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ABSTRACT

The Comparison of The Performance of A Low Voltage Microprobe
For Two Thermal Field Emitters

Jia Zheng Li, Ph.D.
Oregon Graduate Center

Supervising Professor: Lynwood W. Swanson

Field emission has long been identified with high brightness electron sources. It

1S particularly suitable for low voltage, sub-micron focused beam applications. To

make full use of this unique feature and to overcome stability problems associated

with room temperature field emitters, we investigated long life, low noise, thermal

field cathodes capable of operating at a source brightness '-"""1OlOAjcm2jsrin a back-

ground pressure 1XIO...s torr. Two promising cathodes fabricated from the (100)

oriented tungsten crystal, the ZrOjW and the built-up W cathodes, were investigated

in a comparative manner with respect to several important characteristics including

the beam spot size, current transmission, noise level, virtual source size, etc. A com-

mercial scanning electron microscope (SEM) was modified to meet the experimental

requirement for the two thermal field emitters.

A special computer simulation program (SCWIM) was used to calculate the

emitter surface field, current density and electron trajectories. Space charge was also

included in the calculations to show its ~ffect. The virtual source size is an important

parameter for calculating the source brightness. Methods previously used for calculat-

ing the virtual source size require a particular emitter shape, e.g the sphere and

sphere-on-cone models. According to the SCWIM program any arbitrary shaped

emitters (facet or other possible geometry) can be easily evaluated. Here, the virtual

source size and its relationship with emitter radius and aperture angle were obtained

for the both ZrOjW and built-up W(IOO) emitters.

XIX



The experimental results, theoretical prediction and computer simulation calcu-

lations were reasonably consistent. They provide a set of practical data and con-

siderations for the development of advanced field emission equipment with a high

source angular current intensity (>lmA/sr), low beam voltage «1.kV), small beam

size « 0.2jlm), low noise level (noise/signal 0.5 %), and relatively simple electron

optical column (because of smaller virtual source size) with relaxed vacuum require-

ment. It is shown that the ZrO/W source is generally superior to the built-up emitter

owing to its ten times less noise level and smaller energy spread.

xx



1.

Chapter 1

In trod uction

A pressing need in the semiconductor industry is the ability to inspect and test

semiconducting and insulating surfaces at high resolution without surface charging

and specimen damage. One method of addressing this kind of problem is the use of a

low voltage «1.5 kV) beam as a contactless testing probel. Increasingly, the low vol-

tage SEM is being used for inspection of LC.s and resist patterns, line-width measur-

ing, voltage contrast and stroboscopic SEM etc.

With low beam voltage the secondary electron yield coefficient, 6, increases to

unity while the electron's penetration range (R=Ky3/2) and the energy deposited per

electron both decrease2; thus the surface charging of insulating samples and distortion

of the energy band structure of the devices by trapped electron charges which

degrade and possibly destroy their function can be avoided. Also, one may achieve

the ultimate in resolution of insulating biological or chemical samples by using low

voltage SEM imaging.

The development of low voltage SEM has been delayed by technical limitation of

low beam brightness when using a conventional W thermionic cathode. Because of a

relatively large virtual source size and smaller emission current density the brightness

of a conventional thermionic electron source is limited to low value (~104 A/cm2/sr).

The conservation law of brightness 13is given by

13i

V-I
(1-1)



2.

where subscript 8 represents source side and i the image side; this makes low voltage

beams suffer further reduction of image brightness.

From the source optics of a field emitter the angular intensity I' can be given

(1-2)

where m is angular magnification, Jo is cathode current density, and r is emitter

radius as shown in Fig.l-I. The virtual source brightness is

4 I'

/3s = di 7r
(1-3)

or

(1-4)

where ds is virtual source size. It is obvious that a small value of ds means high

brigh tness.

Because of the small virtual source size and the high current density the field

emitter exhibits a brightness that surpasses that of the thermionic emitter by several

orders of magnitude. The small virtual source size also allows a relatively simple opt-

ical column to be used because there is no need for further demagnification of the

beam size.

The focused beam size (blur disk's diameter), d, of a single lens column can be

expressed as

(mm) (1-5)

where the spherical and chromatic aberration coefficients Cs and Co are referred to



3.
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4.

where the spherical and chromatic aberration coefficients Cs and Co are referred to

the object side, M is the total lens magnification, V is the extraction voltage, 0' is the

aperture half angle subtended by emitter and ~ V represents the electron energy

spread.

When the chromatic aberration and virtual disks dominate the aberration terms

the beam current Ip is given by

(1-6)

Equation (1-6) shows the importance of ~ V, I' , and ds, which are the source

parameters, and M, Co, and V, which are the column parameters. Thus, for a

specified value of d, the beam current, Ip, is proportional to the source parameter,

I' d2
---'2 and (~- di). Therefore, an increased energy spread, ~ V, or column

(~ V) M

chromatic aberration coefficient, Co, will play an unfavorable role on beam current

and spot size. Thus, the reduction of the beam energy spread and chromatic aberra-

tion coefficient must be emphasized when equation (1-6) holds.

Among the field electron sources there are two modes of operation: one is cold

field emission (CFE), the other is the thermal field emission. The operating range of

the cold emitter is low temperature (room temperature usually) and high field

strength (---107Vjcm). The operating range of the thermal field emitter (TFE) is

elevated temperature (1800K usually) and lower high electric field (---106yjcm). The

thermal field emitter has several advantages over the cold field emitters. For example,

it exhibits a much lower noise level in practical vacuum environments, longer continu-

ous operating time and relaxation of vacuum requirements. There are two types of

thermal field emitters developed recently that were used in this investigation. They

both use a (100) oriented single crystal tungsten emitter and are known as the built-

up W (100) emitter and the zirconium coated W (100) emitter (ZrOjW).
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up W (100) emitter and the zirconium coated W (100) emitter (ZrOjW).

The main purpose of this study was to gain understanding of the emission and

focusing properties of two different thermal field emitters operating in a low voltage

SEM. Measurements included focused beam size, current transmission, noise level,

angular current intensity, emitter surface field strength, and the influence of geometr-

ical factors, i.e. emitter radius, suppressor bias, emitter-anode spacing, emitter protru-

sion and aperture angle. Experimental operating parameters were obtained and com-

pared with theoretical prediction. The results provide a practical basis for comparing

the built-up W (100) and ZrOjW thermal field emitters in a low voltage SEM with

that of the CFE.
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Chapter 2

Electron emission

Electrons may be removed from metals either by excitation of the cond uction

electrons by heat or photons or by the application of an electric field high enough to

enable the electrons to escape from the metal by tunneling through a reduced poten-

tial energy barrier. The mechanisms are described by several electron emISSIon

theories. In this chapter a brief review of the thermal and field electron emISSIon

theories are given.

2.1 Thermionic and Schottky emission

When a metal filament is heated in vacuum, electrons emitted from its surface

can be collected on a nearby positively charged plate. This phenomenon called ther-

mionic emission, requires thermal energy for electrons to overcome their binding

energy (the work function) in the metal. The energy distribution of these electrons in

the solid are assumed to follow Fermi-Dirac statistics

f (E) = 1 (2-1)

where f (E) gives the probability that a state of energy E will be occupied in thermal

equilibrium, p is Fermi level and is defined as the energy of the topmost filled electron

state at absolute zero, and k is Boltzmann's constant. Fig.2-1 gives the model used to

define E, p, and work function <p.
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One can compute the flux of electrons of energy E> 4>+JJleaving the metal

cathode at any temperature. This will give the current density J(A/cm2)

J=env (2-2)

where n is the density of high energy electrons, v their mean velocity normal to the

surface, and e the electron charge. The value of n is given by

00

n = f N(E) f (E) dE
o

(2-3)

where N(E) in number of electrons per unit energy range34.

(2-4)

One can integrate Eq.(1-3) and obtain n

n 2(21rmkT )3/2 e -~/kT
h3 (2-5)

The mean velocity can be obtained by using a Maxwell-Bolzmann distribution and is

given by

2L )1/2
V = ( 2 1rm (2-6)

substituting these equations into Eq.(2-2) one gets the well-known Richardson-

Dushman Equation6

(2-7)

where A =41rem k2jh3 =120 (A/cm2deg2). The electron flux leaving the surface

increases with increasing temperature and decreasing work function.

When a small accelerating electric field F is applied to the surface of a heated

cathode the electron emission is referred to as Schottky emission. Schottky6 made the
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first attempt to explain the process in which the height of potential barrier arising

from the electron's image force near a metal surface in Fig.2-2(a) is reduced by the

application of an external electric field in Fig.2-2(b). AB a consequence more electrons

are now able to escape into vacuum over this field reduced potential barrier. The

amount ~<P by which the height of the potential barrier is reduced is

_e2

1611'Eoxo -eFxo
(2-8)

where F is the applied uniform electric field; EOis the permittivity of free space; the

distance Xo is the position of maximum of the electron potential near the metal sur-

face under the influence of the applied field and is given by

1/2

Xo= (1611'eEoF]
(2-9)

Substituting Eq.(2-9) into Eq.(2-8) the decrease in the work function is given by

~<P= {e3~ ]

1/2

4 11'EO ex:
(2-10)

This lowering of the barrier because of the applied field F causes the Richardson

Equation to be modified as

(2-11)

3
where C=(~)1/2 and JOT is given by Eq.(2-7).

411'Eo

2.2 Field emission

Schottky's theory of electron emission holds for field strengths such that tunnel-

mg can be neglected. In 1928 a new theory of electron emission by Fowler and

Nordheimo was developed which took into account tunneling. In their model the
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Fig.2-2 : (a) Image potential of an electron near metal surface (Schottky 1923).

(b) Lowering of the image potential barrier by application of an external

electric field. Thermal electron escapes into vacuum over "hump", at x o.
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conduction electrons, assumed to have a Fermi-Dirac distribution inside the metal, fill

various energy levels up to the Fermi level ",. At T=OK no electrons can occupy

energy levels above ",. The zero of energy is assumed at the top of the potential well.

They considered a field emission process in terms of a one-dimensional tunneling

problem. It can be shown quantum mechanically that electrons can penetrate the bar-

rier of such a potential well, if this barrier is lowered, e.g. by means of an added

external electric field. The tunneling probability D(W) can be calculated by the WKB

method35which, for electrons with normal kinetic energy W, yields

D (W)::::::e-c+(W+p)/d (2-12)

where

c

The supply function (number of electrons with total energy within the range E

to E + dE and normal energy W to W + dW can be derived as

411"m dW dE

N(W,E)dW dE = -,;3 exp((E-",)jkT)+l
(2-13)

The total energy distribution can be expressed by

E

J(E) dE = e J N(W,E)D(W)dW dE
-w.

(2-14)

where the integrating limit is from -Wa (about -1O.3eV for tungsten) to E. When

W=- Wa the integrand is essentially zero and the integration is facilitated by setting

the -Wa limit equal to -00. Carrying out the integration one obtains the total energy

distribu tion
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eE/4
47rmde (-e-p/4) dE

J(E) = h 3 e exp ((E -p)jkT )+1
(2-15)

The current density is at a finite temperature JTF is given bylO

00

JTF = JJ(E)dE = 47rmede(e-p/d)akT r(kT jd)r(l-kT jd)h3 a(1-kT)/d - (2-16)
-00

where a=e p/kT , and where

r(P) r(l-P) = 7rP (2-17)

Com bining Eqs.(2-16) and (2-17) yields

-811'(2m )1/2~2/3

e 3MF t1 (2-18 )

In the case of cold field emission (T - OK) lim7rP jSin (7rP)=l and the Eq.(2-18)z O

reduces to the well-known Fowler-Nordheim Equation

-811'(2m )1/2~2/3

e 3MF t1 (2-19)

Eq.(2-18) is valid only in the range for O<P<O.7.

2.3 Emission in transition region (extended Schottky emission)

Between Schottky and T-F emission, there is a transition region in which emis-

sion occurs both above and below the top of the potential barrier. It can be shownlO

that the current density J 0 given by

(2- 20)

where q = Gem.jkT, Gem.= 2~(el/2F3/2j2m)I/2 (in emu unit), Jos is the current

density for Schottky emission given in Eq.(2-11). Eq.(2-20) is valid for O<q<O.75.
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When q=0.5 one-half of the total emitted current is contributed by electrons escap-

ing through the potential barrier by tunneling.

2.4 Range of validity of the various emission theories

The range of validity of the electron emission expressions mentioned above can

be put in a diagram according to their cathode temperature and applied electron field

to illustrate schematically the range of validity in the case of zirconiated tungsten

cathodes where q,=2.5eV. AB shown in Fig.2-3 there are four major boundaries: CC',

AA', DD', GG'.

