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Abstract

This work aims to study the behaviors
and characteristics of the electron beam
within the optical column in a thermionic
scanning electron microscope (SEM) and
the focusing capability using a numerical
computation and an  optics-based
calculation. The beam spot size is
estimated by theoretical calculation.
Investigate the SEM performance for
various design parameters through a
numerical analysis and an optics-based
calculation, a combination of two
approaches  gives more  detailed
information than a single approach in
investigating an extremely small beam
spot by demagnification through the
magnetic lens system in a SEM column.
Keywords: Magnetic lens; Scanning
electron microscopy; Thermionic
emission; Numerical analysis; Beam

trajectory.

1. Introduction
Represents a scanning electron

microscope (SEM) is one the most
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popular instruments used in measure
nano/micro structures for this reason it is
also well known as a material analysis
equipment. In nanotechnology, a precise
measurement less than the nanometer
scale is necessary to measure a nano-size
device. The SEM has a high resolution
due to using electron gun emits electron
beam with wavelength of less than 1 nm
[1]. the electron gun is categorized into
two types depending on the way of beam
emission: ones a thermionic emission
gun and others a field emission gun. In
this article, we focus on a thermionic
SEM and see how systematic design
schemes of a lens system in a SEM
column are provided. The highest
resolution SEM has been developed
using a field emission [2—4]. However,
the field emission. SEM is extremely
expensive and most components dealing
with the electrons need to be placed in

extremely higher vacuum state in the
range of 10-10 Torr, while a thermionic
SEM operates in around 10-7 Torr. A
thermionic SEM still holds a high market

http://edupediapublications.org/journals/index.php/IJR/

Page |193



https://edupediapublications.org/journals
http://edupediapublications.org/journals/index.php/IJR/

Immaiianal Jeemal vi Ruavarch
& L 1R

International Journal of Research

Availableathttps://edupediapublications.org/journals

p-ISSN: 2348-6848
e-1SSN: 2348-795X

Volume 03 Issue 13
September 2016

share due to its effectiveness over the
cost. An actual resolution of SEM is 50
times larger than the theoretical limit
because of irregular electron gun size,
aberration, energy spread, etc. Therefore,
new generation of SEMs is focused on
improvement an electron beam source to
give high brightness and low energy
spread, and an electron lens system with
less aberration.

To enhance the resolution of
SEM Compared with the optical
microscope, we use accelerated electrons
of extremely short wavelength less than
0.01nm. While optical microscope use a
visible light source in the range of 300—
700nm wavelength, a SEM uses The
electrons being accelerated by high
voltage applied on the filament, , and
being focused on the specimen surface
by electro-magnetic lenses [5]. The SEM
are similar to an optical microscope in
the structure and principle. For focusing
light rays in the optical microscope use
us the Optical lenses instead of
electromagnetic lenses in a SEM.
Fundamental difference appear in a
SEM. The electromagnetic lens consist
of an electric coil pass through it the
current, generates magnetic flux within a
concentrated small volume by [6]. We

can decrease the wavelength of an

electron beam by increasing the
acceleration voltage applied on the
emitted beam source, which is useful to
the image resolution. There are many
parameters constrains the enhancement
of SEM resolution. Design a poor beam
source as well as an improper lenses
arrangement.

numerical analysis uses widely
to facilitate the design of the electron
lenses therefore munro used a finite
element method from first order to
analyze electron lenses.[7] By the
Lorentz force The magnetic flux
associated with acceleration voltage
makes the electron beam travel along
optical column and be focused at a focal
point. The is by there are various factors
effect on the focusing such as an electric
current applied on the coil, geometry and
arrangement of the lenses in the optical
column, and acceleration voltage.

To increase the resolution of a
SEM, the electron beam size and the
energy spread must be decreased. A
geometric optics should be clearly
designed and manufactured. In addition,
the following factors are particularly
considered. once, the eclectron beam
source size is to be controlled within a
small spot size, and the final probe

diameter after demagnification by the
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subsequent lenses should be controlled

within of nanometer. The other,
chromatic  aberration  should be
decreased, by placing a specially

designed stigmator and the -electron
beams emitted from a filament must be
sufficiently stabilized.

