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SCANNING ELECTRON MICROSCOPE WITH A SINGLE-POLEPIECE LENS

* .
V. Kolatfik, I. Mullerova, M. Lenc

Institute of Scientific Instruments, Czechoslovak Academy of
Sciences, 612 64 Brno, Czechoslovakia

(Received for publication March 25, 1989, and in revised form November 03, 1989)

Abstract

The design of an ultra-high vacuum scanning
electron microscope (UHV SEM) with a single-pole-
piece lens underneath the specimen is described
with the possibility to guide backscattered (BSE)
and secondary electrons (SE) which originate in
the magnetic field of the single-polepiece lens to
the detectors. Our new design of the single-pole-
piece lens and in-lens deflection coils closely
satisfy the condition of a variable axis immersi-
on lens (VAIL), which results in very low deflec-
tion aberrations.

KEY WORDS: Single-polepiece lens, Variable axis

immersion lens, Deflection aberrations.
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Introduction

The use of the single-polepiece lens (Mulvey,
1982) as a scanning electron microscope objective
lens offers several interesting advantages. The
good electron optical parameters, especially the
low chromatic and spherical aberration coeffici-
ents, are well known (Hill and Smith, 1982) and
they hardly increase with the number of the inter-
mediate images employed (Lenc and Mullerovd,1988).
A number of interesting results can be obtained by
the detection of back-scattered electrons (BSE)
and secondary electrons (SE) which originate in
the magnetic field of the single-polepiece lens.
Magnetic parallelization 1i.e. the reduction of
beam divergence is increasingly used for energy
analysers, for E-beam testers (Kruit and Dubbeldam,
1987) or for electron spectroscopy (Kruit and Ve-
nables, 1988). Bode and Reimer (1985) used a sin-
gle-polepiece 1lens for the detection of BSE.

We studied in more detail the detection of
BSE by using a single-polepiece lens (Mullerové et
al, 1989). Here we are concerned with the design
of a modified Variable Axis Immersion Lens (VAIL)
in scanning electron microscope (SEM), so as to be
able to deflect the primary beam across the speci-
men surface at normal incidence or, for stereaosco-
pic work for example, at an inclined angle to the
surface. We designed the single-polepiece lens and
in-lens deflection coils so that their calculated
flux densities closely satisfy the condition of a
Moving Objective Lens (MOL).

We calculated the coma,
astigmatism of the system

field curvature and
as set out below.

The design of a UHV SEM with
a single-polepiece lens

In our SEM we decided to use a field emis-
sion electron gun with a magnetic lens operating
with a TF-W/100-Zr cathode in the 1 - 10D kV range
(Delong et al, 1989). This gun has been working in
our experimental SEM (accelerating voltage 1 - 25
kv) for more than one year without problems.

The design of the UHV SEM column with a
single-polepiece lens is shown in Fig. 1. The co-
lumn consists basically of two lenses, an inter-
mediate lens 3 and the single-polepiece lens 11,
12 with two systems of deflection coils (predefle-
ction coils 4, 5 and in-lens deflection coils 10).
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Fig. 1: Detailed design of the ultrahigh vacuum
SEM with a single-polepiece lens. 1. stigmator
coils, 2. beam centering coils, 3. intermediate

lens, 4.5. two-stage predeflection coils, 6. auxi-
liary BSE detector, 7. crossed field deflector,
8. SE detector axis, 10. cross section of a pair
of toroidal in-lens deflection coils, 1l1. pole-~
piece of final lens, 12. excitation coil of the
single-polepiece lens, 13. transmitted electron
detector, 14. energy dispersive X-ray detector,
15. exit port of Auger electron detector.

The field emission gun is not shown in the Figure.

We have used the single-polepiece lens as a
scanning electron microscope objective lens to
guide the SE and BSE to the detectors by means of
its magnetic field. This enables us to detect
nearly all BSE and to have sufficient free space
above the specimen for the in-lens deflection
coils. We can get a wide range of angles of inci-
dence for the primary beam using the proper ad-
Jjustment of the predeflection and the in-lens
deflection coils. In future we would like to make
use of the parallelization of SE trajectories for
good energy spectroscopy (Garth and Nixon, 1986)
and for Auger spectroscopy (Kruit and Venables,
1988). For the detection of SE, Auger electrons
and the paraxial BSE we intend to take advantage
of the use of a crossed field deflector 7 with the
value and orientation of the craossed magnetic and
electric fields so that the deflector will not in-
fluence primary beam electrons so that secondary
and paraxial backscattered electrons moving in the
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opposite direction will be deflected to the de-
tectors.

So far we have performed only basic experi-
ments with the SE detection, but we studied more
in detail the detection of the BSE. We used semi-
conductor detectors for detection of BSE  and
would like to use one also for the detection of
transmitted electrons (TE). Our set-up of the SEM
is also appropriate for a windowless X-ray energy
dispersive detector 14 because no parasitic elec-
trons strike the detector.

