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Abstract

Field emission occurs at the sharp apex of
a metal needle, so that it can be considered as
providing a point electron source, which is a
desirable feature for a fine focused electron
beam. The disadvantage is its Tow stability.
It is shown that the current fluctuations occur
mainly due to the interaction with the residual
gas in the vacuum; thus reduction of the inter-
action with the residual gas is essential for a
stable field electron source. The stringency of
the vacuum requirement has prevented wide appli-
cation of the field emission electron source.
New materials which have Tow work functions and
high melting points are examined in the view of
a stable field electron emitter, and it is shown
that carbides of transition metals have potential
as a stable field emitter. Very stable field
emission has been reported for TiC single crys-
tals. Operation in the thermal-field emission
mode is examined and it is shown that Zr0/W(100)
| emitter gives stable emission, whose fluctuation
is less than 0.23% in the frequency interval 1 to
5000 Hz. The only disadvantage of the ZrQ/W
thermal field emitter is its rather high level of
instability at very Tow frequencies. This paper
reviews the development of field electron emis-
sion as it is applied to electron sources.

Key Words: Electron gun, Cathode, TiC, TaC,
ZrO/W, Field emission, Cold Field emission,
Thermal field emission, High brightness.
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Introduction

Field emission electron sources have supe-
rior characteristics of small source size, of
high brightness and of narrow energy spread for
production of fine focused electron beams [ 14,
15,16,18,21,57,87] . They have been successfully
applied to many micro electron probes, such as
high resolution scanning electron microscopes
(SEM) [ 13,20,21,45,50,64,70,88] , conventional
transmission microscopes (CTEM) [15,37,67,81,85],
scanning transmission microscopes (STEM) [8,13,
19,46,69,89] , scanning Auger microscopes (SAM)
[82] , microbeam testing devices for very large
scale integrated circuits (VLSI) [77], electron
beam Tithography systems [ 26,44,68], etc.. They
also have an advantage in the production of low
energy fine focused electron beams [ 53,77,83].

The electron current passing through an area
is proportional both to the area and to the solid
angle subtended by any field illuminating aper-
ture at the source. The constant of proportio-
nality is known as the beam brightness, which is
approximately proportional to accelerating volt-
age. The brightness of the field emitter is
measured to be about 2 x 108 A/sr cm? some 2-3
orders of magnitude greater than that of the
thermionic cathode [52] . The brightness of the
thermionic LaBg cathode Ties in the range
5 x 105 - 2 x 10% A/cm? sr at a cathode temper-
ature of 1800K [29,78] . In addition, the bright-
ness of the thermionic cathodes is achieved at
relatively high voltages, about 20kV, whereas the
field emission cathode can achieve its high
brightness at much Tlower voltages, with typical
operating voltages lying in the range of 3-6kV.
The field emitter has a very small radius of
curvature, typically 0.01-0.3 um. The current
distribution from a field emission cathode is
usually contained with a cone of half angle of
20 degrees [71].

The disadvantages of the field emission
electron sources are in their Targe current
fluctuations, which are strongly affected by the
operating conditions [ 18,69,80,88] .

In a thermionic emission cathode, electrons
do not meet an accelerating field at the cathode
surface, thus their velocity is very low and they
create a space charge just in front of the cathode
surface. The electric field due to this space




charge decelerates emitted electrons, so that
the surface potential barrier, i.e. the work
function barrier, is effectively increased.
Therefore, the emission current is prevented
from increasing. This effect can be considered
as a kind of negative feedback, which increases
the stability of a system, as is familiar in
feedback amplifiers and in servo-systems. Thus
the thermionic cathode has a stabilizing mecha-
nism by nature under typical operating condi-
tions.

In the case of a field emission cathode,
electrons always meet an accelerating field and
cannot be expected to create such a high level
of space charge. The low level of the space
charge, i.e. lTow level of stabilization, makes
the emission current very noisy and with very
high fluctuations as a consequence. The surface
conditions of the cathode directly influence the
emission current. It is therefore necessary to
study the noise generation mechanisms in order
to approach a stable field emission electron
source.

Current Fluctuations in a Field Emitter

Field emission occurs when a strong accel-
erating electric field is applied to a cathode.
To make such a strong electric field, typically
5 x 107 V/cm, a field emitter is made in the form
of a sharp needle, whose apex radius is less than
1 um as shown in Figure 1. Taking into account
the field and the electron image forces, the
potential barrier is both lowered and narrowed
as shown in Figure 2. Then it is possible for
electrons to tunnel out through the barrier. The
emission current density J (A/cm?) obeys the
Fowler-Nordheim equation [ 36,88]

2 3/ 2
J =1.54 x 1076 —{—t? exp<-6.83 x 107 —%>
(1)

where F (V/cm) is the applied electric field and
¢ (eV) is the work function. The quantities t
and v are slowly varying functions of F and ¢.
For ¢ in the range of 2.0 to 7.0 eV, and for J

in the range of 1.0 to 107 A/cm?, t varies from
1.03 to 1.08, while v varies from 0.3 to 0.8.
Typically, for field emission from tungsten, v

is in the range of 0.61 to 0.69 [88]. By setting
t =1.05 and v = 0.65 a simpler expression can be

obtained [ 36] ,
2 3/ 2
J=1.4 x 1076 <i)exp < 400 x 107 8% >
) E (2)
Introducing a geometrical factor B, which relates
F to applied voltage V through

F=8V (3)
equation (2) becomes [ 49]

_ B g2 V2 < C 6%/ 2 >
J S, B~ e (4)

where B and C are constants. Typically B is

approximated by [75]
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Figure 1. A typical tungsten field emission
cathode structure. The electropolished
tip is welded to a tungsten hairpin
filament.
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Figure 2. Potential energy diagram for the cath-
ode-vacuum interface with an acceler-
ating electric field. The image poten-
tial is the barrier for the zero field
case.

1
8= 57 (5)

where r is the emitter apex radius.