The first boundary CC' corresponding to the condition

(Vfern) (2-21)

F 1 depends on the temperature but not on the work function of the cathode. Below

the CC', the emission is predominantly thermionic in character. Below the boundary

AA' (i.e. for F <0.15 F 1) the simple Schottky formulae hold a good approximation,

e.g. to within 10% for total emission current density. Between the boundaries AA'

and CC', the current density is given by Eq.(2-20). The second important boundary

DD' corresponds to the condition

(Vjern) (2-22)

thus, F2 depends on both temperature and work function. In this region Eq.(2-18) is

the proper analytical expression for the current density. Above the boundary DD' the

emission is of a field emission rather than thermionic character. Above GG', i.e. for

F >4.2 F2' the cold field emission (CFE) formulae Eq.(2-19) holds in a good approxi-

mation. The boundary EE' (corresponding to F=2F2) makes the separation between

regions where the major fraction of the emitted electrons have initial total energies
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either above or below the Fermi energy.

Finally, the upper boundary HH' corresponds to an applied field

(2-23)

Above this boundary Eq.(2-19) does not apply because the top of the potential

barrier is reduced below the Fermi energy. There is no analytical expression between

boundaries CC' and DO' (the shaded area) and the T-F emission and the extended

Schottky emission equations of J both become inaccurate near the boundaries.

A similar case with 4>=4.5 ev for pure tungsten cathodes 10is shown in Fig.2-4.

2.5 Energy distribution for various emissions

The total energy distribution (TED) of emitted electrons is of considerable

interest since it provides knowledge of the energy spread of the electrons. The energy

distribution is given by9,12

J(E,W)dWdE 471"meD(W)dWdE
h3(exp (E-W)jkT +1)

(2-24)

where W is the normal energy and E the total energy. By integrating W over the

entire possible ranges (numerically or by analytical methods) one can obtain the total

energy distribution for the various emission regimes. All 5 emission regimes (ther-

mionic, Schottky, extended Schottky, thermaml field and cold field ) are depicted in

Fig.2-5 to show the region where analytical approximate formulae exist. The TED for

Schottky emission is obtained simply by shifting the zero reference by E 0=( e 3F )1/2
471"to

from the thermionic curve. The extended Schottky curve is shifts more because of the

enhanced electric field (see Fig.2-6). The three energy curves show the similar energy

spread about 0.4 to 0.5eV (FWHM). The TED's for CFE and TFE show very
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different shapes. The CFE has the smallest energy spread about 0.3 eV, but TFE

gives a FWHM of , leV for 4J=4.5eV.

It must be emphasized that the theoretical energy distribution is not always

obtained experimentally due to the well-known Boersch Effect23. At high cathode

current densities the electrons interact stochastically because of mutual Coulomb

repulsion and cause an increased energy spread. Although Boersch used a thermionic

cathode this phenomenon has been experimentally verified for point source cathodes13.

Usually the energy broadening term is added in quadrature with the emission energy

distribution term to obtain the total beam energy width. In one theoretical formula-

tion36the broadening term takes the form

]

2/3

tJ.E oc [, '/2:'/2a2
(2-25)

where I=emitted current, r=emitter radius, V=beam voltage and a=emission half

angle.

If one maintains a relatively low curren t density this energy broadening effect is

minimized and the electron beam contains only the energy distribution due to the

emission process. Minimization of the energy spread is particularly important for low

voltage beams since chromatic aberration is likely to be the main contributor to

focused beam diameter.
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Chapter 3

Thermal field emitter

3.1 General features

There are several advantages in operating a field emitter at an elevated tempera-

ture. One is the reduction of beam noise. The high emitter temperature desorbs the

adsorbed residual gases immediately and maintain a low and constant coverage of the

adsorbed gases on the emitter surface, thereby eliminating time dependent work func-

tion change which causes flicker noise. From Eq.(2-19) it is shown that

/ dJ 3b / d </J .
J = Jo exp(-b </J32jF), where b=6.83X107, thus, - = __</J3 2_, thus If the work

J 2F </J

function </J changes by 1% it will result in 20% fluctuation of emission current for

</J=4.5eV and F=5X107Vjcm.

Another advantage of high temperature operation is a self-annealing effect to

smooth the surface roughness as it is created by sputtering due to ions formed by

electrons striking the anode. This minimizes the probability of emitter destruction by

a vacuum arc and allows a relaxation of vacuum requirement (from 10-10torr for cold

field emitter to 2-3 X 10-8torr for thermal field emitter).

The third advantage is that the thermal field emitter can provide higher current

density and much longer continuous working life (>5000 h). This is primarily because

of the two above advantages.
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Tungsten is normally used as the emitter material because of such properties as

a high melting point, a low vapor pressure, relatively high electrical and thermal con-

ductivity, and high mechanical strength (molybdenum is another choice).

As with any elevated temperature source, an increased flicker noise amplitude

over that of a cold emitter is expected. The flicker noise can be related to stochastic

processes due to surface diffusion and desorption of an adsorbate. On the assumption

that the adsorbed molecule can exist in two states of life time TOand Tb the noise

spectrum density function W(f) can be given bylO

(3-1)

where f is frequency, Ilo and III are dipole moments, No and N I are numbers of

absorbed molecules for the two states, and B=311"b4>1/2/F. It is clear that the flicker

noise amplitude is quadratically related to current I and increases linearly with tem-

perature T. However, one kind of thermal emitter (ZrOjW), discussed in detail in sec-

tion 3.4, reduces this temperature related noise by its large physical emitting area

relative to the built-up and cold field emitters.

3.2 Energy spread

According to the previous discussion the beam current Ip in a focused beam

dominated by chromatic aberration is inversely proportional to (~V)2 in Eq.(1-6) (or

in terms of ~E = e ~ V). In addition to an intrinsic energy spread ~E;(4),T ,F), it has

been found that a current and emitter radius dependent contribution ~Ec (I ,T)

occurs for all high field sources. That is

~E = ~Ed4>,T ,F) + ~Ec(I ,T) (3-2)

The origin of ~Ec (I ,T) term is believed to be due to the Boersch effect or more
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specifically to the relaxation of initial Coulomb potential energy caused by random

density fluctuation of charged particles36.

From the numerical integration of Eq.(2-24) the theoretical energy distribution

and, hence, AE;{,p,T ,F), the FWHM of TED, can be obtained. The results of such a

calculation are given in Fig.3-1 as a function of J for specified ,p values3. For typical

operating parameters of the ZrO/W TFE (,p~2.8eV, J=loS to 1Q6A/cm2,T=1800K)

the value of AEj <0.6eV. On the low temperature side of the maxima in Fig.3-1

curves the emission mode is primarily field emission, whereas on the high temperature

side of the maxima the emission mode is primarily Schottky emission and AEj agam

becomes small with increasing T.

Fig.3-2 shows experimental values of AE versus the angular intensity I' for

ZrO/W emitters with different apex radii. For I' :5 0.1 mA/sr. AE approaches the

theoretical value of AEj:5 0.6eV; however, as I' increases or as r decreases AE will

increase due to the aforementioned stochastic Coulomb interactions. Thus, in order to

reduce the chromatic aberration contribution at high values of l'the emitter radius

should be made large.

3.3 Built-up emitter

"Built-up" is a term describing a process by which surface migrating atoms are

directed by external electrostatic forces to regions of greatest curvature, eventually

reshaping the emitter. In some cases a stable shape is obtainedl2.

The condition that the applied electrostatic field stress just balance the thermo-

dynamic dulling force is given by following29

F = ( 87r')')1/2r (in e8U unit) (3-3)
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Fig.3-2 : Experimental values of the full width at half maximum of the

energy spread .D.E versus angular intensity I' . The results are given

for three values of emitter radius.
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For tungsten ')'=2900 dyne/cm and r is the radius of emitter (in cm). Fig.3-3 is an

SEM photo of a W (100) built-up emitter. The built-up end form consists of a small

spherical apex on a pyramidal structure with sides containing (100) faces and oriented

along the < 100> crystal direction. The pyramid can be viewed as being positioned

on a large sphere of radius R as shown in Fig.3-4.

The basic mechanism which controls the mode of field build-up is the relative

surface free energy of various exposed crystal faces on the emitter. The smallest car-

bon contamination, which is almost unavoidably present with operation at tip tem-

peratures in excess of 1200 K, but below the temperature for thermal desorption of

carbon, appears to preferentially lower the surface free energy of the (100) planes, but

the presence of an oxide layer, observed with tip temperature below 1950 K, appears

to preferentially increase the surface free energy in the (100) planes over that of the

(112) and (310) planes, thereby promoting < 100> build-up. Meanwhile, the oxide

layer will remove the carbon impurities by forming the stable molecule carbon monox-

ide which desorbs from the surface at 1400 K, thus, enhancing the < 100> build-up

also. This is one reason to use oxygen processing37in field built-up emitter formation.

The "built-up" emitter is made by the following method: A tungsten wire (0.125

mm. dia.) is triple-pass zone refined in the (100) directions and is spot welded to a

0.25 mm tungsten filament. The end of the wire is then electrochemically etched to

the desired radius1.15.There are two types of end forms which depend on whether a

DC or AC voltage is used in the etching process (Fig.3-5).

The < 100> crystal direction is a desirable emission direction because of the

fact that for the bcc crystal structure the <100> direction has the largest (900)

angular separation between adjacent crystallographic directions. Thus, if the <100>

direction is along the axis of the emitter, the field is sufficiently low at the four 900
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Fig.3-3 : The bui)~up emitter photo ",'ith < 100> direction point apex

after 1800K operation. Emitter radius is about 500.1..
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The geometrical shape of the built-up emitter used in the SCWTh1

program.
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(b)

(8)

Fig.3-5 : Two types of W emitters: (a) DC etched emitter and magnified

emitter tip. (b) AC etched emitter and magnified emitter tip.
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displaced (100) crystal planes that negligible emission results from them. For example,

the beam transmission is 3.0% for the (100) built-up emitterl6, but 0.51% for the cold

(310) oriented emitter. which means that the angular confinement of the (100) built-

up emitter is better. For the built-up emitter the beam angular confinement is about

18° which greatly increases the current transmitted through a beam defining aper-

ture.

As build-up proceeds, the emitter apex becomes smaller and total emIssIon

current increases due to field enhancement in accordance with the Fowler-Nordhiem

equation. It is necessary to gradually reduce the field to hold the total current below a

value at which catastrophic destructive vacuum arcing would occur.

At a background pressure of '"'-'10-8 torr the "built-up" emitter can operate con-

tinuously for hundreds of hours. However, for safety reasons we maintained a pres-

sure <IXlO-8torr in this study.

The thermal field ZrO/W emitter is a relatively dull (100) W emitter with a zir-

conium hydride ring attached to the emitter shankl7 (Fig.3-6). The emitter is heated

to allow the zirconium to diffuse along the single crystal tungsten surface and form

Zr-O complex in the presence of an oxygen partial pressure ( 1O-6torr) for about 48

hoursl8. Then, the emitter is put into the gun chamber to operate at 1800K under

high field during which time a field induced thermal faceting takes place.

The emission pattern, which consists of a central bright spot surrounded by two

or three concentric rings of emission, undergoes a cyclic variation. Fig.3-7 shows the

sequence of the field electron pattern during emitter formation. The concentric ring

structure is clearly shown for the zero field, thermal end form in photo (a). Upon

application of the high voltage at T=1900K the two outer rings slowly disappear in
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Fig.3-6 : ZrOjW (100) thermal field emitter showing zirconium on shank.



Fig.3-7

(.) t . 0

(c) t . 3 min

31.

(b) t . 1 min

(d) t . 72 min

Sequence of field electron patterns during faceting process of

zrOjW emitter operating at Y=1900K and V=5780V. Pattern (a) is the

initial zero field, thermal emission. Patterns (b)(c) show the changes

of concentric rings. Pattern (d) is the final bright spot.
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photos (b)(c). The center bright disc of emission goes through several repetitive

sequences of collapsing rings; finally, the single, bright emission spot shown in photo

(d) is obtained and remains without further major change.

Fig.3-8 shows the anticipated geometric shape of the emitter that correlates with

the Fig.3-7 emission contribution. Fig.3-9 shows the step shape of the emitter apex in

a SEM photo. The process occurs by the outward diffusion of the surface atoms from

the edge of each net plane; eventually, the final stable facet plane is achieved.

Fig.3-10 shows the end form of ZrOjW emitter before and after faceting. Fig.3-

11 shows the orthogonal views at 60° tilt. The square facet plane is normal to the

< 100> emission direction. Previous considerations of the theoretical geometry of the

final facet plane38have shown that the half diagonal b of the facet plane is related to

the emitter radius r by

b = 0.268 r (3-4)

Examination of several micrographs, such as Fig.3-11, has given an experimental

value of b = 0.30 r. Based on these SEM photos and analysis, the end form of the

ZrOjW emitter is shown in Fig.3-12.

