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FOREWORD
This technical report covers the research performed under

Contract No. F33615-76-C-1327 from September 1977 to December 1978.

This contract is with the Department of Applied Physics and

Electronic Science of the Oregon Graduate Center, with Professor

R—
I

L. W. Swanson as principal investigator, and Drs. J. Orloff and
A. E. Bell as contributors to various aspects of the program,

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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FIGURE

80. Schematic diagram of the FI source used in this experiment.
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SUMMARY

The purpose of this research program is the evaluation and
characterization of high brightness field emission sources of both
ions and electrons suitable for use in information storage systems.

In addition, preliminary evaluation of focussing optics suitable for
forming submicron beams of both ions and electrons has been performed.

Three classes of field electron (FE) sources have been examined
which include (1) a clean tungsten W(100) oriented emitter which has
been field built-up so as to confine emission along the (100) crystal-
lographic 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) metalloid emitters which include
LaBg, SmBg and HfC. Included in the class of (1) above are iridium
(Ir), tantalum (Ta) and molybdenum (Mo) which form field built up
end forms that confine emission along the (110), (111) and (100)
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 (~ 1500 hrs for the built up W(100) and
~ 5000 hrs for the Zr/wW(100)) operating at angular intensities T of

10~“ to 10-3 A sr~! in ~ 1 x 1078 torr pressure of residual gas. An
anomalous broadening of the energy . distribution of these emitters,
which occurs for I' > 2 x 10™% A sr™! has been studied in detail. This
energy broadening will cause chromatic aberration to be the most
dominant aberration for low voltage guns and must be taken into care-
ful consideration when designing a microprobe gun. In general, higher
voltage (i.e., larger radii) emitters provided a smaller beam energy
spread (i.e., 1 to 2 eV) for an angular intensity of ~ 1 x 103 A sr™l.
A simple in situ method of altering the emitter radius over a wide range
of corresponding operating voltages is described.

The built-up Ta and Mo emitters exhibited useful emitting char-
acteristics, but not superior to the built-up W(100) or Zr/wW(100)
emitters.

Careful noise measurement investigations showed that the Zr/W(100)
is superior to the built up W(100) emitter when operated at 1800 K in
the angular intensity range 1 to 10 X 10~% A sr-1. oOver the band width
of 1 to 5 kHz the Zr/W(100) emitter exhibited a noise level of ~ 0.22%.

A simple double magnetic lens electron gun column was constructed
and tested with the Zr/W(100) TF source. By using the electron gun as
a scanning electron microscope beam size vs current measurements were
made, The results showed that a current density of ~ 1000 A/cm? was

P SS—




achievable at a beam size of 0.1 ym. During these measurements the
beam throw from the final lens was 3.14 cm.

Further investigation of the source characteristics of the gas
phase field ionization (FI) source was performed using Ir, W and LaBg
emitter materials with H; and He' as the ion species. A maximum angular
intensity of 1 pA/sr has been achieved at 77 K with the HI/Ir source
combination using a differentially pumped source configuration. Life
test studies for the Hy/Ir source operating at 300 K and 1.5 x 102
torr H,; showed steady total current operation in excess of 385 hrs.

A variety of emitter processing procedures including field
evaporation, field build up and thermal annealing have been evaluated
in order to provide an optimum emission intensity along the emitter axis.
Results have shown that a field evaporated Ir(110) emitter provides high
angular intensity and maximum stability with respect to field induced
chemical erosion of the emitter.

Preliminary studies with an electrostatic focussing ion column have
shown that up to 0.5 nA of Hf and H current can be focussed into a
0.65 um beam size while 20 pA of Art current can be focussed into 0.2 um 3
beam size. An improved electrostatic focussing column has been designed ]
which provides the possibility of ~ 1 A/cm? target current of H or Art
in a 0.1 ym beam size.

A detailed study of the emission characteristics of a liquid film
gallium (Ga) ion source emission characteristics such as energy distri-
bution, angular intensity distribution, noise current and temperature
effects have been measured. The full width half maximum value of the
energy distribution at low current (I.. = 1 pA) and temperature (~ 300 K)
was 4.5 eV and increased monotonically with current and temperature.
Beam angular intensity at I, = 1 uA was ~ 20 uA/sr and increased to
~ 40 pA/sr at I, = 25 pA. I, increased from 1 to 20 pA a large in-
crease in beam angular divergence was observed. An unusually low noise |
current almost entirely accounted for by shot noise was exhibited by
the ion source. These results point toward a strongly space charge
limited emission process.

Calculations show that a Ga+ current density of ~ 40 A/cm? can be
obtained in a 0.1 um beam size using a recently designed electrostatic
lens configuration.
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INTRODUCTION

This report describes progress made during the second year of
a research program aimed at the development of high brightness charged Q
particle sources suitable for use in archival information storage 7
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 less than 0.1 um resolution and at a rate of

~ 107 bits/sec. Because such requirements place a severe limit on the

brightness requirements of the particle source, very few sources re-
main in contention as a viable option for such a memory system.

The primary aim of this research program has been to evaluate
high brightness field emission sources with respect to their potential
for satisfying 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 has examined field

ionization (FI) as well as field electron (FE) sources. It is now
establigshed 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 developéh since their theoretical formulation some 50 years
ago by Oppenheimer1 and Fowler and Nordheim,2 and their experimental
embodiment pioneered by E. W. Huller.3 many questions concerning

their ultimate suitability as stable and long lived emitters remain.
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Specifically this research program has been divided into the three
following major tasks:

(1) Field Electron Source Development and Characterization

(2) Field Ionization Source Development and Characterization

(3) Electron and Ion Focussing Systems Evaluation
In each of the first two tasks new source materials and modes of oper-
ation have been developed coupled with detailed evaluation of emission
characteristic properties. In addition, effort was also devoted to the
further development of existing FE sources. Preliminary results of
focussed beam studies using both FE and FI sources have been carried
out and show promise of meeting the design requirements of high density
archival information storage systems. The method of approach and

specific measurements carried out are given in greater detail in follow-

ing sections of this report.
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SECTION II

5 ELECTRON SOURCE DEVELOPMENT AND CHARACTERIZATION

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 and survival after transient high tempera-

ture episodes. 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 substrate, and

3) homogeneous metalloid compounds or alloys.

Of the pure metal materials investigated in the past which

satisfy the above requirements, tungsten operated at room tempera-

ture or in the thermal-field (TF) mode has proved to be a most suit-
able material. TF mode operation has worked successfully with

<100> oriented tungsten, <110> iridium and <111> tantalum emitters
by allowing electrostatic induced geometric change to reshape the
emitter to a particular end form that is stable at elevated tem-
peratures.a’5 The mobility of the surface atoms at high tempera-

ture 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

ok Resupply of the zirconium sputtered

to be a practical emitter.
i from the emitter apex occurs by surface diffusion from a reservoir

of zirconium on the emitter shank.
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Examples of homogeneous metalloid compounds of interest as
emitter materials are given in Table 1 along with their melting
temperatures. |

TABLE 1
METALLOID EMITTER MATERIALS

Material Melting Temperature (C)

LaBg 2715
SmBg 2580
TaC 3825
HfC 3830

Of the materials listed in Table 1 only LaBg and HfC evaporate
congruently (i.e., the vapor and solid have the same composition). For
noncongruently evaporating compounds one cannot control the surface
stoichiometry during thermal cleaning or subsequent heating. Thus, we
have concentrated our attention on LaBg and HfC as advanced emitter
materials.

Methods of fabricating the various emitters referred to in this
section has been discussed previously6 except for HEC. In the following
sections we provide further results regarding the fabrication and pro-
cessing of various emitter materials.

A. Emitter Radius Control

As will be discussed in later sections it is becoming evident that
large radii emitters have a number of advantages over smaller diameter
ones. There are two ways in which emitters have been historically fab-
ricated‘to form a specified apex radius: (1) during the electrochemical

etching procedures used in emitter formation, additional etching can




be used in a reasonably controlled fashion to increase emitter radius;
(2) after emitter formation the emitter can be heated in vacuum so as
to cause dulling due to surface tension motivated diffusion of atoms
away from the emitter apex.

