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ABSTRACT

The analysis and design of accelerating lens system which is indispen-
sable for the operation of the Field Emission Scanning Electron Microscope
(FESEM) are described.

The characteristics of the Butler type accelerating lens are compared
with those of the flat-plate one which is the most simple lens. Although
the spot sizes attainable with these lenses are almost the same, the current
efficiency (or degradation) of the Butler type is better than that of the
flat-plate lens by two times. This conclusion was confirmed experimentally.

A three anode accelerating lens is developed in the present investiga-
tion and also the characteristics and advantages are described in detail.
This lens is actually a hybrid of the immersion and unipotential lenses.
This lens has the advantage that the working distance of this lemns can
freely be changed under given conditions. This feature was confirmed by
the computer simulation as well as the experiment. The experiment showed
that the accelerating voltage could freely be changed without deteriolating
the focussing. Moreover the computer simulation of the lens system composed
of this three anode accelerating and the magnetic lenses has predicted that
the current efficiency of this lens system is improved one order higher
than that of conventional lens system (e.g. Butler type and magnetic lenses)
in the region of beam current more than about 10_8 Amp.. In particular,
it is shown that the spot size of less than 100 & can be obtained for the
beam current of 10 ° Amp. .

The computer analysis has shown that the curved anode configuration
can be replaced by the plane one of simplified version type without
changing the characteristics. This has been confirmed in experiment with
a three anode accelerating lens constructed for this purpose.

The electron trajectories emerging from the tip are also calculated
by computer to estimate the virtual source size of the tip.

An intensity distribution‘of the electron beam on a specimen is
computed by an electron wave optics approach, and the resultant spot size
is discussed from this intensity distribution.

An influence of the eccentricity of electrostatic lenses on the spot

size is analytically formulated and numerically calculated.
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CHAPTER 1 INTRODUCTION AND SUMMARY

The SEM invented by Knoll (1935) had been mainly developed by the
workers of Cambridge Univ. in 1950s (Smith et al. 1955, Pease et al. 1965).
In 1968 Crewe developed the SEM using a Field Emission gun (FESEM) and in
1970 his FESEM achieved the resolution of 5 A.

A diagram outlining the SEM is shown in Fig. 1-1. The electron beam
which is focused onto the specimen surface scans across the specimen surface
in a rectangular raster in synchrony with the electron beam in the cathode
ray tube (CRT). The signal (for example, secondary electron and backscatt-
ered electrons, see Fig. 1-2) generated at the specimen is amplified to be
displayed on the CRT. Siﬁce much information of the specimen can easily
be obtained by using the SEM, the SEM is one of the most useful tool in
many fields of the science (for example, metallurgy, semi-conductor industry,
chemistry, biology and medical science).

It is weil known that the most important factor of SEM is the resolution.
The resolution is closely related with the beam current, the lens aberrations
and so on. The FE gun has , at present, been regarded as the most useful
electron sou;ce because it has a high brightness and low energy spread,
which guarantee a high resolution (see Table 1-1). When the FE gun is used,
it is necessary for this gun to have at least two anodes. The potentials
of the 1st and 2nd anodes give the field emission and accelerating voltages,
respectively. The lens effect and aberrations are produced between these
two anodes. This lens is called an accelerating lens. The Butler type
accelerating lens (Butler 1966) was designed to have low aberrations,
particularly, a small spherical aberration coefficient. Crewe has first
developed the FESEM applying this Butler type accelerating lens. The
~ schematic diagram of his SEM are shown in Fig. 1-3. After that, it was
found that the chromatic aberration was dominant rather than the spherical
aberration in the high resolution FESEM. Besides, the curved anode
configuration used in Butler type lens is not easy to manufacture. Hence
the various accelerating lenses have been investigated by many workers
(for example, Fraser 1971, Munro 1972 and Tonomura 1973). However, the
characteristics of the accelerating lens could not be improved remarkably.
The reasons of this seem to be that the accelerating lenses are generally
composed of two anodes and the characteristics of these lenses is strongly

dependent on the ratio of the field emission and accelerating voltages.
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So Veneklasen and Siegel (1970 and 1972) proposed a method in which the
first anode is replaced by an einzel lens, and Someya (1972 and 1974)
proposed an accelerating lens composed of three anodes. These accelerating
lenses have the advantage that the characteristics of these lenses are
almost independent on the given physical restriction. However, these
accelerating lenses are large in dimension and the aberrations also becomes
larger in proportion to the dimension.

In SEM the high resolution is, of course, very important, however,
Auger Electron Scanning Microscope (MacDonald 1970 and 1971) in which
Auger electron intensity is displayed as SEM image on the CRT has actively
been used, and the electron beam microfabrication has also been practiced
with great interest (for example, Brewer 1971, Broers 1972 and Angello
1973). 1In these applications a higher current than about 10-8 Amp. and
also high resolution (102 3y 1()3 R) are needed. Although the FESEM can
achieve very high resolution at the region of beam current less than
10_10 Amp., the probe size is tremendously increased for the region of beam
current higher’than'about 10;9Amp. (Broers. 1973 and see Fig. 1-4). This
reason is that the spherical and chromatic aberrations of the accelerating
lens for larger aperture size become larger rapidly.

Considering the resolution, lens aberrations and secondary electron
yield the FESEM is usually operated at accelerating voltages between 20
and 30 KV. However, recently the FESEM which can be operated in a range
of lower or higher accelerating voltage has been required (Welter et al.
1972 and 1974, Veld et al. 1971, Shaffner 1971, and Someya et al. 1972 and
1974). For example, a micrograph of nonconducting specimens can be obtained
without a conductive coating in a range of a low accelerating voltage (several
hundred voltages). In the conventional FESEM it is impossible to change the
accelerating voltage over a wide range, because the working distance of the
accelerating lens changes according to the change of the accelerating voltage
and this results in difficulty to obtain proper demagnification of the
magnetic lens. Hence the probe size is directly affected by the aberrations
of the accelerating lens, and consequently this incurs the enlargement of
the probe size.

The high resolution under the condition of high beam current or of
lower accelerating voltage which are an essential demand of the SEM, has
still been required with great necessity. In this circumstance the

investigation of the accelerating lens used in FE gun is most important.

-3 -



So the present investigation is performed mainly to improve the defects of
the conventional accelerating lens, and following improvements have been
attained:

(1) The characteristics of the accelerating lens are scarcely dependent
on the given physical restriction (for example, the field emission
voltage, the accelerating voltage and the working distance).

(2) High current efficiency without losing high brightness of FE gun
is obtained in the region of beam current more than about 10_8 Amp.
Namely, the probe size is improved at least by one order in this
current region. .

(3) It is possible to manufacture the accelerating lens more easily.
These improvements were achieved by using the three anode accelerating lens
with the plane anode configurations of simplified version type suggested in
the present investigation, and the computer simulations and the experimental
results have shown that this lens would be most hopefulat present. The
contents of the present thesis are summarized chapter by chapter as follows.

In Chap.2 the theories and tﬁeir numerical calculation methods of the
geometrical electron optics which are neceésary to analyze and design the
accelerating lens are described, and also the methods of the evaluations
of the electron probe size (spot size) and of its beam current on the
specimen are described. The spot size is expressed by the combination of
four factors (spherical and chromatic aberrations, diffraétion effect and
virtual source size). In particular the analysis and calculation methods
for studying the potential and field of the electrostatic lens by using
electrode surface charges are presented in Sec. 2-2-2.

In Chap. 3 the characteristics of the Butler type accelerating lens
are compared with those of the flat-plate one, which is the most simple
lens. It is discussed that the anode aperture effect can be neglected in
the Butler type accelerating lens , however, this cannot be neglected in
the flat-plate one. Although the spot size attainable with these lenses
are almost the same, the current efficiency (or degradation) of the Butler
type is better than that of the flat-plate lens by two times. This
conclusion was confirmed experimentally by the prototype FESEM built by
joint research between Osaka University and JEOL Ltd. The computer
analysis has also shown that the curved anode configuration can be replaced
by the plane one of simplified version type without changing the

characteristics.



In Chap. 4 a three anode accelerating lens which is suited in the
present purposes is developed in the present investigation, and its
characteristics and advantages are described in detail. This lens is
actually a hybrid of the immersion and unipotential lenses. This lens has
the advantage that the working distance of the lens can freely be changed
under given conditions (for example, the field emission voltage, the
accelerating voltage and the working distance). This feature was confirmed
by the computer simulation as well as the experiment. The experiment showed
that the accelerating voltage could freely be changed without deteriolating
the focussing. Moreover the computer simulation has predicted that the
whole lens system composed of this lens and the magnetic lens could be opera-
ted under the optimum condition. Consequently the current efficiency of
this lens system is improved one order higher than that of conventional
lens system (e.g. Butler type and magnetic lenses) in the region of beam
current more than about 10_8 Amp. In particular, it is shown that the spot
size of less than 100 A can be obtained for the beam current of 10"8 Amp..
Some problems in the manufacturiﬁg and operating conditions are also
discussed. |

In Chap. 5 some problems in the estimation of the spot size are
discussed.

The virtual source size of the FE gun is formulated in Chap. 2.
However, this estimation is based on an oversimplified and unrealistics
model. So a sphere-on-orthogonal-cone model which is suggested by Dyke
(1953) and has already been analyzed in detail by Wiesner and Everhart
(1970 and 1973) is used to overcome this limitation and the virtual source
size is estimated.

The estimation formula of the spot size which has been used conventio-
nally is not based on the physical substantiality, so the spot size is
estimated by the introduction of the electron wave optics approach.

The effects of an eccentricity of anodes which are very important in
actual manufacturing and setting are theoretically formulated and
numerically estimated.

In Chap. 6 the results obtained by the present investigation are

summarized.



CHAPTER 2 GEOMETRICAL ELECTRON OPTICS
§ 2-1 Introduction

Theories of the geometrical electron optics have been studied for a
long time, and nowadays the numerical calculations of them have mainly been
performed by the electronic computer. In
this chapter the theories and numerical calculation methods for the
analysis of the accelerating lens system are described. In the first place,
theories and the numerical calculation methods necessary to analize the
potential and field in the space among the electrodes of the given
configurations are described. In particular the analysis and calculation
methods for the potential and field used electrode surface charges were
developed in this investigation and are shown in Sec.2-2-2. The accuracy
in this method is still not satisfactory, but this method have some
advantages. In Sec.2-3 an analysis of electron trajectories and lens
aberrations are described, and the estimation methods of the spot size
and the current for the electron beams on to the specimen are shown in
Sec.2-4. These analysis are very important to see the characteristics of
the accelerating lens system. The more detailed theories and calculation
procedures are shown in many books (EL-Kareh et al 1970, Grivet 1965,
Pierce 1949, Septier 1967 and Zworykin 1945).

§ 2-2 Analyses of the potential and field

In electron optics it is important to know the position of the
electrons in the space among electrodes of given configurations and potentials
as a function of time. The problem can be divided into two parts;
determination of the potential and field between the electrodes and the
solutions in this field. In this section the former is described. The
latter will be described in Sec.2-3. The solutions of the potential and
field can be found by various methods as follows.

1)  Purely mathematical calculation of the potential, field and the
trajectories.

2) The rubber membrane.

3)  Conductive paper.

4) The electrolytic tank.

5) Numerical methods. etc.

However the method of 1) is seldom applied except for the particular

boundary conditions.



At present the numerical methods are most popular among

these methods, because the electronic computer is developped tremendously
and the solutions of the problems are calculated more accurately than any
other methods. The established method of the numerical methods for the
potential analysis seems to be only the mesh method. In this investigation
the author developed also a method used electrode surface charges as shown

in Sec.2-2-2. 1In the following, these method is described in detail.

§ 2-2-1 Mesh method
I) Theory and calculation procedure for the computer simulation
(Weber 1962/1963 and Septier 1967)

The potential and field can be calculated from Poisson's equation
as well known. Poisson's equation with rotational symmetry is given by,

vV 1oV 0V 0

Fr i etreniis dhortie fante :

or roor 0z & * (2-1)
where the z axis is the axis of rotational symmetry, r is the distance to
this axis, V is the potential, p is the space charge, which is a given

function of r and z, and €0 is the

dielectric constant of free space (see

I - Fig.2-1). For solving this kind of
- t
' ﬁ(\\ ! problem numerically, use can best be
E \ixfj made of difference equations. For this
o b e purpose we express the derivatives of
//&/////, b’ : V at a point PO in terms of the potential
Fig. 2-1 Point P with recta- V, of P_ and in terms of the potentials

0 0

ngular coordinates x and . .
& =4 of nearly points whose distances h to

z, and with cylindrical

coordinates r, ¢ and z. PO are so small that we can permissibly

neglect the terms to the third and
higher powers of h in the series presently to be given. We distinguish

between two cases ; P, not on the Z axis, and P_. on the Z axis.

0 0

Difference equations
Point P, not on the Z axis. (see Fig. 2-2)

0
2 2 2ry4-h
Vi o 4
Chy(hyhg) T hglhy hy) 2 (g Ry)rg st
T 2rg — hy p—_ 2 2rg-+h,—hy v (2-2)
hohy+h)ry * &' |y ' by, o



Particulary, in the case of h1=h2=h3=h4=h,

| ' J/ h h?
V1+Va+(1+2'—:o) V3+(1—5;)V4=—%+4V0 . (2-3)

f b
, Ba by Py W B
0 v
ihg
X }5
& hy!
hl »;/9’,&
LA 3 LI —2
/ :P;/h’ ih_,
e
R7i] —2
Fig. 2-2 Point P0 at a Fig. 2-3 Point P0 on the z
distance T, from the z axis axis, surrounded by the six
surrounded by points Pl’ Pz, points Pl""P6 at distances
P3 and P4 at distances hl"' hl’ h2 and h3 from PO.
h4 from PO.

Point PO on the Z axis (see Fig.2-3),

2 2 4 2 ( 4 2 )
V V — V — e — . — V
i M T iy 2 e e T T g T e

(2-4)
Particulary in the case of hl=h2=h3=h,
V, 4V, 44V, = -2 Loy

1T ¥ 3= P 0 (2-5)

From these equations, the potential can be calculated by using the

iterative technique (see Fig.2-4).

ra | Ny The detailed calculation procedure and
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described in many books in detail (for
/ \ example, Weber 1962/63, and Septier
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Fig. 2-4 The model used in faster, thus the number of cycles can be

mesh method. (Butler type

. reduced. We denote the potential found
accelerating lens)

for this
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point after k cycles by Vi(k)? and that found for k+1 cycles by Vi(k+1).

This method is that the value of

vi(k) + w[Vi(k+l) - vi(k)] (2-6)

is substituted instead of Vi(k+l).

The value of w must be carefully
chosen. This optimum value depends only on the configuration of the
electrodes, and not on the potentials initially adopted. The best

value of w is also independent of the cycle number k. In this report
Carre's method (Carre 1961) is used as described in the following.

1) The very first iteration is performed using a value of w of unity.

