
United States Patent 
Van-Essen et al. 

3,702,398 
Nov. 7, 1972 

[15] 

[45] 

ELECTRON BEAM APPARATUS 
Inventors: Christopher Geoffrey Van-Essen, 

Beckenham, England; Erland Max 
well Schulson, Deep River, Ontario, 
Canada; Richard Hugh Donaghay, 
Headington, England 
Cambridge Scientific Instruments 
Limited 

Filed: Jan. 21, 1971 

Appl. No.: 108,408 

[54] 

[72] 

[73] Assignee: 

[22] 
[21] 

[30] Foreign Application Priority Data 

Jan. 21, 1970 Great Britain .......... ..2,829/70 
July 2, 1970 Great Britain ........ ..32,059/70 

[52] 
[51] 
[58] 

US. Cl. ...250/49.5 A, 250/49.5 D, 250/495 PE 
Int. Cl ........................ ..H01j 37/26, GOln 23/22 
Field of Search ..... ..250/49.5 A, 49.5 C, 49.5 D, 

250/495 PE 

References Cited 

UNITED STATES PATENTS 

12/1970 Morris et al. ........... ..250/49.5 

[56] 

3,549,883 

3,453,485 7/1969 Herrmann et al.....250/49.5 x 
2,886,727 5/1959 Haine ................. ..250/49.5 x 
3,585,382 6/1971 Suganuma .............. ..250/49.5 

Primary Examiner-William F. Lindquist 
Attorney-Scrivener, Parker, Scrivener & Clarke 

[57] ABSTRACT I 

In electron probe apparatus modi?ed or designed to 
display electron-channelling (pseudo-Kikuchi) effects 
by subjecting a point on a specimen surface to an elec 
tron beam scanned through a varying angle, the ?nal 
lens of the beam forming system is employed as a 
de?ection element in that an image of the source is 
formed in the plane of de?ection means and that this 
plane and the specimen surface are made conjugate 
points with respect to the ?nal lens. To facilitate cor 
rections for spherical aberration in the scanning, the 
scanning is preferably performed on polar co-or 
dinates, with the beam sweeping out a conical path of 
slowly varying cone angle, and the result is displayed 
as a spirally scanned image. 

4 Claims, 5 Drawing Figures 
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ELECTRON BEAM APPARATUS 

This invention relates to electron beam apparatus, 
primarily to the use of a modi?ed form of scanning 
electron microscope, that is to say, an instrument in 
which a ?ne electron beam or probe is formed by lenses 
and caused to impinge on the surface of a specimen, 
the resulting secondary electrons, or back-scattered 
primary electrons, or the current from the specimen it 
self, being used to form an image on a recording device, 
such as the screen of a cathode ray tube, scanned in 
synchronism with the probe or specimen. However, the 
invention may also be applied to an instrument in 
which it is electromagnetic radiation (such as X-rays 
or light) generated by the impingement of the bean 
rather than the electrons that are detected and 
analysed. 

In the normal electron beam apparatus of this kind, 
originally developed by Oatley, McMullan, Cosslett, 
Duncumb and others, a beam of electrons from an elec 
tron gun is forrned by a condenser lens system, usually 
comprising ?rst and second electromagnetic lenses, 
and the resulting image of the source formed on the 
electron-optical axis, is de-magni?ed by a ?nal, or ob 
jective, lens, again electromagnetic, of short focal 
length to form a reduced image on the surface of the 
specimen. Scanning coils mounted within the back 
bore of the objective lens de?ect the beam in two mu 
tually perpendicular directions, both transverse to the 
axis of the beam. Duncumb arranged two sets of 
scanning coils, axially spaced apart, for each scanning 
direction to de?ect the beam away from the axis and 
then back towards it, so that the beam always passes 
through the relatively small ?nal aperture. 