Emitter radius control for tungsten using method (1) above has
been moderately successful for (100) oriented tungsten emitters. After

initial emitter formation by the ac or dc electrochemical process de-

scribed earlier,6 the emitter is immersed in 2N NaOH and given addi-

tional material removal which results in uniform dulling of the orig-
inally sharp (i.e. emitter radius ~ 0.1 um) emitter apex. Figure 1
shows the emitter radius as a function of the number of dc etching
pulses. From this we are able to conclude that emitter‘radius con-
trol between 0.1 to 1.2 ym with * 10% accuracy can be realized for
tungsten using these procedures.

Emitter radius control using thermal dulling is less attractive
because of the rapid decrease in dulling rate dr/dt with radius. The
rate of change of emitter radius r in the presence of an applied field

Fo is given by8’9

rF2
dr _ - —o° \(dc
dt (1 8 ‘Y)(dt)o (1

where y is the surface tension and (dr/dt)o, the zero field dulling
rate, is given by

-E,/dT
(ﬂ) -YﬂoDoul.ZSe
o A kTr3
()

dt
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Figure 1. Emitter apex radius of a <100> oriented tungsten emitter
as a function of the number of 10 V, 100 msec etching
pulses in 2N NaOH following emitter formation.
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In the above expression Q = is the volume per atom, Ab is the surface {
area per atom, o is the emitter cone angle, Do is the diffusivity con- |
stant and Ed is the activation energy for surface diffusion. Fig. 2
shows the change in r with t based on the integrated form of Eq.(2)

and appropriate constants for tungsten. If Fo > (8 '1/1:)1/2 the dul-

ling is reversed and field build up occurs. It is clear from Fig. 2

that achievement of a 1 ym radius emitter by thermal dulling will re-

quire prohibitively long heating times even at 2400 K because of the

r-3 dependence.
A third method of "in situ" emitter radius control involves ther-
mal field (TF) processing in vacuum. This procedure consists of the

following steps:

(1) Heat emitter to 2500 K for 3 minutes with a positive pro-

cessing voltage applied to the emitter

(2) Anneal the emitter at 2500 K for one minute without pro-

cessing voltage

During step (1) material transport to the emitter via surface diffusion

is motivated by the applied field according to Eq.(1) where initially
;‘ Fo > (8ﬂy/r)1/2. At the same time material removal occurs via small
protuberances that are formed on the emitter apex from which high ion
currents of the emitter material are drawn via field evaporation.
During step (2) the small protuberances are removed via surface dif-
fusion resulting in a smooth emitter surface with an overall larger
radius. The radius of the emitter after steps (1) and (2) is deter-

mined by the processing voltage used during step one as shown in
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Fig. 3 for a run carried out on a <100> oriented tungsten emitter.

It can be observed that increasing the value of the field evaporating }

AR

voltage leads to an increasing emitter radius such that a process- 1

ing voltage of ~ 12 kV leads to a 1 ym radius emitter apex. In

this study the emitter radii were determined from a Fowler-Nordheim

(FN) plot of the room temperature I(V) data (i.e. 1n I/VZ vs 1/V).

The slope m of the FN plot is related to B = F/V according to

B =2.81 x 107 ¢3/2/m (cm™}) (3
where ¢ is the average emitter work function in units of eV. A
relationship between B = f£(r, a, R) can be obtained from a sphere-
on-orthogonal cone model of the emitter described in reference 6.

The parameters o and R are the emitter cone half angle and emitter-

j

§

a; to-anode spacing respectively. The emitter radii so obtained were
found to agree within ~ * 157 of the actual radii obtained by high
resolution microscopy.

A typical sequence of emission patterns and the emitter oper-

ating voltages after steps (1) and (2) of the TF processing are shown

in Fig. 4. Photo (a) of Fig. 4 shows the field electron pattern of :
a W(100) oriented emitter after heating at 2500 K for one minute in }
vacuum. Photo (b) shows the small protuberances which appear at a
% low emitter voltage after step (1) TF processing at 9 kV. Photo (c)
¢ shows the high voltage emitter pattern after the protuberances have
: been removed by step (2) above.

Thus, we have shown that by electrochemical etching procedures

i
E + during emitter fabrication or by TF processing after the emitter is
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in a high vacuum environment a specific emitter radius between 0.1
and 1 um can be obtained. Presumably these procedures with appro-
priate modification can be applied to other materials.
B. Binary Emitter Materials

Two classes of binary compounds which have been investigated
as potentially promising new emitter materials include refractory
metal carbides and rare earth hexaborides. The former are of in-
terest because of their very high melting points (see Table 1) while
the latter have been known to exhibit low work functions and unusual
resistance to sputtering. Before emitters can be fabricated and in-
vestigated from sﬁch compounds a number of materials related problems
must be solved. In the following sections a few of these problems
are given consideration along with preliminary emission studies.

1. Rare Earth Hexaborides

In a previous report procedures were described for producing
single crystal LaBg from which emitters were subsequently fabricated.6
Further studies of mater;als preparation procedures have shown that a
zone refining process allows one to produce ~ 1 mm diameter single
crystal rods from which emitters can be fabricated.

The 2zone melting procedure described by Verhoeven, et al.,lo
has been successfully employed to make single crystal rods of LaBg.
In this procedure an arc is struck in one atmosphere of argon between
a pointed tantalum electrode and a vertical positioned rod of high
density, polycrystalline LaBg (~ 1 mm separation). Sufficient power

is provided to the arc so that a molten zone is formed which is moved

12
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vertically along the LaBg rod by moving the pointed tantalum electrode.
Three passes of the molten zone not only forms a_homogenequs single
crystal, but also significantly lowers thelimpurityAlevel to below

100 ppm.

The degree of success of the zone melting procedure for fab-
ricating single crystal LaBg rods was found to be directly related to
the reduction of volatile impurities in the original material. If a
high ;oncentration of volatile impurities were contained in the initial
LaBg material it was heated in vacuum slightly below the melting point
for several minutes.

Thus, we now have two methods of fabricating LaBg crystals:
(1) the zone melting method and (2) the molten aluminum solvent method
described earlier.6 At this juncture we favor the zone melting method
because of the ability to reduce the impurity level and the ability to
orient a specified crystallographic direction along the wire axis by
fusing the polycrystalline rod to an appropriately oriented seed crystal.
Both fabrication methods suffer from an inability to accurately control
the B/La stoichiometry, although the importance of the latter on emitter
performance has yet to be established.

Preliminary emission characteristics reported earlier for
LaBg were promising as coherent emission patterns were obtained by
thermal heating.6 Unfortunately we, along with othetsll have noted
a great difficulty in obtaining a predictable and reproducible emission
pattern by thermal processing.

Three LaBg cathodes have recently been investigated in a

13
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field electron microscope. The first, referred to as LaBg-1 was made
from a single crystal grown by precipitation from the molten Al solvent.
The second cathode, designated LaBg-2, and formed from a zone melted
crystal obtained from Iowa State University, was operated over a period
of about six weeks before the supporting filamént was accidently melted.
The third cathode LaBg-3 was made from a zone melted crystal grown at
the Oregon Graduate Center.

Early in the thermal treatment of LaBg-1, the tip was in-
advertently subjected to a high over voltage in the field electron
emission mode which presumably led to a vacuum arc. In any case, when
the emission pattern was next viewed the central portion was completely
dark and the viewing voltage had increased from approximately 700 volts
to around 4000 volts. Emission from the central portion of the pattern
was restored after heating the cathode at a temperature between 1600-
1700 K. Following 34 hours heating at this temperature, the viewing
voltage was reduced to about 1700 volts.