For a typical field strength of 5 x 107
V/cm and a work function of 4.5 eV, a 1% change
in B, i.e. in r, results in about a 15% change in
J, with ¢ and V remaining constant. For the
same field and work function, a 1% change in ¢
results in a change of about 20% in J, with g and
V remaining constant [49,62] . Clearly, both 8
and ¢ must be carefully controlled in order to
stabilize the emission current.

A typical current variation of a tungsten
field emitter with time, with V remaining con-
stant, is shown in Figure 3(a) [ 36,69] . Before
the accelerating voltage is applied, the emitter
is "flashed" or heated with a short current pulse
through the filament, which supports the emitter
tip. Just after flashing, the surface of the
field emitter is clean and smooth, so that the
emission current is very large. The current
decays due to gas adsorption, which increases the
work function. After the initial decay, the

current stabilizes typically at about 10% of the
initial value and remains almost constant for




Stable Field Emission Electron Source

EMITTER DESTROYED

BY VACUUM ARC
[e=
z
o CURRENT DECREASING CURRENT INCREASING
o« DUE TO ADSORPTION  DUE TO
= |ON BOMBARDMENT
z
=
(%]
w
= 1
w Imin

5

TIME

Figure 3(a). A typical current variation of a

tungsten field emitter with time,
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Swann and Smith [ 69]).
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Figure 3(b). Typical random fluctuations in the
stable period after the initial
decay. The electrons were collect-
ed by a probe hole with a cone half
angle 1.9 degrees. (After Adachi

et al [2]).

several hours, although this largely depends on
the operating conditions. Even in this stable
period, emission current fluctuations of 2-5% are
typical for a moderately high vacuum of 1079 Torr
(1.33 x 1077 Pa) [36] . After the stable period,
drastic increases in fluctuations are observed in
the current, which are caused by the sputtering
at the cathode apex due to ion bombardment of the
residual gas, and finally these are followed by a
destructive vacuum arc [ 18,36,69,88] .

As mentioned previously, adsorbed molecules
can change the work function appreciably. The
change due to adsorbed nitrogen is an increase of
0.5 eV [36]. This causes about a 15 fold de-
crease in the emission current. Assuming that
the electron emission from a surface with adsorbed
gas molecules is so small that the emission
current is roughly proportional to the clean
portion of the surface, that is,

I (6)
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the initial decay of the current is given by [ 80

I(t) .

I N __t )
L (1 oe) By exp( £ (7)
with the damping time
No
to = ——3 (8)
I "I
and the ultimate coverage
Se - nG S(e) ) (9)
NI RI
where 8 = n/ng is the surface coverage, ng(cm™?)

is the maximum surface density of the adsorbed
gas molecules, N. (cm™2 sec™!) is the number of
bombarding ions per unit time at the emitter
surface, B, is the rate at which the adsorbed
molecules gre desorbed by the ion bombardment,

n. (cm™? sec™!) is the number of bombarding gas
molecules per unit time and S(8) is the sticking
probability of the gas molecules. The calculated
results are in good agreement with experimentally
measured results [ 80].

Short term fluctuations are included in both
the initial decay and the following period of
constant current. Typical current fluctuation
from a tungsten field emitter is shown in Figure
3(b) [2]. Two factors contribute to this current
fluctuation. TIon bombardment of the residual gas
molecules and migration of the adsorbed gas mole-

cules. Thus the relative fluctuation can be ex-
pressed by
A
! =fF (N, ) +e (10)

where the first term is due to the ion bombard-
ment and the second the migration [80] .

The bombarding ions are formed by stimulated
desorption of gas molecules at the anode surface
[69,75] and also by electron collisions with the
residual gas molecules in the space between the
cathode and the anode. Calculations of the ion
tra3ector1es show that approximately 10710 to
1079 of the ions formed at the anode surface can
reach the emitter tip and that only the ions
generated in the space within a few micrometers
around the apex are able to impinge on the emit-
ting area [63,66] . Considering the two factors,
NI can be expressed by [ 80]

n_ry\
Ny = 3.1 x 10%8 g d 1
= R

+ 1.7 x 1033 og (r1 - rg) I P

(11)

where (cm™2 sec™!) is the rate at which ions
are eJec%ed by electron bombardment, n.r_1is an
apparent ion source radius (n 10), “rp is the
cathode apex radius, R is the distance between
the cathode and the anode, og (cm?) is the
electron impact jonization cross section, ry
(1.4 um) is the effective radius in which all
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Figure 4. Relative fluctuations of a field
emission current from W, plotted as a
function of the product I.P. (After
Todokoro et al [80]).

ionized molecules can strike the emitting area
[63,66] , and P(Pa) is the residual gas pressure.

Thus the first term, the contribution of the
ions created at the anode, is proportional to the
emission current I, and the second term, the con-
tribution of the ionized residual gas molecules,
is proportional to the product IP. 1In a t{picaT
case with R =1 cm, 8 = 10"° and o, = 10716 cm?,
the second term is prgdominant T tﬁe residual
gas is higher than 1.8 x 1078 Pa, that is, the
ion bombardment due to the residual gas molecules
is predominant, so that the relative fluctuation
is a function of the product IP. A typical ex-
perimental result shown in Figure 4 indicates
that the relative fluctuation is proportional to
the logarithm of the product IP above 7 x 10712
(PaA). Below this point the relative fluctuation
is almost constant and is attributed to the mig-
ration of the adsorbed gas molecules at the emit-
ter surface [ 80] .

The critical pressure of 1.8 x 1078 Pa [ 80

is reduced if 8 has a smaller value or the adsor-
bed gas at the Snode surface has been completely

log|g €,

NOISE VOLTAGE

1
102
FREQUENCY Hz

Figure 5. Spectral content W field emission
current noise in terms of noise spec-
tral density e (V/Hz0'S). (After

Swann and Smith [69]).
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removed. Ny contributes also to the damping time
to through equation (8). When the second term of
equation (11) is predominant, the product of Ptq
is independent of the residual gas pressure, with
I remaining constant. According to the experi-
mental results of Oshima et al, the product Ptj
of a W field emitter is constant up to an ultra
high vacuum of 10710 pa, where the emission cur-
rent is very stable, but a current fluctuation of
less than 0.3% still remains. This current fluc-
tuation is attributed to the surface migration

of impurity atoms such as carbon and/or tungsten
atoms [60] . In such a high vacuum an emitter 1ife
of greater than 12000 hours has been demonstrated
[ 23,49] .