2) The next twelve iterations are performed using a value of w of 1.375.

Then w can be obtained as follows using the Aitken-extrapolation.

p(k) } g(k)
>(k+1) . , 27
where
R0 ||Vi(k+1) - Vi(k)ll , (2-8)
Max = p-2)_plk-D)_p(k-2)42, 1, (k-2) () _pp (k-1)y . @9
W, = 2{1+[1-(Amax+w_1)2/kmaxw2]1/2}_1 . (2-10)

3) The next iteration is performed using a value of w of Eq. (2-11).
W= W - (2-wo)/4 (2-11)

4) Then, W, is deemed satisfactory if the arithmetic difference Awo

between this estimate and the previous one satisfies the condition;
Awo/(2-w0)<0.05 . (2-12)

If Eq. (2-12) is not satisfied, 2) and 3) are iterated until Eq.(2-12)

is satisfied. Thus, a final estimated value of LR is obtained.



By the above mentioned procedure the potential can be calculated
numerically. However this potential is only on the mesh points. So the
potential on the arbitrary point is calculated by using the 5-point
interpolation method. In this report the potentials are not used except
for on the axial point, so this method is described only in the

one-dimension. If the value on the mesh point z, is set fo, the values

0
on the arbitrary point are as follows.

£(z) = £, + [df/dz]y(z-zp) + 1/2[d2f/d22]0(z—zo)2

+ 1/6[d>€/dz”] (z-2)° + 1/24[a* /a2 (22 )t (2-13)
£1(2) = [df/dz), + [a*€/d2%] (z-2) + 1/2(8%¢/dz°]  (z-2)°
+ 1/6[d /a2 (z-2)° (2-14)

£1(z) = [dzf/dzz]O " [d3f/dz3]0(z-z0) . 1/2[d4f/dz4](z—20)-,
(2-15)

where [df/dz],. [dzf/dzz] , are shown in Table 2-1.
0 0

(df/dzde | (form8fi+8fi—F2)/12
case | o—o—@——0—20 | (@¥/dz"y | (—f+16f,=30f0+16/,—f2)/12
: =2 =101 2 sy, | (—fat 221D /2
@4/d2%% | (farmAf-+6fam4f\+f2) /24

(df/dzdy | (=3f,=10f+18F,—6fs+f2) /12
case | o—@—o—o—s | (dY/dzs | (1NfLi—2fytBfit4fimf/12
=0 0 12 3 N apan, | (=3 10f—12f, 46~ 1) /2
(@129 | (formdfsr6fimifot f)

(dffdz3s | (~fosh6f s 187,410/, +37) /12
case [[| 7o @—o | (&¥/dls | (—foitif 61, —20A+11f)/12
7372 =1 01 L easgany, | (foym6fat 12— 1070430 /2
Y /d2D | (foy=dfat6foimdfot])

(f/d=de | (~25fo+43/,~36/1+16/,=3£0 /12
case N (@/d2t)s | (35f,= 104, + 114,561+ 1110 /12
0 1 23 4\ (@/deY | (~5fot18f i~ 24t 43D
(@Y/dz%% | (foAfit6fi=4fs+/)

: (Ef1d2)y | (=3f-—16f-3 36/, — 481, +255,) /12
case ¥ (d¥/dz2yy | (1fo =56/ 3+ 114f,—104f_,+35£,) /12
—4 =3 —2 —1 0 | [@/dz%, | B~ 14/t 24118/ 510 /2
@Y7d2" | (foamdf st 6fa—af+fo)

Table 2-1 Differential coefficients in 5-points
interpolation method.
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IT) Accuracy and discussion

The accuracy of mesh method
was examined against the Butler r§-----1---
type accelerating lens as shown in
Fig. 2-5. The NEAC 2200-model 500
computer was used to examine this

accuracy. As for the potential,

the accuracy better than 2.0x107°

could be obtained within the 0™ 20mesh

calculation time of three minutes. Fig. 2-5 The model used for
. . examining the accuracy of the

It is generally considered that mesh method.

the defects of this method are

with respect to the calculation

time and the round off error

produced by the iterative calculation. The another important problem is
that the open boundary must be artificially transformed into the closed
boundary and its boundary values are also given artificially. In this
model used to examine the accuracy, however, the effect of the latter
was sufficiently small. So the high accuracy could.be obtained. As for
the field, which was calculated by 5-point interpolation method, the

accuracy better than 6.3 x 10-4 could be obtained.

§ 2-2-2 Potential and field analysis method by using electrode surface charges

With respect to the potential and the field analysis, the established
method seems to be only the mesh method as described in the previous
section. Recently, however, B. Singer and M. Brawn (1970) suggested the
analysis method used Green's function. In this section the analysis

method using electrode surface charges is shown.

I) Theory and calculation procedure

The potential at the observation point (r 0) is expressed by the

z
0’
following equation in the cylindrical co-ordinates.

2]1/2

¢(r0, ZO) = 1/wefp(r,z)K(t)r/[(z-zQ)2 + (r+r0) dr dz , (2-16)



where

e: dielectric constant,

t2 = 4rr0/[(z—zo)2 + (r+r0)2] , (2-17)

k(t): the complete elliptic integral of the first kind,

po{(r, z): charge density.

In the electrostatic electron lenses which has no space charge, charges
are restricted on the electrode surfaces. Then, if a function which

express the electrode surface configuration, is set

r = f(z) » ' (2-18)

f(r, z) = p(z) - 8(r - £(2)) . (2-19)
Then, Eq. (2-16) is reformed into
by 2g) = U/melo(@TK()/[(z-2p)? + (rer?1 %0z . (2-20)

For the numerical computation, p(z) is expanded in Chebysheff polynominal

series,
p(z(x)) = L0 a,T, (%) (2-21)

and also

(1-x2)1/2 2,1/2

rK(t)/[(z—zO)2 + (r+r0) dz/dx = ijobjTj(x) . (2-22)

Then, Eq. (2-20) is reformed into

— n -
¢(r0,zo) = 'rraobO + n/22i=1aibi , (2-23)

by using orthogonality of Chebysheff polynominal. This Eq. (2-23) is used
for the numerical computation. First ai's values equivalent to p(z) are

unknown. So the observation point (ro, zQ) is restricted on the



boundaries of the electrode surfaces, and (ro, zo) is scanned on them.
Then the simultaneous linear equations are obtained and their solutions
result in ai's. Next (rO, zo) is fixed at an arbitary point which we
want to know, then ¢(r0, zO) can be calculated by using the known ai's.
The reason, why Chebysheff polynominal series for the numerical calcu-
lation is used, is that the accuracy and the calculation time of the
numerical calculation are well improved by using the orthogonality and
the special zero points of Chebysheff polynominal. [The detailed
calculation procedure and technique are omitted on account of limited
space. See the paper of Torii and Makinouchi(1968).]

Now, there is a gross problem that the potentials on the points of
the existing charges diverge infinitely. This corresponds to t=1 and

k(t)» « in the case of (r, z) = (ro, ZO) in Eq. (2-16). However,

1im K(t) = 1/2 log 16/(1-t%) (2-24)
t>1 ' ’

and
lim (1-t) log (1-t?) = 1im (1-6)Y%4t/(1+t) » 0 _ (2-25)
t>1 t>1

Eq. (2-25) shows that this problem may be neglected from the nature of
the improper integral and consequently there is no problem in the use
of Chebysheff polynominal series and this technique is superior to the
curvilinear integral used by B. Singer et al. with respect to the problem
of the singularity and the numerical calculation.

In this method the field of the observation point can be also
calculated directly. The formulae of the field calculation are shown

as following.

2 _ 1, [ p(2) T (r+1) E(t) dz
Bro mE

J Gz + (er) 132 (15t?)

2:3/2.2

. 5 J 0(z) ;{E(t)-(l—tz)K(t)}dz - (2-26)
(-2 + (o ?1¥ 206D



( p(z) T (z—zO) E(t) dz

¢
3z

1
= —— (2'27)
0 “J [(z-29)% + (r+1)°11/2[(z-20)° + (x-1y)

2] ,

where E(t): the complete elliptic integral of the second kind.

I1I) Accuracy and discussion

The accuracy of this method is checked by using the Butler ﬁype
accelerating lens (see Fig. 2-5). 1In this case a problem is occurred
that how many numbers of the terms of Chebyseff polynominal series and
~ the sample points of (ro, zO) in Eq. (2-22) should be selected. It was
found that when the latter is twice as many as the former, the potential
and the field could be calculated more accurately than under any other
conditions. The results are shown in Table 2-2 together with those
obtained by the mesh method. In this table when the number of the terms
is more than 40, the simultaneous liner equation becomes ill condition
and the potential and field could not be calculated, because the physical
values between the sample points become to have the relation of the
linearly dependent. From this table both the accuracy and the calculation
time of this method are inferior to them of the mesh method. However,
this method has merits such as follows.

1) This method can be dealt with open boundaries.

2) The potential and field at an arbitary point can directly be obtained.

Number of the term 16 20 26 30 36 40 mesh
Number of the sample points | 31 51 51 61 76 76 | method
Calculation time (minuts) 0.7 1.2 1.8 2.7 3.9 4.8 3.0
Accuracy (potential) 1.5x10"3]7.2x1073]8.2x10"*}6.0x107%|3.6x10% | —— |2.0x107%
Accuracy (field) 5.7x10"> [1.0x107%[8.0x107>]6.6x10">J4.6x10">| —— 6.3x107*

Table 2-2 The comparison of the method used electrode surface
charges with the mesh method.



§ 2-3 Analyses of electron trajectory and lens aberrations

The potential and field in the lens region has been solved in the r-z
plane by using the method shown in the previous section. In this section
the equations of motions of electvons and lens aberration coefficients
are dealt with. In electron optics it is very important to know the
positions of the electrons and also the effects of its aberrations.

These aberrations can arise for a number of different reasonms.

If the accelerating potential and the lens excitations fluctuate about
their mean values, ''chromatic aberration" will mar the image. If the
properties of the system are investigated, using a more exact approximation
to the refractive index than in employed in the Gaussian approximation,
we can find that '"geometrical aberrations' affect both the quality and the
fidelity of the Gaussian image. When the properties of the system are
analyzed using the nonrelativistic approximation, the disparities between
the relativistic and nonrelativistic results can,for accelerating potential
up to about 100KV, be conveniently regarded as a '"relativistic aberration'.
1f, finally, the properties of the system are calculated on the assumption
that mechanically, the system is perfect - that the machining and alignment
of all its parts are faultless - the properties of any real system will
disagree, to a greater or lesser extent with calculated values; this we
call the "méchanical aberration'. These are the most important types of
aberrations in electron optical system. moreover there are regions where
the electron current density is very high; in such system, the "space—
charge aberration" produced by the interaction between the electron charges
may have to be considered.

In this section we will be concerned primarily with the geometrical
aberrations (particularly spherical aberration) and the chromatic aberration.
Because in the geometrical aberrations the aberrations except for the
spherical aberration are all zero as concerns the electrons emerging from the
axial points, and in this investigation the electrons may be considered as
emerging from the axial points. As those theories and the calculation methods
are described in many books (for example, Grivet 1965, Septier 1967) in
detail, they are shortly discussed in this thesis.

When the space charge is neglected, the potential ¢(r, z) satisfies
the Laplace's equation and is expressed in cylindrical coordinates as

follows:

(2-28)



The solution of Eq. (2-28) can be expressed with the axial potential ¢(z)

by

1 2n
¢(r,2)= Q((n,))z **(z )( ) (2-29)

This formula impies that the anode configulations may be calculated from the
axial potential. If the third-order spherical aberration coefficient Cs

and the first-order chromatic aberration coefficient Cc are dominant, the
respective aberration coefficients can be calculated using the axial

potential by

_ 1 n 12 {é (2— & 7 (I,:z)a
Co=Te@,y 2_[,0 LA P a4

2y Td'\2 1 4
+—2-(—; +-8-—$-) +6—4- ——4—] dz, (2'303)
or

1 e, 5 - 5 &9 '3 4.1 412

C=__—'/‘ -3/2.4(_ w2 4 0¥ _ 1‘12_1‘_ 3 ¥
Ty, T ety 57 ) ¢ (2-300)

Da 53 $2
C.= =@ )1/2/ §:{57572d?" ' (2-31)
o

where @0 and @a are the potentials on the object side and the image side,
respectively. The electron trajectory r=r(z) in the above equations

satisfies the paraxial ray equation

&y &' dr 3"

dz? +2<I>dz+4<1> =9, (2-32)
with an initial condition that the trajectory intersects the axial at z=z
(where the object plane intersects the z axis) with a slope of unity,

(dr/dz) =1, as shown in Fig. 2-6.
0

Lens region

These aberration coefficients are
referred back to the object side.

The numerical calculation

method are Runge-Kutta method for H

. « = 2=Z
(2-32) and Simpson's 1/3 rule og;ff image
plane plane

for Eqs. (2-30a), (2-30b) and (2-31).

These methods are well known (see Fig. 2-6 Characteristics ray

of Gaussian optics.
Septier 1967), so they are omitted

in this thesis.



§ 2-4 Evaluation functions of the lens system

In the lens system it is most important to know the evaluation
functions for the analysis and designs of the lens characteristics.
There are two main parameters in the evaluation of the lens system of the
SEM. The one is the spot size which is the spread of the electron beam on
the specimen, and the other is the beam current. The spot size is mainly
determined by the spherical aberration, chromatic aberration, the diffraction
effect at the limting aperture and the virtual source size.

In theé following, these are formulated. The model and the notations
used are shown in Fig. 2-7, and Table 2-3.

I) Accelerating lens

. . . Ty Tie
The spherical and chromatic aberration S %, Jn
L3 .{ VO

coefficients are referred back to the source L :;

4] ACCELERATING

Lens
. . . 51y
due to the spherical aberration is expressed |

side as shown in Sec. 2-3. The spread

M

by the diameter

MAGNETIC
E LENS
52

of the circle of least confusion on the L SPECIMEN

= 3_ 4. 3 3/2
dcs—2/4MCSa0—0.5M Csal(VO/Vl) »(2-33)

specimen, and the spread due to the chromatic Fig. 2-7 Schematic

aberration is given by diagram of FESEM.

- _ 2 1/2 _
dCc~2Cca0MAV/V0—ZCCa1M AV/VO(VO/VI) , (2-34)
where
- 1/2 _
M—(Vl/VO) ao/a1 , (2-35)

is the magnification.