Photographs depicting the evolution of the emission patterns
following the arc, are shown in Fig. 5. These emission patterns were
observed after heating for the times and at the temperatures indi-
cated. Although a well defined, symmetric pattern, such as is char-
acteristic of metals, was never observed, there is a definite indi-
cation of the four-fold symmetry expected for a LaBg tip oriented
along the (100) axis. This symmetry persisted with continued heating

at 1650 K.
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The pattern shown in Fig. 5(d) was found to be unstable when
heating to higher temperatures. Fig. 5(e) shows the pattern following
four hours of heating at 1900 K. It is presumed that this pattern rep-
resents a surface having a structure different from the bulk LaBg,
possibly as a result of a stoichiometric change. It was possible to
restore the pattern to its earlier state by heating at a lower tempera-
ture of 1650 K. This sequence was repeated two or three times but
eventually it was no longer possible to obtain a pattern having the
distinct four-fold symmetry of the pattern shown in Fig. 5(d).

A pattern of the type shown in Fig. 6 was observed on several
occasions but we never learned how to reproduce it at will. 1In
addition to the localized nature of the emission in this state, the
pattern indicated a symmetry suggestive of a short range crystalline
state.

A similar sequence of patterns was observed for LaBg-2, and
for LaBg-3 samples. A symmetrical pattern of the type reported earlier6
could not be achieved by thermal processing.

High and low temperature field evaporation of the surface
was investigated as a means of obtaining a well defined and reproducible
surface. Subjecting the tiﬁ to a positive potential of approximately
6000 volts for one minute at a temperature of 1400 K led to a pattern
in which emission occurred only around the edges of an otherwise com-
pletely dark pattern. Upon heating, electron emission would return

to the center of the pattern and at the same emitter voltage as before

field evaporation. This resuit indicates that no significant increase
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Figure 6. Field emission pattern of LaBg typically
observed after heating between 1600 and
1700 K.
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in emitter radius had occurred and that the changes in the electron
emission pattern were due to the field evaporation of only the sur-
face layer or a few layers of material. It is presumed that field
evaporation leads to a depletion of lanthanum on the surface since
other studies show an increase in work function as the B/La ratio
increases.

A brief study of the electron emission pattern obtained by
low temperature field evaporation in hydrogen and helium using both
field ion and field electron microscopy was carried out. A LaBg(100)
oriented emitter fabricated from a needle crystal obtained from the
molten aluminum method was used. In Fig. 7 photo (a) a hydrogen
field ion image of the surface after field evaporation in a hydrogen
pressure of 1 x 10™* torr is shown. An electron emission pattern of
the same emitter in high vacuum is shown in photo (b). The bright
(or highly emitting) regions in photo (b) are due to the [110] di-
rections. This result was very reproducible and shows that a co-
herent pattern with emission from the [110] directions can be obtained
from LaBg by field evaporation in hydrogen. A similar electron pat-
tern was obtained with helium as the imaging gas. Field evaporation
in hydrogen occurred rapidly at a voltage of 1.5 times thé best image .
voltage (BIV). In helium the BIV occurred at ~ 2 times the hydrogen
BIV and field evaporation in helium required ~ 10% increase in voltage.
We thus conclude that hydrogen promotes the field evaporation probably

by forming LaH+ or BH+ which are field evaporated.
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The low temperature field evaporation electron emission
patterns when compared with the previously reported6 coherent ther-
mally annealed patterns show that the (110) plane work function is
reduced by the former process. A comparison of the hydrogen ion
pattern of Fig. 7(a), which reflects the field enhancement distri-
bution, with the corresponding electron pattern in Fig. 7(b), which
reflects the work function ¢ distribution, clearly shows that
%110 < *100°

On annealing the low temperature field evaporated surface
at ~ 1300 K a dramatic change occurs in both the ion and electrén
pattern distribution (see Fig. 7(c) and 7(d)). Electron emission
patterns show that the (110) planes have become dark compared to the
central (100) plane and ¢110 > ¢100. Higher temperature annealing
ultimately leads to the incoherent patterns described in Fig. 5.

A brief study of electrode emission patterns from an SmBg

6
emitter obtained from a crystal grown by the molten aluminum method

was carried out. The emitter point was formed by electrochemical
etching using the identical procedures employed for LaBg emitter
fabrication. Thermally annealed emitter patterns which have been
investigated at this juncture, show exactly the same incoherent
pattern distribution as observed for the LaBg emitter. A typical
SmBg field electron pattern obtained after heating at 1800 K is
shown in Fig. 8. The SmBg emitter, like the LaBg, proved to be
extremely resistant to dulling but only on occasion was a cohereni

pattern obtained.




V = 1050 volts

Figure 8. Field electron pattern of SmBg after heating
several minutes at 1800 K; pattern voltage
1050 volts.
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In conclusion we note that both LaBg, SmBg and presumably
other rare earth hexaborides, such as CeBg, undergo geometric recon-
struction of the surface at elevated temperatures so as to cause the
field electron emission distribution to have little correlation with
the underlying bulk crystallographic symmetry. On the other hand,
low temperature (~ 77 K) field evaporation in a low pressure (~ 1075
torr) of hydrogen provides a reproducible and symmetric electron
emission distribution in which the (110) planes exhibit the lowest
work function. These results were independent of the various single
crystal growth methods used and seem to be intrinsic with this class
of materials. Thus, a <110>oriented RBg emitter processed by field
evaporation in hydrogen with subsequent heating not exceeding ~ 1300 K
can be used to provide a high emission current along the emitter axis.

2. Refractory Metal Carbides

Two refractory metal carbides have been considered as po-
tentially interesting emitter materials because of their high melting
point. A high melting emitter material leads to an increased re-
sistance to failure due to melting of the emitter by emission heating
during a transient voltage pulse.

Earlier,6 a TaC emitter was fabricated according to a pro-
cedure ogtlined by Eckstein and Forman12 whereby a tantalum emitter
was carburized by heating in 5 x 1073 torr of benzonitrile. Because
of little success in obtaining reproducible electron emission pat-
terns from this fabrication procedure, we attempted an arc-zone

melting procedure in argon similar to that carried out for LaBg.
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Unfortunately when T > 2500 K the reaction TaC + Ta,C + C takes place
with subsequent evaporation of carbon. This leads to an inability to
control stoichiometry of the surface.

It was decided to investigate HfC since it evaporates con-
gruently at its melting point (like LaBg) and thus would be amenable
to single crystal fabricationvia the arc-zone melting method in one
atmosphere argon pressure. Such a procedure was carried out using
a high density 1 mm diameter rod of HfC obtained from CERAC Inc.,
Milwaukee, Wisconsin. From a sinall section of the 1 mm diameter rod
an emitter was fabricated electrochemically using a solution of 3
parts nitric and 1 part hydrochloric acid and 6 to 10 VAC.

Figure 9 shows an SEM photo of the HfC emitter and mount.
From the faceted nature of the emitter we conciude that the emitter
is not single crystal, but contains several large crystal grains.

The mounting was accomplished by brazing\éhg emitter in a rhenium
i

sleeve using a Ta,Co/TaC brazing compouhd} The rhenium sleeve was
spot welded to 0.20 mm diameter rhenium support leads which were used
to resistively heat the emitter. Unfortunately the emitter support
leads melted before emission photographs could be obtained. However,
preliminary results were encouraging showing that ~ 1 mA of dc emitted
current could be obtained. The emission patterns showed that the (111)
plane was dark (i.e. high work function) and the (113) crystallographic
regions exhibited high emission density.