That bulk diffusion of a ZrO complex readily occurs in tungsten can be

explained qualitatively by a consideration of atomic radii19. The atomic diameter of

the zirconium atom ( ~3.2..4 ) is approximately equal to the lattice spacing of W (100)

surface ( 3.16..4), thus, the diffusion of pure zirconium is negligible due to its relatively

large atomic diameter. However, the Zr-O bond is largely ionic according to analysis

using Pauling's correlation of electronegativity with ionic character of a bond. The

ionic character of bond provides two important advantages. First, it reduces the size

of zirconium atom, as indicated in Fig.3-13, so the zirconium and oxygen atoms
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(b)

(d)

Schematic of arrangement of (100) net plane during fareting where

(a)(b)( c)(d) correlate with Fig.3-7 emission distribut.ion (a )(b)((')(d) .
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Fig.3-9 : Micrograph of ZrOjW emitter showing the step shape at the emitter

a.pex during faceting
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(8) (b)

Fig.3-10 : Micrographs and field electron pattern (a) before and

(b) after faceting.
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Fig.3-11 : Micrograph of ZrO/W emitter tilted 60° from SEM axis

showing the end facet.
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The geometrical shape of the ZrOjW emitter used in SCWIM

program.



Fig.3-11
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ATOMIC IONIC67')1. IONIC

Diagram showing the relative ionic, atomic and partial ionic diamt'ters

of zirconium and oxygen. Adsorption of both atomic and ionic

zirconium on the 4-fold W{IOO)sites are depicted.
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diffuse through the tungsten lattice with relative ease14. Second, the electronegative

oxygen atom has an atomic radius of roughly 1.2..4, thus allowing it, on the basis of a

hard sphere approximation, to be adsorbed in the voids on a (100) plane of tungsten.

Evidently it is positioned below the zirconium atom with sufficient orbital overlap

that the resultant dipole moment (Zr-W-O) is larger than dipole moment (Zr-W), so it

enhances the work function lowering according to the Helmholtz equation, which

relates the work function change t::.4>to adsorbate coverage u and dipole moment JI,

t::.4>=g 11"JI U (3-5)

where g is a constant varying from 2 to 4 and t::.4>is the change in work function.

The work function is reduced to about 2.6eV from 4.7eV for the clean (100)

plane. This dramatic and selective reduction results in an important advantage for

the thermal ZrO/W field emitter. In the Fowler-Nordheim equation the dominant

factor has the form: exp (-const. 4>3/2/F).If the work function is reduced to 2.6eV the

field required for a given current density will be 44% of that required for a work func-

tion of 4.7eV. Since the geometry factor, {3=F IV, is inversely proportional to the

emitter radius the low work function emitter's radius can be increased by a factor

(0.44t1=2.3 without reduction in current density at a given extraction voltage.

A large emitter radius r has three additional advantages. First, it is more

rugged and resistant to transient voltage pulses that destroy emitters of smaller radii.

Second, the larger emitter reduces the anomalously high beam energy spread observed

at high emission current (see Fig.3-2). Third, the larger emitter improves the

noise/signal ratio because the averaging effect of larger emission area red uces current

fluctuation. These advantages will be described in more detail in the following sec-

tions.
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Chapter 4

Experimental approach

4.1 SEM Column

A modified CWIK-l00 SEM as in Figs.4-1 and 4-2 has been used for all experi-

ments. Briefly, the SEM was modified as follows:

An additional 20 ljs ion pump was added on the gun chamber and the sublima-

tor pump was removed. A high current, high voltage power supply was built to han-

dIe the much higher emission current of the TF emitter and to supply the DC heating

current and suppressor voltage. A newly designed gun assembly was installed which

had a suppressor electrode to restrict the emission from emitter shank as in Fig.4-3.

Two more apertures were added on the column, one variable aperture with radii 76.2,

152.4 and 203 /Jm, was located just below the electrostatic lens, and another fixed

aperture with radius 0.5mm was inserted above the gun chamber isolation valve to

differentiate the vacuum pressure in the column. Two wobbler circuits were added to

the stigmator and beam deflection voltage supplies to aid in beam alignment. A heat-

ing and timing device was built for periodically baking the gun chamber and ion

pump during initial evacuation. After these modifications the column performed quite

well with the TF electron sources used in this study.

Although the electron optical system (in Fig.4-2), which uses a t.wo-element im-

mersion lens, was not designed for use as a deceleration system, there is a range of ex-

traction voltage VE to beam voltage VB ratios where reasonably good resolution
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A modified SEM column. Mainly, one suppressor, one varying

aperture, one fixed aperture and one more ion pump(not indicated)

were installed.
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L
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D

Schematic diagram of the SEM column and calculation parameters

L represents the distance between the initial aperture and emitter, S the

object distance, Q 1 the image distance of the first lens, D the fixed

length between the two lenses, Q 2 the final image distance. All these

are used to calculate the column optical properties.
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could be attained. This will be discussed in detail below.

The emitter temperature was controlled by the filament current and measured

by a "Micro Optical Pyrometer" through a side port containing a window. The gun

chamber pressure was measured by a "Granville-Phillips" gauge controller. The

differential aperture mentioned above kept the gun chamber pressure two orders of

magnitude lower than the specimen chamber. The suppressor and ion pump in the

gun chamber sometimes required "High-Potting" which involves the use of high

reversed voltage to desorb the contamination.

4.2 Focused beam size measurements

The method used to evaluate the beam spot size involved the measurement of

the rise time of the beam current Ip(t) when swept across a knife edge. If one

assumes a Gaussian current distribution exists, the most convenient way is to meas-

ure the full width at half maximum (FWHM) of the peak of the Gaussian density

function, which can be obtained from the derivative of the front edge of the Ip (t)

plot as the beam is scanned across the knife edge.

In our experiment a 1251lm square hole etched in a single crystal silicon chip and

coated with gold was used as the knife edge. A positively biased Faraday cup made of

molybdenum was positioned below the hole to collect the incoming transmitted beam

curren t.

In most cases, the FWHM method and the distance between 10 and 90% ampli-

tude points on the waveform measurement as shown in Fig.4-4 gave a good agree-

ment. But, on occasions these two methods disagreed because the assumed Gaussian

current distribution was seriously deformed with long tails. One explanation for the
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non-Gaussian current distribution is due to the interplay of the non-Gaussian energy

distribution and chromatically aberrated beam20. The energy distribution varies for

the different kinds of emission, e.g. TF, Schottky and CF. When the lens system's

aberrations are mainly chromatic, the electrons with different energies will cross the

optical axis at different positions, Zo+.D..Z, instead of one focus point Zoo The shift

distance is

.D..Z= C
.D..E

c- E (4-1)

where .D..Eis the energy spread of emitted electrons. It means that the image plane

current distribution depends on the Z position of the image and is only Gaussian

when the TED is Gaussian.

4.3 Beam current fluctuation measurements

The current fluctuation measurements were made with a HP-5423 Dynamic Sig-

nal Analyzer with a frequency band width from O.8Hz to 25.5k Hz. The frequency

resolution automatically varied from O.OI6mHz to 100Hz with band-width selection.

In order to measure the low frequency noise components in the beam current for

ZrOjW emitter it was necessary to cancel the D.C. component in the beam. For this

we used a very stable DC reference voltage generator with thermal compensation

shown in Fig.4-5. Some low frequency measurements required more than ten hours.

We found it necessary to break the 25kHz range into several (e.g. 8) band-widths

to make measurement for the optimum sensitivity in every band, and in order to

have a smoothly connected pO\\!er spectrum density curve. Such results were quite

different from a curve measured in only one large band-width (e.g. 0 to 25kHz).

Because the frequency resolution is poor for a large frequency range, e.g. 100Hz reso-

lution for a 25kHz range, detail is lost at the low frequencies, which is an important
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part of the noise spectrum. Each measurement included an average of about 60 to

100 samples. The results were stored in HP-5423 magnetic tapes and then via HP

Interface Bus entered into a computer. Eventually, the power spectrum was plotted

and integrated to obtain the current fluctuation.
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Chapter 5

Experimental results and discussion

5.1 Beam spot size

The predicted value of the focused beam size d was calculated according to

(mm) (5-1)

where OJ and Ot represent the total spherical and chromatic aberration coefficients

respectively, the diffraction aberration term dd= 14.9694 X 10-7j(yl/2a) (mm), the vir-

tual source size dv = 200A, the total magnification is Mt and the initial aperture

angle is ao. For a two lens system OJ and 0t are given by24

(5-2)

(5-3)

where Mt = MIM2' the superscripts (1) and (2) represent the lens number 1 or 2, sub-

scripts sand c represent spherical and chromatic, i and 0 represent image side and

object side of the lenses.

To calculate 0c, Os and AI, a program using finite element method written by

Munrol8 was used. The ray path and parameters are shown in Fig.4-2 where the object

distance S, the final image length Q2 and the distance between two lenses D, are kept

010=
0(1)s. M24 y(l)

M 14 (. (1) )3/2 + Mt 4 (yO (2) )3/2 0102)
y(l) 00

Oto=
odl)i M2 y(l)

(I) + 2 ( 0

M? ( )3/2 Mt 2 Vl2i" )3/2 oj;)
y (1) 00
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constant as 43mm, 30mm, and 144mm respectively. According to the lens geometry

and operating voltage the individual aberration coefficients, Os!' od, Os; and oJo can

be calculated, then Eq.(5-2) and (5-3) are used to obtain the total aberration

coefficients, oio and Obo.

The shapes shown in Figs.3-4 and 3-12 were used in the SCWIM computer pro-

gram. The structure of field emission guns may vary. Among them, a triode-type gun

of Fig.5-1 is common and was used in this study.

The focused beam size was measured for several different cases of the beam vol-

tage ratio VBIVE. Usually the low beam voltage was the case of main interest, say

VBIVE< 1.0. The spot sizes vary drastically with VBIVE. For the (100) ZrOjW

emitter typical results are shown in Fig.5-2, where the dotted line is experimental

data and the solid line represents the theoretical data based on Eq.5-1 where

d"=200A and .:lV=.8eV.

From Fig.5-2 one can see that good agreement exists between experiment and

prediction except for the voltage ratio range 0.15 to 0.4. This discrepancy persisted

throughout all measurements using various emitter sizes. A possible explanation for

the Fig.5-2 discrepancy might be that the value of .:lV=1.0eV is too small even

though from the experimental values of .:lV given in Fig.3-2, the latter value of .:lV,

if anything is too large for the experimental values of emitter radius and I' . This

analysis can be carried further by examining the region where the chromatic aberra-

tion term de in Eq.(5-1) makes the dominant contribution to d. Fig.5-3 shows that

de does in fact become the dominant contribution in the voltage ratio 0.15 to 0.3

which is the range where the Fig.5-2 discrepancy occurs.

In order to investigate the possibility of a chromatic aberration origin to the

above mentioned discrepancy experiments, with two other ZrOjW emitters were
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Fig.5-2 : Beam spot size versus voltage rat.io in range VB jV£ <.8

The broken line is experimental and solid line is theoretical curH for

ZrO /W emitter. Source radius and angular intensity were 1 /lm and
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carried out in the column. In these experiments d was carefully measured as a func-

tion of I' at the voltage ratio VBjVE =0.4 and a. =0.8mrad (see Fig.5-4), which

means that chromatic was the only meaningful aberration (for r=0.35Jlm, ~ V =le V
o

and Ve=5.3kV, from Eq.(5-1) de =500A; for r=0.8Jlm, ~ V=0.77eV and

VE=7.3kV, from Eq.(5-1) de=350A). Thus, for I' <.2mA/sr both emitters show

close good agreement to the predicted d using reasonable values of ~ V.

In Fig.5-5 the Fig.5-4 data for the r=.35Jlm emitter has been used in conjunc-

tion with Eq.(5-1) to calculate a value of ~ V. At I' =lmA/sr the Fig.5-4 data yields

a predicted value of ~ V =3.2eV. If we examine the experimental V(I' ) results in

Fig.3-2 we see that the value ~ V can not exceed 1.5eV for this this condition. Based

on the Fig.3-2 results we expect that a larger ~ V for a specific value of I' for the

smaller radius emitter; thus we expect a difference in ~ V can explain the difference in

the two Fig.5-4 curves but not the absolute magnitudes of ~ V.

A similar result was also obtained for the built-up emitter results as shown In

Fig.5-6 where the experimental d versus voltage ratio results are compared with the

Eq.(5-1) predictions using three values of ~ V. From previous measurements13 of ~ V

for the built-up emitter we conclude that for the value of I' used in the Fig.5-6

results it is unlikely that ~ V > 2.eV. Again we see a similar discrepancy between

experimental and predicted results as was observed for the ZrO/W emitter.

