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[57] ABSTRACT

For dark-field imaging of the specimen, a scanning
corpuscular-beam microscope is equipped with multiple
annular apertures located between the beam source and
the specimen on the one hand and between the speci-
men and the detector on the other hand. The areas of
the multiple annular apertures conjointly i.e. comple-
mentarily cover the ray path. The aperture situated in
front of the detector is surrounded by a wide, radiation-
transmitting region. The invention affords utilizing for
the generation of the image not only the rays scattered
outside of the aperture cone but also a large part of the
rays scattered within this cone.

9 Claims, 7 Drawing Figures




U.S. Patent Dec. 20, 1977 Sheet 1 of 4 Re. 29,500




U.S. Patent  Dec. 20, 1977 Sheet 2 of 4 Re. 29,500

Fi1g.2



U.S. Patent Dec. 20, 1977 Sheet 3 of 4 Re. 29,500

F
/«
Haxxrarryyy RN - N .M R .f".-"'. TR NN - AT B 2

F1g.3




Re. 29,500

U.S. Patent Dec. 20, 1977 Sheet 4 of 4

N I /~
i / 8
1~
2—jv]
3 L B2
A 7— "l SILIIIIIIVIS W S LR
l / fﬂ.ﬁ‘ff » h]]a
' 5’ 14]5 T -+—-—--—-u;_,]3a
T —*®_l4a

= Figh Lk
S




Re. 29,500

1

SCANNING CHARGED BEAM PARTICLE BEAM
MICROSCOPE

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions made

by reissue.

This is a continuation, of application Serial No.
161,137, filed July 9, 1971, now abandoned.

My invention relates to a scanning corpuscular-beam
microscope with a beam generator, a deflection system
for the beam, a condenser lens for focussing the beam
on a specimen to be imaged, an aperture arrangement
for dark-field imaging the specimen, as well as a detec-
tor arrangement in which portions of the beam are
recorded that are scattered as the specimen is illumi-
nated. The invention is important particularly for scan-
ning electron microscopes but can be applied to scan-
ning corpuscular-beam microscopes of other kinds,
such as 1on miCroscopes.

In an electron microscope of the type predominantly
used, which will be called ‘“‘conventional” in the follow-
ing, the electron beam emanating from the cathode is
directed by a condenser onto a relatively large area of
the specimen, all elements of the specimen structure in
this area being imaged simultaneously in the image
plane by an electron-optical system. In a scanning mi-
croscope, however, the specimen is scanned by an ex-
tremely small spot; the signals emanating from the ele-
ments of the specimen structure are received sequen-
tially in time by a detector which in turn varies the
beam intensity of an image-reproducing tube controlled
synchronously with the deflection system of the micro-
~ scope in the manner of a television tube. It 1s known to
use dark-field imaging in a scanning electron micro-
scope of this type. This is described, for instance, in a
paper by von Ardenne in Zeitschrift fuer Physik, 1938,
p. 553 to 572, particularly p. 557, FIG. 4. Here is used,
for the taking of transmission pictures, an annular detec-
tor which is arranged underneath the specimen and
which lets the central, direct beam pass through, such a
detector having the same effect as a central, disk-shaped
aperture. _,

For attaining high resolution in a scanning electron
microscope, the lens which produces the scanning spot
must, for physical reasons, have a correspondingly large
aperture. If one now uses, with a large illuminating
aperture, dark-field imaging after von Ardenne with a
central, disk-shaped aperture, very many scattered elec-
trons are not sensed by the detector because they are in
the cone of the primary beam and are therefore inter-
cepted by the aperture. With low resolution this effect
does not occur, as the corresponding aperture of the
illuminating beam cone is so small that only a negligibly
small part of the scattered rays are contained in the
primary beam and is thereby lost for the imaging pro-
cess.

It is an object of my invention to increase, in a high-
resolution scanning corpuscular-beam microscope of
the kind mentioned above, the number of corpuscles
that can be recorded by the detector, and to increase
thereby the output signal of the detector.