The spreads d, due to the diffraction at the limiting aperture and dS due

d
to the virtual source size also contribute to the spread of the electron

beam on the specimen and are expressed by

dd=1.22)\/oc1 o, (2-36)
M = 1/2 _
dS—MrS~2MR(VT/V1) , (2-37)
where
—H 1/2 -
rS—ZR(VT/Vl) , (2-38)
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Accelerating lens
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magnification

field emission voltage

accelerating voltage

incident half-angle of the electron beam

exit half-angle of the electron beam

spherical aberration coefficient (referred back to the source)
chromatic aberration coefficient (referred back to the source)
total energy spread

transverse energy spread of the electron leaving the tip
wavelength of the electron beam

virtual source size

diffraction effect

spherical aberration

chromatic aberration

distance between the tip and the first anode

working distance '

distance between the anodes

radius of the tip curvature

spot size

optimum half angle of @, for which d is minimum

aperture size located under the lens system

the emission current emerging from the tip per steradian
total current emerging from the tip

current on the specimen

brightness

magnetic lens

; magnetic lens

; working distance

distance between the last anode of the accelerating lens and the
exit half-angle of the electron beam magnetic lens
spherical aberration coefficient (referred back to the specimen)
chromatic aberration coefficient (referred back to the specimen)
spherical aberration A

chromatic aberration

diffraction effect

spot size
Table 2-3 List of the notations



is the virtual source size which was analytically formulated by Ruska and
Everhart (Ruska 1933 and Everhart 1967) for the spherical model as the
electron source. However, it doesn't seem that this model is based on the
actual tip as an electron source in SEM. So in Sec 5-1 the better
approximation than this model will be shown. Combining the above four
factors, we canexpress the spot size d of the electron beam on the specimen
by 4

2 2 2 .1/2

d=(d§ v d® +d% +a

Cs Cc d ) (2-39)

Here al must be determined to estimate d and the smaller al is the

smaller dCS and dCC will be. However, dd becomes larger the smaller a, is.

Then it is possible to determine the optimum a? for which d is minimum,

.and the optimum uo

1 is expressed by

1/2.1/4

2 2 4. 4 2.2
o=[-4CC(AV/V2) +{16(AV/V,) 'C_ +4.4652A CLV,/V Y]

(¢
1 (3/2)1/4M2c'1/2(v o, )3/4
S 2 I
_ (2-40)
In the expression Eq. (2-39) of the spot size, there is no physical
substantiation. So in the Sec. 5-2, this point will be discussed.

The beam current I on the specimen can be estimated approximately by

o202 2
I= ﬂaOIS = 1M (VO/Vl)ocIIS , (2-41)
I = 10/4n | , (2-42)

The brightness B is expressed from the definition by

B = I/nzdzai s (2-43)

on the specimen.

IT) Auxiliary magnetic lens
The spherical and chromatic aberration coefficients are refered
back to the specimen side, so the spherical and chromatic aberrations are
expressed by

- 3 :
dCSm = 0.5 CsmaZ S (2-44)



dCcm = ZCCmazAV/V2 . (2-45)

The diffraction effect at the limiting aperture is also expressed by

d, = 1.22>\/0t2 . (2-46)

dm

When an auxiliary magnetic lens is used in order to magnify or demagnify
the image produced by the electron gun and the accelerating lens, and
the limiting aperture is set at the magnetic lens region, we can express

the spot size dm of the electron beam on the specimen by

2 .2 2 2 2 2 2 ,1/2
dm - {Mm (dCs * dCc * ds) * dCsm * dCcm ¥ ddm ! ?
(2-47)
where
= 0 a = - -
Mo =0 /%, = S,/ -5) | (2-48)

is the magnification of the magnetic lens.

§ 2-5 Discussion

In this chapter the elementary theories and numerical calculation
procedures for the evaluation of accelerating lens were individually described.
These are performed with the process as shown in Fig. 2-8 and as follows.

(1) The parameters of the lens and

needful physical constants of

others are set.

{(2) The potential and field in the kz) Potential and Field
§ 2-2

lens region are calculated with

FS) Electron Trajectory

the set parameters. In Practice § 2-3

it is not necessary for the lens (4) Aberration Coefficients
Egs. (2-30a),(2-30b),(2-31)

whose potential and field'.are

. . (5) Optimum Aperture Size
analytically obtained, for Eq. (2-40)
example, as in the Butler type. {6) Spot Size and Current

Eqs. (2-39),(2-41)

(3) The electron trajectory is e

calculated as shown in Sec. 2-3. .
Fig. 2-8 Flow chart for
(4) Then, the aberration coefficients computation of the lens
are obtained from the axial characteristics.

potential and from the electron

— 20 —



trajectory by using the Eqs. (2-30a), (2-30b) and (2-31).

(5) When we want to obtain the minimum spot size, the optimum aperture
size as shown in Eq. (2-40) should be calculated. If the aperture
size is given as the input data, it is not necessary to calculate it.

(6) Then, the characteristics of the spot size, current and so on are all
obtained. '

It is very difficult to discuss the accuracy of the numerical calcu-
lation for the electron trajectories, aberrations and so on, because they
are seldom calculated analytically. However, there is a desirable method.
It is that the accuracy of the numerical calcuation for them is obtained
in comparison with the values of Eq. (2-30a) and Eq. (2-30b), because
they should be quite identical. For Butler type accelerating lens, the
accuracies were checked by using the axial potential and from the electrode
configurations. In the former the axial potential was obtained analyti-
cally, but in the latter the axial potential was obtained by using the
mesh method as described in Sec. 2-2-1. The relative errors of the former
were about 10_4, 10-5, 107® and 10”7 for ‘the number of divisions of Simpson's
1/3 rule, N=20, 40, 50 and 100, in Eqs. (2-30a), (2-30b) and (2-31),
respectively, under the conditions of SO=3cm, L=2cm and VO/V1=7. The
relative error of the latter was the order of 10"5 for N=100. These show
that the lens characteristics can be sufficiently obtained by the numerical
calculation. However, where the variation of the potential is large, for
example, as the top of the tip of the field emission gun, it is difficult
to obtain the accurate results of numerical calculations by using these
numerical methods. In this model the variation of the potential more
than V/v,=10%10°

upper limit in these numerical methods.

leads to noticeable error, so it seems that this is

o



CHAPTER 3 BUTLER TYPE AND FLAT-PLATE ACCELERATING LENSES
§ 3-1 Introduction

The FE gun systém has been the focus of attention of many researchers
since Crewe's successful observation of single atoms (Crewe 1970). In his

SEM he used the FE gun and an accelerating lens system of a particular
configuration (Crewe 1966-1971). In designing this accelerating lens Butler

(1966) tried to reduce the lens aberrations, and thus set the fiels at the
apertures of the first and second anodes equal to zero. It was found that
the minimum spherical aberration of the accelerating lens was associated
with the axial potential.
o(z) = Pg(z),
¢1in which P3 was a cubic polynominal. By setting the fields at the
apertures of the first and second anodes both to zero, it appears that
the aperture effect of the anodes is neglected as will be described in
Sec. 3-3. However, the quantitative comparison between Butler type and
other simple lenses has not been reported so far as I know. Recently,
the analysis of Butler type and flat-plate lenses was undertaken by Munro
(1972) and Fraser et al (1971). Their estimation depends chiefly on the
spherical aberration coefficient. But, from the author's computer simu-
lation, the effect of chromatic aberration was much greater than spherical
aberration. Therefore, the author tried to estimate the lens system by
the spot size at the least confusion plane and by the current efficiency
against Butler type and flat-plate lenses. In Sec. 3-2 the characteristics
of these two lenses are described and in Sec. 3-3 the anode aperture effect
which is very important to design and analysis is described. In Sec. 3-4
the comparison between the computer simulation data and the experimental
results about the resolution in the flat-plate lens are described and the
current efficiencies of these two lenses are described in computer
simulation data and the experimental results. The comparison between

these two lenses are summarized and discussed in Sec. 3-5.

§ 3-2 Characteristics of Butler type and flat-plate accelerating lenses

The models and the notations used in this analysis are shown in
Fig. 3-1. The Butler type has the anode configuration corresponding to

the following axial potential



o(z) = 322 - 223 . (3-1)
For the flat-plate lens the author has T
performed the calculation assuming that Wl ] e

the thickness of the electrodes are L‘:Q—
aperture

infinitely small for simplicity of the . Jmet

tip ¥
calculation. Both the Butler type and e
flat-plate lenses have a circular aperture W st ne

of 200 um radius in the first and second

electron }apeﬂure

] . ooumi| _trajectory
anodes. The effect of this anode aperture by At = -
was taken into consideration as described F%ﬁ"‘"”‘4” “'%
in Sec.3-3. The axial potential Fig. 3-1 Schematic diagram

of the accelerating lens in
the FE gun system. (a) and
mesh method,in which the space around the (b) are the Butler type and
flat-plate accelerating
lenses, respectively.

distribution was computed by using the

electrodes was divided into small section
of 40um. The lens characteristics
described above are tabulated against the
various voltage ratios VO/V1 for the position of the tip against the
first anode, "SO“, in Table 3-1, where V1 is taken as 3KV to calibrate the
calculation of Crewe for the Butler type. Those values against Sg = lcm are
particularly shown in Fig. 3-2. The conditions of these calculation were
as follows: V. = 0.2V, &V = 0.2eV, R = 1000 A and I, = 10¥A, It is

very difficult to manufacture this Butler type lens because of its

particular anode configuration. When this type lens is reformed as shown

Sgfem) [ Vo/V [C (em) § C (em) [ d(X) LN ENC] 1ex10” M e Ay Solem) | Vo/V [ C (emd fC (cm) | aR) [ M |5 (cm) 1(x107thy Ay
3.0 1.463| 1.5027 4.2 1.0t -3.60 10.0 132 3.0 8.262] 1.155 | 76.3 ] 0.94 | -3.64 6.4 1ns
5.0} 2.368 | 3.865| 103. | 1.34] -4.77 6.6 82 5.0 11.30] 3.053| 103. | 1.13} -4.33 5.5 80
7.0 3.250) 6.521| 79, 2.12) 7.8 5.5 60 7.0 17.33| s.a38| 155 | 1.53]-5.47 4.4 57
1.0 9.0) 4.238] $.387] 250. 1 5.05| -15.7 4.9 46 1.0 9.0] 26.81| 8.308| 281. ] 2.50| -8.00 36 40
1.0} 5.279 [ 12.43{ 1420. | -15.3| 43.1 4.5 3 1o 39.29] 1m.es | 921. § 7.83]-20.7 3.0 28
13.0 | 6.422| 15.65| 302. [-3.14] 7.92 4.2 29 13.0| 54.35[ 15.50 | 931. |-7.06| 15.9 2.5 20
15.0 1 7.638f 19.01| 177. |-1.78{ 3.94 4.0 23 15.01 71,66 | 19.80 | 334, |-2.38| 4.08 2.2 i3
3.0 Tet9| 3.704f 127. [ 1.23)-5.74 4.1 10 3.0 45.75| 3,018 138. | 1.10|-5.44 2.7 94
5.0 | 16.14 | t0.12| 400. | 3.23[-14.4 2.5 64 s.0] ns.af s.ses| 320, | 2.06 ] -9.55 1.7 54
7.0 20.29) 17.79 | e28. | -3.51] 18.2 2.0 43 7.0 ) 233.2] 16.97 | 13000 |-68.9 ] 273. 1.2 33
2.0 9.0 38.08] 26.43 1 203, {-1.35| 4.71 1.7 3l 20 9.0 396.4 | 27.17| 391. |-1.82| 5.60 0.9 20
11.0{ s1.30] 35.83 129. {-0.81| 2.34 1.6 22 11.0| 600.0{ 39.461 215. [-0.91 | 1.93 0.8 11
13.0 | 65.78 | 46.07{ 97.5|-0.58] 1.33 1.4 1S 13.0 | 840.0) 53.76 | 154, |-0.60 | 0.64 0.6 5
5.0 | 81.39 | 56.95| 80.3|-0.46] 0.77 .3 10 15.0 | 1113. | 70.02] 123. {-0.45[-0.03 0.6 0.2
3.0 26,41 | 6.910} 211, ] 1.57|-5.08 2.2 99 30§ 178.47 S.854 233. | 1.33}1:7.99 1.4 81
5.0 1 62.76 | 19.41 11370, | -7.95 | 42.9 1.3 5% 5.0 | s46.3} 17.93]2710. | 11.6}-63.2 0.8 43
7.0 | 108.5 ] 34.76 | 214, |-1.09| 5.14 1.0 36 7.0 | nss. | 35.15] 419, |-1.46 | 6.39 0.5 24
3.0 9.0 [ 162.2| 52.30 | 127. |-0.60} 2.30 0.9 24 3.0 9.0 | 1982. | s7.27| 213. }-0.67] 2.02 0.4 i3
.0 | 223.9} 71.75 | 94,2 [-0.41 §.23 0.8 16 t1.0 | 3008. 84.13] 151. [-0.43] 0.64 0.3
13.0 | 291.4 | 92.89 | 77.0 [-0.32] 0.60 0.7 10 15.0 | a21s. | 11s.0f 120. |-0.31{-0.08 0.3 [
15.0 | 364.6 | 115.6 | 66.3 [-0.26 | 0.30 0.7 5 15.0 | sses. | 1s1.8{ 101, |-0.23]-0.45 0.3 5

(a) (b) -
Table 3-1 Characteristics of the Butler type (a) and
flat-plate (b) accelerating lens with an anode aperture
400um in diameter.



3 X
s 4 5 8

= So=1 ~ i So=1
Eﬁé Ly=2 M §2§ L=z M
%'\gg Vi=3 KV . Efg Vi =3 Ky
10°10%02
1810710
1710 1

Butler type tlat plate type
0'1 A ' i A r') A 4 A i i
3 5 7 1 13 15 m3 5§ 7 9 1N 13 15

3
¢

Fig. 3-2 Characteristics of the Butler type and

flat-plate accelerating lens for‘SO=1cm in Table 3-1.
in Fig.3-3, its chatacteristics changes as shown in Table 3-2. From tables 3-1
(a) and 3-2, it was found that the difference of Cs’ CC, M, Sl’ d between

the Butler type lens and its reformed lens were less than 10%.