In this work, we focus on the
design of the lens system by employing a
numerical analysis and geometrical
optics for the SEM. Through these
analyses, beam focusing characteristics
and the resulting lens aberrations can be
estimated. The beam trajectory analysis
under various selections of the lenses by
simulating the SEM system using an

[71,
guideline in designing an efficient SEM.

Munro software providing a

2. Numerical analysis of the electron

optical system
The schematic diagram of
I — |
o i o e e
Ao

thermionic SEM, as shown in Fig. 1
illustrate consist of an optical column,
devices to improve the beam focusing
characteristics, and a detector collecting
secondary electrons emitted from the
specimen. Electromagnetic lens to focus
the electron beam spot. If the lens
system is not appropriately designed or
misaligned, the shape of abeam spot will
be a bad shape or blurry. Therefore, a
precise analysis of the beam focus is
required to ensure a high-performance
SEM in terms of small beam spot size
and less aberration. we consider two
methods: a numerical analysis using
abeam tracing program M2land a
calculation based on a geometric optics.
Therefore, a combination of the
calculation and the numerical analysis
gives a strong basis for an optimal

design of the lens system in a SEM.
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of the thermionic SEM. [8]
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3. Background of the numerical
analysis

Using M21 software from
numerical analysis we performed An
electron beam trajectory under the
magnetic fields on three lenses.
Firstly, analyze of distribution of the
electromagnetic field for the designed
lenses each magnetic flux s
distributed around the lens and the
magnitude is enough to deflect the
electron beams. As the electron beams
pass through three electromagnetic
lenses, the final beam spot is formed
after demagnification through the
subsequent lenses, of which diameter
is determined by the ratio of the focal
lengths to the displacements among
lenses.

Here, we introduce a principle
of the electron beam tracing by using
the  governing equations. The
equations describing the
electromagnetic field generated by the

magnetic enses are given by the

Maxwell’s equations as follows:

vig=-2 (1)
at

VxH =] (2)

V.D=p 3

V.B=0 (4)

Where E is the electric field intensity,
B is the magnetic flux density, D is

the electric flux density, H is the
magnetic field intensity, J is the
current density, and r is the electrical
resistivity. If we set the magnetic
vector potential A given by Eq. (5),
the distribution of A can be
expressed as Eq. (6), by uniting
Maxwell’s equations:

B=V=xA4A (5)

1|7VA 04 0 6
VeVeA—po= ©)

Where m is the permeability of the
material The distribution of A is
then calculated by minimizing the

vibrational functional [9]:

1
F = fw[;(V*A).(V*A) —J.Aldw
=0 7)
Based on the calculated
magnetic fields, the electron beam
tracing under the formed magnetic

fields on each lens is performed by

solving the paraxial ray Eq. (7):

@) + ——B2()r ()
8mv
=0 3
where e/m is the charge/mass ratio
of the electron and V is the beam

voltage .

4. Magnetic lens system
In the electron beam tracing,

the electromagnetic field for each
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lens for given number of coil turns,

electron current, and geometric

properties is  analyzed. The
electromagnetic field distributions for
the designed lenses are analyzed
whether the magnetic flux s
appropriately distributed around the
lens and its magnitude is appropriate
enough to deflect the electron beam.
We numerically calculated the
distribution of magnetic field of three
lenses placed subsequently in the
SEM column. Figure. 2 shows the
analysis domain for the column
containing three magnetic lenses: two
condenser lenses (CL1 and CL2) and

an objective lens (OL).

L1 37

Table 1 summarizes the basic
specifications of  coils and
corresponding current densities for
three magnetic lenses. Here, we
selected one case of current set for
each lens. At this set, the SEM image
was acquired and numerical and
optics-based analyses were carried
out. It is quite sure that different sets
of coil current on each lens bring a
different focal length and beam
diameter. If the set of the lens

currents  possesses a  reliable
credibility by the analyses, the results
by a different set of lens currents and
acceleration voltage also have

validity.