According to my invention there is arranged between
the source of the beam and the specimen a first aperture
with several open (radiation-transmitting) areas or
fields, and between the specimen and the detector ar-
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rangement a second aperture with a first, central region
and a second region surrounding the former, the first
region being complementary to the first aperture in
such a manner that its closed (radiation-impervious)
areas intercept the unscattered radiation passed by the
open areas of the first aperture, while the second region
consists of an open (radiation-transmitting) field, the
area of which is large as compared to the areas of the
individual open fields of the first region. Preferably, the
open field of the second region has a radial width at
least about equal to one-half the radius of the first re-
gion. |

In principle, the shape and arrangement of the fields
of the first aperture, and therefore of the complemen-
tary fields of the first region of the second aperture, may
be given any desired form. As a rule, however, one will
design these fields as concentric rings. The terms “ring”
and “concentric” should be understood here in their
broader meaning, so that the rings may also deviate
from the circular shape. It is of particular advantage to
design the first aperture as a phase-correcting zone plate
which lets only those partial rays reach the specimen
that, after passing through the condenser lens, have
phases of the same polarity. The function of such phase-
correcting zone plates is described, for instance, in Ger-
man Pat. No. 1 222 603.

The use of complementary multiple limiting aper-
tures for dark-field imaging in conventional electron
microscopes is known from a paper by Riecke in Zeits-
chrift fuer Naturforschung, 1964, 19a, p. 1,228 to 1,230.
Riecke indicated already that the apertures can be de-
signed as phase-correcting zone plates. My invention,
however, differs from Riecke’s arrangement as to basic
design and operation. In the conventional electron mi-
croscope the resolution is determined by the aperture of
the imaging lens. This aperture cannot be increased
arbitrarily because electron lenses have large lens er-
rors. The system of limiting apertures associated with
the image has therefore at most the aperture that corre-
sponds to the resolution. In the scanning microscope,
however, the aperture cone of the illuminating radiation
determines the resolution. Hence, the limiting aperture
system associated with the image is not subject to aper-
ture limitation.

This will be explained presently with reference to the
accompanying drawings in which

FIG. 1a shows an aperture system according to
Riecke (prior art), and

FIG. 1b an aperture system according to my inven-
tion;

FIGS. 2 and 3 are schematic diagrams of microscopes
embodying the invention by way of example;

FIG. 4 is a sectional view of another embodiment of
an aperture system in a microscope according to the
invention;

FIG. 5 shows the ray and scanning system of still
another embodiment; and

FIG. 6 is an explanatory diagram.

Reverting to the above-mentioned diaphragm system
of complementary apertures according to Riecke, such
a system is illustrated in FIG. 1a. The complementary
limiting aperture system is associated with the imaging
lens in a conventional electron microscope. Its maxi-
mum diameter must not exceed 2r, the maximum per-
missible lens aperture set by lens errors.

FIG. 1b shows the aperture with the detector Iin a
scanning microscope. It is provided with two aperture
regions. The first aperture region (I) is an aperture of a
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complementary aperture system similar to that in FIG.
1a. The second aperture region (II) consists of an open
field of radial width (R-r), which is preferably at least
as large as r/2. The overall aperture has therefore the
substantially larger diameter 2R (as compared to FIG.
1a), which is no longer constrained by the resolution
conditions of a lens. The aperture system according to
the invention (FIG. 1b), therefore, can collect many
more scattered electrons than an aperture according to
F1G. 1a. The advantage in scanning microscopy of my
invention over von Ardenne’s arrangement will, inci-
dentally, also be seen from FIG. 1b. In that arrangement
the aperture would be a full circle within the circle of
diameter 2r: the electrons which could be recorded in
the open rings would be shielded off. Due to the decline
of the atomic factors the number of these electrons is
much larger than could be expected from a comparison
of the open aperture areas. These considerations are
valid also if phase-correcting complementary zone
plates are used. In that case, 2r is limited by the residual
lens errors of the objective lens corrected by the zone
plates; even if these plates are used, 2r cannot be in-
creased arbitranly.

