the image plane or at the beam crossover point is given by

Jo

e [1 - a-x) exp - [eV,X/kT (1-x) ]} (3)

M
(x = M2sin20 and 0 < Msin® < 1)
where M is the overall magnificationof the system, Jo, the current

density at the source and 6, the semi angle of convergence in the image

plane or at the beam crossover. The following two limiting forms of

Eq.(3) can be obtained:




CVz
J = Jo 1l + —— .1n’e. x small 4)

’ x large (5)

Physically the Langmuir equation gives the limit on the initial trans-
verse energy Exy a particle can have at the source and still be trans-
mitted through a lens and arrive at a point on the image plane through
a beam semi-convergent angle 6. It can be easily shown that this

condition is given by

| < g, (X
f By = B2 (l-x)

Since eV,/kT > 1, Eq.(4) can be written in terms of the brightness

B, at the image:

JO evz
YT —  ——
B ¥4 T+ X small (6)

An important question arises regarding the applicability of Eq.(3)
for FE and FI sources since, the initial velocity distributions are
not semi-Maxwellian. WOrsters has shown that in general the axial

brightness in a cylindrically symmetric system is given by

I, [ev2 'En
By = g =t (7
E B

where Et and En are the average initial transverse and normal energies

of the emitting particles. Since eV; >> Et the last term of Eq.(7) is

negligible, giving
= QV2
32 = J =5 (8)
® E
t

o




Horster6 goes on to show that the directional beam intensity at a given

point off the optical axis is given by

JOGVZ

B, = exp (-Etlik) 9)

uEt

where Et is the initial transverse energy of the emitted particle. For
Et = 0 Eq.(9) becomes the expression for the axial brightness given in
Eq. (8).

For Schottky and FE emission the values of Et are7

E, = kT (Schottky) (10)
E: = d (FE) (11)
where
d¥9.75x 1079 £ —  (ev) (12)
¢1/2

and where F and ¢ are the applied field strength (in V/cm) and the

surface work function (in eV) respectively. For the usual current

densities attainable d = 0.1 to 0.3 eV. In the paraxial region at

the cross-over of a FE electron gun, Horster6 shows that Eq.(9) becomes
J

B, = —> eV, exp (-r?/M%a?) a3)

wEt

where r, a and M are respectively the radial displacement at the cross
over, ths emitter radius and the gun magnification.

The Langmuir equations as expressed in the form of Eqs.(3) to (6)
lead to several important observations. First, the maximum brightness
and current density at the image plane is directly proportional to the

source current density. Secondly, for a specified value of eV,, there




~

exists a value of M?Sin?0 above which JM2/J° = 1. This means that all

particles emitted from the source, regardless of their initial emission
angle, reach the image. Fig. 1 gives plots of Eq.(3) for three values
of evz/Et. For example, if eVZIEt = 10° then M2/3 O F 1 for

M?sin82 3 5 x 1075, Fig. 2 shows the values of M and 0 for a specified
value of M?sin?8 and the values of the latter above which JleJo =1

for various values of eVzlft. For example, if the value of eV;/Et = 10°
and M = 10, then, according to Fig. 2, JH2/J° =1 for 83 7 x 107% rad.
On the other hand, if M = 0.01 then @ 5 0.7 rad in order that J?/J < 1.

For a high brightness source with a small virtual size as is the
case for FE and F1 particle sources, a microprobe gun will operate near
M = 1; thus, since 6 generally exceeds 7 x 10~“ rad Eq.(5) appropriately
gives the current density relationship between the source and image. In
contrast a microprobe gun employing a Schottky source with its lower
intrinsic brightness and accordingly larger virtual source size will
operate at or below M = 0.01; thus for the usual range of 6 < 0.1 rad,
the limiting form of the Langmuir Eq.(4) will give the current density
relationship between source and image.