The current fluctuation due to jon bombard-
ment is a function of the emission current, while
the current fluctuation due to migration of the
adsorbed gas molecules is independent of the
emission current. The noise increases monoton-
ically with emission current only for very low
frequencies as shown in Figure 5 [69] . Thus the
noise for higher frequencies is due to migration
of the adsorbed gas molecules. 1/f dependence of
the noise is a characteristic feature of flicker
noise, which is due to statistical motion of the
adsorbed molecules on the emitter surface. The
noise has been analyzed by studying equilibrium
adsorbate density fluctuations in a small "probed"
region of a field emitter [ 34,35].

The threshold temperature for current fluc-
tuation of W is 300, 650, 1000K for the (310),
(112) and (100) planes respectively, showing a
significant decrease with decreasing atomic
density of the respective crystal planes [72],
whereas the work function shows a significant
decrease with decreasing atomic density. Thus
the emission current from a low work function
plane of W includes a high Tevel of fluctuations
[ 36] .

The emission current and noise in the steady
period increase slightly with time. This is
followed by drastic increases of current and
noise, which finally becomes a destructive vacuum
arc [ 18,36,49,69] . These current fluctuations
are due to surface damage caused by ion bombard-
ment leading to enhanced local fields [49] . In
such regions there is an increased probability of
electron emission, and possibly of fon bombardment
also, and these effects tend to increase the
noise.

In the ordinary case, flashing is performed
to smooth the damaged surface and to desorb the
adsorbed gas molecules before the drastic increase
of current occurs [49] . Thus a periodic flashing
is essential for stable operation [ 361 .

Most of the current fluctuations are caused
by interaction of the emitter surface with the
residual gas as mentioned above, so that it is
essential to reduce this interaction in order to
reduce the current fluctuations [23,62].

The direct approach to a stable field
emission source may be to utilize an extreme
ultra-high vacuum system which is very expensive
and is very delicate to use. There is also the
difficulty of equipping such a vacuum system with
an electron optical system. The stringency of
the vacuum has prevented the field emission
electron source from being widely applied.
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Recently, a vacuum system made of aluminum alloy
has been developed and now is commercially
available [ 39,401 . In comparison with a conven-
tional stainless steel system, this system has
advantages of (1) a lower temperature and a
shorter time are required for the baking, (2) a
Tower rate of gas adsorption, (3) light weight,
(4) a lower load to vacuum pumps, (5) a Tow
ultimate residual gas pressure of less than 1072
Pa and (6) being perfectly nonmagnetic. Thus the
aluminum alloy vacuum system may have the poten-
tial to solve the vacuum problem, but still may
be very delicate to use.

From a practical view point, stabilization
of field emission current with an electronic
feedback circuit can be performed. Field emis-
sion current is a strong function of the accel-
erating voltage according to equation (4).
However, the emission current cannot be control-
led by changing the anode voltage, because the
energy of the emitted electrons changes depending
on the anode voltage. An additional electrode is
necessary for such a purpose as shown in Figure
6. The electrode is called a source control
aperture [ 56] , or Wehnelt [51], or an emission
control electrode [ 16,17] . The applied voltage
of the electrode is slightly lower than the equi-
potential Tline at the position. The electric
field just in front of the emitter can be
controlled by changing the voltage of the control
electrode, so that total emission current can be
controlled without changing the electron energy.
By detecting the total emission current, the
feedback signal to the control electrode can be
made and the emission current successfully
stabilized as shown in Figure 7 [51].

WEHNELT- A WEHNELT-B WEHNELT -C
ﬁ]%“—_'WEHNELTTﬁr — ﬁ ==
F. E.TIP _..i —
Iem
6
(B)
T a4 (c)
E
o (A)
NS L
0 I 1 |
(o} | 2 3
Vw (kV)

Figure 6. Axial shift z; of the virtual electron
source caused by the change in the
control electrode (Wehnelt) voltage
for three different electrode config-
urations. (After Nomura et al [51]).
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Figure 7(a) Stabilized current by an electronic
feedback circuit and
7(b)  the voltage appearing on the con-
trol electrode. (After Nomura et
al [51]).

The axial position of the virtual source
shifts due to the change of the electron trajec-
tories, because the electric field distribution
between the emitter and the anode is changed by
the potential of the control electrode. The
amount of the shift depends largely on the

electrode configuration as shown in Figure 6.
If a hemi-spherical anode is adopted, the defo-
cusing due to the shift can be almost comparable
to the Tevel of defocusing due to the chromatic
aberration and/or the diffraction of the field
emission gun [ 51] . Recently, methods for numer-
ical analysis of point electron sources have
improved [ 41,42], and new electrostatic lenses
proposed [ 54,55], so that the optimum configu-
ration for the minimum shifts can be expected.
The fluctuations of the total emission
current do not necessarily correspond to the
fluctuations of the probe current or the beam
current. There is no strict correlation between
them. Thus it is necessary to detect the fluc-
tuation of the beam current to effect a complete
stabilization; but it is impossible to detect
the fluctuation of the beam current directly,
because the beam itself is used for the purpose
of the electron beam system. Cleaver [17]
detected the current fluctuation of the near
axial component of the electron beam by a beam
monitor electrode placed just beneath the anode
and got a sufficient stability for the production
of satisfactory micrographs from specimens of
normal contrast. However, the stabilization has
some optical consequences which degrade the
system performance.