Thus, my invention affords utilizing for the formation
of the image not only the electrons scattered outside the
aperture cone but also a large part of the electrons scat-
tered within this cone. Therefore, a sudden jump in
detector signal increase can be achieved through the
combination of the complementary multiple apertures,
known per se in conventional microscopes, and the
detector ring aperture in a scanning microscope. If the
first aperture is designed as a phase-correcting zone
plate, my invention makes it additionally possible to
advance even with conventional condenser lenses, hav-
ing aperture error constants between 1 and 4 mm, to
resolutions of about 1, A, 1.e., to the atomic range.

As mentioned, a phase-correcting zone plate, in prin-
ciple, is so designed that only partial beams with phases
of the same polarity arrive at a reference point in the
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image plane. To shield off the partial rays with phases of 40

the opposite polarity, the closed fields of the zone plate
must accordingly have a certain minimum width. If
within the scope of the invention such a phase-correct-
ing zone plate is used as the first aperture, it 1s advanta-
geous to choose the width of the closed fields of that
aperture larger than the above-mentioned minimum
width. Although this leads to a loss in intensity of the
spot, it is compensated for by the fact that the open
fields of the second aperture, which 1s in front of the
detector and i1s made complementary, are correspond-
ingly larger, so that the detector signal also becomes
relatively larger. The gain is caused by the fact that the
radiation loading of the specimen is reduced for an
equal detector signal. If this is not important, the inten-
sity of the corpuscular-beam source can also be in-
creased and an absolute increase of the detector signal
can be obtained.

In a conventional corpuscular-beam microscope with
complementary, phase-correcting multiple annular ap-
ertures according to Riecke, an analogous step, t.€., an
increase of the open fields of the aperture preceding the
objective lens, is not possible, as the correction of the
lens error would thereby be impaired.

In scanning the specimen, the aperture cone on the
image side also changes its position relative to the sec-
ond aperture. Especially if the two apertures are
matched precisely to each other, it can therefore hap-
pen that parts of the direct ray which had been passed
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by the first aperture also pass through the second aper-
ture. This can be avoided by arranging between the
specimen and the second aperture a further deflection
system which compensates for the deflection by the first
deflection system.

The deflection system on the illumination side con-
sists advantageously of two partial systems following
each other in the direction of the beam, the first of
which deflects the beam away from the optical axis of
the microscope while the second one redirects the de-
flected beam in such a manner that the axis of the redi-
rected beam intersects the optical axis at least about in
the plane of the first aperture. As a result, the illuminat-
ing beam always has the same position in the plane of
the first aperture relative to the latter. The same condi-
tion can be fulfilled, for the position mentioned of the
deflection system, also for the second aperture by ar-
ranging the first and second apertures in coordinated

optical planes of the condenser lens, so that the first
region of the second aperture constitutes a physical
negative image of the first aperture.

However, with the above-mentioned coordination of
the deflection system on the illuminating side relative to
the first aperture, the latter aperture can also be placed
in the focal plane of the condenser lens. This has the
advantage that the same direction of irradiation is ob-
tained regardless of the distance of the axis from the
point on the specimen in question.

Underneath the second aperture there can be ar-
ranged a uniform detector which integrates all of the
corpuscles passing through the open areas of this aper-
ture. One can, however, also provide individual detec-
tors beneath the open areas of the second aperture so
that the image of the specimen can be recorded selec-
tively with electrons of different scattering angles. The
open fields of the second aperture can advantageously
also be designed directly as the entrance areas of con-
centric, annular radiation detectors, for instance, semi-
conductor detectors.

For further analyzing the properties of the specimen,
there can in addition be arranged behind the second
aperture a velocity analyzer which makes it possible to
separate elastically and inelastically scattered corpus-
cles, as is known, for instance, from the German Provi-
sional Pat. No. 1 439 828.

Referring now to FIG. 2 of the accompanying draw-
ings, the axis of the illustrated scanning electron micro-
scope is denoted by 1. The beam generator may consist
of a conventional source which in this example includes
a point cathode 2, a Wehnelt cylinder 3 and an anode 4.
For instance, the design described in the German Pat.
No. 1 031 447 can be used for the beam generator; but a
field emission cathode is also applicable.