Thus we must conclude that, although for I' <.2mA/sr Eq.(5-1) appears to

agree with experimentally measured values of d at a voltage ratio of 0.4 using experi-

mentally obtained values for ~ V, nevertheless for larger values of I' this agreement

seriously breaks down. We must therefore look for an answer elsewhere than the de

term in Eq.(5-1).
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Fig.5-4 : The effect of measured angular current intensity I' upon

I I was varied by adjusting Vs.
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Fig.5-5 : The calculated energy spread ~ V versus the angular intensity

I' according to Eq.(5-1) and data from Fig.5-4. It shows a linear

relationship between ~ V and I I .
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As discussed below we believe that a contribution to d not heretofore con-

sidered, namely radial broadening, is the cause for the discrepancy observed above.

Radial broadening due to stochastic Coulomb interactions during the electron flight

path is well known in conventional thermionic source focusing columns when large

beam currents are employed such as in shaped beam lithography systems. Groves, et

a139,were the first to show from a Mon te-Carlo analysis that even in a single lens field

emission column, when the beam current exceeds several hundred nA at 20kV, radial

broadening of the focused beam spot occurs. The reason for the latter is that for field

emission column the overall column linear magnification M typically is greater than

1. From the Lagrange-Helmholtz relation the angular magnification m is given by

[ ]

1/2
1 VE _~

m = M VB - 0'0
(5-4)

where 0' and 0'0 are the image and object side beam angles respectively. Thus with

increasing value of M, m decreases for a fixed voltage ratio. Unfortunately, one of the

intrinsic advantages of field emission columns, i.e., the small value of the image side 0'

due to the large M which, in turn, leads to small deflection angles for a fixed scan

field, will be shown to become a disadvantage if large beam currents are required at

low voltages.

The Monte-Carlo investigation by Groves, et. al39, was carried out for a single

lens column of length Zg, constant electron potential VB and image side convergence

angle 0'. The resultant expression obtained for the broadening of the focused spot in

the image plane was

(5-5)

where c is a constant. It is readily seen from Eq.(5-4) that for a fixed 0'0 the conver-

gen tangle 0' is directly proportional to m . In Fig.5-7 the values of both M and m for
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the two lens column used in this study are plotted versus lens voltage ratio. At

VBIVE=0.20 the value of m=0.08 whereas at VBIVE =0.15 and 0.35 the value of m

are 4.34 and 5.25 respectively. Thus at VBIVE =0.20 the image side beam has a con-

vergent half angle of 0.176mrad. thereby maximizing the contribution of db according

to Eq.(5-5).

For VB I VE >0.24 no crossover occurs in the column. However, for VB I VE <0.24

a crossover is formed in the column as shown schematically schematically in Fig.4-2.

According to an analytical result by Van Leeuwen and Jansen42 the radial broadening

at a crossover between two lenses is given by

C' /1/2Z/2/3
1T 13/12YB 0'

(5-6)

where c' is a constant and Z/ is the interlens distance. The Eq.(5-6) result is very

similar to the empirical result given in Eq.(5-5) and, again, predicts a large radial

broadening effect for low voltage beam with small 0'.

Using Eq.(5-5) for VB IVE >0.20 with Z9 equated to the total column lengths

and adding db in quadrature with Eq.(5-1) aberrations, modified theoretical curves

describing the ZrOjW and built-up results are given in Figs.5-8 and 5-9. A value of c

was chosen in each case to fit the curves at VBIVE =0.25. The experimental and

modified theoretical curves are in good agreement with the inclusion of the radial

broadening term in Eq.(5-1) for VBIVE >0.20. For VBIVE <0.20 a combination of

Eqs.(5-5) and (5-6) was used where the lengths (see Fig.4-2) were Zg = D - Q 1+ Q2

and Z/ = D . The value of c' in Eq.(5-6) is given by the following

e 1/12 m 1/4
c' = 0.0344 , ,_e = 0.126

t' o
(5-7)

where me is the electron mass and to is the permittivity (MK8 system used). In the
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low voltage range where the crossover forms in the column the radial broadening

effect is much smaller and the correlation with experiment and prediction is again

quite good.

A further prediction of the radial broadening is an increase with beam current.

In Fig.5-4 is shown the increase in beam size with I' for VBj VE=0.40. In this range

we expect Eq.(5-5) to govern db' Using the experimental results in Fig.3-2 and Eq.(5-

1) the predicted values of d for the Fig.5-4 results were determined. Subtracting in

quadrature the predicted from the experimental values of d for the r=0.35jlm results

we show in Fig.5-10 the difference which we ascribe to the radial broadening contribu-

tion. In accordance with the Eq.(5-5) expectations the radial broadening appears to

increase linearly with beam current. From the slopes of Fig.5-10 curves the value of c

was calculated to be 1.1X 105(volt 3/2radj A) which is in good agreement with the value

used in Figs.5-8 and 5-9.

We conclude that radial broadening in field emission focusing columns is an

important effect that must be considered when high current and low voltage focused

beams are desired in conjunction with large column magnification. For a two lens co1-

limated beam column using a field emission source we can quantify the previous state-

ment by stating that when

IZ g

V~< 4.5X10-13
B (\'

(Am jvolt3/2rad) (5-8)

one can expect less than a few hundred angstroms of radial broadening.

In light of condition (5-8) radial broadening problems could be greatly reduced if

the C & W column optics were reversed. That is, by placing the decelerating electros-

tatic lens at the bottom of the column Zg could be greatly reduced, thereby allowing
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a proportionate increase in I.

Finally, in Fig.5-11 a plot of the theoretical beam size versus VE is given for two

fixed voltage ratios. From these results one can conclude that if both low beam vol-

tage and beam size are desired it is probably best to work at the minimum occurring

at VB / VE=0.15 with VE in the range of 7 to 9kV. This will allow one to realize the

lower noise and energy broadening effects associated with larger radii emitters.

5.2Current transmission

For practical reasons it is desirable that the emitter exhibits a large transmis-

sion, i.e. I' 0./ IT, where IT is the total current and 0. the solid angle of beam defining

aperture. In general, the effect of electrode geometry and Vs and VE on I' or

transmission can be derived by

(5-9)

From the Helmhotz-Lagrange relation

(5-10)

where () is launch angle, Vo the initial energy of the electron. Combining Eq.(5-9) and

(5-10) yields

(5-11)

Thus, we see that I' <XVE for fixed Vo, J, M, and r. Therefore, if we increase Vs or

L (spacing between emitter and anode) at fixed J, r, and M, we can expect VE and

hence l'to increase. This assumes the M is not changing much.
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The predicted influence of extraction voltage l'E upon spot

size values at voltage ratio 0.15 and 0.35.
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Fig.5-12 and Fig.5-13 show the variation of beam transmission with Vs. As

expected the transmission increases due to a decrease in the angular magnification

when VE increases and Vs decreases. For the ZrOjW emitter the current transmis-

sion is in the range 0.4 to I (rad-2) while for the W (100) built-up emitter the value is

in the range 25 to 40 (rad-2). Thus, there is a significant difference in transmission

between the two TFE cathodes.

The main reason for the large transmission for the W (100) built-up emitter is

that it operates in the T.F. regime, not in the Schottky regime like the ZrO jW

emitter. This is due to its high work function <p=4.5eV (Fig.2-3 only applies to low

4>(2.5eV)).Because of the low 4> emission occurs from the emitter shank of ZrOjW but

not in the case of the built-up W (100). A negatively biased suppressor reduces the

emission from the shank, resulting in a lower transmission for the ZrOjW emitter.

Another difference is that for the ZrOjW emitter the current transmission shows

a strong dependence on VE. From the experimental data shown in Fig.5-14 we

observe that

for VE ~5.5k V (5-12)

for VE 2: 5.5k V (5-13)

where Ip is beam current and 0=11"0'2the emission solid angle.

In contrast, the built-up emitter current transmission shows a nearly uniform

values in different extraction voltages because of the lack of electron emission from

the emitter shank as shown in Fig.5-15.

Fig.5-16 shows the effect of emitter-to-anode spacing on transmission where VE

was varied to keep Ip constant. Transmission tends to increase with larger spacing.
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Fig.5-13: The influence of bias voltage upon transmission for the W (100)

built-up emitter. VE was varied so as to maintain a constant beam

current Ip =5nA.
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Fig.5-15 : The influence of extraction voltage for W (100) built-up emitter

with Vs =-300Y. The three curves use the same scale, It is

total emission current with unit (I1A), Ip is beam current with

unit (nA) and the dotted line is the transmission coefficient.
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The change of transmission with r, emitter to anode spacing, Vs and VE men-

tioned above, can be generally related to the source optics and has a simple physical

explanation. The angular magnification m is a parameter describing the convergence

of the emitted beam from the emitter apex. If m is larger, the beam is more diver-

gent. A divergent beam means that the beam spreads more and results in a lower

transmission coefficient, and vice versa.

From Table 1 to Table 4, which are calculated results by using computer pro-

gram SCWIM (see appendix A), one can see that m decreases with emitter radius, but

with increased Vs, VE and spacing. Fig.5-17 and 5-18 show the dependence of m on

the Vs and VE. The vertical height between two curves gives the m value.

A suppressor usually operating at -300V is used for both built-up and ZrO/W

emitters to prevent thermal emission from emitter shank and outgassing at emitter

apex vicinity by the incoming ion bombardment. It also provide an easy way to

adjust the total emission current at fixed extraction voltage.

5.3 Noise level

Due to the low work function of the ZrO/W emitter its radius can be made

larger (0.3-1.5 JIm) than the built-up emitter (about 0.01-0.15 JIm). If one assumes

that current fluctuations are due to mobile adsorbed atoms contributing coverage

fluctuations and thus causing local work function fluctuations, one can show that26:

flIp /Ip ex A -1/2 (5-14)

where flIp=<flI2>1/2 and A is the emitting area seen by the probe. Thus, a larger

emitter radius can greatly reduce the noise level.

The noise power spectrum for the ZrO/W emitter is shown in Fig.5-19 from

O.OOIHz to 25kHz. The total mean square amplitude of the noise can be calculated
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Table 1

The effect of emitter radius upon the angular magnification m

(Vs =-300V and L=0.5OOmm)

Table 2

The effect of spacing between emitter and anode upon angular

magnification m (Vs =-300V)

ZrOjW (100) W (100) built-up
(4 =2.8e V) ( =4.5e V)

r (JAm) 0.3 1.0 3.0 0.01 0.05 0.07

VE (kV) 4.3 6.0 7.0 3.5 6.0 6.8

m 0.216 0.248 0.257 0.244 0.331 0.343

I' (mAjsr) 1.05 0.974 1.01 0.966 1.01 0.986

ZrOjW (100) W (100) built-up
((/), 2.8eV. r =1.11m) (eI>:4.5eV r=.07um)

L (mm) 0.254 0.508 0.762 0.254 0.508 0.762

VE (kV) 4.5 6.2 7.8 4.6 6.8 8.9

m 0.291 0.248 0.219 0.400 0.343 0.310

I' (mAjsr) 1.10 1.09 1.11 0.909 0.986 0.905
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Table 3

The effect of Vs and VE upon the angular magnification m at costant

"
surface field F=0.069 (V/ A) for zrO /W emitter

(T=1800K, r=lpm, L=.500mm) (for the first trajectory)

Table 4

The effect of Vs and VE upon the angular magnification m at constant

surface field F=0.54 (V/A) for built-up emitter

(T=1800K, r=0.07pm, L=.500mm)

Vs (kV) -0.30 -0.40 -0.70 -1.10 -1.30 -1.50 -1.70 -2.00

VE (kV) 6.00 6.20 6.60 7.10 7.35 7.65 7.95 8.35

m 0.223 0.221 0.215 0.207 0.203 0.200 0.197 0.192

I' (mA/sr) 0.97 1.03 1.08 1.13 1.16 1.18 1.27 1.36

Vs (kV) -0.30 -0.50 -0.70 -0.90 -1.10 -1.40 -1.70 -2.00

VE (kV) 6.80 7.10 7.40 7.70 7.95 8.40 8.80 9.25

m 0.343 0.336 0.330 0.325 0.319 0.312 0.305 0.299

I' (mA/sr) 0.987 1.04 1.09 1.16 1.12 1.20 1.19 1.27
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according to

(5-15)

where the S(f) is noise power density function. It is seen that for f> 10kHz the power

spectrum follows S (J ) 00 1/ f relation. If we assume a l/f relation for f> 10kHz, the

shot noise level given by

(5-16)

is reached at about 190k Hz. Below 1Hz S(f) increases due to random thermal fluctua-

tions which are confined to low frequencies28.