New Materials for Field Emission Sources

The materials for field emitters should be
of high melting point, of low vapor pressure at
high temperature, of lTow electrical resistivity,
of Tow work function, chemically stable, highly
resistive to ion bombardment and mechanically
hard. It is necessary to be able to make a fine,
sharp needle easily. The high melting point
and Tow value of work function are the same
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requirements as for a thermionic cathode. Many
materials are evaluated by defining a figure of
merit, which is based on the Richardson-Dushman
equation [ 96] . The figure of merit is

= _ 3_ ¢
=2 log Tm 5 x 10 Tm (12)

where T_ (K) is the melting point, ¢ (eV) is the
work function. Although this figure of merit
directly gives a measure of thermionic emission
current, it also gives a measure of thermal
field emission current [ 96] . The larger the
value, the more suitable the material is for a
high brightness cathode. A negative value means
that the material is not suitable for a cathode.
Although the highest working temperature of a
cathode does not equal the melting point,
comparison between many kinds of materials is
possible as a consequence of adopting the mel-
ting point as a measure of the highest working
temperature. The materials with high values of
the figure of merit are listed in Table 1, where
T (K) is a temperature at which the material
has a vapor pressure of 1075 Torr (1.33 x 1073
Pa), and A is the Richardson constant.

Oxides hae a very high electrical resis-
tivity, so that they are not suitable for field
emission sources.

Tungsten, which is widely utilized for field
emission cathodes, has a rather high work func-
tion. According to equation (1), the higher the
work function, the stronger the required applied
electric field must be. As a consequence, a
strong electrostatic force is present at the
apex of the field emitter. Thus high mechanical
strength is required for a field emitter.
Hardness can be a measure of the mechanical
strength. W has a rather small value of hard-
ness, whereas LaBg, and carbides have large
values. So far no successful efforts have been
reported for stable field electron emission from
LaBg, although it shows superior characteristics
as a thermionic cathode. According to this
author's experience, the noise level was higher
than that for W. The reason why the LaBg field
emitter is unstable does not seem to be known.

Carbon is excluded from the evaluation
because it has many crystallographic phases and
the work function changes very much from phase
to phase. However, carbon has a very high
melting point, and so there have been many
attempts to apply it as a field emission cathode
[5,6,30,38,47,48,91] . The current fluctuation
is step and spike-1like and a lTow Tevel of random
noise is included. The sticking probability of
gas adsorption on carbon is very Tow [9] and the
Tow Tevel of the random noise can be attributed
to the Tow Tevel of gas adsorption. It gives
stable electron emission, especially in the
thermal field emission mode. The emission mech-
anism is not a simple "metallic" process, but it
includes some "semiconductor like" processes
[47].

Carbides of transition metals have rather
small values for the work function. The melting

points are extremely high, which make the fig-
ures of merit very high.

Much work has been

done on field emission from TiC [2,3,20,31,43,61,
791 . The stable field emission from a T1C s1ng1e
crystal is shown in Figure 8. No current fluc-
tuations are observed after the slight initial
decay [28]. The total emission current I, was
about 4.5 pA, which can be large enough for an
ordinary electron beam probe system. is the
probe current, collected by a probe ho1B with a
cone half angle of 1.9 degrees. Current fluc-
tuations are observed if the flashing condition
is not adequate or the emission current level is
high as shown in Figure 9, where the total emis-
sion current was 18 pA, which is four times as
large as that of Figure 8 [ 28].
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Figure 8. Stable field emission current from a
TiC single crystal processed by the
optimum f1ashing is the total
current and Ip is thg probe current
collected by a probe hole with a cone
half angle of 1.9 degrees. (After
Fujii et al [28]).

L5 Ty
25 L e e B e B B e s s o e
8
# 33x10°8pg
. 5—2101 I, (x1075a) T
w
T
3 1"°r I, (x1078a) B
Zz a4l
(o]
s |10 4
(2]
s
w 2
0.5 -
o Loo £ L L L L 1 1 1 1 1 L L 1 L |
[} 5 10 15
TIME (min)
Figure 9. Step like current fluctuations in

field emission current from a TiC
single crystal with a high total
emission current of 18 pA. (After
Fujii et al [28]).
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It is worth noting that the current fluc-
tuations from carbides are fundamentally step-
like and do not include flicker (1/f) noise.

This is in contrast with the W field emitter,
whose field emission current always includes
flicker noise. The stability of the emission
current is Targely dependent on the flashing
conditions and there is an optimum flashing tem-
perature [ 2,3,28,61] .

The emission patterns change with the
flashing temperature. There are five distinct
temperature regions which give different emission
patterns. Stable field emission was obtained
when the flashing temperature was in a region
between 1900 and 2100 C. Although a symmetrical
pattern is also observed in a region between 1500
and 1700 C, the emission current was not stable.
A flashing temperature higher than 2100 C gives
rather high levels of current fluctuations [ 2,3,
28] .

The optimum flashing temperature depends on
the method used in the flashing process. The
optimum flashing temperature reported by Oshima
et al was in a region of 1700 to 1900 C [ 61].

The flashing process of Oshima et al was the
following: flashing for several seconds was re-
peated with an interval of a few minutes for a
full day or longer. The flashing process of Fujii
et al [2,3,28] is the following: after a pressure
of less than 108 Pa was reached, the field
emitter was heated for 5 - 15 sec. Then the
emitter was cooled to room temperature. Succes-
sive ilashing was performed after the vacuum had
recovered to a pressure less than 1078 Pa. The
flashing process was repeated until the base
pressure did not increase to more than 1078 Pa.

The physical process for the optimum flash-
ing temperature has not been understood. The
reason why Oshima et al adopted their flashing
process is that the field emitter was supported
by carbon block heaters, as in the Vogel type
support for the LaBg cathode [86] . The carbon
block heater is very porous, and contains a large
amount of gas which escapes very slowly, so that
a long flashing time is required. Whereas the
tip of Fujii et al was supported by a Ta ribbon,
which contains much less adsorbed gas than the
carbon blocks.

The current fluctuations are always followed
by flickering of the emission patterns. The
current steps of the total current of Figure 9
do not correspond to the current steps of the
probe current. The step in the probe current
occurs when the bright spot over the probe hole
flickered.