These preliminary results show that single crystals of HfC

can be fabricated by arc-zone melting techniques and formed into field
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Figure 9. SEM photo of HfC emitter and mounting structure.
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emitter structures. Preliminary emission results show that coherent
emission patterns can be obtained by thermal cleaning of the HfC
emitter and that relatively large dc currents are obtainable.
C. Built-up Emitters

Upon heating a field cathode above 1000 K while drawing a field
emission current, surface tension forces, which tend to cause local
surface smoothing and overall dulling of a sharp emitter, are counter-
balanced by field stress forces as described in Sec. IIA. The latter
forces do not work against the tendency to smooth microscopic roughness
caused by ion bombardment; however, they do overcome and reverse the
macroscopic dulling forces and cause faceting of certain crystal faces
exposed at the hemispherical, single crystal emitter tip. This process
is called "field build up."l3

It has been known for some time that two important corrective
processes occur during TF operation. First, the adsorption of residual
gases on the emitter surface which cause wundesirable current reduction
and flicker noise can be eliminated. This is due to the rapid thermal
desorption of adsorbed gas layers so that the equilibrium coverage is
negligible. These effects combine to provide complete current stability
with respect to gas adsorption at high ambient pressures. The second
corrective measure in TF emission has to do with smoothing of micro-
scopic surface roughness caused by positive ion bombardment. Surface
roughness due to ion bombardment not only leads to current increase and
instability, but does so in a regenerative fashion leading to rapid

emitter destruction. The rate of formation of surface roughness
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increases with ambient pressure and current. It is also influenced
by the fraction of the total current intercepted by the anode struc-
ture through electron induced desorption of gas layefs from the anode
surface. Thus, angular confinement of the electron beam at the source
is highly desirable since it increases transmission for a given angular
aperture. By operating a tungsten field cathode at an elevated tempera-
ture (e.g., ~ 1000 to 1800 K) these microroughness sites caused by ion
bombardment are immediately smoothed.

Now let us examine the main difficulties in reducing a TF cathode
to a practical device. Upon applying a high electrical field to a
heated field cathode, geometric modification due to field build up
occurs. If the field stress exceeds a critical value these geometric
changes continue to occur with time thereby leading to a generally
unstable current. Moreover, because of geometric alterations the
emission distribution can be markedly changed. This can be a serious
deterrent to applications where a small solid angle of emission is
being utilized from one of the more brightly emitting portions of
the emitter. Because field build up can lead to several different
end forms each with different emission distribution configurations,4’13
TF cathodes have only recently been considered practical. It has
generally been assumed that no field built up end form could be ex-
pected to reach a state of equilibrium with respect to further

geometric alteration.

With these factors in mind we have examined several emitters which,

after undergoing field build up, operate with varying degrees of

a




stability in a TF mode. We will examine in detail the results with
a W(100) oriented emitter since the general mechanism is similar for

other emitters.

4 Build-up Mechanism
According to Eqs.(l) and (2) the condition that the applied
electrostatic field stress just balance the thermodynamic dulling force
(a condition not attainable for the total emitter surface) is given by

the following:

1/2
588 @

For tungsten y = 2900 dyne/cm, thus,

F = 8.1 x 10% r"1/2 (v/cm) (5)
For a typical emitter radius value of 1600 &, the value of Fo is
2 x 107 V/cm; however, for a clean tungsten emitter (¢ = 4.52 eV)
the useful range of current densities (J = 10% to 108 A/cm2) corres-
ponds to apex fields F° =4 to 8 x 107 V/em. Thus, according to Eq.
(5) TF cathodes with r > 800 & would be inherently unstable with re-
spect to field build up.

The basic mechanism which controls the mode of field build up
is the relative surface free energy of the various exposed crystal faces
on the hemispherical emitter. The low index planes of the tungsten
bce crystal structure possess the lowest surface free energy and, thus,

form facets that grow at the expense of neighboring high index planes.

Faceting occurs through self surface migration and requires tempera-

tures in excess of ~ 1300 K. Figure 10 shows a typical sequence of




(g) (h) (i)

(3) (k)

Figure 10, FE pattern sequence of a <110> oriented tungsten
emitter heated at 1800 K in the presence of a dc
voltage.
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patterns observed during field build up of a <110> oriented tungsten
emitter in which the central (110) plane, the surrounding (112) and
(100) planes form larger facets. The final end form, however, is one
in which the (112) planes ultimately become ridges (or protrusions)
due to the expanding (110) plane facets. This end form is known as
(112) build up. Two other end forms of field build up have been ob-
served and are shown in Fig. 11. Faceting of the (110), (112) and
(100) planes lead to (310) build up (pattern c), while faceting of
the (110) and (112) planes lead to (100) build up (pattern d). It

is this later built-up end form which leads to a stable TF emission

mode and is of central interest for tungsten and molybdenum emitters.

By use of a <100> oriented field cathode one may dramatically
confine the emission to a small solid angle about the emitter axis pro-
vided that (100) build up can be obtained. Until recently it has not
been possible to predictably obtain a particular built up end form.4’13

It is instructive to derive an expression relating the maxi-

mum current Im and emitter radius r for the balance condition given by

Eq.(4). The Fowler-Nordheim equation is given by

o 158 % 30°° §2
$ t(y)

3 xp [-6.83 x 107 ¢3/2 y(y)/F] (A/cm2)  (6)

where J and ¢ are the current density and work function (in eV) re-
spectively. The applied field F is in volts/cm. Noting that the
image potential correction terms t(y) ¥ 1 and v(y) ¥ 0.943 -

1.525 x 10°7 F/¢2 in the F and ¢ range of interest, Eq.(6) becomes




(a) Clean W I = 3.6 pA (b) Carbon/W; T = 1630 K

I =36 pA

(c) (310) Build up; (d) (100) Build up
T = 1750 K T = 1600 K
I =78 uA I =21 pA
Figure 11. Various FE patterns of a <100> oriented tungsten emitter;

(a) thermally clean emitter; (b) during heating for several
hours at 1630 K; (c) after (310) build-up during heating at
1750 K; (d) after (100) build-up during heating at 1600 K.
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Combining Eqs.(5) and (7) and letting the emitting area be mr? we ob-

tain the relation between I and r:

b4 2 3/2 _1/2
1= 3.16 x 10'r 10#.53/¢1/2 10-3.45 x 10 ¢ / r / (A) (8)

¢

Eq.(8) gives the maximum current available when the balance condition

in Eq.(4) is maintained. It is easily shown that Eq.(8) has a maximum

at

r, = 3.36 10-5/¢3 (cm) 9)

thus, for ¢ = 4.5 eV, Dei ™ 37 K. Table 2 gives values of J, r, and 1

obtained from Eqs.(7) and (8).
TABLE 2

EMISSION CHARACTERISTICS AT THE CONDITION OF BALANCE BETWEEN
ELECTROSTATIC AND SURFACE TENSION FORCES

#(eV) F(x 107 V/cm)  J(A/cm?) r(%) 1(4)

4.50 4.0 6.8 x 10 410 3.6 . 1077

4.50 5.0 2.0 x 108 266 4.4 x 1076

4.50 6.0 2.6 % 107 . 182 2.7 x 1075

4.50 13.3 8.3 x 10° 37 3.6 x 1073
It is only through the pyramidal structure formed on the (100)
plane by the expanding (110) and (112) facets that such small radii and
large current densities as given in Table 2 can be realized.

Current density values for the W(100) built up cathode in the

108 t0 10° A/cm? range have been measured while operating in a stable
mode.l4 The basic limit to the current drawn from the emitter is re-

sistive heating of the conical shaped emitter shank. Using the model
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of a tuncated cone whose radius at the point of truncation is r and
interior cone half angle is a, one obtains the following solution for
the temperature difference AT between the cone base and point of

truncation:15

2

1
2Ry2 ar (10)

where p and K are the resistivity and thermal conductivity of the emitter.
This equation suggests that as r decreases at a constant I both the cur-
rent density J = 1/7r? and emitter temperature AT increase. In the trun-
cated cone model the decrease in r is obtained by increasing the length
of the truncated cone at constant a. In contrast, the built up W(100)
emitter increases J at a constant I not by decreasing r on a macroscopic
scale, but rather by confining the emitting area on a microscopic scale
through a local geometric change in both r and a so that (I/ar) remains
roughly unchanged. In other words, the gross dimensions of the emitter
which control the heat flow and, hence, AT are not altered by the act of
build up. From FN plots it has been determined that the emitting area
of a built up W(100) emitter is reduced by a factor of ~ 0.005; if we
assume that the above analysis is correct, then Jmax for the built up
emitter is increased by a factor of 200 or J = 108 t010°% A/cm? for
W(100) built up.