Sptem [ VAV Cotem) C tem a(r) M $,lem

r A - 5.0 | 158 1.e0 | 544 1.02]-3.66

o :“O-ZL s.0 | 2.56 | 4.10 | 134.| 1.41-4.98

: H 7.0 | 3.36 | 0.8 [ 318.| 2.39]-7.96

ist i ! 2nd ) 1.0 9.0 | a.18 | 9.78 {1252, | 7.30]-22.8

'onode: :anode 1.0 $.12 | 12.86 |1514. | -7.41| 20.8

" 15.0 | 5.90 | 10.08 | 608. | -2.55| 6.38

15.0 | 6.82 | 19.42 | a2zo. [-1.57] 3.46

oLt A 5.0 | 814 5.9 | we.| 1.27]-5.90

I 5.0 | 16.0 | 10.56 | 592.] 3.80|-17.3

I 7. 24.6 | 1836 | 7d6. | -3.41] 157

| /} N 20 | 9.0 338 27.0 | 3d2.|-1.22] 422

'/ 3, 11.0 | 45.8 | 36.4 | 258.|-.754| 2.18

/4 N 15.0 | -54.0 | 46.2 | 224.]-.55a] 1.28

15.0 | o6.2 | 50.5 | 200. |-.343| .762

o) : L z> 5.0 ] 27,4 | 7.20 | 189, | 1.o6 | -9.54

5.0 | s0.s 1 202 |88, |-5.17] 27.0

. 7.0 | 96.8 | 35.6 | 302, {-.997| 4.04
Fig. 3-3 Butler type lens . 3.0 9.0 | 138.9 | s3.0 | 2220 | -562] 216
shown by solid lines and o pastd | 720 ger o507 1.9
its reformed lens shown (ST U RS YT NN B S S T3 DO IO ST B
by dotted lines. i5.0 | 2880 [1ie2 | ogew. |88 a2

Table 3-2 Characteristics of
the lens composed of the
reformed anodes of the Butler type,



§ 3-3 Aperture effect of anodes

As described in Sec.3-2, many workers (Butler 1966, Munro 1972,

Fraser et al 1971, Tonomura 1973) have studied on the accelerating lens. In

their designs and analyses, however, the effect on the lens action of the
aperture opened at the center of the anodes was seemed to be neglected and
on this assumption the anode configuration and aberration coefficients
have been calculated. But in actuality, as the anodes have limiting
apertures where the electron beam passes through, the difference between
the practical and theoretical potential of the neighbourhood of the
apertures becomes a serious problem. So in this section, the result

whether the aperture effect can be

I

ist anode

neglected is described. Tonomura
(Tonomura 1973) also discussed the

aberrations at the anode apertures

L oa
f-— 108pe—ske - 102, o] 2

(@)

Fig. 3-4 Model used for the ' results are coincident with my
investigation of the aperture
effect. a. is the radius of

and found to depend on the geometry

of the electrodes. It seems that his

results . The model used for this

the aperture opened at the is Butler type lens and is shown in

center of the anode. Fig.3-4. The reason why both (a)
and (b) in Fig.3-4, are investigated,
is as follows. Namely, let assume that the pcint O represents the

. . . C_/L c /L
- intersection of the Z axis and the | 2 =

. . . S/l Vo/Vy 2y ol 1% r 0 0
de51gned anode conf.lguratlon, r=f(z), 3.0 10.732 {0.727] 0.725] 0.751 | 0.750 | 0.750
- . 5.0 [1.184 |1.175{1.175| 1.933 | 1.927] 1.929
and % the distance between the point 7.0 }1.625 [1.610 | 1.611| 3.261 | 3.248 3.255
0.5| 9.0 [2.109 |2.086 ] 2.088 | 4.694 [4.673 | 4.686
11.0 [2.639 | 2.607 | 2.608 | 6.217 |6.188 | 6.208
13.0 [3.211 | 3.168 | 3.167 | 7.823 | 7.785 | 7.813
15.0 | 3.819 |3.764 | 3.760 | 9.507 | 9.460 | 9.496

a =0.0{N_1,2{N 3,4|a =0.0[N 1,2|N 3,4

O and the plane of the anode, then

£ equals to zero in (a) and % 2 10ar

in (b). The anodes actually 3.0 | 3.825 |3.797 | 3.786  1.852 | 1.849 | 1.850
. 5.0 18.069 |7.990] 7.968 | 5.060 |5.044 | 5.050
manufactured are seemed in general to 7.0 [13.14 [12.98 | 12.94 | 8.897 | 8.860 | 8.879
1.0| 9.0 [19.04 [18.77 | 18.69 | 13.21 |13.15] 13.19

be Situated between these two limiting 11.0 [25.65 {25.25 |1 25.12 | 17.94 [ 17.85| 17.90

. . 13.0 |32.89 [32.33|32.14 | 23.04 | 22.91{ 22.99

models (a) and (b), that is, 15.0 ]40.70 |39.98 | 39.69 | 28.48 | 28.32 | 28.43
10a_ > & >0. [The effect of the 3.0 [13.20 {13.10 { 13.05 | 3.455 | 3.449 | 3.450
T . 5.0 |31.38 |31.04 [30.91 |9.705 |9.672 9.685
aperture in the case of 2 2 10ar 7.0 {54.27 {53.56 [53.27 | 17.38 [17.30] 17.34
. . 1.5 | 9.0 181.32 {80.11 | 79.59 | 26.15 {26.02 | 26.09

agrees with that in model (b).] 11.0 [ 111.9 |110.1 | 109.3 | 35.87 | 35.68 | 35.80

13,0 [145.7 [143.2 | 141.9 | 46.45 | 46.19| 46.35
15.0 | 182.3 [178.8 | 177.2]57.80 |57.48f 57.69

and No.4. No.l and No.3 belong to (a), Table 3-3 Data for the test

fect.
‘and No.2 and No.4 belong to (b). ;fltzsdagogehzszriggimef ect
0

aperture, and NOS and NO4
have 200pm.

There are four types No.l, No.2, No.3




Nq.l and No.2 have an aperture of a, = 100um in radius, and ar's of No.3
and No.4 are 200um respectively. The models of the 2nd anode were considered
in quite the same way. The mesh method was used to calculate the neighbour-
ing potential of the aperture. To perform this calculation, it is necessary
to know about the shape and size of the boundaries and also the potential
along the boundaries. From some preliminary calculations it has become clear -
that it is enough to use 10ar boundaries. In this way, the spherical and
chromatic aberration coefficients (Cs and Cc) were obtained as shown in Table
3-3. The differences between the model (a) and (b) are enough little in
numerical values and the data are summarized in Table 3-3. From these data,
it is understood that the aperture effect can be neglected. Generally, Cs's
with 100um aperture are reduced less than 2%, and Cs's with 200um aperture
are reduced about 1 ~ 3%, and Cc's with 100um aperture and with 200um
aperture are reduced less than 1%. This reason is that the change of slope
of potential is smaller than that in the cases when the aperture effect was
neglected. From these, the method used by Crewe will be concluded to be
right and the physical constants and the anode configuration can be
calculated from the axial potential neglecting the effect of the anode
apertures, so that it simplifies the analysis and design of the lens system.
In flat-plate lens, these results whether the aperture effect can be
neglected could not be obtained. Because, when the axial potential which
neglected the effect of the anode aperture are used, its field has the
discontinuity at the points of anode apertures, so the physical constants
of the lens can not be calculated accurately. Tonomura discussed that in
the case of flat-plate lens the lens action is locally confined near the
anode apertures and the spherical aberration at these points becomes about
one hundredth of that for Butler type.
From these reasons the characteristics of M mesh
the flat-plate lens are obtained taking E

into consideration the anode aperture effect. T

The calculation procedure was the same as

described above. The equipotential lines '?g;&i;"ﬂT;;""?

in the neighbourhood of the 1lst anode zfi jqf

aperture are shown in Fig. 3-5. The . = 'fm% - Y
equipotential lines are normalized by the Fig. 3-5 Boundary conditions

for (a) Butler type and (b)

Ist and 2nd anode potentials which are flat-plate.

regarded as zero and 1, respectively.



§ 3-4 Comparisons between the computer simulation data and experimental results

As the detailed experimental results and their conditions of the

operations in Butler type lens have not been reported,

in this section the

comparison between the computer simulation data and the experimental results

of flat-plate lens is mainly described and the current efficiencies of the

Butler type (Komoda's data, 1972) and flat-plate lens are described. A
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Fig. 3-6 Schematic construction

of the FESEM.
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schematic diagram of the FESEM used

is shown in Fig.3-6, and Fig.3-7.

This prototype FESEM was built

by joint research between Osaka

University and JEOL LTd. The image
size of the FE gun and its
accelerating lens demagnified with

a mangetic lens can be calculated from
the data of Table 3-1 or Fig.3-2 with
the aberration coefficients, Csm and
Ccm’ of magnetic lens whose aperture
is 100tm in diameter. Magnetic lens
characteristics such as Csm’ Ccm’
focal length, convergence angle,
demagnification and working distance

are 80mm, 24mm, 21.2mm, 2.3x10'3 rad,

diameter) !

Aperture
(100pm
diamgter}
Magnetic <_=f_—_,
gens TE +
SE T

I_%gm*-

2 3cm

Fig. 3-7 Schematic diagram
of the FESEM shown in Fig. 3-6.

0.084 and
and 30mm,
0.046 and

Hence one

12mm for SE mode operation
13mm, 12.4mm, 3.8x10_3rad,
2mm for TE mode, respectively.

can calculate the ultimate

image size d on a sample surface for

practical conditions of operation

from Eq.(2-47).
V1 is 6.7 KV, and V0

In practice, since
ZOKVOfor SE

mode the ultimate resolution is theoretically calculated as 26.6 A for the
©
SE mode and as 15.5 A for the TE mode at V1=6KV and V. =30KV, respectively.
[+ [+

The resolution was experimentally estimated to be 20A and 35 A for TE mode

and SE mode respectively.

As to the brightness,

the auxiliary magnetlc lens is as follows.

These are shown in Table 3-4.
its degradiation by the accelerating lens and

In the Butler type the

brightnesses of the electron source and on the specimen are 1x10 and
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BRIGHTNESS

(in SE Mode)
mode SE TE Brightnese
vickw)| 6.7] s Data Source - (A/cz s::) . Degradiation
spec
vo(kv)| 20 | 30 ource {fm e o
Co(mm)| 80 | 30 5. Satves 9 ?
s 1ITRI, SEM/ 1x10 7x10 0.07
Colmm)| 24 13 1972, 129
ds(x) 0.4610.28 Osaka Univ. 8 6
dog(h)| 4.1 8.5 ora OEOL Ita. 1x10 4.8x10 0.048
deg(R)|10.4] 6.7
dg(R) [24.3]11.1 I Exzperiment l Calculation
d(k) [26.6[15.5 Hatio of the 1.5 ] 1.8
d.,,( x | 35 20 degradiation
M |0.08]0.05
fem)l2.12|i.24 Table 3-5 Comparison between
the Butler type and fiat-plate
Table 3-4 Characteristics accelerating lens in the degradation

for SE and TE mode operation. of the brightness.

7x107 A/cmz-sr; respectively, from Komoda's data (Komoda et al. 1972). 1In

the flat-plate lens they are 1x108 and 4.8x106, respectively. So as to the
degradiation of the brightness the former is 0.07 and the latter is 0.048.

Then, the ratio of the degradiation between the Butler type and flat-plate

lens is experimentally obtained about 1.5. From the computer simulation

result this ratio is about 1.8. These are shown in Table 3-5.

§ 3-5 Discussion and conclusion

From the Sec.3-2 v3-4 it was found that the computer simulation data
were sufficiently reliable. And from Table 3-1 and Fig.3-2, it was found
that, i) - the spherical aberration coefficient Cs of the Butler-type lens
is about one order of magnitude superior to that of the flat-plate one;
ii) the chromatic aberration coefficient CC of the Butler-type lens is a
little superior in the range of large VO/vl’ but is inferior to that of
the flat-plate lens in the range of smaller VO/Vl; iii) although the
working distance S1 must be considered when the spot size d is estimated,
the spot size d of the Butler type is definitely superior to that of the
flat-plate one in the range of larger VO/Vl’ but in the range of smaller
VO/V1 it seems that there is no great differnce between them; iv) the
beam current I of the Butler type is about two times larger than that of
the flat-plate lens.

As mentioned above, the Butler type lens in the range of larger VO/V1

is definitely'superior to the flat-plate lens. But, if the accelerating



lens is operated at a range of lower VO/vl’ and particularly if an auxiliary
magnetic lens is used in the focusing system, it seems that the Butler type
has no greater advantages over the flat-plate type with respect to the spot
size d. However the current efficiency ( or degradation ) of the Butler
type is better than that of the flat-plate lens by about two times.

The similar conclusions are obtained by Swann (1973), although it seems

that his computer simulation results are based on the analysis of neglecting
the anode aperture effect. It is described that the flat-plate accelerating
lens has low aberrations and also this illuminating system is inherently
brighter than that of Crewe type. However, it seems that this result is

not confirmed eXperimentally; This reason seems to be that his analysis

is based on the neglecting the anode aperture effect. Tonomura (1973)

and Sec. 3-3 discuss that this effect can not be neglected for the flat-
plate accelerating lens.

These arguments provide very useful data for the construction of FESEM
with flat-plate anodes without encountering such difficulties as in the
manufacture of the Butler type lens. Moreover, the above calculation show
that FESEM, with this simple flat-plate lens system, is capable of achieving
the resolution v 35 R in the SE mode, provided that the spatial diffusion
of the secondary electrons in the specimen is of the same order of magnitude
as the mean free path in the sample (Everhart et al. 1972). From these
mentioned above, the author considered that the advantage of the Butler

type lens consists in its higher current efficiency.
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CHAPTER 4 NEW ACCELERATING LENS

§ 4-1 Introduction

The Butler type accelerating lens was designed to have a low
aberration, particularly a small spherical aberration coefficient (Butler
1966) . However, it seems that the merits of this type lens do not lie in
its small spherical aberration but rather in its high current efficiency
and lack of effect from the anode apertures as described in Chap. 3.

The Butler type and other accelerating lens typeé which have been reported
are almost composed of only two anodes. The optical properties of these
lens systems are strongly dependent on the ratio of the field emission

to accelerating voltages. So it is impossible to change the accelerating
voltage for a fixed working distance without changing the given conditions
(for example, the distance between the tip and the first anode, or changing
the field emission voltage). When the accelerating voltage is changed,

it seems that the working distance can be controlled by an auxiliary
magnetic lens. However, changing the accelerating voltage over a wide
range is very difficult because proper demagnification with the magnetic
lens can not be obtained. To solve this problem, Plomp et al. (1968),
Veneklasen and Siegel (1970 and 1972) proposed a method in which the first
anode is replaced by an einzel lens. One of the parameters (for example,
working distance) can be adjusted by means of the central anode of the lens
for a given accelerating voltage. However, the accelerating lens system
of this type becomes large in dimension and the aberrations also becomes
larger in propotion fo the dimension.

The author designed an accelerating lens system composed of three
anodes. Someya et al. (1972 and 1974) suggested three anode accelerating
lens, however, the anode configurations and the purpose are different from
those of the present investigation. The lens system in the present inves-
tigation does not have the disadvantages of the above-mentioned systems
and has the same or better characteristics. The lens are actually a hybrid
of the immersion and unipotential lenses. This lens has also the great
advantage by combining the auxiliary magnetic lens. Namely this lens
can satisfactorily produce the optimum magnification for minimizing the
spot size for the needed primary beam current and consequently the current
efficiency of one order of magnitude higher than that of the accelerating

lens composed of two anodes is obtained. These are shown in Sec. 4-5.



§ 4-2 Design of new accelerating lens

The spot size d was investigated by using the axial potential

expanded in Fourier series
‘ n
= 3. (a.coSj -
2 (z) ag + bOZ +J§1\aJCOSJZW + bJSanZﬂ ) (4-1)

where 0 <z< 1, and aj and bj are constants. This formula was nomalized
to 1.0 for the axial separation of lenses with V1 = 0.0 and V0 = 1.0
for the voltages. The axial potential was expanded in Fourier series

so that the off-axial potential could be analytically expressed by

_ n . . n . - _
Q(r’z)—ao+b02+§=?j10(3" r)cosjzm +§=?j10(3“ r)sinjzm , (4-2)
where I0 is the zero-order modified Bessel function of the first kind.