Using an instrument of this kind Coates has shown 
(Scanning Electron Microscopy, 1969, Proceedings of 
the Second Annual Scanning Electron Microscope 
Symposium, April 1969) an electron channelling effect 
in single crystal specimens akin to the Kikuchi effect 
observed by crystallographic electron diffraction, and 
he has termed this a pseudo-Kikuchi effect. The con 
trast that produces the pattern in the image is the result 
of variation in the angle of the incident beam with 
respect to the crystal structure as the beam scans back 
and forth; thus in such an arrangement an angular scan 
is an essential part of the method and so necessarily the 
pattern produced is that from a substantial area of the 
specimen, for example two or three millimeters square. 
The resolution is limited by the angular divergence of 
the beam, which is in an under-focussed condition. 
An alternative arrangement has been proposed in 

which the scanning is switched off, the beam remaining 
on a ?xed axis, while the specimen is rocked about two 
orthogonal axes passing through the point of impinge 
ment. Mechanical considerations set a lower limit on 
the area from which patterns can be generated, and 
make specimen manipulation difficult. 
Another proposal has been to alter the relative cur 

rents in the upper and lower sets of scanning coils until 
the cross-over point, instead of being just above the 
?nal aperture in the region of the front pole piece of 
the ?nal lens, is actually at the specimen surface. Then 
operation of the scanning coils causes the beam to rock 
about its point of impingement on the specimen. In 
practice this point is not a geometrical focus but a disc 
of confusion whose area is determined by the electron 
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2 
optical aberrations of the scanning coils; these aberra 
tions typically give rise to a disc of confusion of the 
order of 50 microns diameter. The ?nal lens is either 
turned off or operated in an under-focussed condition. 
The aim of the present invention is to provide an im 

proved method of obtaining pseudo-Kikuchi patterns 
from small areas using electron beam apparatus of the 
general kind indicated in the opening paragrahhs 
above. 
According to the invention there is now proposed 

electron probe apparatus comprising means for form 
ing a ?ne probe or beam of electrons that forms an 
image of a source substantially within a scanning coil 
system that is capable of de?ecting the beam back and 
forth, and the resulting laterally scanned image is 
formed in the object plane of a lens that serves, not 
only for its usual purpose of focussing the image, but 
also for deflecting the beam back onto the optical axis 
at the surface of the specimen itself. Thus this lens 
forms part of the scanning system that causes the beam 
to rock angularly about its point of impact on the 
specimen. 

In an existing scanning electron probe instrument 
this result can be obtained simply by employing as the 
scanning lens the ?nal or objective lens of the normal 
focussing system. Where there are two sets of scanning 
coils in the existing instrument, the ?rst de?ection of 
the scanning system is obtained by the ?rst set of coils 
alone and the second set of coils is removed, or at least 
switched off. 

It will be understood that, as in known instruments, 
the scanning will normally be done in two orthogonal 
directions perpendicular to the electron-optical axis. 
The aim is to derive information on the crystal struc 

ture at virtually a single point, i.e. at as small an area of 
the specimen as possible. The unavoidable spherical 
aberration of the lens will result in variations of the 
point of impact with de?ection, making the area 
covered larger than desirable. This can be offset by ap 
plying a correction signal, that varies in synchronism 
with the scanning signal. 
The correction can be applied by rhythmically shift 

ing, in synchronism with the scanning de?ection, the 
apparent position along the electron-optical axis, of the 
image of the source that forms the object of the ?nal 
lens. For this purpose we retain the two axially spaced 
sets of scanning coils and may even add a third set, and 
we vary the current in them appropriately. 

Alternatively, we can correct for spherical aberra 
tion of the ?nal lens by varying directly the current in 
that lens in step with the scanning de?ection. However, 
the high inductance of an iron-cored electromagnetic 
lens severely limits the rate of change of such a correct 
ing signal and consequently makes the overall scanning 
speed very slow; this seriously restricts the usefulness of 
the instrument. Therefore, we prefer to use for the ?nal 
lens an air-cored so-called ‘mini-lens’ or solenoid type 
lens. Or we may retain an iron-cored main ?nal lens but 
apply the correction current to an auxiliary lens, 
preferably air-cored. Instead, or in addition, we 
propose, according to a further feature of the inven 
tion, that instead of using a normal orthogonal raster in 
a series of lines to build up a frame, we should use a 
polar coordinate system of scanning, with a relatively 
rapid circular de?ection and slow radial deflection. In 



3,702,398 
3 

this way a given area (in the reproduced image) 
representing a given solid angular range in the impact 
of the beam, can be covered in a relatively short time 
yet with the radius vector changing only relatively 
slowly, allowing the correcting signal (which needs to 
vary only with the radius vector) to be applied. 
The invention will now be further described with 

reference to the accompanying drawings, in which: 
FIG. 1 shows diagrammatically the layout of an elec 

tron probe instrument; 
FIG. 2 is a ray diagram showing the orthodox 

scanning system for covering an area of a specimen sur-‘ 
face; 

FIG. 3 is a similar ray diagram showing the previ 
ously proposed system for obtaining electron chan 
nelling (pseudo-Kikuchi) effects by the use of the exist 
ing double-de?ection coil system; 

FIG. 4 is a ray diagram showing the system according 
to the invention, employing a single set of scanning 
coils in conjunction with a lens used for de?ection; and 

FIG. 5 is a diagram to illustrate the advantage of 
scanning by a spiral scan instead of a straightforward 
raster. 