The basic mechanism which controls the mode of field build up
is the relative surface free energy of the various exposed crystal faces

16

on the hemispherical emitter. The surface free energy of the various

crystal planes is affected by the presence of adsorbed layers. Figures
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12 and 13 show the emission pattern sequence during (100) build up
from a clean and slightly oxided tungsten surface respectively.

Figure 12 shows that the initial stage involves the faceting of the
(110), (112) and (100) planes. Experience has shown that a slight
amount of carbon will cause the undesirable (310) built up end form
shown in pattern (c) of Fig. 11. A truly clean tungsten surface may
revert to a (112) built up end form shown in the Fig. 10 sequence. 1In
contrast, Fig. 13 shows that starting with an oxide surface inhibits
the central (100) plane from faceting at any stage and promotes faceting
of the (112) and (310) planes. 1In all cases starting with a slightly
oxided surface leads to (100) build up. Clearly, the oxide layer in-

creases the surface free energy of the (100) plane. The final built

up end form appears to consist of a pyramid with four (110) sides
intersecting near the apex with a small radius of curvature that con-
fines the emission so0lid angle and reduces the voltage required to draw
a specific current by approximately 50%.

Another important role played by the oxide layer is that of
removing carbon impurities by forming the stable molecule carbon mon-
oxide which desorbs from the surface at 1400 K. The undesirable role
of carbon is illustrated in Fig. 11 pattern (b) which shows a large
facet on the (100) plane. Apparently carbon lowers the surface free
energy of the (100) plane. Such a surface is resistant to any form

of build up unless it is treated with a partial pressure of oxygen at

1400 K to remove carbon as carbon monoxide.

i L
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t = 0 sec t = 110 sec

t = 2100 sec

t = 2170 sec t = 2200 sec

Figure 12. FE pattern sequence of (100) build-up for a clean tungsten
emitter at 1745 K. Current/time relationship given in
Figure 15.
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t = 1015 sec t = 1340 sec

Figure 13. FE pattern sequence of (100) build-up for a slightly
oxidized tungsten emitter,
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Figures 14 and 15 illustrate the dramatic change in the time/
temperature relationship for build up caused by oxygen. As observed,
(100) build up occurs with a large increase in current. With the ox-
ide layer starting point Fig. 14 shows that at the same temperature
the time required to attain (100) build up is reduced by a factor of
27. Figure 16 shows the temperature dependence of the current

time relationship of (100) build-up from an oxide surface starting
point.

We have observed that (100) build up can take place in a pres-
sure as high as 2 x 10”7 torr as shown in Fig. 17. A comparison with
the Fig. 14 results shows tﬁat the build up time is 100 seconds at
T = 1745’3 béth at P=1x 1079 torr and P = 2 x 10”7 torr. However,
in order Eo experience long lived and relatively noise free cathode
operation one should operate in the 10~8 torr pressure range. The
presence of a load resistor (indicated by RL) in the anode circuit of
the field emission diode has the effect of slowing down the build-up
process and limiting the maximum current.

It should be pointed out that the thermal removal of the oxide
layer requires temperatures in excess of 1900 K. Thus, operation in
the 1200 to 1700 K range will allow nearly infinite life of the oxide
layer. Should the oxide layer become removed it can be readily restored
by heating at 1200 to 1600 K in a pressure range of oxygen of 10-% to
10”7 torr for a few minutes. Frequently, water vapor and carbon dioxide
are more common residual gas components than oxygen. Both CO; and Hy0
can be sources of replenishment of the oxide layer through dissociative

adsorption as follows:

SRR i F e
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H,0 + W(s) + Hy + + W 0(s) (11

CO, + W(s) + CO + + W 0O(s) (12)

Hydrocarbon gases such as methane, ethane, etc. are undesirable in

that they adsorbed dissociatively leaving carbon impurities at the

surface.
2. Specific Processing and Operating Procedures for W(100)
" : Build-up

The specific ingredient necessary to assure <100> build up is

the presence of an oxide layer on the tungsten surface. Fortunately an

; oxide layer occurs naturally during initial thermal processing of a

freshly formed field emitter. Specifically, <100> build up can be ob-

tained with nearly complete reliability by heating in the range 1200 to

1800 K and slowly increasing the field such that a current of 1 to 20 uA

is obtained. The higher forming temperature results in a higher voltage

cathode. The transition to the <100> build up mode occurs rapidly with
a sudden increase in current and shift in emission distribution as noted
in Figs. 14-16. After build up the temperature can be adjusted to a
desired value between 1200 and 1900 K; however, for most stable long
term operation an operating temperature of 1850 K is most desirable.

If the pressure is in the 1079 torr range the cathode can be operated
for short periods at room temperature with little risk.

In order to retain the build up configuration after turn off,

; the cathode temperature should be reduced a few seconds prior to turning
off the high voltage. On turning on the field cathode current the vol-

tage and temperature should be turned on simultaneously. The emitter




-

can be unbuilt by reducing the field while the temperature remains on.
Generally, it can be built up again and this cycle can be repeated at
will provided the surface oxide layer is retained.

In most applications a total pressure of 1 to 5 x 10”8 torr

will possess a sufficiently high partial pressure of oxygen that <100>
build up can be expected. Operation above 1900 K will remove the oxide
layer and can lead to non- <100> build up. Therefore carbonacious gases
such as methane and other hydrocarbon gases should not be allowed to
exceed 1079 torr range in the tip region.
3. Build-up of Other Emitter Materials 3

Field build up of one sort or another will occur with all emitter
materials provided the temperature is sufficiently high to cause mobility.
As mentioned previously certain bulk impurities (e.g. carbon in tungsten)
are able to inhibit surface mobility and, hence, build-up (see reference
16). As a rule the bcc metals molybdenum and tungsten undergo (100)
build-up in the absence of carbon and with a slightly oxided surface.
Tungsten, because of its higher melting point and tensile strength appears
to be the more durable emitter of the two. Figure 18 shows a FN plot of
the I(V) characteristics of a molybdenum emitter before and after (100) !
build-up. The emission patterns and build up mechanism is nearly iden-
tical with that of tungsten.

Figure 19 shows the before and after built-up patterns for a
<100> oriented iridium and <111> oriented tantalum emitter. Figures 20
and 21 show the before and after FN plots of the iridium and tantalum

emitters. In the case of tantalum it was observed the carbon or oxygen
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Figure 18. Room temperature FN plot of an unbuilt and (100) built-up

molybdenum emitter.
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Annealed Ir(100) : Built Up Ir(100)

Annealed Ta(11l) Built Up Ta(111)

Figure 19. FE patterns of unbuilt end built-up iridium and tantalum
emltters,
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Figure 20. Room temperature FN plot of a <100> oriented
iridium emitter before and after (110) build-up.
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Figure 21. Room temperature FN plot of a <111> oriented emitter before
and after (111) build-up.
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impurities caused the (100) plane to build up much like tungsten; how-
ever with a clean tantalum surface the (111) plane builds up in the
temperature range 1400-1750 as shown in Fig. 19. Apparently the (112)
and (100) planes facet so as to cause a protrusion to occur along the
<111> direction. The three symmetrical bright emission regions on the

edge of the annealed tantalum emission pattern are the (100) planes.

Because of the high melting point of tantalum the (111) built-up emitter

operated in the TF mode has proven to be a durable emitter. Life
studies carried out for this emitter are discussed in a later section
of this report.

The build up process of the fcc metal iridium was also in-
vestigated. In this case the build-up occurs on the (110) plane in
the temperature range 1300 to 1500 K due to facet formation on the (100)
and (111) planes. The ring around central (100) plane in the annealed
iridium pattern of Fig. 19 is due to impurities which are suspected to
be carbon. It was found that when build-up would not occur properly,
heating in 10~7 torr oxygen at ~ 1200-1400 K frequently led to success-
ful (110) build-up. Obviously, one would require a <110> oriented
iridium emitter in order to place the high emission direction on the
emitter axis. The built-up iridium emitter will be discussed later
in connection with use as a field ion source. At present it appears
to offer no advantage over tungsten as a built-up TF source.