The measured noise/signal ratio is ~ 0.54% in a band-width from 1X 1O-3Hz to

25kHz for a typical ZrO/W emitter with r=l /lm as shown in Fig.5-19 which is about

ten times less than the corresponding value for the built-up emitter ( ~5.0%) as

shown in Fig.5-20. The effect of a, rand T on beam noise has also been investigated

for the ZrO/W emitter and the results are depicted in Fig.5-21 to 5-25. From these

results we determined the following empirical relationship:

(5-17)

where a is the aperture half angle (varied from 0.8 mrad to 2.2 mrad) and r is the

emitter radius (varied from 0.35 /lm to 2.3 /lm) in our experiments. Thus Eq.(5-17) is

consistent with Eq.(5-14). Combining Eq.(5-16) and Eq.(5-17) one can obtain the fol-

lowing empirical relation for the ZrO/W emitter:

(~Ip )2= ~ + 2; (J _ 190,000)Ip ar
for f >190kHz (5-18)

where k=2. X 10-16(rad-1cm-2) from our experimental data.

However, such an empirical relation does not hold for the built-up emitter which

has a noise/signal (n/s) value that is independent of the aperture size as shown in
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and 5.10%(1600K) from 10-3 to 25k Hz.
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Fig.5-24: Plots show S(r) \.s. f for three different temperatures for the

ZrOjW emitter with the noise to signal ratio 0.65%(1740K),

O.60%(1875K) and O.55%(1800K) from 1 to 5.k Hz.
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Fig.5-20 in which two curves with different aperture angles (2.2 and 0.8 mrad) and

beam currents yield similar (n/s) ratios, 4.73% and 4.94%, respectively. The reason

may be that the emission area for the built-up emitter can be written as

(5-19)

For the built-up emitter, r~500A, m~0.3 and 0'=2.2 mrad., one can calculate the

emission area A ~4.2XI0-15 cm2 and the emission radius ro =3.6.4. This is on the

order of one atom size and indicates that the emission region is too small to result in

any averaging effects which determine the noise level. This explains the independence

of (n/s) on 0' and r for the built-up emitters.

Because of the nearly constant value of (n/s) for the built-up emitter, we assume

that Eq.(5-18) has an expression as follows

flIp
)2 _ 2X 10-16 + ~ (f _190,000)

(~ - A -+-A I
(5-20)

where Ao =1.0X 10-13 cm2, which relates to the largest possible (n/s) value (~5%), and

X is an apparent emission area with the value, X =0' r2, in our experimental range.

Once X :S:Ao, the (n/s) will take on the largest possible value as observed for the

built-up emitters. Eq.(5-22) holds over the working range for the ZrO/W emitters

(0.8<0'<2.2 (mrad.) and 0.3<r<2.3 (JIm)), and is consistent with the results of the

present built-up emitters (0.8<0'<2.2 (mrad.) and r~500A ). But, it seems that more

theoretical and experimental work is required to describe the relationship among the

(n/s), 0' and r since on geometrical grounds we would expect X 0<(O'r)2 instead of ar2.

As mentioned previously the elevated temperature is one of the key factors in

thermal field emission. A suitable temperature range with high beam current and low

noise level can be chosen experimentally. Fig.5-25 shows the beam current versus tem-

perature. Because ZrOjW emitter works in the intermediate region bevween
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Fig.5-26 : Theoretical Schottky plot based on Eq.(5-20). The value of VE

for various emitter radii are indicated at the top of the graph.
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Table 5

Summary of emitter radius and work function and fJ values where

/3 is the geometra factor from the Schottky equation;

fJc is the corrected geometry factor;

TES is the estimated tip radius;

4>ES is the estimated emitter work function;

r is the emitter radius from SEM photos;

/3 (l/cm) 2804. 1478. 1177.

!3c (l/cm) 2540. 1321. 1047.

TES (pm) 0.30 0.75 1.05

4>ES (eV) 2.98 2.95 3.12

r (pm) 0.34 0.80 1.0
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thermionic and field emission, it shows certain dependence of temperature. The

operating temperature should be high enough to anneal ion sputtering damage and to

cause desorption of chemisorbed contaminations27.Fig.5-23 shows that the temperature

has only a small effect on the noise level of a built-up emitter. The noise signal ratios

are 5.55%, 5.18%, 5.10% for temperature 1800K, 17ooK, 1600K, respectively. A simi-

lar small effect of temperature occurs for the ZrOjW emitter as shown in Fig.5-24,

where the three curves for the noise spectra at 1800K, 1875K and 1740K give

corresponding noise signal ratios of 0.55%, 0.60% and 0.65%.

5.4 Method for estimating emitter radius

In this section we show how one may use the Ip (V) characteristic to obtain a

value of rand <p when the emission mode is the Schottky or extended Schottky

mode43. The cathode current Js is expressed by Schottky equation (see Eq.2-11) as

(5-21)

The Schottky equation is valid only for field low enough so that no significant tunnel-

ing current contributes to the value of Js. A measure of the tunneling current is

given by

q (h /27T)e1/4F3/4

7T(2m )1/2kT
(5-22)

For q=0.25, emission is still basically described by Schottky equation. For q=0.5,

half the current is due to tunneling, and the current density JES is given by

(q <0.75) (5-23)

Theoretical JES relationships for various work functions at T=18ooK are shown

III Fig.5-26. By use of the SCWIM computer program we can obtain a relationship
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between the field factor (3 (=F IV) and the geometrical parameters43: emitter radius r

and emitter-anode spacing L as

beta = 0.322 (1- x) rO.689 LO.635 (5-24 )

where x = Vs /VE.

To proceed one makes a Schottky plot (i.e. log(Ip) vs. VE1/2)of the data as

shown in Fig.5-27. Then, according to Schottky's equation we get geometrical factor

(3 as follows

slope = 3.8 (31/2/kT (5-25)

where (3 is in cm-I and k in eVIdeg. This value of (3 is higher than the true value

because the emission is usually beyond Schottky's regime. Thus, we substitute the

measured value of (3 into an iteration program to obtain the true value of (3. From the

true j3 value and Eq.5-23 the emitter radius is obtained.

Finally, from the calculated F, J, and m value which can corne from SCWIM

program or the empirical expression43

m = 0.04733 (1- x) /rO.0645Lo.338 (5-26)

the work function is easily calculated from Eq.(5-21). Table 5 summarizes the values

of (3, 4> and the calculated and measured values of r. The close agreement between the

experimental and calculated r values supports the validity of this method for obtain-

ing r values.

5.5 Emitter life

It is found in experiments that emitter life termination usually occurred with a

vacuum arc initiated by excessive local values of the emitted current density due to

either a sudden local increase in electric field or a sudden decrease in work function,
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which may result from causes internal or external to the cathode. Two main external

causes have been previously recognized: sputtering of the emitter surface by ion bom-

bardment or contamination by low work function materials. For temperatures high

enough (> 1800K) sputtering and contamination have little effect due to rapid eva-

poration of contamination and rapid smoothing by surface migration. So life termina-

tion may caused by agents within the cathode29.It is assumed that the cathode life is

independent of environment and closely related to the degree of purity of the cathode

material. But in practical operation most emitters were destroyed due to carelessness

with too high a pressure or mechanical misalignment. The intrinsic life time is very

long (>5000 hours). For the ZrO/W emitter, the life is usually longer than the built-

up emitter because of its larger emitter radius making it more resistant to transients.
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Chapter 6

The gun structure and virtual source size calculations

6.1 Virtual source size

The primary cause of the high brightness of field electron sources is a very small

virtual source size dy. It is of great importance to determine whether the non-

spherical shape of the ZrO/W and built-up emitter greatly alters dy. Because of its
o

expected small size «200A) dy is very difficult to measure experimentally. Using a

sphere on orthogonal cone model of the emitter Wiesner30was able to calculate dy and

found a minimum value of ",-,30A. In this section we use the SCWIM computer pro-

gram and analysis techniques similar to that of Wiesner to carry out calculation of dy

for a non-spherical emitter.

The virtual source of a field emitter in the electron gun configuration is the

waist of the crossover formed by the backward projection of all electron trajectories

which pass through the beam defining aperture. This is not a point, however, due

mainly to the fact that electrons can be emitted with lateral velocity due to their

thermal motion. There is a statistical distribution for their momenta. One straigh t-

forward method of obtaining dy is to project the tangent of the calculated trajec-

tories with all possible conditions in field free space and obtain the intersections as

shown in Fig.6-1. The minimum of the intersections represent the virtual source size.

Another method of obtaining dy is that given by Wiesner. His method treats the

emitter-anode region as an electron optical lens with the cathode emitting surface
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being the object and the virtual source being image. This permits an evaluation of the

virtual size from the quadrature sum of the calculated Gaussian, spherical, chromatic

aberrations and diffraction disk diameters. This is the method we used in the present

study.

6.2 Calculation model and program

A sphere-on-cone (SaC) model of the emitter shape is shown in Fig.6-2. This

model provides an analytical expression for the electric field and potential at all

points between emitter and anode. Wiesner used these analytical fields and potentials

to calculate trajectories of electrons from emitter to anode. The trajectories were all

calculated in the meridian plane of the system, i.e. no skew trajectories were con-

sidered. The launch conditions of the electrons were divided into three groups:

1) cold-electron: zero initial velocity; various initial positions on cathode surface;

2) a-electron : fixed initial velocity; various initial directions; initial position on

cathode apex;

3) v-electron : various initial velocities; initial direction tangent to apex; initial

position on cathode apex. These three groups of electrons are shown in Fig.6-3.

According to the Abbe sine law:

v 0sin ao = M v sin a (6-1)

where Vo is the initial velocity, ao is the initial angle, v is the final velocity and a is

final angle (slope). From a-electron data we can determine the linear magnification M

from Eq.(6-1). The spherical aberration coefficient Os was calculated by fitting the a

or cold electron results to the longitudinal spherical aberration equation:

(6-2)



_l_
"f = poo/ro

Fig.6-2 : Point cathode modeled as an equipotential of a sphere-on-

orthogonal cone (from Wiesner).
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cold-electron
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v-electron

Three of the electrons defined in the calculation of virtual

source size by Wiesner's method.
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where AZ is the difference in the axis crossing coordinates for the paraxial and margi-

nal (slope= a) trajectories, a is the trajectory angle with the axis. Having calculated

Os the spherical blur disk diameter ds obtained from

(6-3)

Eq.(6-3) holds in the Gaussian image plane, however, in the plane of the circle of least

confusion ds is given by

(6-4)

To calculate the effective chromatic aberration coefficient Oe we make use of the

V-electron data to obtain a value of Oe from the longitudinal chromatic aberration

equation

AZ = Ce A V j V (6-5)

where A V is the longitudinal thermal energy of the electrons. The chromatic aberra-

tion disk diameter de is given by

de = Ce aAVjV (6-6)

The diffraction disk diameter is given by

14.9694 X 10-4
vIVa

(Jlm ) (6-7)

where V is extraction voltage.

The cold-electron trajectories are used to determine the Gaussian image disk size

by fitting the data to

a = m eo (6-8)

where a is final trajectory slope, m is the angular magnification and eo is the initial

angular position on the cathode. For the spherical emitter the radius of the
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corresponding Gaussian image disk rg is given by

rg = M r sinOo (6-9)

Substituting Eq.(6-8) into Eq.(6-9) one can obtain rg as

rg = r Q' 8in ( M) :::::: M r ~m m (6-10)

For the ZrO/W faceted emitter the formula for rg is slightly modified and is given as

r[ = 0.9539M r tan (~)m (6-11)

It is worth noting that in a field emission gun, it is usually the Gaussian image

of the cathode that is imaged by the subsequent focusing system. This is different

from the situation in an ordinary thermionic gun, such as an LaB6 gun, in which the

crossover is imaged. This is because the cathode image is smaller than the crossover,

in the case of a field emission gun.

The quadrature sum

(6-12)

gives the diameter of the apparent or virtual source. However, before Wiesner's pro-

cedure can be performed a method to get precise trajectory data has to be developed.

The method used in this study was a finite difference scheme using a spherical coordi-

nate with increasing mesh (SCWIM)3l.With this simulation the field calculation can be

done on arbitrary shaped electrodes regardless of the very large geometrical difference

between the emitter and other electrodes.

A schematic representation of the SCWIM model is shown in Fig.6-4. The radial

mesh size increases from the emitter outward according to a geometrical series with a

term ratio (I-h,tl , where h, is angular mesh size, in radians. If one takes h, on both

sides to be same, then a quasi-equi-distance central difference sch£'m£' occurs (i.e.



100.