It should be emphasized that the above discussion gives the maxi-
mum current density at the image plane based on ideal (aberrationless)
lenses. A real gun will, of course, be limited by the degree to which
the probe forming optics system approaches the ideal case. A detailed
discussion of the optimum probe forming optics and a comparison of
Schottky and FE sources is given by Veneklasen.8

In the case of FE and FI sources the virtual source size is very
small. Hiesner9 has determined the virtual source size for an emitter

shape approximated by the sphere-on-orthogonal-cone (SOC) model developed
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by Dyke and coworkers}o Fig. 3 shows a diagram and relevant parameters

of the SOC model. Based on this model, equipotential surfaces V(p,8)

depicting a particular emitter shape are generated by

s n n - n+l
Al B AP TR D -
V(p,0) VR(R ) (ro) ( z ) Pn(coseo) V00 (14)

where Voo is the potential of the emitter surface relative to the SOC,

VR is the potential on an anode a distance R from center of the sphere

and Pn(cose) is the Legendre function of index n. The value of n, which
varies from 0.1 to 0.5 for typical emitter shapes establishes the

exterior cone angle & and is determined by the condition that Pn(coseo) = 0.

Fig. 4 gives the relationship between n and eo for the latter condition.

The value of Voo is given by

e n
[ n -n-1
voo i vR (R) [Y Fast ] 1A

where y = poo/ro. The degree of 'necking'" of the emitter (see Fig. 3)

is determined by y - larger values of Yy cause less necking of the
emitter shape. Typically, the range of n and y are 0.1 to 0.4 and

2.0 to 3.0 respectively. Based on Wiesner's results, Figs. 5-7 give

the respective source sizes for typically shaped FE and FI sources of
varying radii and aperture half angle. The smaller size of the FI source
is due primarily to a negligible E; at the low operating temperature
of the source and the smaller diffraction limit of a proton beam. Be-
cause of their small virtual source size, probe forming guns using field
emission sources need not be highly demagnifying thus only one or, at most,

two lenses are required. Compared with conventional sources the field

emission source requires a relatively simple optics system.
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Figure 3. The sphere at the end of the orthogonal cone model depicted
in this figure is capable of generating equipotentials which
closely approximate those generated at the surface of a
typical field emitter (shown in figure as the profile surround-
ing the model).10
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Figure 5. Virtual source size vs beam half angle for a F1 source of H
ions using SOC model and aberration terms computed by Wiesner.
Source temperature assumed to be 77 K.
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Figure 6. Virtual source size vs beam half angle for FE source at
F = 2 x 107 V/cm using SOC model and aberration terms
computed by Wiesner.
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Figure 7. Virtual source size vs beam half angle for FE source at
F=5x 107 V/em using SOC model and aberration terms
computed by Wiesner.
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For small angles 6 the current that diverges into a solid angle

782 from a virtual source Pg is given by

a1 o2

1=5cw (16)
2

or Bl = M (17)
‘llpsz

The range of values of dI/d? for an operational FE source extend
from 1 x 10™* A/Sr for room temperature operation to 1 x 10”3 A/Sr for
thermal field TF operation. If a value of 30 A is assumed for .
the source brightness can be determined to be in the range 108 to 10°
A/Sr cm?. 1In the case of a gas supplied FI source a maximum angular
intensity of 1 x 10°® A/Sr can be obtained.11 Based on Fig. 5 values
of Pg 8 maximum source FI brightness of 107 to 108 A/Sr em? can be
expected.

Table 1 summarizes the emission characteristics for several particle
sources. The FE and FI sources are clearly superior when high brightness
is required. However, because of the relatively small values of both
d1/d® and Py field emission sources are only suitable when small
focussed beam spot sizes are required. Generally, the field emission
sources are superior to all other sources of ions or electrons when the
focussed spot size is less than ~ 5000 R. In addition, because field
emission sources exhibit a smaller energy spread than conventional ones,
the spot size limit due to chromatic aberration is greatly reduced.