The optimum values of the constant aj's, bj's, and n can
be automatically determined

by an electronic computer. | [ Jrs
The NEAC 2200-model 700 |
computer was used to obtain
the simulation data. The
initial conditions and

the symbols used were as

follows: VT = 0.2eV,
Ay = 0.2eV, R = 10008,

v' L. 1.0 3 1 1111 .
V1 = 5KV, IS = 80UA/sr. o] Lz

Thus, the lens system with

Fig. 4-1 Near-optimum
axial potential for

in Fig. 4-1 was obtained, spot size d under the
conditions of,VO/V1=7
and SO/L=1.5.

the axial potential shown

with a spot size of about
1/15 that of the Butler type.
Neglecting the difficulty

of manufacture, we found from
this calculation that (i) if the lens system is to have the axial
potential shown in Fi. 4-1, it must have at least three anodes and
(ii) when the lens system has only two anodes, the asymmetrical

system of the first and second anodes as shown in Fig; 4-2(a) will
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Fig. 4-2 Several models of
the lens system:

(a) Asymmetric lens system,
the shapes of first and
second anodes are different
from each other.

(b) Asymmetric lens system
with reformed planes.

(¢) Lens system with three
anodes. In this lens system

VO is the control voltage and

V2 is the accelerating voltage.

be better than the symmetrical one. With these results we tried to
reduce the difficulty of actual manufacture by substituting the reformed
plane anodes for the lens with curved surface such as the Butler type

as described in Sec. 3-2. The author also tried to find whether it was
possible to change the accelerating voltage without moving the working

distance S., field-emission voltage V., etc. It was found that the

substitutiin was possible by using re;ormed plane anodes such as those
shown in Fig. 4-2(b). Change of the accelerating voltage was also found
to be possible by adding a control anode as shown in Fig. 4-2(c).
A computer simulation showed that the difference of Cs’ CC, M, Sl’ d, etc.
between the Butler-type lens and the reformed plane anodes as shown in
Sec. 3-2 were less than 10 %. Therefore, the trial to analyze the
following two lens models was performed: (I) the asymmetric and reformed
plane lens with two anodes as shown in Fig. 4-2(b) and (II) the lens
system with three anodes as shown in Fig. 4-2(c).

Although the author tried to improve the spot size of these lens
system,it could not be done this very well in the range of accelerating
vqltages used by Crewe. Consequently, an accelerating lens system to be

used in a lower range of accelerating voltages was tried. In



this voltage range the electron beam passing through the lens system
generally diverges, if only two anodes are used as in Fig. 4-2(b).
This suggests that three or more anodes are necessary to converge the
electron beam in the lower range of accelerating voltages. So the
characteristics of the accelerating lens system with three anodes were
tried to investigate. The distance between the tip and the first
anode was set 0.5L1 and the working distance S1 was fixed at 2.5L1 and
was controlled by VO. The optimum value of VO was automatically
determined by the Powell method ( Powell 1964 ). With a
view toward ease of actual manufacture, L2 was taken equal to Ll' The
characteristics of such lens systems, whose axial potential is expressed
by third-, fifth-, and seventh-degree polynominals, are shown in

Figs. 4-3(a) v4-3(c), respectively. The coefficients of third, fifth-,

Cs/Ly Cs/L G/l
Ce/ly WiV Ce/ls V) G/l V)

-M vy M » at, M a/L
100 10'+ 0 10?2 1o'F 40 102 10 Ti6*

0 10 Ji0®* 10 ©0® Ji5® 10 T
2 o* 2 6 2 0-6

L Ot ase T e e0 L 023456783910 b0 345678910
Va(KV) Va(KV) V2(KV)

Fig. 4-3 Characteristics of the lens system with three anodes
as shown in Fig. 4-2 (c). The axial potentials used are third-
degree polynominal in (a), fifth-degree in (b), and seventh-
degree in (c).

and seventh-degree polynominals were selected so that the first and
higher derivatives would be equal to zero at each anode aperture. These
lens system are shown in Fig. 4-4. (In Figs. 4-3, and 4-5, d/L -(1) 1s
~ the spot size on the specimen corresponding to the beam current of 107 A
and d/Ll—(Z) is the minimum spot size that can be obtained regardless

of the beam current.) It was found from the data that the spot size d



on the specimen generally
becomes smaller when higher-
order polynominals are used
for the axial potential.
However, if higher-
polynominals are used, there

is a danger of producing

a discharge because the

distance between the anodes

‘becomes too short. So, Fig. 4-4 Electrode configurations
of the lens system with three
anodes. Lines (1), (2) and (3)
the discharge and the show the electrode configurations
corresponding to the axial

: potentials expressed by seventh-,
the author designed the fifth- and third-degree
polynominals. Line (4) shows
reformed plane electrodes.

taking into consideration
ease of actual manufacture,

lens system shown by the
dotted lines in Fig. 4-4
as‘a substitute for the
lens system using higher-
order polynominals. Its characteristics are shown in Fig. 4-5 with
b = 0.2L1, and tanB = 0.8. It was found that its characteristics are
almost the same as those of

the seventh-degree polynominal Cs /Ly

Ce/li vglv)
system except that Cs/Ll is -M L
several percent smaller than ot G
for the latter shown in
Fig. 4-5. If b = 0.4L, its
characteristics are almost 0 To

the same as those of the

fifth-degree polynominal

|
12345678910

system and generally a
V2(KV)
few percent larger. This

Fig. 4-5 Lens characteristics
corresponding to the lens system
~exactly between the shown by dotted lines in Fig. 4-4

ith b=0.2L., tang=0.8, S _=0.5L,,
fifth- and seventh-degree "t 1 0 1
' Sl=2.5L1.§nd V1=5KV.

lens system is situated

polynominals near the

anode aperture, and this
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plays the most important part. It was also found that the lens
characteristics depend on b, and that the smaller b is the better they
are. Although the data are for low accelerating voltages, analogous
data and advantages can also be obtained for higher accelerating

voltages.

§ 4-3 Three anode accelerating lens

In the previous section the fundamental data about the design of
From these data the model of
The

configuration of the lens system indicated by the solid lines is

a new accelerating lens are obtained.

the new accelerating lens is determined as shown in Fig. 4-6.

expressed by the following axial potential,

°(2) = (62° - 1527 + 102°) (v - V) + v, (4-3)
(0szsl, L =2 ,
- 5 4 3
8(2) = [6(z-L)>-15(z-L)*+10(2-1))° 1 (v,-v )V, (4-4)

And the one indicated by the
dotted lines correspond to tanB =

0.8 and b = 1cm. The notations

WL

used are also in Fig. 4-6. So —2}
)5t anode
Although the lens system ‘1T==»4<¢ﬂ \?E-¢=vh.

indicated by the dotted

- . - - - L2 -
lines in Fig. 4-6 is easier —fkd”“CE

to manufacture than that

shown by the solid lines,

the latter is easier to work

with in  computer simulation

than the former. Due to this,
most of the data corresponds

to the lens system of the

Fig. 4-6 Schematic
diagram of the FE
gun system with
three anodes.



solid lines. The difference, however, between the data of these two

models is not so large, as shown later.

§ 4-3-1 Relation between the working distance and its electron

trajectory

In Sec. 4-2, only one electron trajectory was shown. However,
it was found that there are

generally two electron trajectories

for a fixed working distance Asi
. . . one no no one
without a crossover point in
P -3
the lens region. Some examples H o
are shown in Fig. 4-7, and it o ffone 4/ N\ Oone two
Cross
can be seen that the appearance ( overs
. . . a) As, [
varies according to the two one ho one two
) Cross
voltages Vl’ V2, and VO. over .
Some specific examples are 7 P Vo
shown in Fig. 4-8, while two one two
their electron trajectories (b) ps
. . !
are shown in Fig. 4-9. 1In two one one two
Fig. 4-9, two electron P .
trajectories are different / one o
two cToss two
for the same v and Vs, and over
thus, the minimum spot size d (@
and the current efficiency of Fig. 4-7 Relation between the
' working distance S, and the
the electron beam are also 1
control votage V., for some

0
supplied field emission and
accelerating voltages. The
notations "no", "one'", and
"two'" indicate the number of
crossover point in the lens
region.

different.
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§ 4-3-2 Principal characteristics

In the previous section, it was mentioned that there are two

different Vo's and sets of characteristics for the same state. The

characteristics for the following conditions are shown in Fig. 4-10:
L1 = L2 = 2cm; S0 = 1,2cm; V1 = 3,5KV; V2 = 0.3 v100KV; Sl = 1.5, Scm;

and Is = 30uA/sr.; where L1 and L2 are the distances between the anodes,

SO is the distance between the tip and the first anode, V1 is the field

emission voltage, V2 is the accelerating voltage, S, is the fixed working

distance and Is is the emission beam current from ihe tip per steradian.
We can reach the following conclusions from Fig. 4-10:
(1) Generally, there are VO—l and VO-Z in V0 for each given
(Vl’ V2) and fixed working distance in a certain region of
accelerating voltages. The difference between these values
29 but VO—l and VO—
the point V2 = Vl'.
(2) The greater the working distance (the weaker the lens effect)

depends on V are almost symmetrical to

2

is, the closer V and V ‘are to the point V2 = Vl'

0-1 0-2

(3) The difference between VO_1 and VO-Z’

fixed working distance, is smaller than that for S

with S0 = 2cm for the

0= lcm,
because, if SO is larger, we can obtain the same working
distance with a weaker lens effect. The point where VO_1
and VO__2 coincide corresponds to the point P in Fig. 4-7.

(4) The spot size d of VO_1
larger than that of VO—2

the situation is reversed for higher accelerating voltages.

with the fixed working distance S1 is

for lower accelerating voltages, but

The cross point exists approximately in the range of V2 =
10 V20KV under the above conditions.

(5) The spot size d is generally smaller for higher accelerating
voltages because the chromatic aberration and the diffraction
effect are proportional to l/fV;. However, the spot size d
for VO_2 is a little reversed in the neighborhood of V2 =
5~ 20KV, owing to the effect of the chromatic and spherical
aberration coefficients.

(6) When an aperture is set under the third anode, the aperture

size Ap which minimizes the spot size does not change

appreciably if the accelerating voltage is changed from
- .
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0.3KV to 100KV.
(7) The brightness B changes significantly as V2 changes, and the
and B

difference between B reaches one order at maximum.

1 2
(8) As the paraxial ray equation is independent of the value of k
in k¢ (Vy» Voo

potential of the lens region. Therefore, V

V2), where k is a constant and ¢ is the axial
0-1'5 (and VO_Z'S
similarly) coincide when the graphs are overlaid to make the
points of no lens effect coincident. For example, when the
point corresponding to V1 = VO = V2 = 5KV in Fig. 4-10(a)
coincides with the point V1 = VO= V2 = 3KV in Fig. 4-10(c),
the control voltage plots also coincide. The control voltages
for various other Vl's and V2's can be predicted, and Cs’ CC
and M can also be obtained in the same manner though they are
omitted from Fig. 4-10. B, d and Ap’ however, cannot be found

in the same way.

§ 4-3-3 Experimental standpoint

In designing a SEM, various conditions and effects must be considered.
This section discusses some simulation data from the experimental stand-

point,

a) Configurations of the anodes

In Fig. 4-6 two anode configurations are shown. Since there is a
danger of discharge if the anode configuration shown by the solid lines
is used, an anode configuration corresponding to the dotted lines is
substituted, where b = lcm and tanB = 0.8. It is clear the latter is
easier to manufacture. The each value of the characteristics of the latter
is less than that of the former by several per cent for Vos about 2% for
d, about 2% for Ap’ and about‘4% for B, under the conditions V1 = 5KV,
S0 = lcm, and S1 = 1.5 and 5cm. The difference is small enough that we

may conclude that it is sufficient to substitute the latter for the former.

b) Anode apertures
The effect of the anode apertures was ignored in the calculation
of the characteristics of the accelerating lens system. However, when

it is actually manufactured,



however, the anode aperture sizes must be determined, and their effect
on the lens characteristics must be investigated. A criterion for
deciding thé anode aperture sizes is that all electrons that penetrate
the first anode aperture should not collide with the second or third

1 = 3 A 5KV, v, = 0.3 100KV,

= 1,5 ~5cm, the ratio of the first, second, and third

anode. For example, under the conditions V
S0 = 1 ~2cm, S1
anode apertures should be set at 1:7:7 if the fluctuation of 10% in V

is
assumed. Although the effect of the anode apertures should be investg—
gated, it is very difficult to calculate the lens characteristics as
the function of the anode apertures by the mesh method when there are
three anodes because of the problems associated with the boundary condition,
calculation time, and accuracy. Instead, the author used another method
for the calculation. In this method the lens characteristics can be
calculated by using only the axial potential (refer to Chapter 2).
The axial potential can be calculated from the following formula as the
function of nonaxial potential (A. B. EL-Kareh and J. C. J. EL-Kareh,

1970):

$(0, 2) = 3w [[o(1, £) sechus(z - £) d¥, (4-5)

where w = 1.31835 and ¢ (1, £) is the nonaxial potential normalized to
r =P =1. P is the size of the anode aperture. The model used is

shown in Fig. 4-11, and its specific formula is as follows.

>

R P I VSO
-~

Fig. 4-11 Model for the investigation
of the anode apertures. P is the size
of the anode aperture.
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Potential:

(0, z)~3V[1 - tanhw(z/P ~ z,P)] + %w_f:f//:d);(l, £)
x sech’w(z/P ~ £)d &
- 3Vy[tanhw(z/P — 23/P) - tanhw(z/P — z;/P)]
+%wj::;£ Pa(1, £) sech®w(z/P - £) dE

(4-6)
+ $V,[1 + tanhw(z/P - 2,/ P)].

The axial field can also be calculated analytically as a function of the
axial potential from Eq. (4-6). The results for some anode aperture sizes
are shown in Table 4-1. This table shows only the shift of the working
distance. We may conclude from this table that it is better to keep the
diameter of each anode aperture at less than 1 mm and to set them with

the ratio.of 1:7:7.

c}) Optimum aperture size

The aperture sizes Ap in Fig. 4-10 are the optimum aperture sizes
for the minimum spot size. The calculation procedure, however, is lacking
in physical meaning. It is also difficult to change the aperture under
the ultra-high vacuum condition. Therefore, the author investigated the
effects due to a fixed aperture and the characteristics for the fixed
aperture are shown in Fig. 4-12. From this figure it is found that the
effects due to the fixed aperture size on the spot size and the brightness
are small enough. The error from the optimum size may be less than 10%.
Therefore, it seems that the effect of the aperture can be made small
enough by dividing v, into groups and using the appropriate aperture for

each group.

d) Tip
The distance S0 between the tip and the first anode in Fig. 4-10

is of the order of 1 or 2cm, and the field emission voltage V1 in Fig. 4-10

is assumed to be satisfactory for obtaining the necessary field emission

current. SO and V1 are sometimes different from those represented in '

Fig. 4-10 because of the tip conditions (for example, when the geometry

of the tip is changed due to a bombardment by ions of residual gases).