The number of the current fluctuations
appearing over a period of 20 minutes is clearly
a function of the product I+P as shown in Figure
10. As mentioned above, when the residual gas
pressure is higher than the critical pressure of
1.8 x 1078 pa, the second term of equation (11)
is dominant, so that the number of ions which
bombard the emitter surface is a function of the
product IP. Thus the current fluctuations are
caused by ion bombardment due to the residual gas
molecules. The figure also shows that the optimum

flashing process reduces the frequency of the
current fluctuations by 1/40 (98%) [2,28].

The bright spots of the emission patterns
correspond to the (110) direction of the crystal

[2,3,28] . Futamoto et al [ 31] suggested that the
bright spots correspond to (110) facets. Exam-
ining the emission patterns of both (100) and
(111) oriented field emitters, Fujii et al
concluded that the electron emission occurs at
the sharp edges between (111) and (001) facets
and no stable (110) facets are expected [28].
Field emission of electrons will occur only at
sharp. edges of facets and not. on the facets, if
the temperature is Tlow [73].

The lack of flicker noise (1/f noise) is
due to the low probability of gas adsorption on
the carbides and the formation of no mobile
physisorbed precursor to chemisorption [ 32,33,59
95] . It also is due to the small changes in work
function arising from gas adsorption [ 58,59,96] .
The oxygen peak height of XPS (X-ray photoelec-
tron spectroscopy) increases with increasing
exposure of 0,, and saturates above 3000L (L:
Langmuir = 10~ Torr sec); correspondingly, the
work function increases monotonically from 3.8 to
4.2 eV [58]. These changes in both the sticking
probability and the work function are much smaller
than those of W (001), where the saturation of
oxygen chemisorption occurs at 30L which results
in a change of the work function from 4.6 to 6.2
eV [59].

The quality of the crystal is also important
for stable field emission current. A crystal
which gave stable field emission was grown by a
floating zone melting method under a high
pressure helium atmosphere [28] . Multiple passes
of the zone were performed to reduce the impurity
Tevel. The stoichiometry of the crystal is also
important. Stoichiometric TiC shows a small
change in work function due to oxygen adsorption
[95]. The crystals with chemical composition of
0.95 and 0.96 gave the most stable field emission
current [ 28] . .

Low probability of gas adsorption is also
reported on TaC [ 32,33]. It seems that Tow
probability of gas adsorption is a common feature
of transition metal carbides. Current fluctua-
tions in field emission from TaC are also step
like and contain no flicker (1/f) noise [93].
These features are the same as TiC. Essentially
the same features can be expected for the other
carbides shown in Table 1.

TiC has the Towest melting point among the
carbides listed in Table 1. This means that TiC
is the easiest carbide from which to grow a high
quality single crystal. TaC and HfC have the
highest melting points, so that they are very
difficult to grow a high quality single crystal
from, although a high melting point is a desira-
ble characteristic for a field emitter.

Carburization of a pure metal provides an
easy way to make a field emitter. TaC made by
carburization of a Ta metal needle was sometimes
single crystalline, although the emission current
contained large fluctuations [93]. Reduction
of the fluctuations can be expected by improving
the technique.

The hardness of TiC is reduced drastically
by heating it to about 1000 C, but that of TaC is
not [ 4], although the hardness of TaC is rather
low at room temperature. While the flashing
process of a W field emitter anneals the damaged
surface, it is not certain at present that this
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Table 1. Properties of Electron Sources.

Material F ¢ I T

m p
(ev) () (c)
LaB 1.49 2.69 2530 1610
(110) 1.67 2.60 2530 1610
CeBg 0.76 2,73 2290
(110) 0.98 2.63 2290
By 2,23 2.61 2800
GdB,, 3. 11 1.98 2650 -
TiC 1.75 3.32 3160 2000
IrC 2.31 3.38 3530 2240
NbC 2.40 3.45 3650 2250
HfC 2.81 3.40 3890 2300
TaC 253 3.61 3880 2380
CeCy 1.91 2.49 2540 1880
Ca0 3.36 1.78 2570 1542
Sr0 3283 1.43 2430 1430
Ba0l 3,31 1.25 1920 1128
Tho, 2.65 2.78 3190 2200
W 0.41 4.54 3410 2560
_:_‘ 500 M T T T ryT T BRI S B
S | P _(Pa) /0 oY A
e ® 27x10® o _O
& 100 - 0 2.7x1077 v > v/_
4 E v 5.3x1077 /{1600°C :{// ]
= S LSIIUG. /’ J |
w
2 v "
z i
0 ‘/
a-‘ A ® ® |
S 1950 °C ]
('S
] i
4
w
o - .
b3
=]
z (p VSl 1 1L g O (S T |
|O-|Q |0-|3 |0—I2 |O-Il

I'xP (A-Pa)

Figure 10. Number of step and spike-like
fluctuations in the field emission
current from TiC appearing for a
period of 20 minutes for two differ-
ent flashing temperatures of 1600
and 1950 C plotted against the
product I,P. (After Adachi et al
[21). ¢

characteristic of TiC plays an essential role in
the flashing process to reduce the current fluc-
tuations.

The characteristic feature of TaC that the

A Resistivity Hardness
(A/cm2K2) (2 cm,20C) (kg/mm?)
29-120 1.5 x 1075 2470

82 1.5 x 1075 2470

3.6, 580 2.9 x 1073 (3140)
...... 2.9 x 1075 (3140)
0.1, 0.045 2.9 % 1078 0 aases
107 < T [ = e

2.5 5.3 x 1075 2930
0.2-140 6.2 x 1075 2860
1078 5.1 x 10°5 2400
0.3-40 4.5 x 1075 2860
0.22-2.1 4.1 x 1075 1570
...... 6.0 x 1075 Y sl
1072 2.8 (800C) 560

1073 18.0 (800C) = seees
10-2-10"! A6 (BOOCY - ssmes
2.5-160 0.65 (800C) 945
60-100 5.5 x 1075 300

hardness does not decrease at high temperatures
may suggest a potential usefulness of TaC for a
thermal field emitter, as will be discussed later.