It is interesting to note from the results shown in Figs. 6 and 7
that the smallest FE virtual source size for the SOC model occurs for
emitter radii between 0.3 and .5 ym. This is in contrast to a spherical

emitter where the source size is directly proportional to emitter radius.
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TABLE 1
TYPICAL CHARACTERISTICS OF VARIOUS ELECTRON SOURCES

Angular Approximate Energy

Brightness Source Size Brightness Spread
Source (A/Sr) (um) (A/cm? Sr) (eV)
FE 3 x 10-5 .003 1 x 108 3
Thermal FE 3 x 1073 .003 1 x 1010 1-2
LaBg Schottky Cathode  ~ 107! 1 ~ 108 2
FI 1 x 1076 .001 1 x 108 2-5
Duoplasmatron - 1000 10" 10

The larger source size at small emitter radii for the SOC model is due
to an increase in diffraction and chromatic aberration contribution
for lower voltage emitters.

By differentiating Eq.(15) the field strength F at the emitter apex

can be determined to dbe

B =y == [nyn-l + (1+n)y'2’“] (18)
R

The above expression was used to calculate the anode voltages to give
the indicated field strengths listed in Figs. 5-7. For values of

R = 0.1 to 1 cm an approximate value of B is given by

B = 0'6/0627 RO.13 433 (em~)) (19)
where a = n - ao is the cone half angle of the emitter. Figs. 8 and 9
show plots of Eq.(18) for typical emitter shapes. The field factor 8

increases with decreasing oo R or a. Emitter radii between .05 and

1.0 um can be obtained by standard fabrication procedures.
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SECTION IIIX

EMITTER MATERIALS FABRICATION

The physical properties desirable for an emitter material are
1) high tensile strength to withstand electrostatic stresses, 2) high
resistance to sputtering and contamination and 3) high melting point
to permit thermal cleaning. Possible materials possessing these
properties can be divided into three categories: 1) pure metals,
2) heterogeneous cathodes consisting of a surface layer on a solid sub-
strate, and 3) homogeneous metalloid compounds and alloys.

Of the pure metal materials investigated in the past which satisfy
the above requirements, tungsten operated at room temperature or in
the thermal-field (TF) mode has proved to be the most suitable material.
TF mode operation has worked successfully with (100) oriented tungsten
emitters by allowing electrostatic induced geometric change to reshape
the emitter to a particular end form that is stable at elevated tempera-

tures.n’12

The mobility of the surface atoms at high temperature
causes cathode sputtering damage to instantly heal thereby maintaining
a smooth and clean surface that exhibits stable emission.

The zirconium coated tungsten cathode, also operated in the TF
mode, is an example of a heterogeneous cathode that has proved to be a

practical emitter.12'13

Resupply of the Zr sputtered from the emitter
apex occurs by surface diffusion fromthe emitter shank.
A. Tungsten Emitter Fabrication

Two procedures leading to slightly altered emitter shapes have
been developed in the past to form emitters from tungsten. Both pro-

cedures involve immersing a short length of single crystal tungsten wire

spot welded to a .13 mm diameter W heating filament into a solution of




2N NaOH. The dimensions of the single crystal W blank are ~ 2 mm in
length (as measured from the point of spot weld) by .13 mm in diameter.
Electrochemical formation of the emitter tip can be accomplished by
applying a continuous a.c. voltage of 13 V or a d.c. voltage (emitter
positive) of 9 to 13 V. The former is called the a.c. self termination
technique and the latter the d.c. drop off technique. In the case of the
a.c. method the emitter formation continues until the emitter recedes
from the solution, thus terminating the process. The d.c. technique is
terminated by quickly (within a few upsec.) switching off the etching
voltage when the lower portion of the immersed emitter blank separates

from the blank due to the etching action.

Fig. 10 shows typical emitter shapes formed by the two processes.
Table 2 gives the typical range of emitter cone half angle and radius
obtained by the respective procedures. Larger cone angles and emitter

radii are formed by the a.c. process.

TABLE 2
GEOMETRICAL CHARACTERISTICS OF W EMITTERS FORMED BY TWO PROCESSES

Emitter Cone Half Angle Emitter Apex Radius

Process (Deg) (um) )
d.c. seif termination 4-6 .02 - .05
a.c. drop off 8-10 «13 - 16

Fig. 11 shows an a.c. processed emitter just after being formed
(a) and then after thermal cycling to 1600 K (b). A slight necking of
the emitter can be observed in Fig. 11(b) after the thermal processing.