The effects of these S 's and V

0 1
for some sample accelerating voltages.

's are shown in Table 4-2 and Fig. 4-13



e) Stability of the electric power source

The author calculated VO

working distance would be less than 0.00lcm. When the supply voltages

Vl, VO’

of the working distance against the relative accuracy of the electric

power source is shown in Table 4-3.

so as the absolute accuracy of the

and V2 fluctuate, the working distance shifts. 'The displacement

v, &V) ¥y kV)

Anode aperture
(radius, mm)

0.0 0.2 0.5 1.0
0.3 0.69619 4.999 4.999 4,993 4,987
1.5365 5.000 5,000 4.997 4.992
3.0 0.86976 5.000 5.000 4.996 4.990
16.060 5.000 5.000 4.997 4.992 S,
20. 3.3153 5.000 5.000 4.996 4.990 ™
47.688 5.000 4.998 4.991 4.975
80. 14.370  5.000 4.999 4.995 4.989
52.270  5.000 4.998 4.986  4.968

1 1 A [ 247
S =010 cogglféons Vv
Va2 (KV) Ll— 2= cm.

1

Fig. 4-12 Characteristics (solid
lines) for a constant aperture size
(35um) set under the third anode.
The characteristics of the dotted
lines are for an optimum aperture
size which minimizes the spot size.
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Table 4-1 The working distance for

anode aperture sizes under the
=5KV, Sl=1cm, and
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0 1 2 1
v, &v) Sy fem) Vooy ) Vo W)
0.5 1.00 622,23 2877.3
1.01 624. 52 2871.7 \
: V, &kV) Sy {em)
1.05 633. 66 - 2856,2 ’ Rela;ive error
1.10 645.23 2835.1 103 104
3.0 1.00 869.76 16060. 0.5 Vo 4.938—5.063  4.994—5, 006
1.01 871.29 16034. Vous 4.971—5.030  4.997—5.003
1.05 879.76 15943,
1.10 889. 46 15805. 3.0 Vot 4.945—5.057  4.095--5.006
A 4.967—5.034  4.096--5.004
30. 1.00 4895.1 51497.
1.01 4902. 6 51202. 30. Vo 4.965—5.036  4.996—5. 004
1.05 4933.8 50073. Voo 4.929—5.074  4.994—5, 008
1.10 4971.8 48733 80. Voy 4.973—5.026  4.996~5. 903
80. 1.00 14370. 52270. Voa 4.933—5.067  4.993--5. 004
1.01 14409. 51875.
1.05 14573, 50353. . .
‘ - working distance S, due
1,10 14770, 48568, able 4-3 The working

to the fluctuation of the electric

Table 4-2 Control voltage for the power source under the conditions

change of the distance between the VI-SKV’ So—lcm, and L1—1’2_2(:1“'

tip and the first anode under the Relative error in this table is shown
conditions V1=5KV, Sl=5cm, and as the fluctuation of the electric
L.=L_=2Zcm. power source.
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§ 4-4 Comparisons between the electronic computer data and
the experimental results

The comparisons between the electronic computer data and the
experimental results of the characteristics of the three anode acceler-
ating lens system for FESEM are described. Experimentally two charac-
teristics were obtained. One of them is the relation between the
accelerating voltages and the control voltages for the fixed working
distance. The other is the variation of the current with the acceler-
ating voltages.

Considering the easiness of manufacturing, this lens under test
was designed as L1 = L2 = 2cm, b = lcm, tanB = 0.8, and the diameter
of each of three anode apertures was 1lmm in the lens indicated by the
dashed lines. The specific structure in the vacuum chamber was as in
Fig. 4-14 and the devices employed are shown in Fig. 4-15 and 4-16.
This chamber was evacuated with an ion puﬁp (160%/s) down to the 10-10

torr region. The tungsten tip was operated without remolding processing.

Observing the luminescence
from the fluorescence

bombareded by the electron

beam, the control voltage , Flashing Circuit
V0 for the given physical -~ i} - Em,um-
Yoltage
constants (SO, Sl’ Vl’ V2 et anode! e Zhcoelerating
< oltage

and so on) was adjusted L -

nd anod ——_ Control
by using the magnifier ! j:“l""

3rd anode

having a resolution of

Collect r
7um. It consists of the o ‘<::}7L
high resolution lens ' G““

Fluorescene
ulehp’t

(Ultra-micro-Nichol with

High Resolution

resolution 2um) and the bens
optical microscope, and - uxgg;e
it was set outside of the ?

. yes
vacuum chamber. The
distance between the tip Fig. 4-15 Experimental device
and the first anode S used for comparison with the

. . Y computer simulation results.
and the working distance

S1 are both freely changed



i
| |electron
< | gun
|

H.V. :

ion
pump

ampere meter

a) Vacuum chamber

magnifier

Fig. 4-14 Specific diagram of the
FE gun system in the chamber.

c) Magnifier

b) Three anode accelerating lens

Fig. 4-16 Photographs of a) the vacuum chamber, b) the three anode
accelerating lens and c) the magnifier.

— B



by the bellows. As to the voltages, the data were normalized to V1=3KV.
The current per steradian (IS) from the tip was also normalized to

IS = 30uA/sr. These experimental results and the computer simulation

data are shown in Fig. 4-17. The accuracy of the measurement of the

control voltage V. was about 2% and that of the current 1 was less than

. 0
7%. From Fig. 4-17

we found that the

experimental values +,I: Experimental data for
" Vo) and I.; respectively

of VO coincide well (A)(X‘\’,)
with the computer W6 100
simulation results,

but the current I is

about half of that ¢ 10
in the computer

simulation data.

The difference is ‘ 109 1
expected to be mainly

due to the fact that

neither the collector 0 L -l —
' . . ’ Va(KV)

nor the electric wire

was shielded and, to Fig. 4-17 Comparison between

computer simulation and expe-
rimental results. V, is the
to the residual control voltage for = the fixed
working distance and I is the
current corresponding to the
anodes, the charge l1-mm-diam. anode aperture sizes.

a small extent, due
magnetization of the

up produced by the

contamination in

the neighbourhood of the anode apertures and so on. From the above
results it was found that the computer simulation results were
sufficiently reliable. It was also found that for the configurations

of the anodes, there would be no significant difficulty though the author
used the shape of the dashed lines in Fig. 4-6 was used instead of the

conventional shape (for example, Butler type).



§ 4-5 High current efficiency

The current efficiency of the lens system in case that the acceler-
ating lens composed of three anodes is combined with an auxiliary
magnetic lens in the FESEM is described.

The lens model used is shown in Fig. 4-18. The final spot size d
on the specimen of this model will be expressed as follows [see Eq.(2-47)]:

2 2., 2 2 2 2 2

B 2
d- = Mm (dCs * dCc * ds )+ dCsm * dCcm * ddm

M2 aymM2 e zm®
w w W

(4-7)

where Mw is the magnification of the whole lenses and X depends on d

dCc’ ds and ddm’ Ccm’

that there is the optimum magnification Mw which minimizes the spot

Cs’
From Eq (4-7) it is expected

Yond , Zond
Ccm
size d. Howevef, the manification Mw must also satisfy the law of

geometrical lens system,

- 1/2 4-8
M (V1/V2) OLO/OL2 ' (4-8)
In the accelerating lens

composed of two anodes it is

very difficult to obtain the

optimum magnification of Tip

Eq. (4-7) which minimizes éi__“—

the d of Eq. (4-7) and also ;l 1V,
satisfies the condition 2

Accelerating

(4-8) for the field emission Lens

and accelerating voltages,

Lm
except for the particular
condition. However, in

Magnetic

the accelerating lens C» g lens

T @ .
system composed of three * Specimen
anodes the magnification Fig. 4-18 The schematic
can be optimized easily, diagram of the FESEM.

because, the working distance

S1 of the accelerating lens



can freely be adjusted by the control voltage VO of the second anode
as described in Sec. 4-3. This control voltage Vo is not restricted
by the other physical conditions and can easily be adjusted from the
outside under the ultra high vacuum condition.

The characteristics of the relation between the spot size and the
beam current are shown in Fig. 4-19 unger the conditions of SO = 0.5cm,
Ly = L, = 2cm, IS = 30uA/sr., R = 1000A, vy, = 3KV, V, = 25KV amd
AV=0.2eV. Fig. 4-20 shows the optimum magnification Mw, limiting

aperture size apm (in radius) and control voltage V., of the accelerating

lens system composed of three anodes shown in Fig. 2-19. From Fig. 4-19,
it is found that the current efficiency of the accelerating lens system
composed of three anodes is one order higher than that of the acceler-
ating lens composed of two anodes. And it should be noticed that the
spot size represented by the dashed line in Fig. 4-19 for 82 =4 cm is
considerably smaller than that for 52 = lem in the higher beam current
regions over about 1.7 x 107194, This is due to the fact that the
magnification in the ‘
case of 82 = 4cm 1is
nearer to the optimum

magnification than that

in the case of 82 = lcm, Gﬁa
The characteristics Mo
of this lens for the (Bm)(KV)
1 10100
fixed beam current
(10'7A) on the specimen |\ AT
are shown in Fig. 4-21
for the accelerating 01110
voltages from 2KV up
to 50KV.  As shown in !
this figure the electron , |
5 T
trajectory for the Qo101 1 5 013 20 50
. e s V,(kV)
optimum magnification
is abruptly changed at Fig. 4- 21 The characteristics
-7
the certain accelerating for the fixed beam current (10 "A)

on the specimen under the
voltage ( “13KV) for the conditions of SO=0.5cm, Csm=12cm,

conditions given 1n-th15 Ccm=5cm and 52=4cm_
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Fig, 4-19 The characteristics of the FESEM.

The solid and dashed lines represent the
characteristics of the accelerating lens

composed of the three and two anodes, respectively,
under the conditions of S.=0.5cm, L. =L_=2cm,
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Fig. 4-20 The characteristics of the
accelerating lens composed of three anodes
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calculation. Namely in the range of lower accelerating voltages (<13KV)
. the electron beam trajectory corresponding to the optimum magnification
has'the crossover point, but that has no-crossover point in the range
of higher accelerating voltage (>13KV).

The shorter S0 and Lm are, the smaller the spot size d for the fixed
beam current is, but the change of the spot size by Lm is not so remarkable

as that by SO'

§ 4-6 Discussion and conclusion

The design and characteristics of the three anode accelerating lens
have been described. The major advantages of this lens system are that
the system can be used under various conditions by
adjusting only the control voltage V0 whether or not an auxiliary
magnetic lens is used. Particularly it is noticeable that the lens
system may be used over a wide range of accelerating voltages and
the high beam current efficiency can be obtained for high beam current

9'\,10‘8 Amperes) .

regions (more than about 10~
The conventional accelerating lens is  composed of two anodes.

The optical properties of this lens is strongly dependent on the ratio

of the emission and accelerating voltages. So it is very difficult to

change the accelerating voltage over a wide range because proper demagni-

fication with the magnetic lens can not be obtained. However, it is

found to be possible by using the three anode accelerating lens because

the optical properties can be adjusted by the control voltage.

It seems that the FE gun is at present inferior to the thermal
electron gun on the point that the spot size becomes larger than that
of the latter for high beam current regions (more than about 10_9'\;10-8
Amperes) (Broers 1972, see Fig. 1-4). The reason of this seems to be
as follows. In the low beam current fegions (less than 10—9 Amperes)
the limiting aperture size is small. Then the spherical aberration of
the accelerating lens can be reduced enough small by the demagnification
effect of the auxiliary magnetic lens. However, it becomes to play a
major role for high beam current regions (the large limiting aperture

size). So if we would try to obtain the smaller spot size in the high



beam current region, the accelerating lens with smaller spherical
aberration must be designed. This is very difficult because the spherical
aberration is increased in propotion to the third power of the limiting
aperture size. However, there are methods which overcome this difficulty.
The one of the approaches is to use the optimum magnification for the given
physical conditions (for example, the field emission voltage, the accelera-
ting voltage, the emission current and the beam current) as described in
Sec. 4-5. As for the accelerating lens composed of two anodes, the magnifica-
tion produced by the whole lens system with this lens is physically restricted
and cannot be controled easily. Namely the difference between the magnifi-
cation of the whole lens and the optimum magnification becomes larger when
the high beam current is requested. The three anode accelerating lens is
suitable for this purpose because the whole lens system can be operated
under the optimum condition. This fact is due to that the optical properties
can be adjusted only by the control voltage. Consequently we can obtain
the current efficiency which is one order higher than that of the two anode
accelerating lens. »

Thus, the three anode accelerating lens has remarkable advantages.
The similar results are obtained by using the preaccelerator lens (einzel
lens)and accelerator proposed by Veneklasen (1972), although only the
spherical aberrations of the preaccelerator lens and magnetic lens are
cqnsidered. Someya et al. (1972 and 1974) proposed the three anode accele-
rating lens, but the anode configurations are quite different from that of
the present investigation and also this lens is designed to eliminated the
damage to the field emitter due to discharges in the gun chamber.

It was also found that for the configurations of the anodes there
would be no significant difficulty even though we used the shape of the
dashed lines in Fig. 4-6 instead of the curved shape (for example, the
Butler type).

From above fact, it seems that not only in the field of conventional
SEM but also in the field of ihvestig@tions such as Scanning Auger
Electron Microscope (MacDonald 1970 and 1971), Electron Beam Microfabrication
- (for example, Brewer 1971, Broers 1972 and Angello 1973) and so on the FE
gun system consisted of the three anode acceierating lens is expected to

become a powerful tool in future.

_.52.;



CHAPTER 5 SOME OTHER COMPUTER SIMULATIONS

The electron optical properties of the accelerating lens of FESEM
have been mainly analyzed until Chapter 4. However, these are some
points which are lacking in physical substances or based on an over-
simplified and unrealistic model. So in this chapter some points which
can be easily analyzed by computer simulation are described.

In Sec. 5-1, the electron trajectories emerging from the tip and the
virtual source size of the tip as an electron source ére discussed. In
Sec. 5-2, the intensity distribution of the electron beam on the specimen
is computed by using the pupil function in terms of the electron wave
optics, and the spot size (defined as 80% of the total electron beam
spread) is precisely obtained from this intensity distribution. 1In
Sec. 5-3, the influence of the eccentricity of electrostatic lenses on the
spot size is analytically formulated and is numerically calculated for the

Butler type and the three anode accelerating lens.

§ 5-1 Electron trajectory and virtual source of FE gun of SEM
§ 5-1-1 Introduction

It is very important to know the electron trajectories emitted from the
tip and a virtual source size of the tip for electron optical design, yet
these calculations for pointed cathodes have been based on an oversimplified
and unrealistic model, that is a spherical emitter concentric with a spherical
anode.