Referring ?rst to FIG. 1, an orthodox scanning elec 
tron microscope, for examining a selected area of a 
specimen surface comprises a source in the form of an 
electron gun G, the electrons from which are formed 
into a beam by ?rst and second condenser lenses L1 
and L2 that produce a reduced image of the source, 
and this image is further reduced by the ?nal or probe 
forming lens L3, so that the diameter of the point of im 
pact on the surface of a specimen S in the path of the 
beam and on its electron-optical axis A may be of the 
order of 50 Angstrom units or less. Pairs of de?ection 
coils DI and D2 cause the beam not to impinge on a 
single point but to scan an area of the specimen in a 
raster similar to a television scanning raster. For 
reasons which will be described with reference to FIG. 
2, there is not a single set of de?ection coils for each of 
the two mutually perpendicular scanning directions 
(line and frame) but two sets spaced apart long the axis 
A, so that the beam is ?rst de?ected away from the axis 
and then back towards it. 
The secondary electrons or the back-scattered pri 

mary electrons emerging from the point of impact on 
the specimen surface are collected at D to produce a 
signal that is ampli?ed and used to control the 

» brightness of the spot of a cathode ray tube T, the beam 
of which is de?ected in synchronism with the primary 
electron beam, by a common scanning generator B. In 
this way a two-dimensional image is built up on the 
screen of the tube T, showing the spatial distribution 
over the scanned area of the specimen surface, of some 
phenomenon which produces a variation in the back 
scatter, such as topography or electrical or magnetic 
state. ' 

In practice, in a typical instrument, the two sets of 
de?ection coils are contained in the back bore of the 
?nal lens, which is almost invariably electromagnetic. 
To keep the spot size down one must restrict spherical 
aberration and so the ?nal lens has a small exit aperture 
AI, as illustrated in FIG. 2, which is a ray diagram 
showing the lower part of the column of the instrument 
of FIG. 1. This explains the purpose of the two axially 
spaced sets of de?ection coils D1 and D2, namely to 
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4 
ensure that, despite being de?ected laterally, the beam 
always passes through this aperture which is placed 
close to the principal plane of the lens. 

In the mode of operation necessary to exhibit the 
electron-channelling effect, also referred to as the 
pseudo-Kikuchi effect, in a scanning electron 
microscope, the aim is to vary in a cyclic manner the 
angle of impact of the beam on the specimen surface. 
Although the effect in question is observable even 
when scanning an appreciable area of a specimen, pro 
vided the scanned area is a single crystal, it is much 
preferred to examine the effect at a single spot. This 
has been done by leaving the beam unde?ected and by 
rocking the specimen about two orthogonal axes per 
pendicular to the electron-optical axis A and passing 
through the point of impact. The result was reproduced 
as a two-dimensional image on the screen of a cathode 
ray tube with the X and Y de?ections synchronized 
with the two angular de?ections of the specimen. 
Another method already proposed is that illustrated in 
FIG. 3, in which the aperture A1 of the ?nal lens was 
enlarged and the focus of the lens system formed by the 
?rst two lenses L1 and L2 was shifted downwards until 
it coincided with the specimen surface. At the same 
time, the relative strengths of the coils D1 and D2 were 
adjusted so that they, in de?ecting the beam, brought it 
back to the axis A at the specimen surface instead of at 
the aperture Al. The beam then rocked about the point 
of impact. The information was again reproduced in 
the form of a two-dimensional image on the screen of 
the cathode ray tube T, with angular de?ection of the 
primary beam in two directions represented in the 
image by linear displacement of the spot of the screen 
in two linear directions. The resulting image displays a 
series of intersecting light and dark bands from which 
information can be obtained on the crystal structure at 
the point of impact. ' ' 