Studies thus far show that emitter shape and radii in the range

indicated in Table 2 can be routinely produced by these two processes.
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Future studies will be aimed at developing procedures to fabricate
emitter radii in the range of 0.2 to 1.0 pum.
B. Tungsten/Zirconium Emitter Fabrication

In the past Zr has been deposited on the emitter by in situ
evaporation or by depositing an organic solvent slurry of ZrH, on the

emitter mechanically and thermally diffusing the free Zr to the emitter

apex.la Both methods have provided long lived cathodes and have certain

advantages. The vapor deposited method can be carried out quite re-
producibly compared with the mechanical method. On the other hand, the
latter technique 1is relatively quick and simple to perform.

The in situ evaporation technique was abandoned due to dif-
ficulty in applying sufficient zirconium and because this method of
application also deposits zirconium on the hairpin filament which sup-

ports the emitter. When the emitter is operated at high temperatures

(TF mode of operation), unwanted thermionic emission then occurs from the

nairpin filament. Hence any new technique for applying zirconium

preferably should result in depositing it on the emitter shank only.

Two possible methods for doing this were considered: alloying

the zirconium with tungsten before preparing emitters or applying the
zirconium as ZrH; electrophoretically. So far, the latter method has
been investigated and a workable procedure for applying the ZrH; has
been developed.

The sequence of operations employed for depositing the ZrHj
is shown in Figure 12. A 5 mil blank of 100 oriented W wire is first
spot welded to a hairpin supporting and heating loop. Next a regular

field emission point is etched by the d.c. drop-off method in 2N NaOH
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S mil W wire, Field emission point
100 orientation ofter electrochemical
etching in NaOH

Granular

Z!Hz
deposit
R ————
Sinter in Selectively remove
vacuum at ZrH; by etching
1800 °K with dilute HF
Zr/W 100 Field emitter coated
oriented field with ZrH3 by
emitter electrophoresis
Figure 12.

Sequence of operations iavolved in electrophoretically
depositing ZrH, on a field emitter.
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solution. The next step is the critical one in which the electrophoretical
deposition of ZrH; is accomplished by making the emitter 45 V negative with

respect to a platinum electrode. In the technique developed for this pro-
ject, a slurry of ZrH; powder suspended in a 2:1 mixture (by volume) of
methanol and amyl acetate was used as the electrophoresis liquid.

About 100 mg of ZrH; per 20 ml of solution was used and the powder was
thoroughly mixed and dispersed by agitating with an ultrasonic cleaner.
When this was completed, the emitter and electrode were inserted and
electrophoresis was carried out for 30-100 seconds. In an earlier variant
of this technique, a small amount of HCl was added to increase conduc-
tivity of the slurry; however the conditions required to deposit the

ZrH; in a reasonably short time also led to severe corrosion of the
emitter. In the present HC1l free technique, the current flowing was
approximately 100 pA.

When the deposit of ZrH, is thick enough, the ZrH; directly

surrounding the emitter is removed by etching briefly (< 1 sec) in

dilute or concentrated HF. This is done because in the next step, when
sintering is accomplished by heating in vacuum, the zirconium layer con-
tains sharp protrusions which would possibly lead to an irregular

emitter if not removed from the emitter region. After sintering at
~ 1000 C the emitter is ready for high temperature vacuum acti-

vation

Although the electrophoretic technique works, it is some-
what difficult to operate because of the difficulty in keeping the
ZrH; particles suspended: as soon as the ultrasonic agitation is re-

moved, the particles begin settling out. Also the solvent begins to
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evaporate and this makes it difficult to maintain the slurry level
around the emitter - the emitter is only 2-3 mm long, so it only takes
a small amount of evaporation to completely uncover the emitter.

Because of the above problems, the electrophoretic approach
does not seem to be significantly superior to the previous mechanical
deposition technique. We suggest that the remaining, alloying, approach
should be investigated for preparing W/Zr emitters.
(v Tantalum Carbide Emitters

Tantalum carbide is an interesting material; its extreme
melting point (~ 4000°C) suggests that it would be very resistant to
vacuum arc. For this reason we have regarded TaC as a potentially
useful emitter material. In this report we discuss our initial ex-
perience with emitters of carburized tantalum.