Q)<rS_.__

Fig.6-4 : Schematic representation of the mesh arrangement used in the

SCWIM method. The minimum and maximum electrode dimensions are

R 0 and Rm , respectively.
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hs =hw =hE in Fig.6-4 ) which leads to a truncation error between that of nonequidis-

tance schemes, approximately proportional to hl. In order to realize this scheme the

radial mesh interval h" (along a radial vector) is

hfl = ho/(l-h,)" (6-13)

where n is the radial mesh point number. The required number along a radial vector

can be calculated by

n (6-14)

where Ro is the apex radius and Rm is the maximum dimension of the gun. Generally,

the number of the radial mesh points approximately doubles when the ratio of

geometrical sizes increases by two orders of magnitude. Because of this unique feature

of SCWIM one is able to treat the entire gun at once without unreasonable demand

on computer storage capacity. At the same time, the inaccuracy and complexity con-

nected with the "successive magnification" approach are eliminated. In areas remote

from the emitter the mesh size appears too large; however, the field in such remote

areas are fairly weak, therefore, the mesh arrangement in SCWIM matches the

feature of field emission guns very well.

6.3 Emitter surface field and current density

There are several emission parameters used to describe thermal field emitters.

They are emission current density J, source brightness {3, and angular current inten-

sity I' . The Fowler-Nordheim theory can be used to obtain J. Average brightness is

given by {3= J/n =J /(7roi), where 00 is the aperture half angle subtended to the

emitter. Angular current intensity is given by I' = Ip/0., where Ip is the current

transmitted through an aperture n. The beam intensity I' is held constant as we
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compare various properties of the emitters. For the study we take I' =lmA/sr.

Table 6 shows the standard geometry and voltages used in this study. Only the

values being varied will be mentioned in the following calculations, experiments and

graphs. For a fixed I' , the extraction voltage VE, surface field F and J are functions

of emitter radius as shown in Table 7. It is apparent that as r decreases F and J

increase while VE decreases as shown in Fig.6-5 and 6-6. It can be shown that

I' (6-15)

where K,,-, 23.8, 20.3, 17.7 for r=0.3, 1.0, 3.0 Jlm respectively for the ZrOjw emitter

with VE=6kV and Vs=-300V and K,,-, 15.7, 11.4, 8.4 for r=l00A, 500A, 700A

respectively for the built-up emitter with VE=6k V and Vs =-300V.

6.4 Aberration coefficients and virtual source size

Using the longitudinal aberration equations we calculated the spherical and

chromatic aberration coefficients for emitters with different radii. The virtual source

size was obtained by assuming that the energy spread ~E ::::::1eV as obtained from

previous experimental results32 .

For the built-up emitters the Gs values obtained from cold-electron and Of-

electron calculations are quite similar. However, they differ for ZrOjW emitters (i.e.

Gs=.0182mm for cold-electron, but Gs=.0513mm for Of-electron at r=lJlm and

VE=6kV). One reason for this may be that the faceted shape of the ZrOjW emitter

has off axis geometrical aberrations. Table 8 and Figs.6-7 and 6-8 show the general

trends of Gs and Gc versus emitter radius for the two emitter end forms.

The virtual source size versus aperture angle results are shown in figs.6-9 and 6-

10. Only the chromatic aberration coefficient is sensitive to the emitter radius. The
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Table 6

Standard geometrical parameters used in all following calculations

except that specially mentioned

zrOjW (100) W (100) Built-up
(dJ 2.8eY) (dJ 4.5eY)

r (J.lm) 1. 0.070
(R=.50J.lm)

YE (kV) 6.0 6.8

Ys (V) -300. -300.

Protrusion (mm) 0.250 0.250

Spacing (mm) 0.508 0.508

Bore radius (mm) 0.190 0.190

Initial aperture 2.2 2.2
angle (mrad.)

Temperature (K) 1800. 1800.

0

F (VjA) 0.069 0.739
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Table 7

Extraction voltage VE, surface field F and current density J values for a constant

angular intensity I' = lmAfsr for the two emitter shapes as a function of r

(at T=1800K)

ZrO /W W Built-up

r (ILm) 0.3 1.0 3.0 0.005 0.010 0.070

VE (kV) 4.0 6.0 7.0 2.8 3.5 6.8

..
F (VfA) 0.111 0.069 0.036 0.84 0.74 0.54

J(A/cm2) 3.85X104 0.53 X 104 0.lOX104 1.67 X 108 0.60X 108 0.024 X 108

.8 (em-I) 2.78X103 1.16 X 103 5.14 X 102 3.0X 104 2.1X104 7.9X 103

m 0.216 0.248 0.257 0.217 0.244 0.343
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Fig.6-6 : Emitter surface field strength and applied extraction voltage

versus the emitter radius at I I =lmAjsr. for the built-up emitter.
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Table 8

Effect of emitter radius on aberration parameters

ZrO jW W Built-up

r (JLm) 0.3 1.0 3.0 0.005 0.010 0.070

VE (kV) 4.0 6.0 7.0 2.8 3.5 6.8

Cs (mm) 0.057 0.051 0.062 0.050 0.055 0.034

Ce (mm) 0.241 0.147 0.090 1.255 1.012 0.283

dg (A) 18.2 58.0 170.2 0.30 0.54 2.8

de (A) 1.3 0.53 0.28 4.06 3.27 0.91

ds (A) 0.003 0.0027 0.0032 0.0026 0.0029 0.0018

dd (A) 108. 88. 81. 120. 91. 82.

m 0.216 0.248 0.257 0.217 0.244 0.343
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spherical aberration coefficient remains nearly constant with varying radius. How-

ever, the Gaussian source size rll varies with r since

0'..
rll = 0.9539 Mr tan- m (6-16)

which is the same as Eq.(6-11). The rll plays an important role on the virtual source

size d~. Figs.6-11 and 6-12 show the different contributions to the virtual source from

the Gaussian size dll' the spherical aberration d" the chromatic aberration de and the

diffraction aberration dd. Apparently, the main contributions come from dll and dd

depending on the aperture angle.

6.5 Influence of gun structure parameters

Other geometrical parameters of the gun (refer to Fig.5-4 and Table 6) having

some influence on the aberration coefficients and virtual sizes are the emitter protru-

sion from the suppressor, the spacing between emitter and anode, and the anode bore

radius as shown in Tables 9, 10 and 11. Figs.6-13 to 6-16 show the effect of emitter

protrusion from the suppressor on Os, Oc and virtual source size dv. The main

influence is on Oc and in general longer protrusion leads to smaller Oc and Os and

smaller virtual source size.

Figs.6-17 to 6-20 show the effect of spacing between emitter and anode. The Oc

values are mainly affected, but it leads to negligible difference of the virtual source

size. This is a desirable result since one can choose a suitable spacing between emitter

and anode to obtain desired emission current and operating voltage.

If the emitter-to-anode spacing is increased and VE is increased in such a way as

to keep the field on the emitter constant, the following expression for the source

angular magnification m, is obtained
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Table 9

Effect of emitter protrusion from the suppressor on aberration parameters

(I' = 1.mAjsr)

ZrO jW W Built-up

g (mm) 0.127 0.254 0.381 0.127 0.254 0.381

VE (kV) 8.0 6.0 5.0 9.2 6.8 5.65

F (VjA) 0.061 0.069 0.069 0.516 0.539 0.538

Oe (mm) 0.271 0.147 0.059 0.651 0.283 0.140

Os (mm) 0.093 0.051 0.032 0.078 0.034 0.021

dg (A) 74.0 58.0 54.4 3.4 2.8 2.8

de (A) 0.74 0.53 0.25 1.5 0.91 0.54

ds (A) 0.005 0.003 0.002 0.004 0.002 0.001

dd (A) 76. 88. 96. 71. 82. 90.

m 0.201 0.248 0.260 0.300 0.343 0.377
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Table 10

Effect of spacing between emitter and anode on aberration parameters

(I' =lmA/sr Vs =-300 V)

ZrO IW W built-up
(dJ, 2.8e V r =1. m) (dJ' 4.5eV,r=.07tlm)

L (mm) 0.254 0.508 0.762 0.254 0.508 0.762

VE (kV) 4.5 6.2 7.8 4.6 6.8 8.9

F (VIA) 0.079 0.072 0.067 0.551 0.540 0.525

Ce (mm) 0.028 0.147 0.593 --- 0.283 1.077

Cs (mm) 0.016 0.051 0.102 0.009 0.034 0.118

dg (A) 52.0 58.0 62.0 2.6 2.8 3.2

de (A) 0.15 0.53 1.60 --- 0.97 2.60

ds (A) 0.001 0.003 0.005 0.001 0.002 0.006

dd (A) 100. 88. 76. 100. 82. 72.

m 0.291 0.248 0.219 0.400 0.343 0.310

J (AI cm2) 8.28 X 103 5.94 X 103 4.71 X 103 3.06X 106 2.42 X 106 1.76X 106
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Table 11

Effect of anode bore radius on aberration parameters

(I' =lmA/sr)

ZrOIW W Built-up

R (mm) 0.1 0.191 0.3 0.1 0.191 0.3

VE (kV) 6.0 6.0 6.0 6.8 6.8 6.8

F (VIA) 0.070 0.069 0.068 0.543 0.530 0.543

Ce (mm) 0.281 0.147 0.055 0.498 0.283 0.248

Cs (mm) 0.074 0.051 0.048 0.056 0.034 0.031

dg (A.) 58.0 58.0 57.5 3.0 2.8 2.8

de (A) 1.0 0.53 0.20 1.60 0.91 0.80

ds (A) 0.004 0.003 0.003 0.003 0.002 0.002

dd (A) 88. 88. 88. 82. 82. 82.

m 0.237 0.248 0.238 0.348 0.343 0.348
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Fig.6-14 : Cathode aberration coefficients versus emitter protrusion from

the suppressor for the built-up emitter.
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Fig.6-17: Cathode aberration coefficients versus spacing between

emitter and anode for the ZrOjW emitter.
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Fig.6-18 : Cathode aberration coefficients versus spacing between

emitter and anode for the buil~up emitter.
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1 1

m, ex: V;/2 ex: L 1/2
(F constant) (6-17)

where L is the spacing, VE is the extraction voltage. It indicates that the m decreases

with increasing Land VE. From the source optics Eq.(1-2) the source angular inten-

sity is given by

(6-18)

where Jc is the cathode current density, m, is the angular magnification III source.

Thus, I' increases with decreasing m,. This provides a way to increase I' by

adjusting Land VE values.

Moreover, if VE and I' are increased, another advantage appears upon looking

at the current density Ji in the image plane of the SEM. In the chromatic aberration

limited case Eq.(1-6) for the beam current in the image plane can be simplified as

(6-19)

where M is the linear magnification of the optical system, d is the spot size. It can be

rewritten as

(6-20)

where ri is the focused spot radius in the image plane, because of the Abbe's sin law

.

[ ]

1/2

[ ]

1/2
smao VE 1 VE

M = sinai VB ~ mOt VB
(6-21)

combining Eq.(6-17), (6-20) and (6-21) yields

ex:
k1m;JC VB vi

(A V)2CJ
ex:

k2m;Jc VB VE L

(A V)2CJ
(6-22)

where 1.1 andk2 are constant. Thus, the current density Ji in the image plane
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increases with the values of VE and L, but mO., Cc and~ Vmay vary, too. All these

considerations may be useful for designing a better source and optical system.

Figs.6-21 to 6-24 show the effect of anode bore radius upon aberration

coefficients and virtual source sizes. It is shown that Cc varies with bore radius, how-

ever, the virtual source size changes little due to the small absolute value of the aber-

ration coefficient. It appears that larger bore radius leads to smaller chromatic aberra-

tion coefficients. One favorable effect of a larger bore radius is the reduction of the ion

sputtering caused by apertured electrons at the anode. This is helpful for extension of

emitter life and reduction of noise level.

It is seen that the Cc and Cs only have a minor contribution to the virtual size

compared with Gaussian and diffraction terms, especially for small aperture angles ao.

The optimum operating conditions are collected in Table 12 based on our calcula-

tions.

6.6 Space charge effect

Because of the high current density of field emission cathodes, space charge may

affect the virtual source calculations. With the aid of the SCWIM program one can

determine the effect of space charge.

The space charge effect has been discussed previously in several articles33,36,40and

can affect both the trajectories and energy spread. The trajectory effects can be

divided into two groups: those that depend on the mean charge density and are

"deterministic" in nature and those that depend on the charge density fluctuations

because of the discreteness of the electron and therefore are "non-deterministic". By

"deterministic" we mean that the trajectories are determined a priori.
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Table 12

Summary of the optimum operation parameters

0.5 to 1.0

(for ZrOjW)
emitter radius (pm)

0.01 to 0.1
(for built-up)

protrusion (mm) 0.254 to 0.381

spacing (mm) 0.254 to 0.508

anode bore (mm) 0.150 to 0.250

suppressor voltage (V) -300 to -500

temperature (K) 1800 to 1850
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In the deterministic model Poission's equation was used to obtain the local elec-

tric field. Only the radial field Er alters the electron trajectories. Massey et al33

showed that the space charge effect would cause an image shift along the Z-axis, i.e.

the intersection of trajectory tangents on the Z-axis would move towards to the

emitter apex causing an overfocusing. However, in his model the net effect of the axial

field on electron energy was shown to be essentially negligible.