Thermal field emission

Another way to reduce the interaction with
the residual gas is to increase the emitter
temperature. The advantages of thermal field
emission consist primarily of relaxation of
vacuum requirements, and higher operational
current density and beam brightness [76] . The
disadvantages are the large amplitude of Tow
frequency noise [ 76,84] and a greater spread of
kinetic energy of the electron beam [ 23,25,76,92,
94] . When the temperature s high, 6 of equa-
tion (9) has a small value, because the sticking
probability S(e) for the gas molecules is reduced.
In fact fluctuations in the emission current from
a glassy carbon field emitter have been reported
to be reduced dramatically [ 91].

In the case of a tungsten field emitter,
heating causes the "build up" which results in a
destructive vacuum arc. Heating a field emitter
in the absence of an applied field causes the
emitter radius to increase due to the surface
tension and the surface migration of the atoms
("dulling") [12]1. 1In the presence of an applied
field, the electrostatic force acts in opposition
to the dulling force, so that the dulling rate
will decrease. Then the dulling rate is given by

_dr ) _(j._rF* d
< dt >F <1 8ﬂy> (TE)O e}
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where y is the surface tension and (dr/dt)q is
the dulling rate without the applied field [7,11,
49] .

For clean tungsten, the condition for
(dr/dt)F = 0 is given by

Fo = 81 = 104r 7% (v/em) (14)

where r is in cm. Lower field strength than F,
is necessary to avoid "build up". For an ordi-
nary field emission tip with radius of 100 nm to
1 um, Fo corresponds to the range 8.1 x 10° to
2.6 x 107 V/cm. The useful range of the current
densities (10% to 108 A/cm?) corresponds to
fields in the range 4 x 107 to 8 x 107 V/cm,
which is higher than the critical field Fj.
Thus, the possibility of stabilizing the smooth
emitter shape during thermal field operation of
a smooth and clean tungsten emitter is elimi-
nated [ 75] .

Reduction of the work function is necessary
to reduce the required applied field, according
to equation (1). The work function of W (100)
surface with an overlayer of Zr has a very small
value of 2.6 eV in the presence of oxygen [ 65] .
An applied field of F = 2 x 107 V/cm gives a
useful current density of about 5.3 x 105 A/cm?
and an apex radius of 0.164 um. These are
practical values [75].

The characteristics of the Zr0/W thermal
field emission cathode have been systematically
examined mainly by Swanson's group [ 73,75,76,90]
and it has been successfully applied to some
microbeam equipment [ 82] . 7Zr on the surface of
W forms a Zr-0 composite that does not evaporate
even at a high temperature of 2000 K [22]. The
Tow value of the work function of Zr0/W(100) is
due to formation of Zr-0 composites. Metallic
Zr has a rather high value of the work function.
Auger percent compositions of W, Zr, 0 and N do
not change with heating temperature up to 1800 K,
whereas the work function decreases with the
heating temperature as shown in Figure 11 [ 22].

The optimum operating temperature of the
Zr0/W thermal field emission cathode is about
1800 K [73,75,90] . The emission current includes
flicker (1/f) noise with current fluctuations
less than 0.23% in the frequency interval 1 to
5000 Hz [73]. Higher levels of current fluc-
tuations than flicker (1/f) noise are found at
very low frequencies and this component is tem-
perature, field and emitter geometry dependent
[83]. A typical spectrum of the noise is shown
in Figure 12 [73,77] . Relatively high noise
levels have been reported by other authors [ 24,
791, suggesting that special care is necessary
for stable operation. The flicker noise in the
thermal field emission current suggests that the
migration of atoms at the cathode surface still
plays an important role in the noise generating
mechanism.

The energy spread of thermal field emission
electrons has a larger value than either therm-
jonic or cold field emission [1,10,25,92,94] .
Thus the FWHM (full width of half maximum) has a
maximum value at a certain temperature T _, with
the emission current remaining constant §s shown
in Figure 13 [1]1. The origin of the maximum is

481

Electron Source

38

T T T T T T T
07 :
Zr/W(100)
-36
06| _
>
34 ®
&
z T — z
o 432 o
= -
g 04 Y 5
w Ommmmmmmmmmmmmmmm s e s Zria7 z
2 SNo-—-- 430 2
= 03| 7 o
< 169 x
o - o
w . 28 Q
R == —-o, 2 o N\Cer2
Os51042.6
ol
Nago
g H2.4
1 1 1 1 1 1 1 1
29 1000 1200 1400 1600 1800

HEATING TEMPERATURE (K)

Figure 11. Auger percent compositions of W, Zr,
C, 0 and N, and the work function ¢
versus temperature of a Zr0/W(100)
cathode surface. Points at 1000K were
obtained after a 10° Torr sec (= 10L)
oxygen dose including several mono-
layers of zirconium. (After Danielson
and Swanson [ 22] ).
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Figure 12. Spectral density function of the
noise from a Zr/W(100) thermal field
emitter (V = 7.5 kV; T = 1800K). The
solid angle subtended at the emitter
by the acceptance aperture was 0.113
msr and the transmitted (probed)
current was 30 nA. (After Swanson et
al [ 77 ).

as follows [10] : at a Tow temperature, a high
field is necessary and emission is dominated by
emission from the vicinity of the Fermi Tevel,
whereas at a high temperature, a low field is
necessary and emission is confined to the top of
the work function barrier. On the other hand, at
intermediate temperature, intermediate field is
necessary and comparable emission occurs in the
region of the Fermi level and the top of the work
function barrier, leading to the maximum. Thus
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Figure 13. Calculated results of the half widths
of total energy distribution of ther-
mal field emitted electrons with two
different work functions of 2.66 eV
(LaBg) and 4.8 eV (W) for two current
densities of 10° (solid curves) and
10* (dashed curves) A/cm?. (After
Adachi et al [1]).

at a higher temperature than T_, contribution of
the emission at the top of the work function
barrier is dominant.