A tantalum emitter was etched using15 a solution of 48%
HF (2) + CH3COOH(0.5) + conc H3PO4(1) + 36N H,S0,(1) at 5-10 volts d.c.
The resulting emitter was judged adequate from its field emission
pattern. Next the tip was carburized with benzonitrile at ~ 5 u pres-
sure for 60 seconds. Unfortunately the resulting surface did not exhibit
any symmetry after carburization. The resulting carbide surface is
vrobably very resistant to diffusicn so that local surface excesses
will not smooth out easily. Future work with this emitter will in-
volve careful in situ carburization in order to carefully monitor and
control the extent of carbon addition. The in situ technique will in-
volve heating the tantalum emitter in the presence of low pressures of

methane.
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D. Rare Earth Boride Emitter Fabrication

The borides and carbides of certain transition and rare earth

metals are believed to be more durable emitter materials than tungsten
because of their high tensile strength and resistance to sputtering.
Although preliminary studies of the FE characteristics of this class of
emitter materials were carried out many years ago by Elinson et al.,16
successful FE cathodes were not developed primarily because of material
difficulties. More recently, a LaBg FE emitter has been reported to
operate for more than 1000 hrs. at room temperature and at a current
level of 1 to 2 mA.17 Such a high current level is difficult to sustain
even for tungsten in TF mode operation.

In recent work in this laboratory a simple and reliable method
of fabricating high purity single crystal needles of LaBg, SmBg, and CeBg
has been developed.18 This has removed one of the major barriers impeding
previous investigation of RBg (R = rare earth) emitters, i.e. the fab-
rication of pure =nd homogeneous single crystal material. The method
employed, first performed by P. Lebeau and J. Eiguras,19 later by Aito,

et al..zo for LaBg is referred to as the "molten flux" method of single

crystal growth. The method consists of mixing stoichiometrically the

basic elements of the boride compound, e.g. powdered B and metallic
rare earth metal, in an inert crucible and heating in an argon atmos-
phere to ~ 1500°C. After cooling, the solid Al solvent was dissolved
with warm HCl leaving needie and plate-like single crystals of the
boride compound.

In addition to the molten Al melt method, an arc zone melting

technique of fabricating single crystals of LaBg described elsewhere
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i has been employed successfully to fabricate single crystals.21 The

advantage of this technique is the ability to seed the growing crystal

and thereby orient a particular crystallographic direction along the
wire axis. The details of the fabrication procedures and results for
LaBg, CeBg and SmBg are given below.

) Single Crystal Fabrication Procedures

The starting materials in our application of Al molten
flux method consisted of 60 mesh boron powder, ingot formed aluminum,
and metallic chips of the rare earth metal. Table 3 lists typical
impurity levels for the starting materials used in the single crystal

preparation.

TABLE 3

BULK PURITY SPECIFICATIONS OF THE VARIOUS MATERIALS
MEASURED BY OPTICAL EMISSION SPECTROGRAPHIC TECHNIQUES

T T P e

Matarial Impurities (ppm) :
st Mg Fe Cu Al Ca N 0 C Ag Eu N :

Aluminum 3 <« 2 1 <1 <1 L Lo (BN - ;

Lanthanum | 300 - 300 - 300 500 300 - - - - - ‘

Boron <20 <20 250 <20 <20 <20 <20 100 300 - - - |

Semardum <106 - 100 <100 <100 <100 <« - = = 500 300

LaBg* 100 100 <10 <10 - 100 <10 - = 100 - - :

*single crystals prepared ;

The single crystal growths were performed in 30 ml alumina
boats placed in a resistively heated silicon carbide globar horizontal
tube furnace. The boron was placed in four 4.8 mm diameter holes bored

in the aluminum ingot and the rare earth was placed on the top center of

the ingot. Before each run the growth chamber was evacuated and backfilled

|
|
i
f
|
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to one atmosphere pressure with high purity argon. The heating rate
was from room temperature to 1500°C over a period of 6 hours and main-
tained at 1500°C for 8 hours. Cooling from 1500°C to 800°C took place

at the conductive cooling rate of the furnace over a period of 1.5

hours; further cooling to room temperature occurred conductively over
a 2 hour period.
| After dissolving the Al solvent with HCl large single

crystal platelets (approximately 2 mm square by 0.1 mm and some 1 x 7 x 0.1

mm) formed. Cubic shapes also 1 to 2 mm on a side were also observed.
In addition, needle shapes 6 to 8 mm long and 0.1 to 0.2 mm square cross
section were produced. A typical selection of these crystal shapes are
shown in Fig. 13. Similar results were obtained with CeBg.