Now in the arrangement according to the present in 
vention, shown in FIG. 4, we do not use the second set 
of de?ection coils D2 at all, at least not for scanning. 
We insert an aperture‘A2 following the second lens L2, 
much smaller than the aperture previously present at 
this point, to reduce the divergence of the beam (for 
example an aperture of only 10*‘mm diameter) and we 
adjust the current in the lenses L1 and L2 so that an 
image of the source is produced at a point I on the axis 
A in the plane of the remaining set of de?ection coils 
D1. A saw-tooth voltage is applied to these coils to 
de?ect the beam. (It is de?ected in each of two perpen 
dicular planes, but we will only consider one plane here 
for convenience). The ?nal lens L3 has its current ad 
justed so that it focusses the image from the plane of 
the coils D1 to form a reduced image at the specimen 
surface. Thus the plane of the de?ecting coils D1 and 
the point of impact on the specimen surface are conju 
gate points with respect to the lens L3. However, in ad 
dition to acting as a focusing lens, the lens L3 also acts 
as part of focussing de?ection system. For, by its nor 
mal lens action, it refracts back towards the electron 
optical axis A any ray that passes through it off the axis. 
Thus, as the de?ection coils D1 are causing the beam to 
scan back and forth across the aperture A1 of the ?nal 
lens L3, (this aperture being now large, for example of 
the order of 2 mm) this lens is de?ecting the beam back 
towards the axis to a degree dependent on its extent 



3,702,398 
5 

away from the axis, so as well as being brought to a 
focus at the specimen surface the beam is also caused 
always to impinge on a ?xed spot on the specimen sur 
face. Thus, as the de?ection coils D1 cause the beam to 
scan back and forth, the beam rocks angularly about a 
?xed point of impact on the specimen surface. In a typi 
cal case the total angular scan in each case is 8 degrees, 
and the area of the region of impact is about 10 
microns (i.e. l0'2mm) in diameter. The actual diameter 
of the beam at this point is only about one micron, but 
the scanning action, as well as the focussing action, of 
the lens L3 is subject to the spherical aberration of the 
lens, which means that the beam crosses the electron 
optical axis at a point nearer the lens when the de?ec 
tion is large than when it is small, so that the point of 
impact does in fact move during scanning. The position 
of the specimen surface is therefore chosen at a point 
on the axis A where there is a ‘circle of least confusion’ 
rather than the theoretical focus, and this circle is, as 
indicated, about 10 microns in diameter. 
As in the previously proposed arrangement 

described with reference to FIG. 3, the coils D1 can 
cause the beam to scan the ?xed point on the specimen 
surface in a solid angle by means of what we can call an 
‘angular raster’, that is to say, by applying a rapid saw 
tooth time base voltage, analogous to the line scan in a 
television-type raster, to the de?ection coils in one 
plane and a slower saw-tooth voltage, analogous to a 
television frame scan, to the coils in the other plane. 
The image on the screen of the cathode ray tube T is in 
the form of a two-dimensional raster obtained exactly 
like a television raster from the same two saw-tooth 
voltages. 
The minimum area scanned at the region of impact 

on the specimen surface can be reduced by correcting 
for the spherical aberration of the lens L3. 

There are two basic ways of doing this. It is well 
known that the effect of spherical aberration is to cause 
those electrons which pass through the lens in zones 
spaced radially a substantial distance away from the 
axis to be brought to a focus at a point on the axis 
nearer to the lens than those electrons which pass 
through the lens close to the axis. We can therefore 
compensate for this by moving the image I, formed by 
the condenser lens system L1 and L2, rythmically back 
and forth along the axis during scanning, so that it is 
moved nearer to the lens L3 at large scanning angles 
than when the scanning angle is smaller. Then the 
image is brought to a focus at a constant point on the 
axis, i.e. exactly at the specimen surface, throughout 
the scanning cycle. 
The method of moving the image I is by varying the 