Table 3 gives a summary of some of the relevant parameters

comparing the built-up with the unbuilt (annealed) end forms, In
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terms of angular confinement of the various end forms, the (100)
build-up end form of tungsten and molybdenum are superior. This
results from the largest angular separation between the built up
direction and the nearest crystallographic direction with the same
set of Miller indices. The built-up iridium emitter, if it were
oriented along the <110> direction, may also build up along the
101, 011, 011 or 101 directions since thé field 60° from the
emitter apex may be sufficiently high to cause partial build-up
of the latter planes. Such would not be the case for W(100),
Mo(100) and probably Ta(1ll) build-up. In addition, the (100)
built-up emitters exhibit the largest FN slope and voltage ratios
in Table 3 which is indicative of the greater localization of the
emission after build-up.

The last column of Table 3 gives the activation energies
calculated from the variationof build-up times with temperature for
each material. The order of the activation energy reflects the
order of the gross surface diffusion rates involved in mass trans-

port as the build-up occurs.
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D. Coated Emitters

The primary emphasis on coated emitters (i.e., emitters with an
adsorbed monolayer film) during this investigation has been the zir-
conium coated <100> oriented tungsten emitter. The desirable proper-
ties of this emitter are (1) the confinement of emission to the <100>
direction due to selective work function lowering; (2) the high degree
of thermal stability of the coating; (3) the ability to use large radii
emitters without concomitant increase in emitter operating voltage. The
latter property is due to the low (~ 2.6 eV) work function of the coating.

17 of the basic surface physics of zir-

In a recent investigation
conium and oxygen coadsorbed on W(100) it was learned that the low work
function surface consisted of a ZrO entity absorbed in the bulk and
adsorbed at the W(100) surface. 1Increasing the ambient oxygen pressure
above the heated 2r/0/W(100) surface leads to a decrease in both oxygen
and tungsten as measured by Auger electron spectroscopy (AES). This
result is shown in Fig. 22 where the Zr and O AES peaks relative to W
decrease with increasing oxygen pressure. The work function also in-
creased with increasing oxygen pressure. Interestingly, this process
is reversible, i.e., decreasing the oxygen pressure leads to a restor-
ation of the ZrO complex at the surface and a reduction in work function.
Apparently the oxygen partial pressure controls the partitioning of the
Zr0 complex between the adsorbed and absorbed state.

Various methods of applying zirconium to the field emitter were

discussed earlier.6 Figure 23 shows an SEM photograph of a W(100) emitter

with a reservoir of zirconium located along the emitter shaft. When
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Figure 23. SEM photo of a zirconium coating on a W(100)
field emitter.
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operated at ~ 1800 K the zirconium reservoir supplies the emitter tip
via surface and bulk diffusion.

The effect of oxygen on the TF emission properties of the Fig. 23
2r/0/W(100) field emitter has been investigated. Figure 24 shows the
effect of oxygen pressure on the TF emitted current at various emitter
operating temperatures. The beam current being measured in Fig. 24
through a 7.5 mrad half angle aperture exhibits a maximum value at
various oxygen partial pressures depending on the emitter temperature.

In addition, the emission pattern, which consists of a central
bright spot surrounded by one or two concentric rings of emission,
undergoes a cyclic variation shown in Fig. 25. A beam acceptance half
angle of 86 mrad partly obscures the ring of emission which surrounds
the central bright spot (see Fig. 25 (b)). However, it can be seen in
the sequence of pattern pictures that the central bright spot and concen-
tric ring collapse toward the center with time while operating at ele-
vated temperature and oxygen pressure. With increasing emitter tempera-
ture and oxygen pressure the rate of the cyclic pattern and current
change increases.

In view of the Figs. 22 and 24 results and other studies,17 a pos-
sible explanation of the cause of the Fig. 25 results is an oxygen in-
duced diffusion of excess zirconium into the bulk. This results in a
dynamic equilibrium between supply by surface diffusion and removal by
bulk diffusion of the ZrO overlayer. The shifting of the equilibrium
2r0 coverage by oxygen pressure will also alter the surface work function
which, in turn, governs the emission current variations as shown in Fig.

24,
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Figure 24. Plot of the current emitted through a 7.5 mrad half
angle aperti.;e vs oxygen pressure using a Zr/W(100)
TF emitter at the indicated temperatures.
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Fortunately after several hours of operation the emission distri-
bution becomes a single bright spot (as in Fig. 25(d)) which no longer

changes with time provided the oxygen pressure is eliminated.

E. Total Energy Distributions of Field Emitted Electrons at High
Current Density For the Zr/W(100) and Built-up W(100) Cathodes
In this study, we report an anomalous broadening of the total
energy distribution (TED) of field emitted electrons at high current
density. Previous investigators have noted various deviations in the
TED of field emitted electrons from clean metal surfac:es.ls-22 The
deviations referred to are those experimental TED results which do
not follow the theory put forth by Fowler and Nordheim2 (FN) based
on the Sommerfeld free electron model of the solid and later modified

23

to include the effect of temperature. Such deviations observed in

the TED include (1) those due to alteration of the substrate local

24,25 or surface ad-

density of states due to bulk band structure
sorption;26’27 (2) relaxation processes involving electron scatter-
ing in the bulk;zo’zs’29 (3) energy broadening due to tunneling
lifet:lmes.30

For the most part, the TED deviations referred to above consist
of relatively small perturbations that require sensitive electron
spectrometers for their detection and have no detectable effect on the
current-voltage I(V) characteristics as analyzed by so-called FN plots
and have little effect on the value of the FWHM. Recently, it was
reported that a significant broadening (i.e., increase in the FWHM

of the TED beyond theoretical expectation) occurred when field
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emitters were operated in the thermal field (TF) mode at high current

density J > 105 A/c 2.14 In addition, this anomalous increase in FWHM

of the TED was accompanied by deviations in the FN plot, which had been ]

observed earlier,31 and an unusual reduction in the 1/f noise amplitude.

The purpose of this investigation was to study the effect of such
parameters as emitter size, current density, temperature, work function
and beam acceptance angle on the FWHM of TED measurements taken ﬁt large
values of J. The FE sources usea in this study were low work function

zirconium coated Zr/W(100)%s7>14

and the high work function W(100)
built dp4’14’32 emitter. These emitters are capable of high J operation
over the temperature range 78 to 1900 K and confine the emission to an
8° half angle.

Besides the general interest in characterizing and understanding
the TED broadening phenomenon, there is further interest regarding its
effect on the use of FE sources in a growing number of microprobe appli-
cations. Both of the FE sources investigated here are capable of long
lived dc operation at angular intensities in excess of 1 mA/sr. However,
the enhanced broadening of the TED will cause chromatic aberration to

become a dominant factor limiting the spot size of a focussed beam.

In Section 1, the FE sources and method of measurement are de-

scribed in further detail. Sections 2 and 3 describe the experimental
techniques and results. In Section 4, a discussion of the results and
possible mechanisms explaining the enhanced TED are presented. We con-
clude that a possible mechanism is that involving collective coulomb

interaction between the emitted electrons similar to that proposed by
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loeffler, Zimmerman34 and others”> to explain the TED broadening noted
by Boersch36 at beam crossovers. However, certain electron energy
broadening mechanisms occurring in the bulk cannot be ruled out as con-

tributing to the anomalous TED broadening reported here.