Zone melted crystals were obtained by the arc melting

technique described by Verhoeven, et al.21 A regular e-beam zone melting
apparatus was modified to accomplish this using a 1 mm diameter hot
pressed (90%Z of theoretical density) rod of polycrystalline LaBg.

Various crystallographic orientations of ~ 1 mm diameter single crystal
rod could be produced by use of seeding techniques.

2.1 Single Crystal Evaluation

Optical emission spectrographic analysis of the molten
Al flux grown LaBg single crystals indicated, according to the Table
summary, that crystal purity was superior to the starting materials.
Subsequent Auger spectroscopy surface analysis of the crystals after
flashing at ~ 1600 K showed only La and B. Apparently even the Al sol-
vent is not appreciably incorporated into the surface of growing crystals

of LaBg, or if it is, it is removed subsequently by flash heating of the

LaBg crystal.
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X-ray diffraction pictures of the platelet surface shown
| in Fig. 14 indicate a (100) direction perpendicular to the platelet face.
X-ray diffraction of the longitudinal faces of the needle structures gave
(100) and (110) faces. Thus the needle axis, which is the growth di-
rection, is probably a (110) direction although subsequent field
emitters fabricated from the needles showed both (110) and (100) orien-
tations. The sharpness of the x-ray diffraction spots indicate rela-
tively defect free single crystal specimens.

From powder x-ray diffraction patterns a lattice con-

stant for the LaBg crystals of 4.156 & was obtained; this is in ex-

cellent agreement with the literature value of 4.157 %.22 similar x-ray
examination of the prepared SmBg crystals gave a lattice constant of
4.132 A also in good agreement with the literature valuc of 4.129 3.22
The defect structure and possible impurity of lanthanum
hexaboride has been studied by transmission electron microscopy on a
Hitachi HU 11-B-3. Effective thinning processes, to prepare the LaBg
specimens for examination in the microscope, have been developed. In

the following, sample preparation will be discussed firstly, with examples

of micrographs and diffraction patterns following.

2.2 Sample Preparation for Electron Microscopy

The specimens of LaBg under investigation were thin crystal

-

platelets with the broad surfaces having an area of between 1- and 2 mm-.

A Fischione twin-jet electropolisher was used to thin the crystals.

P DA TR &R WD L TN § 5

Two solutions have been tested in the unit: a 6 percent solution of
perchloric acid in methanol, and a 2.25 percent solution of sodium hypo-

chlorite in methanol. Because of the difficulties of handling the
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perchloric acid solution in the electropolisher, more time has been
spent working with the other solution.

Given a particular solution to use in the Fischione unit,
there are two other parameters to control, namely temperature and applied
voltage. In most cases, lowering the temperature improves the quality of
the thinned region of the sample. This is true for LaBg and sodium hypo-
chlorite. The lowest temperature obtained thus far was 8°C using an ice
water bath.

As voltage was increased, three general types of sample
erosion occur. At low voltages, the sample was etched, while at higher
voltages the sample became pitted. Between these two extremes lie
voltages where the sample was properly thinned, with fairly large areas
thin enough for transmission electron microscopy.

A series of four voltages were applied to different crys-
tals, in the range from one to ten volts d.c. These crystals were sub-
sequently examined with a Siemans metallograph. The best specimens
were found to be those electropolished at 6.5 volts. After thinning,
the crystals were mounted on copper washers with silver paint.