Following the beam generator, seen in the direction
of the beam, 1s disposed a deflection system which in
this example comprises two pairs of electrostatic deflec-
tion plates, 5,5 and 6,6’. Two further pairs of plates are
provided for deflection in the plane perpendicular to
the plane of the drawing. In lieu of an electrostatic
deflection system, an electromagnetic deflection system
can also be used.

Disposed in the ray path as a condenser lens 7, 1s a -
magnetic pole piece lens which images the crossover of
the electron beam in front of the cathode as nearly as
possible as a point on the specimen 8. The specimen 8
can be arranged on a specimen stage in known manner.
A detector 9 receives image signals affected by the
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specimen 8. The detector passes these signals to a televi-
sion tube for production of the image.

According to the invention, two apertures B and B,
are arranged in the path of the beam. The aperture B,
comprises, according to FIG. 1b, two regions I and I1.
Both apertures have several annular, concentrically
disposed, open (beam-transmitting) areas. The apertures
B, and B, are complementary to one another inasmuch
as one open area of the aperture B, is always associated
with a closed area of the first region of the aperture B,,
so that parts of the illuminating beam which are passed
by the aperture B, and penetrate the specimen 8 without
being scattered, are intercepted by the closed areas of
the aperture B,. Therefore only those electrons arnive at
the detector 9 that are scattered elastically or inelasti-
cally in the specimen 8. As shown, a large part of those
electrons contributes here to the formation of the image
which are scattered by the specimen 8 within the pri-
mary beam cone with the aperture angle 2a. It is further
essential to the invention that the electrons scattered
outside the primary beam cone, which traverse the
wide, open area of the aperture region II, also contrib-
ute to the generation of the signal in the detector 9.

In the ray path according to FIG. 2 the electron beam
is first deflected away from the axis by the partial de-
flection system 5,5 and redirected into the axis by the
partial deflection system 6,6' in such a manner that the
undeflected and the deflected beam intersect in the
plane of the aperture B;. The electron beam therefore
has a constant position relative to the aperture By, re-
gardless of its deflection. Furthermore, the aperture B,
is situated in the focal plane of the condenser lens 7. As
a result, each partial beam retains its direction of inci-
dence at the specimen 8 during deflection, as may also

be seen from the iilustration.
 FIG. 2 further shows that in scanning the specimen 8
with the scanning spot, the primary beam cone on the
image side also is shifted relative to the aperture B,.

Especially if the apertures B, and B, are dimensionally
made exactly complementary to each other, it may
happen that the aperture B, passes not only scattered
but also unscattered radiation. This can be prevented by
making the closed areas of the region I of the aperture
B, somewhat wider than corresponds to the open areas
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a loss in scattered radiation. However, one can advanta-
geously provide between the specimen 8 and the aper-
ture B, a further deflection system 10, 10', which is
operated synchronously with the deflection system 35,5,
6,6’ on the illuminating side and which compensates for
the deflection caused by this deflection system in such a
manner that the position of the beam in the plane of the
aperture B, is not changed during scanning of the speci-
men. -

In principle, the diameters and widths of the open and
closed areas, respectively, of the apertures B, and B,
(region I) can be chosen at will. The widths of the areas
can, for instance, be equal. It is only necessary that the
region I of the aperture B, be a negative image, enlarged
or reduced as the cqse may be, of the aperture B, in such
a manner that the two apertures together are impervi-
ous to the direct beam.

In a preferred embodiment of the invention the aper-
ture B, is designed as a phase-correcting zone plate
which lets only such partial rays get to the specimen
that, after passing through the condenser lens, have at
least approximately equal phase. In that case the dimen-
sions of the open and closed areas of the aperture B,,
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and correspondingly of region I of the aperture B,, are
governed by the aperture error of the condenser lens 7.
The aperture B; can also be designed so that it corrects
for a possibly existing astigmatism error of the con-
denser lens 7; the areas of the aperture B, in that case are
no longer circular. However, to correct astigmatism of
the condenser lens 7, a stigmator can be inserted into the
ray path. |