The energy distribution is not affected by the continuous charge and therefore is

more correctly treated using the statistical, discrete charge model. The emission pro-

cess introduces a random potential energy into a beam which causes random repulsive

forces between electrons. The mean square fluctuation in the longitudinal electric field

Ez can be calculated under some assumptions, such as a uniform random space

charge distribution at the cathode and a slowly varying electron number density.

Then, the rms field fluctuation 8Ez =<El>1/2 can be obtained. The energy spread

~ V can be found simply by integrating the force 8Ez along the Z direction:

~ V = e J8Ez(Z)dZ (6-23)

In addition to initial potential energy relaxation, redistribution of the initial electron

velocities by electron scattering in the beam produces an energy broadening. Massey

proved, for a plane diode, that if the initial energy spread is about leV or greater, the

statistical chromatic effects due to space charge at the usual current densities will be

small compared to the chromatic aberration corresponding to the initial velocity

effects alone.

In our study only the continuous charge density that fills the diode space was

considered. Thus we consider only the deterministic case. Our calculations indicate, in

agreemen t with Massey's" deterministic" calculations, that the virtual source position

shifts slightly toward the emitter apex (see Table 13). Additionally, large increases in
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Table 13

Emitter properties with and without space charge

ZrO fW W Built-up
(<I>,2.8e V r =1.urn ) (<I>,4.5e V r =.07 urn )

without with without with

Oc (mm) 0.147 3.25 0.283 12.7

Os (mm) 0.051 0.691 0.034 0.587

0

dg (A) 58.10 56.85 2.99 2.97

Zv (#lm) -31.47 -31.35 -30.56 -30.45

(from apex)

0

F (VfA) 0.0695 0.0690 0.540 0.481

J (Afcm2) 5.29X103 5.20X 103 2.43 X 106 2.33 X 106

I' (mAfsr) 0.974 0.967 1.046 0.972

m 0.248 0.239 0.348 0.346
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Oc and Os are observed due to the space charge, but since the Gaussian source size

dg is dominant for aperture angles less than 10 mrad. (see Figs. 6-25 and 6-26), these

increases do not significantly affect the virtual source size.

By solving the Poisson equation the SCWIM program can be used to estimate

the deterministic effect of space charge. In order to calculate space charge numerically

an iteration procedure was carried out. First, the Laplace equation, \72 V = 0 is

solved, from which the emission current density J is calculated using the numerical

integration method mentioned in section 2.2. Trajectories are then computed by

integrating the equation of motion. Trajectories starting from the emitter surface are

assumed to fill a region of space with electron charge. To simplify the process if the

current carried by the trajectory which falls in the i-th auxiliary mesh cell is Ij, the

time ilt for the electron to pass through the mesh cell and the volume element AVj

are known, the space charge density p at mesh point can be expressed as

P = ~ Ij A tj /A Vj
j

(6-24)

By substituting p into the Poisson equation, \72 V = - p/fO , a new field map can be

generated and the cycle is repeated until self-consistency is achieved.

The overall consequence of including the effect of a space charge continuum on

the minimum value of dy is negligible, although the summary in Table 13 shows a

su bstan tial change in Oc and Os. The effect on the primary contribution to dy,

namely dg, is small. Since, in principle, the first order effect of space charge on the

image should be a displacement on the z axis. We should expect little change in dv as

in the case in Figs.6-25 and 6-26 for two TF emitters.

The results given in Figs.6-27 and 6-28 show that only for the built-up emitter is

there a perceptible change in J due to space charge. This is an expected result since

JbSjlt-sp/JZrO/w 103. Should a smaller radius ZrO/W emitter be used, the current
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Fig.6-25: Virtual source size versus aperture half angle with and

without inclusion of space charge for the ZrO jW emitter.
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Fig.6-26 : Virtual source size versus aperture half angle with and without

inclusion of space charge for the built-up emitter.
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Fig.6-27: Surface field strength and current density variation with emission

angle with and without space charge for the ZrOfW emitter.
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Fig.6-28 : Surface field strength and current density variation with emission

angle with and without space charge for the built-up emitter.
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density for a constant It increases as r-2; thus as shown elsewhere41space charge

effects can become significant for the ZrO/W emitter if r is S 0.3 pm.
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Chapter 7

Conclusion

Two types of thermal field emitters, the W (100) built-up emitter and the

ZrOjW (100) emitter have been investigated in detail in conjunction with use III a

low beam voltage SEM. In general, the ZrOjW emitter is superior to that of the

built-up emitter. The following table summarizes the performance of the two type

emitters in the C & W SEM operating at a low beam voltage.

Work Function
Emitter Radius r (J,Cm
Brightness (I08A/cm2sr)
at I' ,lmA/sr
Spot Size (#lm)
at VBIVE ,.15
or .35

Noise/Signal
10-3to 25k (Hz)
(%)

Parameters & Properties

I' =lmA/sr ,0.2 ,0.4

I' =O.lmA/sr
typical

<0.1
,0.5%

,0.2
,5.0%
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These properties make the ZrO/W emitter a good candidate for applications in

low voltage beam equipment. Mainly, the low work function (4)=2.8eV) for ZrO/W

allows the emitter radius to be large and it significantly reduces the noise level and

the energy broadening. With the emitter geometries normally used and emission levels

of """"1.mA/sr the ZrO/W emitter usually operates in the Schottky and extended

Schottky emission regimes, while the built-up emitter operates in the thermal field

emISsIon regIme.

The small virtual source size is the unique feature of point cathodes. The

minimum virtual size for the ZrO/W emitter with r=1.pm, a=2.2mrad and

I' =1.mA/sr is ,lOOA, but, for the built-up emitter with r=0.07pm, a=8.mrad and

I' =1.mA/sr is ,201. To compare these emitters at equal beam current, and there-

fore equal a's, the virtual source size for the built-up emitter at a=2.2mrad is ""801

which is similar to the ZrO/W emitter.

Because of the high brightness of the source, a high angular intensity with a low

beam voltage (around or below lkV) is readily obtained for the both types of

emitters. Also, due to the small virtual source size «0.015 pm) the electron optical

system is relatively simple and there is no need to demagnify the source as in the case

in conventional thermionic systems.

The radial broadening is an important contribution to the spot size besides the

ordinary spherical aberration, chromatic aberration, diffraction aberration and Gaus-

sian source size. This contribution to the broadening of the spot size is given roughly

by db= Cb I fa with Cbex L fV3/2. Apparently, high linear magnification (Iowa), high

beam current I and low beam voltage V will cause a large value of db' Since it is our

desire to gain high beam current and low beam voltage in this SEM attention must

be given to the following:
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1. Avoid using the high linear magnification (or low angular magnification)

region as operating region (e.g. VB/ VE---0.2 to 0.27 in the C & W SEM, though the

beam path is in parallel mode and with smallest aberration) because of the dominant

effect of the radial broadening.

2. Reduce the low voltage electrons' flight length L by decelerating the beam

near the target plane to lower the value of Cb (e.g. put the decelerating electrostatic

lens in the lower part of the column).

The ZrO/W thermal field emitter is more suitable for use in a low beam voltage

SEM mainly due to its higher brightness and lower noise level than the conventional

thermionic or cold field emission cathode. There still are possibilities to improve its

performance by column design and technical considerations.

Because the angular magnification changes with the gun structure and the beam

voltage can be adjusted independently of the extraction voltage in this column, it is

possible to increase the angular intensity by varying the gun geometry (such as

extending the spacing between emitter and anode) and increasing the extraction v?l-

tage.

The vacuum requirement for the thermal field emitter is much lower than for

the cold field emitter (---1X1O-9torr), but is still higher than for the conventional ther-

mionic emitter (---lO-6torr). To maintain lXlO-8torr level a routine baking of the gun

chamber is necessary everyone or two weeks in our C & W SEM. If a good gun

vacuum system is designed, the emitter can run continuously once it starts. This will

simplify the operational procedure and tremendously increase the up-time of the

equipment.
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Appendix 1

(SCWIM Program and Application in ZrO/W Gun)

1. Characteristics

1.1 Introduction

A spherical coordinate with increasing mesh scheme called the SCWIM program was

developed at OGel. Its main purpose is to calculate the properties of point emission cathodes

on arbitrary shaped electrodes regardless of their large geometrical difference between emitter

and other electrodes. With the specially designed radial mesh size according to a geometrical

series the truncation error in the finite difference formulae is very small. Also, space charge

effects are easily incorporated into the analysis.

The SeWIM program is a general name which includes several programs. They are

LABGUN, LMIGUN, ZRWGUN etc. Each represents a different emitter and gun geometry:

LABGUN is used for calculating LaB 6 electron guns.

LMIGUN is used for Liquid Metal Ion gun.

ZRWGUN is used for ZrO jW thermal field electron gun.

The common part of all seWIM programs is the potential iteration calculation. Here, a

detailed description about program ZRWGUN is given. The basic program concepts and

input-output information can be used as references to other seWIM programs.
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1.2 Specification of ZRWGUN program

(1) ZRWGUN program is specified to calculate ZrOfW thermal field electron gun. When

the work function ~ is changed, it can be used to calculate the W(100) Built-up field emission

gun as well.

(2) The emitter is much smaller than other electrodes. The difference can be as large as a

factor of 107. The smallest emitter radius we used was 0.005 /-lm (mainly limited by the com-

puter memory quantity we are allowed to use in the CYBER 175).

(3) By inputing a sphere-on-cone (SOC) model of a common triode-type gun in Fig.A-1

and a few parameters, such as work function ~ and emitter temperature T, one can get the

following output information:

Potential values at mesh points between emitter and all electrodes.

Electric field strength on emitter surface.

Emission current density on emitter surface.

Electron trajectories from emitter to the field-free space.

Equi-potentiallines in the space.

Angular current intensity.

Virtual source size and gun aberration coefficients.

The space charge effects.
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2. Principle and model description

2.1 SCWIM model

Fig.A-2 shows the definition of terms used in SCWIM model. The minimum radius is R o.

The maximum radius is Rm. To minimize the truncation error for solving differential equation

by finite difference method, it is highly desirable to use equidistance difference scheme rather a

non-equidistance one. With the former the truncation error is O(h 4) rather than O(h 2) for the

latter, where h is the mesh size. With spherical coordinates it is obviously impossible to meet

such a demand. But if one chooses that three of four neighboring mesh sizes to be equal, and

the other is only alightly larger, the truncation error will be very close to that of the equidis-

tance scheme.

The first mesh size is determined by

ho = h, (ho+Ro) (A-l )

where h, is angular mesh size in radians. In the SCWIM model the three neighboring mesh

sizes are taken to be same, i.e. hs = hE = hw.

The first mesh size from Eq.(A-l) becomes

(A-2)

(A-3)

where N is the total number of mesh points in the radial direction, which can be pre deter-

mined from equations (2) and (3) for given Rm, R 0 and h, by

N = Ln (ho/Rm h,)
Ln ( 1- h,)

Ln (Ro/Rm)

Ln ( 1- h,)
-1 (A-4)

One can estimates total point number from the equation that the required number of mesh
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Schematic representation of the mesh arrangement used in

the SCWIM method. The minimum and maximum electrode

dimensions are R 0 and Rm , respectively.
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points approximately doubles when the ratio of geometrical sizes increases by two orders (102)

of magnitude. It is quite economical for computation.

2.2 Difference formulae in SCWIM

By the use of Eq.(A-3) the axisymmetric Poisson equation in spherical coordinates, which

is given by

(A-5)

can be cast into a five point difference form, which up to the fourth order term of a Taylor

series, is given as follows

(of f -axis)

(A-B)

where p is space charge density in Coulomb/m3, €o is the permeativity of free space,

B 2 = (l-h e) (1+h e)/(2-h e) (2+h e)

B3 = (1-2he)/(I-he) (2-he) (2+he)

B 10 = 2/ [1+(I-h e) (2+h e)]

B20 = (l-h e)2(l+h e)/ [1+(I-h e) (2+h e)] (2-h 0)

B40 = 1/2 [1+(I-he) (2+he)]
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This is to say, after h, is chosen, the B coefficients are constants, a factor which saves consid-

erable computing time in electric potential iterations.

3. Flow chartand algorithm

3.1 Flow chart

The flow chart in Fig.A-3 gives a basic idea about how the program operates.

3.2 Program details and definitions

3.2.1 Input data

The gun geometry and electrode voltage are READ from Tape 7. The program control

data are READ from Tape 6. Tape 6 has three forms for the calculation of Cold, Alpha, and

V-electrons.