Generally speaking, the field emission tip has the dimension of the order
of 1000R and the distance between the tip and the anode is the order of centi-
meters. This large difference of dimensions makes it quite difficult to
analyze accurately the potential and the field between them. So the author
tried to analyze them using a particuiar model, that is a sphere-on-orthogonal-
cone model (SOC model) suggested by Dyke et al.(1953), which seems to be much
better model than the simple spherical model. Wiesner and Everhart (1970 and
1973) have already analyzed in detail the electron optical properties of this
electron source by using the SOC model. The calculations in this section are
performed for the purposes of the confirmations of the Wiesner's results and
of the validity of Eq. (2-37). It is noted that this model doesn't seem to be
applied to the tip of the remolding processing, because this processing will

bring a special shape of the tip.



§ 5-1-2 Potential and field analyses

This SOC model and its notations are shown in Fig. 5-1. The SOC
model is known as the core of the system. The potential (¢) and fields

(Ep, Ee) of this system in spherical coordinates (p, 6, V¥):

V1 n a2n+1
. ¢(p,0) =Kk Y (o - RYS| )} F(-n, 1+n, 1, (l-cos®)/2) - Voo (5-1)
S o ’
0
g = . 30(p,90)
P op
= -k (Vy/a) (a/S™ {n (a/o)' ™™ + (1em) (a/0) ")
x F(-n, 1+n, 1, (1-cos8}/2) (5-2)
_ 1 9¢(p,0)
Eg = - o 96
= kvl/o (a/SO)n {(o/a)" - (a/o)"+1} n(n+l)/2 sin®
x F(l1-n, 2+n, a, (l-cosB)/2) , (5-3)

where a is the radius of the core sphere, p is the distance from the center

of sphere, o is the radius of the tip curvature, k and V00 are determined

by the next Eqs. (5-4) and (5-5),

"

b(pgs 0) =0 , (5-4)

¢(SO’ O) = Vl s (5_5)

and the constant n is

determined by the reqire-

ment that the hyper-
geometric function F[-n, Ist anode
1+n, 1, (1-cosa)/2]

equals to zero, where

o is the exterior half-

angle of the cone, as Fig. 5-1 The schematic diagram

between the tip and the anode.

The tip was represented as an

n and po/a are called equipotential surface of a
sphere-on-orthogonal cone.

shown in Fig. 5-1.

the cone index and form
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ratio respectively and decided from the tip configuration and thereby

the anode configuration is uniquely decided. This is because that the
range in which the value of constant n can actually take is limited
merely from 0.1 to 0.2 and in this range the change of the tip configu-
ration is small, thereby the change of anode configuration is also small.
Hence it seems sufficient to calculate the trajectory only for the typical
model of the tip so long as we consider merely the electron trajectories

located very near to the optical axis.

§ 5-1-3 Analysis of the electron trajectory

The electron trajectories between the tip and the 1st anode can

be obtained by using the next equations in cylindrical coordinates

dzr

5~ = -nEr . (5-6)
dt ?

2
42 - g, (5-7)
dt , ’

where, n is the magnitude of the electronic charge-to-mass ratio and
t is the time. Er and EZ are expressed in terms of Ep and Ee of Egs.
(5-2) and (5-3) by (see Fig. 5-2)

E
T

Eé sind + Ee cos8 , (5-8)

E
z

E) coss - By sing . (5-9) r'T\ Er E,

Here, when we numerically calculate

the electron trajectories by using

these equations, we cannot use 0 E?Z

Runge-Kutta method as described
. . . Fig. 5-2 Force vector by

in Sec. 2-3 because of the high field electric field at (r,z).
(>107 volt/cm) at the top of the tip.

So the author used the predictor-corrector method (especially, Hamming
method) in order to calculate accurately and shorten the calculation time.

This method is as follows. Let the equations to be solved are

dy;/dx = £.(X, ¥y, Yoseenns s Yo) s (5-10)



where 1 = 1, 2, 3, ..... , N,

x is the independent variable and yl's are the dependent variable. In
Hamming method, the following formulae are used, assuming the solution
has been completed through the kth step the quantities are to be under-
stood as vectors with dimension equal to the number of equations to be

integrated. The subscripts k, k+1 refer to quantities evaluated at the

kth and k+1th steps, respectively.
Predictor
Prsl = Yoz + 4302y -yt o Yt L)) (5-11)
Modifier ‘
Mk+1 = Pk+1 - 112/121(Pk - Ck) (5-12)
Miyer = T M) (5-13)
Corrector
Chap = 18Iy, = vy + 30O+ 2yYy -y )] (5-14)

Final Value

C + 9/121(P (5-15)

Yke1 = Yy kel =~ Cxe1)

where, h is the step size. In order Sot Faraneters
{for example
a(l),1=1,2,3,4)

" 'iill'll!lllllliiimm
$ TLL=1LL+1

is used after these initial four steps ot Predictor (P,
Modifier(M),
Corrector(C),

to calculate according to the above

procedure, Runge-Kutta method is used

for the values of the initial four

steps because they must be known as

shown in Eq. (5-11). Hamming method

and this calculation procedure is
shown in Fig. 5-3. Eqs. (5-6) and

(5-7) are transformed as follows, e
. Step Doubling
Routine

W ™
dVr/dt = - Er , (5-16) )

dz/dt = Vz s

CARLE A



and these equations are numerically solved by using the Hamming method.

§ 5-1-4 Simulation data and discussion

By using the theory and calculation procedure as described in
Secs. 5-1-2 and 5-1-3, the electron trajectories between the tip and
the anode can be analyzed. Here, the tip and anode configurations
were analyzed for n = 0.15 (o = 175°48') and po/a = 2.0 which give the
typical tip configuration which Wiesner (1970 and 1973) used. Then,
the tip and anode configurations are shown in Figs. 5-4 and 5-5. In
this investigation the trajectories for three groups of electrons as

shown in

Ist anode

field emission tip configuration

cone
L]

con-e inde.x : n=6.l5

form ratio : /0=20 i ) -ﬂpi .
Fig. 5-4 Typical cathode Fig. 5-5 Typical anode shape
shape with core. for the cathode with (n, ro/a)

= (0.15, 2.0).

Table 5-1 were calculated and these results are shown in Tables 5-2, 5-3
and 5-4. These data are represented quite satisfactory by the following
formulae.

In Tabel 5-2,

R, = (5433553 - 3330 w2 x 108 en (5-17)

m = (5175636 - 3630 Av)(av)1/% x 1078 , (5-18)
in Table 5-3,

R; = (8562217 + 36, + 396?)61 x 10°° cm , (5-19)

m = (8155730 + 30, + 1506%)61 x 1077 , (5-20)



and in Table 5-4

) a2 -9
R, = (581677 + 6, - 276,)6, x 107~ cm (5-21)

m = (554073 - 0.56, - 25.593)92 x 1070, (5-22)
If this study is improved more in détail and the more accurate values
of constants and coefficients of each equations are obtained, we will
be able to know the position and inclination of the trajectories on the
anode easily without ekamining the electron trajectories. And also we
will be able to get information about the virtual source using the
appropriate weight for each initial condition. Now, the radius of a
virtual source is about 30A for AV = 0.0v0.4 eV with the same weight, one.

Practically, however, 6, of the electron leaving the tip is very small,

2
so, for example, the virtual source size were about 0.253 for 6, = 0°,

1
AV = 0.4 eV, 6, = 0010°. From these results, it seems that the Eq. (2-37)

2
is a little overestimated, but it will be sufficient to use Eq. (2-37)
for the calculation of the virtual source size from the standpoints of

the easiness of the calculation and the calculation time.

Group| 6, 0, AV R, (x10"cm) m(x10”%cm)
(1) 0 “/2' various avV(ev) jcomputer (5-17) computer | (5-18)
(2) various 0 0 0.001]0.1718239]0.171823910.1636679{0.,1636679
3 3 . 0.005(0.384209110.3842091]0.3659715{0.3659715
(%) ‘ 0 various 0.4eV 0.01 {0.5433520(0.5433520{0.5175601|0.5175600
0.05 [1.2149423]1.2149422]1.1572668/1.1572668
. s A 0.1 1.718135111.7181350]1.6365648{1.6365650
Table 5-1 Initial conditions 0.2 |2.4296610|2.4296610 |2.3142896 |2.3142901
0.3 |2.9755325|2.9755324 |2.8342152 [2.8342161
0.4 13.43563843.4356382[3.2724402|3.2724413
-2 -2 Table 5-2 The computation data and the values
Rl(xlo cm) m(x10 “cm) by Eqs. (5-17) and (5-18), whose initial
conditions are 91=0, 62=n/2.
62 computer| (5-21) |[computer| (5-22)
1°[0.581651 [0.581651 {0.554047 [0.554047 R. (x10 %cm) m(x10"2cm)
2[1.163143(1.163142[1.107940 {1.107940 1
P[1.744311{1.744311{1.661526 [1.661526 6, |computer | (5-19) |computer | (5-20)
2|2.324995 |2.324997 |2.214650 |2.214652
5°[2.905034 12.905034 12.767161 |2.767165 190. 8562259 |0.8562259 [0.8155748(0.8155748
6°|3.484267|3.484266 13.318903 13.318912 2{1.7124758|1.7124758 |1.63115921.6311592
714.06253014.062529 |3.869721 |3.869740 ®[2.5687730|2.5687730 {2.4467621|2.4467622
814.639668 14.639656 |4.419467 |14.419496 4°|3.4251408(3.4251412 [3.26239293.2623929
&|5.21551915.215491 14.967985 |4.968027 5°|4.2816026 [4.2816035 |4.0780604 {4.0780600
10°|5.789922|5.789870{5.515125 {5.515180 6°15.1381810{5.1381834 [4.8937728|4.8937728

Table 5-4 The computation data
values by Eqs. (5-21) and (5-22), whose
initial conditions are 61=0,AV=0.4eV.

and the

Table 5-3 The
values by Egs.

computation data and the
(5-19) and (5-20), whose

initial conditions are 62=0, AV=0eV.
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§ 5-2 Determination of the spot size by using the intensity distribution

The intensity distribution on the specimen was computed by using the
pupil function in terms of electron wave optics, and the spot size (80 %
of the total electron beam spread) was precisely obtained from this inten-
sity distribution. From the computer simulation data the following results
were obtained. (1) The spot size determined by the conventional method was
generally over-estimated. = (2) The difference in the optimum aperture size
determined by the conventional method and by the electron wave optical method

was of very small order of magnitude.

§ 5-2-1 Introduction

In the lens design, it is very important to estimate the resolving
power produced by the lens defect. In this design, the electron beam spread
(spot size) d on the specimen has usually been defined by Eq. (2-39) in Sec.
2-4, However it seems that this definition is rather poor in physical meaning.
So the author tried to estimate the spot size based on the intensity distr-
ibution by using the pupil function of the electron wave optics approach.
Scherzer (1949) have already given the estimation of resolving power and
the contrast in the image of the conventional electron microscope by using
the pupil function, though the chromatic aberration was not considered.
Zeitler (1970) showed the image formation by using the aperture function
(we generally call it the pupil function), however, the chromatic aberration
was also not considered. Uchikawa and Maruse (1969 and 1970) tried to
estimate the resolving power of the cathode lens based on the intensity
distribution produced by the chromatic abefration. In this paper, the
author tried to determine the spot size on the specimen by using the pupil .
function taking into consideration the chromatic aberration. The effect
due to spherical aberration and defocusing was also considered. The model
used in the present calculation was that concerned with the accelerating
lens system composed of three anodes, and its spot size were estimated by
the electron wave optics approach. Some discussion how to determine the

spot size have also been dealt with.



§ 5-2-2 Theory of electron wave optics

The complex amplitude ha(r) on
the image plane of the point object
located on the optical axis in the r
object plane in Fig. 5-6 is given

. . [
(in the case of rotationary O ntrance  exit
rJ

pupil pupil

symmetry system) by Huygens-
object plane image plane
Kirchhoff diffraction integral,
Fig. 5-6 Coordinate system of

1 the electron wave optics.
h (1) = C{ £(p) o Jy(re) do

0
(5-23)
where
c : constant,
£(p) = t(p)expliku(p)] (5-24)

: pupil function (which is called '"aperture function'" by Zeitler),
1(p) : amplitude distribution in the exit pupil plane,
k = 2n/) , A : electron wave length,
w(p) : wave aberration of the electron optical system and p is the
normalized radius in the exit pupil,
J, : zero order Bessel function of the first kind.

0
Then, the intensity distribution of the point object is given by

h(r) = ha(r)h;(r) - ]ha(r)lz , (5-25)

where h;(r) is the complek conjugate df.ha(r).
The aberration included in these formulae is only of the wave type and the
chromatic aberration is not dealt with. The author defined the intensity
distribution I(r) on the specimen including the chromatic aberration effect
as

Ao 1 2
I(r) = fkmax W(A) | Jof(p,x) pJ,(r0) dp [ dr ,  (5-26)

min

where W()A) : weighting function.

In this section, it is assumed that the spherical, chromatic aberrations



and diffraction effect are dominant and the source size is regarded as
point because the virtual source is negligiblly small as shown in the
previous section., Let the wave aberration w(p,A) be expanded as follows

(see Fig. 4-6 and Table 2-3).

2 4 ; ‘
w(p,A) = wyqp +4 0y 0P R (5-27)
‘where
= (bz + z.) a° /] 28° (5-28)
“20 o’ % 1 ’
_ 4 4 3/2 4
wpg = - M C a (V,/V)) / 45; R (5-29)
_ Al 2 .. 3/2 2
2y = M C_ a (V,/V)) / 28] , (5-30)
z0 : least confusion plane for AV = 0 eV as shown in Fig. 5-7,
_ 2 1/2
Az = Cc M™ AV / (V1 V2) ,
and
A= 1150 / (v, + a2 A

These values were calculated using geometric optics approach as was shown
in Chap. 2, and the energy spread of the field emission was assumed as
shown in Fig. 5-8.

In this method, a serious problem arises; it is very difficult to
determine the spot size d of electron beam from the intensity distribution.
The author defined the spot size d by the spread in which 80 per-cent of
the total electron beam concentrates. In this case the central intensity
of the electron beam is more than 80 per-cent of the central intensity with

no aberration for the optimum aperture size which minimizes the spot size.

accelerating
lens

least square confusion plane A
as for A (specimen plane) W(A)

source
point

0.2ev

—p— -
-0.2 0 0.2 av(eV)

Fig. 5-7 Schematic diagram showing Fig. 5-8 Model of the energy
the aberration effect and its notations. spread of the field emission.




§ 5-2-3 Data and discussions for the three anode accelerating lens

A“((Xm)
d(h)
IO"' by conventional method
- (dg=z1.2234k)
— wave electron optics
approach
. VI=SKV
k~e li=lz=2cm
R Sozlemn
10°R N St=5¢m

V2(Kv}
Fig. 5-9 Characteristics
of the three anode accele-
rating lens.