2.3 Micrographs and Electron Diffraction Patterns

Only the samples prepared using low voltages have been
examined in the Hitachi electron microscope. Very few suitable regions
were available in these crystals. In the following examples, the
technique of selected area diffraction was used. For each diffraction
pattern, only the area shown in the corresponding micrograph contributed
to the spots in it. These patterns are still under investigation, but

there are a few features that can be pointed out.
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In the first pair (Figures 15a and 15b), the diffraction
pattern is made up of at least two superposed [100] patterns, and prob-
ably three. The micrograph, although of poor quality, does show the
presence of a grain boundary on the left hand side. By changing the
projector lens pole piece in the microscope, Figures l6a and 16b were
obtained from a different area of the same specimen. Note the presence
of streaks in this pattern, indicating the presence of a precipitate
in the LaBg matrix. There also appears to be a different type of
pattern (non - [100]) superposed on the LaBg[100] pattern. Figures
17a and 17b, also from the same sample show a combination of the above
two features.

Figures 18, 19, and 20 were taken from ; different
crystal. The diffraction pattern correlating to Figure 18 was not exposed
properly and is unavailable, however this micrograph has some inter-
esting features which merit its inclusion. Note the small rectangular
area left cf center, from which emanated a number of dark bands. This
may be a microcrystal embedded in the LaBe¢ matrix causing a strain field
to be set up in its vicinity. The dark blotchy areas on the right half

and in the upper left corner may be bits of the silver paint.

Figures 19a and 19b are only approximately related due
to a misalignment at the time of exposure. In this diffraction pattern
and the next, there appears to be a different relationship between the
LaBg [100] pattern and the superposed pattern than in Figures 15a, l6a,
and 17a. The other pattern in this figure is also a [100] pattern.

In the micrograph there again appear to be strain fields at the lower

right, and also a ring near the center.
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Figure 15(a). Electron diffraction pattern of LaBg crystal
prepared by molten aluminum flux technique.

Figure 15(b). Transmission electron micrograph of LaBg crystal
used in Figure 15(a). Magnification 48,000.
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Figure 17(a). Electron diffraction pattern of LaBr. Same
specimen as in Figures 15 and 16 but different
area.

Figure 17(b). Transmission electron microscope pattern of LaBg
crystal used in Figure 17a. Magnification 48,000.
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Figure 19(a). Electron diffraction pattern of the LaBg crystal
of Figure 18.

Figure 19(b). Transmission electron micrograph of the LaBg crystal
used for Figure 19(a). Magnification 42,000.




Figure 20(a).

Electron diffraction pattern
of Figures 18 and 19.
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Figure 20(b).
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Figure 20a shows the super-lattice as in 19a, and also
a few spots indicate the presence of a grain boundary, although its
presence is not clear in the micrograph.

These pictures, although preliminary, do show that
some of the crystals are not single crystals, and that an inclusion
or a precipitate, possibly aluminum, is present.

In summary, we conclude that the liquid metal flux
technique of forming small single crystals of LaBg, CeBg and SmBg is
successful. It is our expectation that several other rare earth hex-
aboride compounds which exhibit congruently melting hexaborides, such
as PrBg and NdBg will form single crystals by this technique.

o Emitter Fabrication

Emitters were quickly and conveniently prepared by mount-
ing a rectangular or cylindrical shaped single crystal blank on a flat
rhenium ribbon (0.001" x 0.010") and fixed to it by means of a spot-
welded rhenium strap of the same thickness and width (see Fig. 21).

In addition, a binder consisting of an aqueous slurry of MoSi,; was
inserted between the emitter and rhenium support strap. Subsequent
heating in vacuum at ~ 1800 K allowed the binder to sinter and form

a durable mechanical and thermal bond between the emitter crystal and
rhenium ribbon. The emitter points were obtained by electrochemical
etching in a 50% methanol/NaOCl solution at 1.5 V. The power require-
ments to resistively heat the emitter shown in Fig. 14 to ~ 1800 K are
less than 3 watts.

Highly magnified photomicrographs of a LaBg emitter are
shown in Fig. 22 for three rotational orientations of the emitter. The

gross diameter of the emitter end form is about 1000 K; however, close

41

oy ey a——

—r e~y



LaBg EMITTER STRUCTURE

CERAMIC SUPPORT
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