In case of the ZrO/W thermal field emitter,
the optimum operating temperature is about 1800
K, which is higher than T _, so that electron
emission occurs mainly atSthe top of the work
function barrier and the FWHM of the energy
spread of the emitted current has a small value
[73]. Often it is operated in the extended
Schottky emission mode rather than the thermal
field emission mode [ 73,74] . In consequence, a
smaller applied field is necessary and the radius
of the apex can be large, say a few micrometers,
which can still be small enough for fine focused
electron beams. The small applied field and
large radius of the apex give a low rate of the
"build up" and then a long life time can be
expected. A Tife time of 5000 hours was repor-
ted [ 73] . The Targe radius of the apex gives a
Tow level of current density at the cathode
surface, thus the broadening of the energy dis-
tribution due to Coulomb interaction of the
electrons is reduced [10]. A Tow voltage field
emission (i.e. Schottky emission) mode of ZrQ/W
gives equivalent spatial resolution to a room
temperature field emission mode of W [83].

When a W (100) field emitter is flashed in
the presence of a positive applied field of
5-6x 107 V/cm [18,71], or the emitter is
exposed for about 5 sec to oxygen at a pressure
of 107 Torr (1.33 x 10™% Pa) and heated in a
vacuum less than 1079 Torr (1.33 x 1077 Pa) at
a temperature of 1200 - 1400 C [ 84], "build up"
occurs. The apex radius of the built-up cathode
is so small that a low accelerating voltage is
necessary. The emitted electrons are confined
to a narrow beam with a half angle of less than
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9 degrees, therefore a reduction of the emitted
current is required for fine focusing of a normal
field electron source [ 71]1. The atomic density
of W(100) is high so that the emission current
fluctuations are rather low levels. Comparing
the noise levels between the ZrO/W Schottky
emitter and the W (100) built-up thermal field
emitter at similar values of the geometric factor
and angular intensity, Zr0/W exhibits an almost
10 times reduction in AI/I. This is attributed
to the inherently small emitting area of the
built-up emitter, when viewed through a spec-
ified beam aperture angle [ 76] .

The current fluctuations of a glassy carbon
thermal field emitter are step and spike-Tlike
and no flicker noise is included [38]. The fre-
quency of the current fluctuation is a function
of the product IP. As stated above this is the
characteristic feature of the current fluctuation
originating from desorption and adsorption of the
residual gas molecules stimulated by the ion
bombardment at the emitter surface [80]. The
disadvantage is in the low strength of crystal
structure. Carbon has many stable structures,
and none of these structures is compact atomical-
ly. The compact crystal of carbon is diamond,
which is an insulator.

The same type of current fluctuation is
observed in the cold field emission current from
carbides of transition metals such as TaC, TiC
and ZrC. TaC has a high value of hardness even
at a high temperature of 1000 C [ 4] , which is an
advantage for operation in the thermal field
emission mode. The work functions of TiC and ZrC
are reported to be reduced slightly with heating
after exposing to oxygen [27] . Thus transition
metal carbides can be expected to show good
characteristics in thermal field emission.

Summary

The current fluctuations of a field emission
electron source are mainly due to the interaction
of the emitter surface with the residual gas
molecules. Thus a direct way to reduce the
current fluctuations may be to utilize an
extremely high vacuum system, which is very
expensive and delicate to use; it does not seem
to be practical. Stabilization of the emission
current by an electronic feedback circuit can be
performed, but it requires the incorporation of
an additional electrode, i.e. a control electrode
Changes in the potential of the control electrode
induce some optical consequences which degrade
the system performance.

New materials for field emission cathodes
are evaluated and carbides of transition metals
are shown to have potential values for use as
stable field emitters. Stable field emission
has been reported on TiC single crystals. So far
only a few fundamental experiments have been
reported on the stable field emission from the
carbides. The carbides are also expected to have
superior characteristics as thermal field
emitters.

Operation in the thermal field emission mode
is another way to reduce the current fluctuation.
The Zr0/W(100) thermal field emitter gives a
stable field emission, whose fluctuation is Tless
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than 0.23% in a frequency range of 1 to 5000 Hz.
The only disadvantage is its relatively high
fluctuation at very low frequency, which is
believed to be caused by thermal instabilities.

Avoidance of a cathode heating power supply
is sometimes desirable in a practical application
of the high brightness electron sources. From
this viewpoint, the thermal field emission mode
has a disadvantage, and the cold field emission
cathode is desirable. Although carbide field
emitters have superior characteristics, they
require further confirmation of their potential
features from the view point of practical
applications.
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Discussion with Reviewers

A.V. Crewe: One of the most important character-

istics of a field emission source is its small
source size. Yet no values, experimental or
theoretical, are given anywhere in this paper.
Yet if this size were not in the range of A it
would have no value at all. For example, while
treatment with Zr reduces the total angle of
emission, what does it do to the source size?
Author: It is true that in the view of the

electron optics the source size of an electron

source is an important factor, but it is set out-
side of this review paper, thus no values are
given in the text. 1In a typical case of cold
field emission the electron optical source size
is about 50 A, while in the case of thermal field
emission source it is about 150 A[52]. A com-
parison of electron guns of cold field emission
and thermal field emission for high speed elec-
tron beam inspection has been given by J. Orloff
[52], which gives useful information about the
features of both types of field emission guns.

The reduction of the total angle of emission from
the Zr0/W(100) cathode occurs due to the flat
apex surface created by the facetting of (100)
face of the W crystal. This effect makes about
a 60% increase in the virtual source size com-
pared with the case of a round apex. A detailed
discussion of this aspect can be found in text
ref. 42 and Swanson, 1984 (Swanson LW. (1984).
"Field Emission Source Optics," in: Electron
Optical Systems, (eds.) J.J. Hren, F.A. Lenz,

E. Munro, P.B. Sewell, SEM, Inc., AMF 0O'Hare, IL
137-147).

A.V. Crewe: Energy spread of the electrons is
also important but is not given very much atten-
tion. In spite of the flat statements given in
the text: "The energy spread...emission...." it
appears that the only data is theoretical (Fig.
13). In any case, it only applies to two types
of source.