1.0

So=tcm  VI=BKV
S1=5¢cm  Vo=869.7V
V2=3KV

Intensity
o
n

The used model of the FE gun system and
its notations are shown in Fig. 4-6. The
optimum aperture radius which minimizes the
spot size d defined in the preceeding section
was automatically determined by using the
Powell method (Powell 1964). The initial
conditions presumed in these calculation were
L1 = L2 = 2cm, S0 = lcm, V1 = 5KV and S1 =
5c¢cm in Fig. 4-6. The energy spread is shown
in Fig. 5-8, for the accelerating lens system
composed of three anodes. Obtained results
of the spot size d and the optimum aperture

size ap are shown in Fig. 5-9 and
are compared with the results of
the conventional method. In Fig.
- 5-10, the intensity distribution
on the specimen is shown for
several aperture sizes, and the

comparison of the spot size

0.0

1000(A) )
between the conventional method

Fig. 5-10 Intensity distributions on
the specimen for several aperture sizes. and the wave electron optics

by conventional method
--- (dg=}.222/x)

— wave electron optics
approach

10  So=lem  Vi=5KV -
Si=5cm  Vo=8697V
- V2=3KV ~

0
ap(l»lm)
Fig. 5-11 Comparison of the

spot .size as the function of
the aperture size.

estimation method is given in
Fig. 5-11. From those results, following
facts are noticed. (1) The values of the
spdt size for the conventional method are
generally over-estimated and are less than
twice as the value determined by the electron
wave optics approach, if so much.
(2) The optimum aperture size was found
almost of the same size by using the electron
wave optics approach as shown in Fig. 5-9.
(3) The computation time of the spot size
using the electron wave optics method is

10 v 20 times of the conventional method.



§ 5-3 Effect of eccentricity of anodes

The influence of the eccentricity of electrostatic lenses on the spot
size is analytically formulated and is numerically evaluated for the Butler
type and the three anodes accelerating lens. For the aperture size which
gives the minimum spot size, it is found that the misalignment less than
100um between the anode axes in Butler type lens may be acceptable, but that
in the case of three anodes type lens the misalignment should not exceed

several tens um,

§ 5-3-1 Introduction

Practically, in the assembling the accelerating lens system of the
FESEM, it is impossible to set coaxially the optical axes of anodes without
any eccentric misalignments and consequently the potential in the lens
region is not axialy symmetrical. In this section the analytical formulation
for evaluating the effect of the eccentricity of anodes (this effect is
simply called the eccentric aberration in this thesis) and the allowable
misalignments between the anode axes in the accelerating lenses of FESEM
are presented.

The analytical formulae are derived neglécting the terms higher than
the first in the expansion of aberration terms of the ray equation. The
approximated value of a potential in the lens region is used because of
difficulty of its exact estimation in asymmetric electrostatic field.

The eccentric aberration of the Butler type and three anode accelerating

lenses were estimated.

§ 5-3-2 Theory of the eccentric aberration

The parakial ray equation is given by the following formula based on

the principle of least action;

L[r] = " + 0'7'/20 + &'r/40 = 0 , (5-31)



where r = r(z) is the radial coordinate and ¢ =%(z) is the axial potential.
The ray equation including the aberration effect is expressed by the

following formula
L{r] = P(r,9) , (5-32)

where P(r,d) represents the aberration term. The general solution of

Eq. (5-32) is given by
R(z) = Ry(2) + e(2) > (5-33)

where RO(z) is the general solution of Eq. (5-31), and e€(z) corresponds to
the particular solution of Eq. (5-32). Then, the spread of the aberration
W is generally expressed by (for example, Grivet 1965)

/2

' Z.
W= e(z) = Gf L (e /@0)1 X P(X, Y, 9) dz . (5-34)
yA

0

~ where Zg and zs represent the object plane and the image plane, respectively,

@0 is the potential on the object plane, G is the magnification of the lens,

and
jX(zo) =0 JY(ZO) =1

Lx'(zo) = 1 , b{'(zo) =0 . (5-35)

From Eq. (5-34), we can obtain the spread of any aberrations due to the
irregularity of the potential. However, it is not easy to determine

P(X, Y, @), because it is generally very difficult to obtain exactly

the irregular potential of the electrostatic lens. So P(X, Y, %) with
respect to the eccentric aberration was determined as follows. Neglecting
the terms higher than the first, the potential of the lens field was

approximated by the following formula.

$(x,y,2) = 8(2) - {(x-6x)° + (y-6y)°}e"(2) / 4

it

o(z) + xe + yUy - (x2 + y2)¢"(z)/4 , (5-36)

where
Ui = ¢ 8§i / 2 s (i=x,vy) , (5-37)



and (x, y, z) is the rectangular-coordinate system. In the rectangular-

coordinates, the ray equations are

43" = (1 + % y'z')(¢x - x'¢.)/2¢ , (5-38-a)
| 2.
1{" = (1 + x'? 4 y' )(¢y - y'¢z)/2¢ . (5-38-b)

And, the trajectory without the aberration Ri(z) (i = x,y) 1is given by

Ri(z) = miX(z),~ where mi's are the direction cosines of the initial velocity.
So the ray equations including the aberrations are expressed from Eq. (5-32)
by

Lle,] = P. (X, @)
= Agl) + a2A§2) + m.AgS) + m.Ag4)
i i il ji
+ m_m A§5) + m?Ag6) , (5-39)
Xy i < Ui
where

Agl) = Ui / 20 ,

i
Aiz) = (cbx'2 + q>"x2/4)ui / 262 ,
A o ¥y 26 ,

i i
A -y ux/ 20° , (5-40)

i X'y

(5) 2
Az = L0 - U'O)X' + U.O"X/2}X/29 ,
i {(UJ¢ j )Xt o+ 3 /2}¥X/

(6) - ] ] ' ] 2 »
A; -,{(Uié - Uj¢)X + U0 X/2}X/2¢
(i, 3j) = (x, y) and (y, X) ,

and o is the half- angle of the electron beam incident into the lens.
Equation (5-40) was calculated neglecting the terms higher than the first
in the expansion of the aberration terms. Then, from Eq. (5-34) the spread

due to the eccentric aberrations Ei (i =x, y) is given by

E. = H.(l) + azH.(z) + m.H.(3) + m.H.(4)
i i i ii ji
+ m m HFS) + m?Hgé) . (5-41)
Xyi il



where

. Z.
gk ='GJ N ) (5-42)
1 ZO 1
and
(K) _ (K)o, ryn 1/2 | i
Fo) = axce/e) | , (5-43)
(i = X, Y )
\-k = 13 2, TTTT s 6/ s

from Eq. (5-34).

From these equations it is shown that the incident electrons along the axis
(¢ = 0) are shifted by D = [Hil), pD
other electrons (o ¥ 0) are shiftedyby an additional amount

] in the Gaussian plane, and that the

R= @il «nl®721, P w0 2.

Hence the center of the spread due to the eccentric electrodes of the lens
is shifted by D + A .

§ 5-3-3 Results and discussion

The effects of the eccentric aberration in Butler type and three anode
accelerating lens are investigated by using the theoretical approach
developed in the previous section. The models of the misalignments between
the anode axes and the notations are shown in Figs. 5-12 and 5-13,
respectively. Then we must determine the UX and Uy for the calculations of
the effects of eccentric misalignments in these two models. However, it is
not easy to formulate them exactly. So the author approximated them as

follows.

In the case of Butler type

il
(=]

U (2)
(5-44)

Uy(z) " + (2z/L - 1)8/2 s



and in the case of three anodes type

) 0 Oszsl) 7
U (2) = < _ ;
" - i : ’ = E
<I> + (z/L l)ézx/Z (L1 gz s L2 2L1)
< > (5-45)
i N |
{ _ﬁ,n + (Z/L -1)68./2 (0 <z < L)) !
N {1 _ =
@ + (z/L I)SZX/Z (L1 <z < L2 ZLI)/'

The spreads due to the eccentric aberration by using these formula are

shown in Figs. 5-14 and 5-15, respectively. The curves are for the misal-
ignments of 10um between the anode axes and the limiting aperture sizes
located under the last anode which give the minimum spot size. In the
figures "d" represents the spot size defined by Eq. (2-39) in Sec. 2-4.

Only one eccentric type of error in the Butler type lens and three kinds

of misalignments in the three anode accelerating lens are shown. From these
curves, we found that the misalignment of 10um does not produce the significant
effect in both lenses. The effects of the misalignments between the anode
axes in the lens models are shown in Figs. 5-16 and 5-17, respectively.

From these figures, the misalignment less than 100um between the anodes in
Butler type lens may be acceptable, but in three anodes type lens the
misalignments should not exceed several tens of um. Especially in three
anodes type lens it is noticeable that the misalignment between the first
and second anodes is dominante. The spread due to eccentric aberration in
this section is to be added to the spot size calculated by Eq. (2-39).

When the aperture size is increased, the restriction on the misalignments,

of course, becomes more severe.

1%
f e 1
\ —
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Anode Lot 2-nd
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62, 620)

¥y Yy
n _Slos z 1 :

/‘ Tip (o-S)ﬁ / GaussinPlane I"TK (o&)h‘"[\ GaussianPiane

L—so-*-——-—-L ———*——-Sl — So—*——-Lu ——je— Lz—-—*-—s-
Fig. 5-12 Schematic diagram of ~ Fig. 5-13 Schematic diagram of
the field emission gun with the the field emission gun with the
Butler type accelerating lens. three anode accelerating lens.
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Fig. 5-14 The spreads of the.
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Fig. 5-16 The effects of the
misalignments between the
anode axes in Butler type
accelerating lens.
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Fig. 5-17 The effects of the
misalignments between the anode
axes in the three anode accelera-
ting lens. The spreads are shown
by contour lines (this type of
lens is characterized by two
kinds of misalignments.).
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CHAPTER 6 CONCLUSION AND SUMMARY

The contents are summerized chapter by chapter as follows:
Chapter 1

The accelerating lens for the FESEM is introduced and the purpose of
the present investigation is described. The content of each chapter is

also summarized.

Chapter 2

The theories and calculation methods which ére necessary to the
analyses of the characteristics of the accelerating lens and its electron
optical system are described.

(1) It is necessary to know the electron trajectory in the analyses
of the lens characteristics, and the potential and field in the
lens region have to be obtained for the determination of the
electron trajectory. 'So the pfinciple of the mesh method, which
is the most popular for the analyses of the potential and field
among the given electrodes, is described, and it is described
that this method can sufficiently be used for the analysis of
the accelerating lens. '

(2) The analysis method using electrode surface charges is suggested.
This method has the advantage which can be dealt with open
boundaries themselves. In the point of the accuracy this method
is inferior to the mesh method, but it seems that this method
can sufficiently be used in some fields.

(3) The theories and their calculation procedures of the electron
trajectories, aberration coefficients of the lens, the spread
of the electron beam (spot size) and the beam current on the
specimen are described. (It is assumed that the spot size is
mainly determined by the spherical, chromatic aberration, dif-
fraction effect at the limiting aperture and virtual source
size.) It is confirmed that these can be used with sufficient

accuracy in the numerical computations.

Chapter 3
The characteristics of the Butler type and flat-plate accelerating
lenses are analyzed and these are compared.
(1) The anode aperture effects which are very important in the

analysis and design of the accelerating lens are analyzed. It



(2)

is shown that the anode aperture effects can be neglected in

the Butler type lens, but in the flat-plate accelerating lens

they cannot.

According to the above mention, the characteristics of these
accelerating lenses are analyzed and compared. In that conclusion
it is found that the greatest advantage of the Butler type lens
does not exist in small spot size (high resolution), but in the
high current efficiency. Namely, as the small spot size is

mainly determined by the characteristics of the auxiliary magnetic
lens, the small spot size can well be obtained by using the flat-
plate accelerating lens. These are also shown experimentally,

and the computation results show satisfactory coincidence with

experimental data.

Chapter 4

The new accelerating lens -composed of three anodes is proposed.

(1)

(2)

(3)

(4)

The conventional accelerating lenses are generally composed of
two anodes. The working distances of these lenses are strongly
dependent on the ratio of the emission and accelerating voltages.
Namely, the working distance cannot be changed freely. However,
the working distance can freely be changed by using the three
anode accelerating lens. This means that the sufficient demagni-
fication of the magnetic lens which is significant for generating
the small spot size can be obtained even if the accelerating
voltage is changed.

The various conditions and their effects (the anode configurations,
anode apertures, optimum aperture size, stability of the electric
power source and so on) are discussed from the experimental
standpoints.

The computation data df this lens are compared with the experi-
mental results. 1In these results a close coincidence is found.
By the combination with the auxiliary magnetic lens this accel-
erating lens enourmously improves the current efficiency in the
region greater than 10-9 amperes on the specimen, Especially,

. . -8 .
in the current region greater than 10 = amperes the spot size

is improved by at least one order of magnitude. This reason is



that the auxiliary magnetic lens can be operated under the optimum
condition by the posSibility of freely changing the working distance

of the accelerating lens.

Chapter 5

(1) The virtual source size is evaluated for the conventional spherical
model. However this model seems to be an oversimplified and
unrealistic. So the sphere-on-orthogonal-cone model is examined
as a realistic model of a point cathode electron source. In
these results it is found that the conventional evaluation is
slightly overestimated.

(2) It seems that the conventional definition of the spot size is
rather poor in physical meaning. So the spot size is estimated
from the intensity distribution by using the pupil function of
the electron wave optics approach. In these results it is found
that the conventional evaluation of the spot size is overestimated
but the optimum aperture size is almost of the same order.

(3) One of the great causes which contribute to the reduction of the
spot size is the effect due to the eccentric misalignment of the
anodes. So the influence of the eccentricity of electrostatic
lenses on the spot size is analytically formulated and is numeri-
cally calculated for the Butler type and three anode accelerating
lenses. The results of this study show that the misalignment of
100um for the Butler type may be acceptable, but in the three
anode accelerating lens it seems that the misalignment should be

less than tens of um.

The resolution of the SEM is tremendously improved by using the FE
gun. For high beam current regions (greater than about 102 ~ 1078
amperes), however, this gun is at present inferior to the thermal electron
gun in the point of the resolution. This would be the greatest defect of
the FE gun. As an approach to overcome this problem the use of the three
anode accelerating lens is suggested in the present thesis. In particular
it is shown that the spot size of less than 100 can be obtained for the
beam current of 10"8 Amp.. This results is obtained under the condition of

the emission current of SOﬁA/sr from the source. Recently the build-up and



remolding processing are developed, and the emission current of 300uA/sr
is‘obtained (Someya et al. 1974). So the higher resolution will be acheived
by using these techniques. This accelerating lens also has an advantage

that the accelerating voltage can freely be changed without losing the
characteristics of the magnetic lens. From these fact, it seems that not
only in the field of conventional SEM but also in the field of investigations
such as Scanning Auger Electron Microscope, Electrom Beam Microfabrication
and so on the FE gun system consisted of three anode accelerating lens is

expected to become a powerful tool in future.
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