The embodiment according to FIG. 3, in which the
same reference symbols ae used as in FIG. 2, is distin-
guished by the feature that the apertures B, and B; are
disposed in coordinated optical planes of the condenser
lens 7, so that the region I of the aperture B, constitutes
the negative of an image which the condenser lens 7
projects of the aperture B;. Here the deflection system
5,5, 6,6 is also laid out so that the deflected and unde-
flected partial beams intersect in the plane of the aper-
ture B,. Hence, these partial beams are combined again
in correlated points of the aperture B,. In consequence,
the primary beam cone on the image side does not
change its position in the plane of the aperture B, as the
beam is deflected; and no additional steps are required
to assure the complementary action of the two aper-
tures during deflection. This, however, is done at the
expense of the fact that the direction of incidence of the
beam on the specimen 8 is not quite constant.

In the embodiment according to FIG. 3 the apertures
B, and B, are spaced from the condenser lens by twice
the focal length, they are therefore equal. However, as
to the position of the apertures B, and B,, any other pair
of object and image planes with respect to the con-
denser lens 7 can be selected.

In FIG. 4 the lower part of the ray path according to
FIG. 3 is shown with another design of the aperture B,.
The open areas of the aperture B, are replaced by ring-
shaped detectors 11 to 14; and a further central detector
15 is provided on the axis of the arrangement. The
clearances between the detectors 11 to 15 correspond to
the closed areas of the aperture B, in FIG. 3; the elec-
trons arriving here are not evaluated. The detectors 12
to 15 together constitute the region I, and the wide
detector 11 constitutes the region 1I of the aperture B,.

The detectors 11 to 15 are individually provided with
outputs 11a to 15a, which can be sequentially connected
to a picture reproducing tube, or simultaneously to
different picture reproducing tubes. The arrangement
according to FIG. 4 thus permits selectively utilizing
only such electrons for the generation of the picture
which are scattered at a given angle by the specimen S.

The detectors 11 to 15 can be designed, for instance,
as semiconductor radiation detectors. These are semi-
conductor bodies with a p-n junction which is biased 1n
the reverse direction and exhibit a pulse-like increase of
the cutoff current upon the arrival of an electron. De-
tectors of this type have the advantage of great sensitiv-
ity so as to afford counting single electrons and to use
them for the generation of the picture.

To improve the quality of the image or to gain infor-
mation regarding the material composition of the speci-
men, it may be desirable to separate in the scattered
beam electrons of different energy, particularly elasti-
cally and inelastically scatiered electrons. An arrange-
ment suited for this purpose is shown in FIG. §. Here
the scanning electron microscope is supplemented by a
conventional electrostatic or magnetic velocity analy-
zer 16 which focusses electrons entering at its front
surface 17 at different points of the rear wall 18, depend-
ing on their energy. The aperture B, is situated in the
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front wall 17. Several detectors 19 to 22 are arranged at
the rear wall 18. The detector outputs can be selectively
connected to a picture reproducing tube. In this manner
it is possible to generate images of the specimen 8 to
which only electrons of given energy have contributed.

On the left and right-hand side, respectively, of FIG.
6 there are shown two embodiments of the invention in
which the first aperture i1s designed as a phase-correct-
ing zone plate. The illustration shows schematically a
part of the scanning microscope, for instance, in the
arrangement according to FIG. 2 with the aperture B,,
the lens 7, the specimen 8, the aperture B, and the detec-
tor 9.

The curve plotted over the aperture B, represents the
phases with which the partial rays which pass through
the respective points of the aperture B, reach the spot
on the specimen 8 after going through the lens 7 having
an aperture error. In the embodiment according to the
lefthand side of FIG. 6 the closed areas F,, of the aper-
ture B, are just so wide that they shield off all partial
rays with negative phase (shaded areas of the curve ¢),
while all partial rays with positive phase pass through
the open areas F;;. The closed areas of the complemen-
tary aperture B, are designated with F;,, the open areas
with Fn.