3.2.2 Establish boundaries

Boundary establishment is the most complicated stage because of the various shapes of

the emitter and other electrodes.

(a) The emitter tip may be spherical or a faceted shape such as the ZrO /W emitter. The

emitter radius RT and the coordinate system origin have to be determined. The center of a

nominal spherical emitter tip is taken to be the origin, so the value Z 0 which is the distance

from the origin to the emitter apex should be added to the coordinates of node points of the

electrodes.

(b) Total mesh point number 10 and Join the radial and angular directions are deter-

mined by Eq.(A-2) and (A-4).
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(c) Fine mesh region

A multiple mesh size (or fine mesh) is usually desirable in the vicinity of the emitter and

near the axis. This region is bounded by the second node point of cathode. For the faceted

ZrO jW emitter the emission area side length is 0.3 times the tip radius. For spherical emitter

(W (100) Built-up) the emission boundary angle is within 17.5° which makes the emission area

radius 0.3 times the tip radius. The multiple can be chosen from 3 to 10. Usually 4 is good

enough to get accurate solution.

The fine mesh potentials are transferred to coarse mesh region by linear interpolation.

The first coarse mesh potential is interpolated from values of two fine mesh points which are

located just before and after the coarse point.

(d) Boundary points

The program gives mesh points inside electrodes the potential equal to the voltage of

electrodes, gives mesh point between electrodes the potential by linear interpolation along z

direction, and logarithmatic interpolation along r direction due to that the potential varys

logarithmatically inside two coaxial cylinders.

The non-normal points which do not take part in iteration have two groups according to

their entering or outcomming from electrodes:

IU and IUl are the nearest mesh number outside the electrodes.

ICO and ICI are the mesh numbers in which the boundary points have one surrounding

mesh point locating inside electrode at least. So, the points from IU-ICO and ICl-IUl do not

attend iterations, instead, a interpolation method is used.
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3.2.3 Potential calculation

The well-known overrelaxation technique is used for calculation of the potential42. The

potential, both in the fine and coarse mesh region, are calculated by Eq.(A-6) , in which

Bland B 10 etc. are only functions of angular mesh size h,. The potential on every point

depends on the values of its surrounding four points. To reduce the truncation error a "succes-

sive overrelaxation" method is used. Arter each calculated potential cf>(k), a new potential value

y(k) = C cf>(k)+ (I-C) y(k-l) (A-7)

is used for next calculation, where 0 is relaxation factor. It can be proved that the optimum

value of 0 is about 1.90.

The minor iteration are performed 19 times (if KP<19, where KP is a controlling

integer in the program) and then the truncation error is judged

[

V. (k-l)

]ERy(k) = Max 1- ;,,(k)
n = 1,2" . ... n (A-8)

In the fine mesh region if ERVI ~.2Xl0-7, another medium (scale) iteration is needed. rhis

procedure is repeated until the error meets the requirement.

3.2.4Current density calculation

First, the electric field strength ER and EO in radial and angular directions, respectively,

are calculated by a sixteen point interpolation subroutine. Then the normal field EN on the

surface is obtained by

(A-9)

where R is distance between the origin and cathode surface.

The value of EN , work fuction cf>and emitter temperature T can be substituted to the

transmmission coefficient D(EN), which is given by Murphy and Goodll by applying a
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parabolic WKB-type approximation to the Schoedinger Equation

D (EN) = [1+ exp ( 4(2m IJJ+~-ENI )1/2v(y )/3 h e F ) ]-1 (A-I0)

The free electron model gives the following number of electrons per second per unit area hav-

ing a normal energy EN within the range dEN incident upon the barrier:

(A-U)

so, the current density J is

(A-12)

this integral is calculated numerically by Simpson's rule in a function subroutine DENSIT

(EN,4>,T). The total current is the sum of products of each current density and its associated

emission area. The truncation error of current density is judged by ERI (error judgement).

3.2.6Trajectory calculation

The initial values of trajectory are their radial coordinate, angular coordinate, radial

velocity and angular velocity in the vicinity of emitter. They are put in array Y(4).

The trajectories are obtained by solving the equation of motion for electrons.

.. .2-
r = - ,.,Er + r () = - ,.,Er (A-13)

o =-,.,E,/r-2rO/r =-,.,E, (A-14)

where ;:and iJare the acceleration, Er, E" Er and E, are electric field and equivalent elec-

tric field in radial and angular directions, respectively. The Runge-Kutta method is used to

solve the above differential equations. The second order equations are first changed to a set of

first order equations

Vr =-,., Er (r ,()) (A-15)

(A-16)
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r = v. (A-17)

o = v, (A-18)

The coresponding difference equations are

(A-19)

where

(A-20)

(A-21)

L 2 =_TE (r(n)+N20(n)+M1 )· 2 ' 2

(A-22)
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(A-23)

These procedures are carried out by two subroutines: SUBROUTINE LORENZ (Fl,F2) and

SUBROUTINE RK(Y,T,LORENZ).

In LORENZ, F2(1) is velocity in radial direction, F2(2) is velocity in angular direction,

F2(3) and F2(4) are accelerations in radial and angular directions which include electric force,

centrifugal force and Coriolis force. In SUBROUTINE RK, the coefficients N,L,M,K are calcu-

lated. Array U(4) represents Eq.(A-20), Array Z(4) represents Eq.(A-21), Array W(4) represents

Eq.(A-22) and Array S(4) represents Eq.(A-23). The trajectory output is given as coordinates

along z and r axis; trajectory tangent and the angle subtended to the origin are also given as

outputs.

3.2.6 Space charge effect

The difference formulae Eq.(A-6) may include the space charge density p. When one con-

siders the Laplace Equation only (p=O), there are just medium (scale) iterations of potential

(go back to line 350 of the program), in this case, the space charge array P(I,J) and PP(II,JJ)

equal to zero.
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When space charge is considered, the calculated space charge array P and PP will be

substituted to the big (scale) iterations of potential, Poisson Equation is solved (KD>1).

The space charge density is calculated by

dQ t1Q
p=-:=::::-dV t1 V (A-24)

where t1 V is volume element surrounding the mesh point, t1Q is the charge inside the

volume. Usually, the volume is an annular shaped space.

Auxiliary mesh lines are used to put mesh point at the center of volume element. It is

assumed that the emission current Jj concentrates on each trajectory, if the time t1tj for the

electron to pass the volume element is known, the incident charge from the passing trajectory

IS

(A-25)

so, the space charge density p in mesh point is

(A-26)

The space charge calculation is performed simultaneously with the trajectory calculation.

When the space charge is inserted into the Poisson Equation, the big (scale) potential iteration

will repeat several times controlled by a convergency criteria. In every big (scale) iteration the

emitter surface field and current will change slightly due to the space charge effects.

3.2.7 Virtual source size and position

The arrays of last ten points in trajectories: POINTX, POINTY, POINTVR, POINTVC

represent the coordinates and velocities along radial and angular directions,respectively.

They are put in SUBROUTINE TARGET to obtain values of the trajectory end point

ZEND. These data provide the necessary information to calculate the virtual source size and
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3.2.8 Angular current intensity

By using the trajectory and current data the angular intensity calculation is straightfor-

ward with the SUBROUTINE IPRIME(CI,SLOPE,KD,LT,ANGI,ALPHA). The relationship is

(A-27)

where I is total current and a is aperture half angle.

3.2.9 Equi-potentialline

There are 20 equipotential lines between cathode and anode voltage. The coordinates of

equipotentialline, ZC and RC, are output in Tape 13.

3.2.10 Three initial conditions

Wiesner2 used a method to treat the emitter-anode region as an electron optical lens with

the cathode surface as the object and the virtual source as image. The electrons emitted from

cathode are divided into three groups.

Cold-electron: zero initial velocity; various initial positions on cathode surface.

Alpha-electron : fixed initial velocity; various initial directions; initial position on

cathode apex.

V-electron : various initial velocities; initial direction tangent to apex; initial position on

cathode apex.

In the program the three electron types are controled by TY. If TY=O, the Cold and

Alpha electron are calculated, if TY=I, V-electrons are calculated. TY is put in Tape 6.
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4. Definitions of array and variables

V(I,J) potential value at coarse mesh points

R(I) coordinate of radial mesh points

HC coarse angular mesh size in radians

ATA charge mass ratio of electron

VV(II,JJ) potential value at fine mesh points

RR(II,JJ) coordinate of fine radial mesh points

HCC fine angular mesh size in radians

UU(J) distance from origin to cathode

P(I,J) space charge density in coarse region

VOLUME(I,lO) volume of auxiliary mesh cell

HS(I) south mesh size

CJ(L T) emission current density

CI(LT) emission current at cathode

RM(L T) start point of emission current in radial direction

CM(L T) start point of emission current in angular direction

RB(L T) start point of trajectory in radial direction

OO(LT) start point of trajectory in angular direction

SI(LT) emission area on cathode

Y(1)-Y(4) initial values of trajectories and transmision arrays

U(J,K) distance between origin and intercept of angular line

going out electhode



Ul(J,K)

IU(J,K)

IUl(J,K)

KK(K)

ZR(100,3)

VO(K)

IK(J)

IG(J)

JO(100)

VEQ(20)

UB(J)

VB(J)

IB(J)

IBl( J)

IOO(J,K)

I01(J,K)

VB1(J)

RX( 20,J)
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distance between origin and intercept of angular line

comming in electrode

integer mesh point next to U(J,K)

integer mesh point before U1(J,K)

accumulated node number of electrodes

coordinates of electhode nodes

potential of electrodes

start point of potential iteration

end point of potential iteration

angular mesh number on node of electrodes

equipotential values

distance between origin and open boundary

potential on open boundary points

integer mesh number before open boundary

minimum non-normal point before open boundary

integer mesh number next to IU(J,K)

integer mesh number before 1U1(J,K)

interpolation value near open boundary

distance between origin and intercept of angular line

with boundary

RPOINT(KK) distance from origin to node points

HHS(II) south fine mesh size
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IIK(JJ) start point for fine potential iteration

EQJ(ll) equi-current line

PP(II,JJ) space charge density in fine region

WOLUME(II,JJ) fine mesh volumes

POINTX(lO,LT) coordinate along z axis of last ten points

POINTY(10,LT) coordinate along r axis of last ten points

POINTVR(lO,LT) velocity along r axis of last ten points

POINTVC(10,LT) velocity along r axis of last ten points

SLOPE1(L T) trajectory slope of end points

VFINAL(L T) final velocity
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5. Input formation

5.1 Tape 6

Tape 6 gives program control and additional input data. Some data can be adjusted

according to calculation requirements and computer memory capacity available.

TY : control the three types electron initial conditions.

AF : acceleration factor for overrelaxation, about 1.90.

KB : cllows AF to be a constant or changeable value, usually constant.

LT : control the number of trajectories.

KREADY : control the potential used in the trajectory calculation, for Alpha and V-

electrons the previous potential stored in Tape 10 is used to speed up calculation.

WF : work function 4>should be adjusted for different kind emitters.

MO : Demagnification factor of fine mesh size, usually 4 is good enough for accuracy.

KFIELD : control the potential calculation with or without space charge effects.

HC : angular mesh size in degree, usually in 3-5 degrees.

5.2 Tape 7

The first digit line is the number of electrodes. It is demanded that every angular line

intercepts any electrode less or equal two times, otherwise, the electrodes have to be divided

into more pieces end to end. The second digit line is the accumulated number of electrode

node points. After the third line but the last one there are coordinates of all node points.

They are in sequence with electrode number.

The first column is coordinate along z axis.
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The second column is coordinate along r axis.

The third column is radius of curvature of electrode at node point.

One should pay enough attention to that the emission area is located between the first

and second node region.

The last line of Tape 6 is potential values of each electrode in voltage.

6. output data

The tape 1 controls the display in screen to tell you the performance of running program

and some necessary information:

(a) the array dimension requirement for the biggest array V(I,J) or VV(II,JJ) in coarse

and fine mesh region. If the dimension is not big enough a modification in the source program

is needed.

(b) the assigned computer time, more must be entered if limit is reached.

(c) the convergence of potential iteration, if the potential truncation error remaInS

unchanged, the reason must be found and the AF value adjusted.

(d) If there is abortion of execution due to program mistakes or computer memory limi-

tation, you should observe a messages on the screen.

In additions,

Tape 8 is used to check up data (not often used),

Tape 9 is a temporary file (not often used),

Tape 10 is potential at all mesh points,

Tape 11 is boundary plotting data,

Tape 12 is trajectory plotting data,



Tape 13 is equipotential plotting data, and

Tape 14 is main output data. It contains the surface field F, current density J, trajectory

parameters in end point, lateral magnification, angular current intensity and many useful

informations.

164.
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