Figure. 2. lllustrate the SEM column.

Table 1. Basic specifications of coils for three magnetic lenses

Current
Excitation current Cross-sectional density
Lens Kind INo. of turns
(A) area (cm2) Alcm?2)
CL1 0.52 920 16.90 B1.15
CL2 0.59 920 16.90 34.94
OL 1.90 600 10.45 112.09
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Figure. 3 illustrates the
distribution of magnetic flux in the
column, showing that the magnetic
fields are concentrated around the
pole piece regions of the three
magnetic lenses. Figure. 4 represent
the variation of the axial component
of magnetic flux (Bz) along the axial
distance from the electron gun. It is
found that the magnetic flux shows
peak at the narrow-spaced pole-piece
locations. Detailed results of three
peak values are compared in Table 2.
It is noted that the amount of the peak
flux of the OL is smaller than those

of two condenser lenses because the

OL has a larger gap of pole piece in
order to install magnetic deflectors
inside the lens. Even if coil currents
on CL1 and CL2 are closely imposed,
the corresponding magnetic fluxes on
both lenses show a large difference.
This implies that the magnetic flux on
CL2 is affected by magnetic flux on
CLI1 because the length to the pole
piece of CL2 from the end line of
CL1 is shorter than that of CL1 from
the start line of CL1. These analysis
results are then connected to the ray
tracing analysis to predict the beam

trajectory.

Figure 3. Distribution of the magnetic potential in the column.
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Figure 4. Variation of the axial component of magnetic flux.
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Table 2. Summary of electromagnetic analysis of magnetic lenses

Lens Kind Pole piece gap (mm) Peak location | Peak fux (Tesla)
(mm)
CL1 2.0 89 0.171
CL2 2.0 194 0.173
OL 8.0 390 0.108
5. Electron beam trajectory Table 3 summarizes the beam
A ray tracing of electron tracing results for the three lenses.

beams is then performed by taking The focal lengths are obtained by
into account the calculated calculating the distances from the
magnetic field. Fig. 5 represents refracting position to the crossing
the estimated beam trajectory by position at each lens. Comparison
solving the ray tracing equation, of these results will be discussed in
showing that three crossovers are the next section.

formed by three magnetic lenses.

Table 3 summarizes the beam tracing results for the three lenses

Lens Kind Beam refraction Position of plane Focal length
position Zp(mm) image Zi(mm) F(mm)

CL1 89.33 93.975 442
CL2 194.33 198.937 440
OL 361.92 372,950 10.34

As the electron beam is voltage, it proceeds to the final
focused by the subsequent lenses specimen, hitting the specimen
arrangement and  acceleration surface, and eventually generating
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secondary electrons from the
specimen. The secondary electrons
are dedicated to the SEM image,
which is determined by the amount
of secondary electrons emitted

from the surface of the specimen.

The amount of secondary electrons

increases as the beam spot size is

small as possible to have strong
current density. Thus, the beam spot
size and uniform beam shape are
crucial to obtain a high focused
image. The beam spot size is
approximately computed by
employing a geometric optics which
explains the demagnification process

formed by lenses (Fig. 6).

R(mm)

Q3

Z(mm)

Figure. 5. Ray tracing results from the beam source to the image plane.

Ceondenserlens C1

Condenser lens g2

Objective (final) lens

Figure. 6. Schematic diagram for focusing lenses.

The numerical analysis by

commercial program, demonstrated in
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the previous section, provides
detailed description of the beam

tracing. However, it does not provide
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all necessary information on beam
characteristics. The beam intensity and
the brightness are some of the
characteristics not provided by
numerical analysis. A calculation by
geometric optics on the lens system

supplements this weakness.