In the embodiment according to the right-hand side
of FIG. 6 the closed areas F,;- of the aperture B, are
made wider than in the embodiment shown to the left,
so that they shield off not only the partial rays with
negative phase but also partial rays with small positive
phase. The open areas Fiz' are correspondingly nar-
rower, so that for the same intensity of the electron
source the intensity of the spot in the specimen 8 is

reduced. For compensation, the open areas Fz2' of the
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FIG. 6, made wide like the closed areas F; - of the aper-
ture B,, so that more scattered radiation from the speci-
men 8 arrives at the detector 9 through the aperture B,
and contributes to the detector signal. Thus, the em-
bodiment according to the right-hand side of FIG. 6
permits obtaining a detector signal of the same magni-
tude with reduced radiation stress of the specimen 8.
The imaging quality of the system, i.e., the sharpness of
the spot, is not impaired by the widening of the areas
F,i of the aperture B 1.

The invention is not limited to the examples shown.
The apertures B, for instance, may also be arranged
between the beam generator 1-4 and the deflection
system 3,3, 6,6’ within the condenser lens 7 or between
the latter and the specimen 8. Upon a study of this dis-
closure, such and other modifications will be obvious to
those skilled 1n the art and are applicable without de-
parting from the essential features of my invention and
within the scope of the claims annexed hereto.

I claim:

1. A scanning charged particle beam microscope
comprising a charged particle beam generator for gen-
erating a beam having a radiation cone having a pri-
mary longitudinal beam axis extending between said
generator and a specimen, as system adjacent said gen-
erator for deflecting said beam perpendicular to the axis
in accordance with a set of raster coordinates, a charged
particle beam optical condenser lens disposed about said
axis for focusing the beam into a small spot in the plane
of said specimen for scanning thereof, said lens being
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disposed between said [deflecting system} beam gener-
ator and said specimen, a detector arrangement for pro-
viding a signal of those portions of the beam which are
scattered when the specimen is irradiated, said detector
being disposed about the axis under said specimen, and
an aperture combination arrangement having dimension
independent of the size of the radiation cone through
said condenser lens, said aperture combination compris-
ing a first, input aperture disposed about the beam axis
between said [deflecting system] beam generator and
said [condenser lens} specimen, and a second output
aperture between said specimen and said detector com-
plementary to said first aperture and having a first inner
portion which is radiation opaque with respect to the
unscattered portions of the beam complementary to said
input aperture and permeable to the scattered portions
of the beam and a second outer portion having a portion
totally permeable in respect to scattered charged parti-
cles, the areas of said first aperture and the complemen-
tary areas of the first portion of said second aperture
being ring-shaped and concentric, the outer portion of
the output aperture having a radial width at least equal
to one half of the radius of the inner portion whereby
the ratio between primary radiation intensity and de-
tected scattered radiation is improved for the wide
primary radiation cone required for high resolution and
least possible radiation loading of the specimen.

2. In a scanning microscope according to claim 1, said
first aperture being a phase-correcting zone plate hav-
ing closed areas which lets only such partial beams
reach the specimen locality which after passing through
said condenser lens have phases of the same polarity.

3. In a scanning microscope according to claim 2, the
closed areas of said first aperture having a width larger
that the minimum width required for shielding off all
partial beams with phases of one polarity.

4. Scanning microscope according to claim 1, com-
prising a further deflection system between the speci-
men locality and said second aperture, said further de-
flection system being arranged for compensating the
beam deflection caused by said first deflection system.

3. In a scanning microscope according to claim 1, said
deflection system comprising two partial systems fol-
lowing each other in the direction of the beam, of which
the first deflects the beam away from the optical axis of
the microscope and the second redirects the deflected
beam so that the axis of the redirected beam intersects
the optical axis substantially in the plane of said first
aperture.

6. In a scanning microscope according to claim 8§, said
first aperture and said second aperture being located in
coordinated optical planes of said condenser lens.

7. In a scanning microscope according to claim §, said
first aperture being located in the focal plane of said
condenser lens.

8. Scanning microscope according to claim 1, com-
prising concentric ring-shaped radiation detectors hav-
ing open areas therebetween, the open areas of said
second aperture being formed by said open areas of said
detectors.

9. Scanning microscope according to claim 1, com-
prising a velocity analyzer arranged after said second -

aperture.
¢ ¥ & * 2»
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