102 Method of Approach
Based on the Sommerfeld model of metals, the TED of field
emitted electrons is given by

Ef + €

3(e) = (4mme/b®) £¢6)  J DOw) aw (13)
o

where € = E - Ef is the total electron energy relative to the Fermi
level Ef and W is the kinetic energy associated with the component
of momentum perpendicular to the surface. The term f(e) is the Fermi

function, f(€) = 1/[1 + exp (€/kT)], while D(W) is the one-dimensional

transmission function which is obtained from37

D(W) = [1 + exp A(W)]™! (14)
where
1/2 (E. + ¢ - w) 3/2
A(W) = % (‘:—g) ——fT— viy) .

When TED measurements are made at low temperatures and examined
in an energy range extending no more than a few tenths of an eV on
either side of the Fermi level, then it may be adequately represented
by the simple expression:

J(e) = (JO/d) f(e) exp(e/d) (15)

where




d=h eF/2(2m¢) 12 t(y) (16)

and J° is the 0 K FN relation

J = ol i exp [-4(2m¢3) /2 v(y)/3heF] 2D

°  8r h¢t? (y)

3

2

= i

1
i

where v(y) and t(y) are tabulated correction terms due to the image

potential and are explained in detail elsewhére.z3

The approximate expression for J(€) given in Eq.(15) is accurate
for p = kT/d < 0.7. However, for p N 0.7 the approximations used in
deriving Eq.(15) break down and the TED must be evaluated by numerically
integrating Eq.(13). El-Kareh, Wolfe and w°1fe38 have carried out the

numerical integration of Eq.(13) over the complete temperature field

and work function range; in addition, they along with others39 performed

the integration

o

I(T,F) = f I(e) de (18)

(o]

which gives the current density over the complete range of the variables

T, F and ¢. Eq.(17) is the result of performing the integration of

Eq.(18) at T = 0.

Eqs.(13) and (18) were evaluated at ¢ = 2.5 and 4.5 eV using

38

the numerical integration techniques described elsewhere. These are

the work function values appropriate for the 2Zr/W(100) and W(100) built-

up emitters investigated in this study. Figures 26 and 27 give the re-

BT NS Y

lationship between the FWHM and F. The arrows on the ordinate indicate

the electric field range applicable to the respective emitters. The




\‘ A e VI e ST S e 4 s AT VSR8 b Pl s Rl e SIS E G .m..«tu-wm-nmm 2 ‘

origin of the maxima in the FWHM is as follows: at high fields, emis-
sion is dominated by emission from the vicinity of the Fermi level,
whereas at low fields, it is confined to the top of the work function
barrier. On the other hand, at intermediate fields, comparable emis-
sion occurs in the region of the Fermi level and the top of the work

function barrier leading to the maxima in the Figs. 26 and 27 curves.

D~

The maxima in the Figs. 26 and 27 curves are largest for the high work

5 | function emitter; however, except for T > 1800 K, they lie outside the

TN

field range of interest.

We thus conclude that in the field and temperature range of

I i s

interest for the two emitters investigated in this study, the FWHM

should not exceed ~ 1 eV. Previous studies by Gadzuk and Plummer40

3

1
and others have shown that for low field strengths and a tempera-

K v el S

; ture range extending from 78 to 1500 K a tungsten emitter gave TED re-
| sults in agreement with theoretical expectations except for the well
known structure in the W(100) TED that occurs at € = -0.35 and -0.70 eV.
The two emitters chosen for this study, besides their cap-

ability of being operated at temperatures up to 1900 K, can also be

R T T A Ry L 3 i B

operated at very high values of current density. The thrust of this
study was to measure the FWHM of the TED curves obtained from these
two emitters and compare the results with Fig. 26 and 27 predictions.
In particular, we measured the TED curves obtained from these two

emitters for higher values of J than have heretofore been examined.

o ey
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2. Experimental

Two retarding potential analyzers were used in this study,
one of which has been described earlier18 and involves focussing the
emitted electrons to a crossover at the center of a retarding hemi-
sphere; the other analyzer employed was a non-crossover retarding
analyzer in which the electrons are retarded along radial paths by
concentrically-arranged spherical electrodes. A cross section of the
latter analyzer is depicted in Fig. 28 and Table 4 gives the radii
and relative operating potentials of the electrodes. Electrode po-

tentials were determined according to

V(r)/V(r) =1 - —%— i
o R T : (19)

where E is the inner sphere radius and R is the outer sphere radius.
In practice, the best resolution was obtained if the potential of
electrode D was .03 V(ro) and electrode E was operated at 3V. A
negative sweep potential was applied to the emitter in order to dis-
play the retarding current-voltage characteristics. The selecting
electrode (E) contained a 1000 line/in. platinum-coated copper mesh
through which electrons were transmitted into the Faraday collector
(F). The emitter was mounted on a glass bellows arrangement in order
to align it with the spherical electrodes. For best resolution, the
emitter was positioned .56 mm behind the center of symmetry of the
hemispherical electrodes. A fluorescent screen on electrode (B) was

provided for pattern observation. The resolution of this analyzer was
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TABLE 4

SPHERICAL RETARDING ANALYZER ELECTRODE SPECIFICATION BASED ON EQ.(19)

i‘
% Inner Aperture Relative
& Electrode Radius (mm) Diameter (mm) Voltage
| A 3.96 3.05 1.0
B 10.54 0.71 0.264
c 14.10 0.71 0.164
D 20.27 0.71 : 0.060
E 30.38 3.81% 0

* covered by 1000 lines/in copper mesh




~ 50 meV as determined from the leading edge of the TED taken at an
emitter temperature of 78 K.

Both electron energy analyzers yielded directly the inte-
gral of the FE current with respect to the electron energy; this was
diffefentiated electronically to provide the TED. At elevated tem-
perature, the extent to which the TED measurements could be carried
out along the low energy tail was limited by beam noise. Temperature
control of the emitter was accomplished by the well known 4 lead
emitter assembly where two small diameter (~ 0.1 mm) leads sample the
emitter filament resistance. Temperature calibration for T > 1000 K
was performed using an optical pyrometer, while temperature calibration
for T < 1000 K was accomplished by using the resistivity-temperature
dependence relationship for pure tungsten. = : ?

The two electron energy analyzers were ﬁouﬁ;ed on bakable,
high-vacuum systems capable of attaining a pressure < 8 x 10710 torr.
Because of the high total electron current levels used in this study,
electron-stimulated desorption of absorbed gases on the ancde limited |
the effective pressure at the emitter. This problem could be reduced
to a tolerable level by operating the emitter for several hours at i

high current level prior to taking TED measurements. |

s Experimental Results
Measurements of the TED curves were carried out as a function
of T, F, B and beam aperture angle. The field factor g = F/V was deter-

mined in the usual way from the slope of the low temperature FN plot

66




(i.e. 1n I/V2 vs 1/V) by assuming the previously stated ¢ values. The

beam acceptance angle was the solid angle () subtended at the emitter

by the beam defining aperture. The "crossovérﬁ analyzer was operated

with two different apertures giving Q@ = 0.14 and 0.54 msr, while the
non-crossover analyzer was operated with one aperture size giving
Q= 0.97 msr.

Figures 29 to 32 show the experimental TED curves obtained
from the crossover energy analyzer for the W(100) built up and Zr/W(100)
emitters at various values of F and two extreme values of T. A few of
the theoretical curves normalized to the respective experimental curve
peak heights are given for comparison purposes. Figures 33 and 34 give
the comparison Letween the experimental and theoretical values of FWHM
for the Figs. 29 to 32 data. A large discrepancy can be seen between
experiment and theory at large values of F for both high and low
temperatures.