So far, we assumed that each
magnetic flux BA z) of the three lenses
shows a symmetric shape, which
makes the computation of the focal
length simple as Eq. (11). However,
even if the flux distributions of other
two lenses keep almost symmetric bell
shapes, the magnetic flux of the object
lens is bell shaped but not symmetric:
the left side of the shape is gentler than
the right side. It limits the direct use of
Eq. (10), hence a more precise
calculation of magnetic flux is
required. Here we adopt a numerical
integration to obtain the focal lengths
from the magnetic flux for three
lenses, which is shown in eq. (10)

.The results of focal lengths for each
lens by numerical integration are
shown in Table 4. We can see slightly
different results compared with the
results obtained by simple bell-shaped
assumption on the magnetic flux. For a

simple calculation, the focal length

computation based on the bell-shaped
magnetic flux is still acceptable.

The axial magnetic flux is
determined through a numerical
analysis as introduced in the previous
section. This implies that a different
set of coil currents or pole piece
shapes generates different magnetic
flux, yielding a different focal length
in the lens. Since the SEM consists of
three lenses focusing the electron
beam consecutively, the total
demagnification of a three-lens

system yields a final focused spot dD:

_f1f2f3 9
~ plp2p3 ®

1 e + o0 )

]—c= wf B;dz (10)
2a )

=Tk fork® <1 (11)
4Ip\ 1
do 7_[26)5“51 (12)

Where d) and dc represent the
final probe diameter and the beam
diameter at the cathode,
respectively. 11,2,3 is the focal
lengths for each lens and pl1,2,3 is
the displacements between each lens
center. Since it is not easy to
measure dc directly, a numerical
analysis is carried out using munro

software. The beam propagation

from the cathode under bias voltage
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of 50 V and the virtually focused Viewing Eq. (9), it is noted

beam diameter are estimated. that once all focal lengths and

According to the analysis, the beam
diameter at the cathode after being

focused by the biased voltage and

acceleration voltage of 20 kV turns

out to be around 33 mm.

displacements are determined the
final probe diameter can be
determined and the demagnification
through three lenses is also

computed.

Table 4. Comparison of the focal lengths

Lens Kind Analytical solution | Analytical ~ with ~ numerical
(mm) integral (mm)

CLI 511 7.65

CL2 6.45 7.62

OL 14.65 15.67

The probe diameter is estimated byemploying Eq. (9) with the help of
demagnification formed by the focal lengths computed from Eq. (10).

Table 5. Computation of focal lengths, aperture angles, and estimated probe

diameter for given coil currents and acceleration voltage of 20 kV.

Lens Kind CL1 CL2 OL

Current (A) 0.52 0.59 1.90
Maximum magnetic {ux Anax (Tesla) [0.171 0.173 0.108
Half-width 2 (mm) 4.0 3.5 O

Focal length A, 2, B (mm) 4.42 4.40 10.34

Lens length to center pl, /2, B (mm) (90 105 170

Aperture angle ap (rad.) 0.035 Diameter  [0.060 Diameter 0.008 Diameter
of 1000um of 1000um of 200pm

6. Conclusions The analysis of an electron
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beam tracing and focusing in a lens
system contributes to an optimal
design of the lens system in an SEM
before manufacture. This analysis
necessary To secure a highly
demagnified beam spot. the focal
lengths formed by the magnetic flux
on magnetic lenses, which are
generated by the coil current and the
shape of pole piece, were
investigated. To obtain a minimized
probe beam spot, the
demagnification ratio on each lens
should be as large as possible unless
the lenses have  undesirable
aberrations. Employed both
numerical analysis program and
optics calculation to analyze the
focal length. Two ways were
reciprocal in terms of being able to
extract complementary parameters
and they showed a quite satisfactory
agreement. When two ways are
integrated, rather than a single way,
in the early stage of lens system
design can be easily obtained for the
desired focal length and other
parameters. From the a numerical
analysis and geometric optics, The
probe diameter, which is an
important factor n SEM

performance, can be estimated. The

Volume 03 Issue 13
September 2016

validity of the numerical analysis
and optics-based computation for
the lens system is proved by
measuring the probe diameter that
results in the estimation of the probe

diameter.
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