Author: The electron energy distribution is also
important as the reviewer points out when con-
sidering the chromatic aberration of the electron
optical system, but detailed discussion of this
aspect has been set outside of this review paper.
The electron energy distribution is considered

in so far as it is one of the characteristic
features of the field emission mechanism. The
theoretical data given in Fig. 13 were calculated
under the assumption that the electrons in the
metal obey the free electron model and that the
transmission coefficient of electrons through the
surface barrier can be determined by the WKB
approximation. These calculated results are in
good agreement with the experimental results
both in the cases of W [92] and LaBg [94]. The
Fermi energy has a value of several eV for suit-
able field emission cathode materials, so that it
has almost no effect on the calculated energy
spread. Only the work function has an effect on
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the field emission energy distribution. Therefore
the same curve can be applied to materials with
similar work function values, e.g. the LaBg and
Zr0/W(100) cathodes, since the Tatter has a work
function of about 2.7 eV.
When the emission current density is high, the
energy spread increases due to Coulomb interaction
of the electrons. Detailed discussion of this
aspect and some experimental results can be found
in reference [ 10] .
K.C.A. Smith: Does the choice of anode material
affect ion production and thus the stability of
the emission current in any way? If so, what is
the best material?
Author: Most of the molecules and ions from the
anode are created by electron stimulated desorp-
tion (ESD) of the adsorbed gas molecules due to
electron bombardment at the anode surface. The
number of neutral gas molecules is about two ord-
ers higher than that of the fonized molecules.
The neutral molecules also decrease the current
stability by increasing the pressure of the
vacuum. Thus materials which have a low capacity
for chemisorption by residual gas molecules are
desirable. However, there is apparently no exper-
imental report that has yet been published on this
topic.
K.C.A. Smith: Does operation of the anode at an
elevated temperature result in an improvement of
the stability of emission?
Author: Theoretically, yes, because the amount of
adsorbed gas is small at high temperatures. How-
ever no systematic experimental report has been
published so far, within this author's knowledge.
In the cases of the stable cold field emission
from W reported by Oshima et al [ 60]and Dyke et al
[ 491 the anode materials were molybdenum or tung-
sten. The anodes were heated to temperatures on
the order of 2000C before operation for the pur-
pose of degassing, although during operation they
were at or below room temperature. In the case of
the stable cold field emission from TiC reported
by Adachi et al [2], the anode material was a non-
magnetic stainless steel coated with a phosphores-
cent material.
K.C.A. Smith: Please explain what is meant by the
threshold temperature for current fluctuation of
W".
Author: The threshold temperature is typically
where the relative rms current fluctuation becomes
greater than 0.1%.
K.C.A. Smith: The few practical and successful
commercial electron optical systems employing cold
field W emitters have all depended on the achieve-
ment of a very high vacuum with attendant high
cost. What are the prospects of employing the
carbides or other new materials to realize commer-
cial systems of lower cost and greater flexibility
and ease of use?
Author: The Zr0/W(100) thermal field emission
source can be operated in a vacuum of 1078 Torr
(1.3 x 1076 P) [76]. This vacuum requirement is
about three orders of magnitude less than that
required for stable cold field emission from W as
reported by Oshima et al [60]. While cold field
emission from a TiC single crystal was obtained in
a vacuum of 2.7 x 10°8 Pa, as shown in Fig. 8,
further reduction of the vacuum requirement could
be possible if it is operated in a thermal field
emission mode.
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J.R.A. Cleaver:

D.C. Joy: I am still not sure that I under-
stand why different crystal faces, and different
materials, show such different noise spectra.

Is this simply due to different atomic mobilities
on these faces, or is there a more fundamental
explanation (i.e. a quantum mechanical effect)?
Author: Field emission currents from a W field
emitter still exhibits 1/f noise even if it is
operated in an extremely low residual gas pres-
sure of 1010 pa [60], which is attributed to
surface atom migration. The current fluctuation
measurements from different crystal orientations
reported by Swanson [ 72] were also done in an
extremely low residual gas pressure of less than
5 x 10710 Torr (6.7 x 10°8 Pa), which was per-
formed by immerging the whole vacuum system in a
1iquid nitrogen bath. In this case, the different
noise spectra are caused by the different atomic
mobilities on the various crystal surfaces. But
such low residual gas pressures are not the case
for a practical field emission electron source.
Thus in practical cases the current fluctuations
are expected to be caused mainly by residual gas
interactions with the cathode surface. The ad-
sorption and the desorption process and the move-
ment of the adsorbed gas molecules on the crystal
surface cause the current fluctuations. The ad-
sorbed gas molecules change the work function and
hence the emission current. The bombardment of
the residual gas ions stimulates desorption of
the adsorbed gas, and thus the current fluctua-
tion depends on both the emission current Tevel
and the residual gas pressure, as shown in Figure
4. These two factors are directly related to the
rate of ion creation. Therefore variations in
residual gas sticking probabilities and surface
diffusivities cause the work function fluctua-
tions, which in turn produce the observed orien-
tation dependent current fluctuations. This
author believes that the lack of 1/f noise in the
field emission current from TiC is caused by its
Tow Tevel of gas adsorption, which therefore
causes little change in the work function.

In the case of the 1/f noise in the Zr0/W(100)
thermal field emitter can be expected due to the
surface migration of the atoms at the cathode
surface due to the high operating temperature.
The evidences for the atomic motions are the
facetting of (100) face and a movement of a ring
structure in the emission patterns observed
during operation.

Please indicate what etching
procedures and electrolytes have been developed
for the transition metal carbide emitters. Can
the etching be controlled to yield the necessary
apex radius? What, if any, is the influence of
flashing on the tip profile, surface finish, and
apex radius?

Author: The etching process was fundamentally
the same as that for the W field emitter except
for the electrolytes used. Almost the same level
of reproducibility was obtained. The etching
solution of 20% HF in H,S0y can be used. The
flashing induced some facetting at the tip of the
cathode, which did affect the emission patterns.
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