VAIL concept for the use in SEM

The cancept of MOL was first described by
Ohiwa et al. (1971). To fulfil the MOL conditicn
properly, a system is required (see Fig. 2a) with
the first lens in front of the predeflection coil
and the second (final) lens in a telescopic mode

Predetlection

o O coils
Ras
I
)
by
o
! In lens
deflection coils

:::::> Second lens
\
%l
Specimen

Fig. 2: a) Standard Variable Axis Immersion lLens
and b) VAIL with a tilted beam.

with the first one, a two-stage predeflection
system shifting the beam parallel toc the axis and
in-lens deflection system in the final lens. The
axial flux density destribution D(z) of the
in-lens deflector should be of the form D(z2)
= const B’ (z), where B{(z) is the axial flux den-
sity distribution of the finmal lens. The complex
constant given by the strength and the orienta-
tion of the in-lens deflectors is chosen so that
the shifted beam is not further deflected as it
passes through the final lens. The Variable Axis
Lens (VAL) was introduced by Pfeiffer and Langner
(1981) who set out its theory, construction and
experimental results. If the specimen is immersed
in the magnetic field of the lens (Variable Axis
Immersion Lens - VAIL), the in-lens deflection
system consists of a single deflector. A detailed
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and clear description of VAIL was given by Pfeif-
fer and Sturans (1985).

For the application in SEM, the VAIL shows
several advantageous properties. The first one has
been mentioned by Kruit and Venables (1988): in
VAIL the magnetic flux line that goes through the
point where the primary beam is incident onto the
specimen is parallel to the optical axis, thus SE
are parallelized along the optical axis.

In this paper we would like to point out-
another important advantage. It is possible to
obtain very high angles of incidence for the pri-
mary beam without seriously disturbing the resolu
tion and without introducing large distortion.
This possibility arises from the low spherical
aberration and zero deflection coma of the VAIL.
For the third-order aberration in the Gaussian
image plane (the magnification of the final lens
is M=0)there holds

du(z)) = kSo(2&+ Kooy l/Z.RL(Xz? +
+ KF(XY?+ KA(_X12+ KDY)W_

where k_ is the spherical aberration coefficient,
and the” deflection aberrations are K , K., K
and Ky for coma length, field curvature, astigma-
tism “and distortion, respectively. As usual X
stands for the beam semi-aperture and Yy for the
deflection. Bars denote complex conjugates.

Now if a constant shift of the beam parallel
to the axis 1s introduced by means of the predef-
lection coils (Fig. 2b), the optical axis of the
lens is shifted either more or less than neces-
sary for the exact matching with predeflected beam
i.e. for the exact matching the condition of MOL.
In this way we still have the beam scanning the
specimen surface with a constant angle § with re-
spect to the optical axis, but the beam no longer
impinges perpendicularly. In the aberration ex-
pression (1) we substitute O + for o in all
terms. The terms k_ (' +2¢Pa+ Y’x ) can be
compensated by a sfﬁght constant shift, defocusing
and a stigmatic correction of the primary beam,
respectively. The resolution can be estimated now
using the expression

18wl 230k oyl 3k ooy vk g ol+

(D

(2)
w3720k oy ]+ Clkp]+ Tk Do y?
and the distortion by expression
vl 23720k plade kel + Ty vk lkpyl

Considering typical values O = 5.10_3 and Y. =
= 1 mm and a.,reasonable value of Y about 157,
¢ = 2,5.100", one can see from (2) and (3) how
dramatically both the resolution and the distor-
tion can deteriorate. If the VAIL incorporates dy-
namic focus coils with axial flux density propor-
tional to B'" (z) (as described, for example, by
Pfeiffer and Sturans (1985)) one finds that besides
KL = 0, Ko = 0 also, and with dynamic stigmator
c6ils with axial flux density distribution pro-
portional to B'"" (z), K, is actually zero. Ac-
cording to (3) there is no additional distortion
for non-zero Y and according to (2) the resolu-
tion is worsened only by the term corresponding
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to the second order axial coma. But even without
dynamic corrections, the VAIL has very low field
curvature and reasonably small astigmatism (Len-
covéd (1988)).

Constructional details and lens calculations

The essential detail of the fimal lens ar-
rangement is shown schematically in Fig. 3. The
dimensions of the yokes of the toroidal deflection

30
24

10

Fig. 3: Upper diagram: Schematic arrangement of
the essential features of the final lens polepiece
and a section through two of the toroidal deflec-
tion coils. Lower diagram: Plan view of the toroi-
dal deflector coils above the final lens polepiece,
showing electrical connections. Dimensions in mm.

coils are determined by the condition that there
must be free access to the specimen in several
sectors of the solid angle (for energy dispersive
X-ray detectors, ion guns, specimen stage movements
etc.). The dimensions of the polepiece of  the
single-polepiece lens are set by the following two
considerations. The maximum flux density should
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S. Golladay: The match of correction yoke field

0(z) to the lens field derivative B’(z) is not

very exact due to the position of the yoke coils

outside the pole pieces. In view of this mismatch

do the authors have any data about how well con-

stant landing angle can be maintained over the

entire deflection field?

Authors: Owing to the mismatch mentioned in the

question, the condition for the landing angle to

be maintained constant over the entire deflection

field is not satisfied at the same time as is the

zero coma condition. Even in that case the lang-

ing error is still small, |c’(zi)/c(zi)[<1.107%,

T. Mulvey: What do you see as the chief opera-

tional advantage of tilted-beam VAIL?

Authors: 1.The possibilities of producing stereo-
scopic pictures with a quality given by VAIL

conditions. 2.To get clear channeling contrast

under the angles chaosen.

P. Kruit: How does the specimen stage fit in the

design?

Authors: The specimen stage is considered to be

of "side entry" type similar in design to that

commonly used in TEM. The connection of the sup-

porting flange of the table with one of four input
ports perpendicular to the optical axis will be

implemented in UHV technique. It is also assumed

that the vacuum air-lock to allow inserting of the
specimen, will be an integral part of the whole

mechanism.
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