Figure 35 shows the high temperature FWHM values for the W(100)
built up emitter taken in the crossover analyzer with a larger beam
acceptance angle (2 = 0.54 mSr) and at various values of emitter radii.
The FWHM values are given in terms of the beam angular intensity in
order to show its dependence on the latter parameter. Figure 36 gives
similar results for a W(100) built up emitter with approximately the
same emitter radius r (i.e. similar values of B, where B « 1/r) but
at various beam acceptance angles. The values for @ = 0.97 mSr in Fig.
36 were obtained from the non-crossover analyzer as were the Fig. 37

results which were taken with a smaller B value emitter at several
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Figure 29. Solid lines are the experimental TED curves for a W(100)

built-up emitter taken at the indicated electric fields
and temperature; dashed lines are the corresponding
theoretical curves using ¢ = 4.5 eV and normalized to
the peak heights and Fermi level E; of the respective
experimental curves. Horizontal dashed lines indicate
the experimental FWHM values. Crossover analyzer with
2 = 0.14 mSr used for these results.
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peak heights and Fermi level E& of the respective experi-
mental curves. Horizontal dashed lines indicate the
experimental FWHM values. Crossover analyzer with Q = 0.14
mSr used for these results.

69

il




1. A AP AP A e ——— st =

=

'oo_ T T T T T T T Y T T Y T T 4
E Zr/W(100) ]
§ T=84K ;
- CURVE FIELD (v/A) : 5
= (a) 0.209 - 1
(b) 0.184 4
(c) 0.160 (a) |
o] o
% I i
2 -
= [
b=}
> g 1
-
e -
-
-z L
-
2 ﬂ
) i
-
I.O:
r |
3 1
r
IE¢
0.1 —l 1 1 1 1 1 1 A |u i 1 1
-4.0 5.0 -6.0

EMITTER BIAS (Volts)

Figure 31. Solid lines are the exprimental TED curves for a Zr/W(100)
. ‘ emitter taken at the indicated electric fields and tempera-
g ture; dashed lines are the corresponding theoretical curves
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emitter taken at the indicated electric fields and tempera-
ture; dashed lines are the corresponding theoretical curves
using ¢ = 2.5 eV and normalized to the peak heights and

Fermi level E; of the respective experimental curves.
Horizontal dashed lines indicate the experimental FWHM values.
Crossover analyzer with @ = 0.14 mSr used for these results.
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temperatures. The Figs. 35 to 39 results show that in the temperature
range investigated the FWHM values are independent of temperature and
primarily a function of B, 2 and angular beam intensity.

In Fig. 38 the FWHM values vs. angular intensity are given
for the Zr/W(100) emitter at various temperatures using the crossover
analyzer with two different beam acceptance angles. The indicated
theoretical curves were obtained from the Figs. 26 and 27 data using
the experimental values of B and anode voltage to obtain the appro-
priate value of F and, hence, FWHM values.

Finally, in Fig. 39 are the values of FWHM vs. B for both
the built up and Zr/W(100) emitters at two values of angular intensity

and using the crossover analyzer with @ = 0.54 mSr.

4, Discussion of Results
4.1 Low Temperature Results
Because of the extraordinarily high values of field attainable
for the W(100) built up emitter, a relatively large energy range below
the Fermi level (noted on the abscissa by Ef) was accessible to the
retarding analyzers used in this experiment. For example, the bulge

in the TED due to bulk band structure ramifications occurring at

€ = -0.8 eV, observed previously by Plummer and Gadzuk21 for emission

from the W(100) plane of a thermally-annealed W emitter, is also ob-
served in these studies as shown in Fig. 29. It should be emphasized,
however, that in the present case, the (100) crystal plane contains

a pyramidal structure 4 witha very small (less than 20 K) (100) crystal

plane at *he tip of the pyramid. Apparently, for the latter reason,
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1600 K data.
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the surface sensitive peak in the trailing edge of the TED normally

occurring at € = -0.35 eVJB’Zl‘and believed to be due to surface

states,21’41 does not appear.

The Fig. 29 and 31 results show that both emitters give
experimental TED curves at 84 K whose deviation from the theoretical
curves increase with increasing field. An increase occurs in both
the high and low energy tails similar to that observed by others,28’29
except here at much higher values of J and with a significant effect
on the FWHM values as shown in Figs. 33 and 34. Of further signifi-
cance, is the fact that the experimental values of FWHM increase almost
linearly with probe current for both emitters.

The range of fields over which the TED results are obtained

is much lower for the Zr/W(100) emitter because of its lower value of

work function. Based on Eq.(17), it follows that the current density
range for the Zr/W(100) TED results is 1 x 10% to 6 x 10° A/cm? while
in the case of the higher work function W(100) built up emitter results,
J =4 x 10% to 4 x 108 A/cm?. Thus, the TED broadening occurs in a
much lower range of J for the lower work function emitter.

In terms of the practical considerations as an electron
source, it should be pointed out that for a given angular intensity
(i.e. 1/9), the built up emitter, because of its inherently smaller
emitting area, operates at a higher J than the Zr/w(100) emitter.

This can be seen in Fig. 40 where the angular intensity vs. J is

compared for the two emitters with similar values of B. Thus, for
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similar values of B and angular intensity, the respective values of
the FWHM turn out to be nearly identical for the two emitters (see
Fig. 39).

It is instructive at this juncture to inquire as to the
cause of the substantial broadening of the TED curves with increasing
current. Two mechanisms put forth previously to explain an enhance-
ment of the leading edge of the TED observed for a low temperature W
emitter at much lower values of J are: (1) multiparticle tunneling
in which the "hot" holes created by the emitted electrons can decay
by coulomb interaction with a conduction electron leading to a
secondary hole and excited electron which has an increased tunneling
probability;S»21 (2) lifetime broadening by which the tunneling

level width is A(€) = h/t where T is the tunneling time for the bound

electron.29 A level width of the form

A(e) = Ao exp[e /d-c] (20)

was proposed where Ao is a constant and ¢ = 0.68 ¢3/2 v(F,¢) /F where
¢ and F are in units of eV and V/& respectively.

The two theories readily predict the ratio of the TED am-
plitude J(€)/J(€ = o) (where according to Eq.(15) J(€ = o) = J°/2d)
which can then be compared with experimental results. Table 5 gives
selected theoretical and experimental values of J(G)Zd/J° for each
emitter at the indicated values of current density Is (calculated from

Eq.(17)) and €.

In attempting to compare the experimental results with the two

theoretical models, it was found that the lifetime broadening theory,

i




while failing to agree with the Zr/W(100) emitter TED results using

a reasonable value of Ao’ does agree with the W(100) built up results

at € = 0.2 eV using Ao = 0.35 eV. The agreement between experiment and

theory as shown graphically in Fig. 41 is somewhat poorer at € = 1

if Ao = 0.35 eV is used. According to Eq. (20) one obtains a reasonable

A(e = 1) = 0.27 eV for the indicated value of AO when F = 0.79 V/A and

i ¢ = 4.5 eV, 5
According to Table 5, the cascading multiparticle tunneling

model, which has no adjustable parameters,29 fails to agree with the

built-up emitter results. This model does exhibit agreement with the

Zr/W(100) emitter results at € = 0.2 eV. However, this model is in-
adequate for the following reason: Figs. 29 through 32 show clearly
that TED broadening occurs on both the high and low-energy sides of

the TED. A similar result was obtained by Gadzuk and Plummer2d at

lower values of J. The multiparticle tunneling model involves a coulomb
interaction between the "hot'" holes formed by electron emission and con-
duction state electrons such that the latter are scattered to higher-
momentum states prior to tunneling. Thus, this model fails to predict
the broadening of the low-energy side of the TED curves. We therefore

conclude that another broadening mechanism must be operative in order

to explain the Zr/W(100) results and the discrepancy between the life-
time broadening theory and experiment at J(€ = 1) for the built-up
emitter. Before examining other mechanisms, we shall review the high-

temperature results.
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4.2 High Temperature Results

The high temperature TED results given in Figs. 30 and 32 for
the two emitters show a much larger deviation of the high energy tail
from FN theory. The Zr/W(100) results show a substantial deviation
from theoretical expectations on both the high and low-energy sides of

the TED, whereas the W(100) built-up emitter shows a predominant de-

viation on the high-energy side. As in the case of the low temperature
results, the value of FWHM at elevated temperature increases almost
linearly with current as shown in Figs. 33 and 34. The increase of
FWHM with beam current is shown dramatically in Figs. 35 to 38 for the
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