current in the lens L2, or in lenses L1 and L2. At the 
same time we must modify the primary scanning system 
to allow for the axial shift of the image I and so instead 
of using the single pair of coils D1, we use in practice 
also the coils D2 and we may even use a third pair of 
coils, indicated at B. By appropriately manipulating the 
current in these three coils we are able to make the ap 
parent origin of the primary scan, as viewed from the 
?nal lens L3, move along the axis as required, and this 
origin is always arranged to coincide with the position 
of the image I. In practice we vary the current in the 
second condenser lens L2 to move the image I along 
the axis A in step with the scanning (the point I moving 
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downwards in FIG. 3 in step with the scanning am 
plitude), and we derive a signal from the current in the 
coil L2 and use this signal to control the ratios of the 
currents in the coils D1 and D2 (and coils E, if present) 
so that the apparent origin of the lateral scan caused by 
these coils coincides with the image I. 
The second basic way of correcting for spherical 

aberration is by varying directly the current in the ?nal 
lens L3 in step with the scanning, so as to vary its effec 
tive focal length in step with the radial distance from 
the axis A at which the electron beam passes through 
the lens. In this case the image I remains ?xed and so 
the primary scan can be by the single set of coils D1, 
and the coils D2 and E can be omitted. 
However, an iron-cored electromagnetic lens of the 

dimensions and power used for the lens L3 has a very 
substantial inductance and so it would be virtually im 
possible to vary the current in step with the line scan of 
a typical scanning raster, in which the total time taken 
for a frame may be of the order of a few seconds, and 
the time for a single line (or rather a single angular scan 
by the coils D1 in the ‘line’ direction) may be only a 
hundredth of a second. 
To allow the desired correction to be applied is to 

use, in place of the two angular scans in mutually per 
pendicular directions, a scan employing polar co-or 
dinates with the angular signal changing rapidly and the 
radial signal changing slowly. Thus the beam sweeps 
out a conical path of slowly varying apex angle. In FIG. 
5 is shown an image in two-dimensional form (as it 
would be displayed on the screen of the cathode ray 
tube) comprising a series of straight lines making up a 
frame, as in a television-type raster. In the example 
shown the raster is square, although this is by no means 
essential. When it is remembered that linear distances 
from the center of the square image correspond to an 
gular departures of the primary beam from the elec 
tron-optical axis A, it will be seen that the angular de 
parture varies widely during every line and during the 
middle line it varies within one line right through zero 
from a value of 11% 2 times the maximum value in one 
direction to 11% 2 times the maximum value in the other 
direction. It would only be possible to vary the current 
in the lens L3 in step with this for correcting purposes if 
the line frequency and therefore the whole scanning 
cycle were to be so slow as to be virtually unacceptable. 

If, however, we scan in a circular path, with the pri 
mary beam forming the genatrix of a cone having its 
apex at the specimen surface, with beam describing a 
path rapidly round the surface of the cone while the 
cone angle changes slowly from zero to a maximum, 
while the spot on the screen of the cathode tube follows 
a corresponding spiral path, as indicated by the su 
perimposed spiral image in FIG. 5, we can cover the 
same image area (i.e. the same solid angle) with the 
same de?nition, but with the angular de?ection of the 
beam with respect to the axis A changing only at frame 
frequency instead of line frequency. As the correcting 
signal to be applied to the winding of the lens L3 de 
pends only on this angular de?ection, this correcting 
signal correspondingly only has to vary at frame 
frequency. Thus the correction can be applied with ac 
ceptable frame periods of the order of a few seconds, or 
less. It can be shown that, for a given maximum rate of 
change of the correcting signal, a given solid angle can 



7 
be covered with a polar scan in half the time taken for 
only one line of a cartesian or raster-type scan. 

it will be understood that, to apply the polar scan, it 
is not necessary to employ special coils at D1. The ex 
isting mutually perpendicular pairs of coils could be 
used and fed with the appropriate sine and cosine 
de?ection signals to produce the spiral scan. 

It will be understood that the particular arrangement 
of the condenser lens system and apertures may be 
varied as desired, as well as the position of the primary 
scanning coils. For example, the aperture A2 may be 
above the lens L2, and there may be fewer or more 
than two lenses in the condenser lens system. The only 
important thing is that an image is formed on the axis A 
at a point which, with respect to the ?nal lens, is conju 
gate to the specimen surface, and a primary scanning 
system de?ects the beam angularly away from the axis 
with this point as origin, the ?nal lens itself forming the 
secondary scanning system that de?ects the beam back 
onto the axis at the specimen surface. 
According to a further feature of the invention, an 

air-cored lens or so-called ‘mini-lens’ is preferably used 
for the ?nal lens as its self-inductance is very much 
lower than that of an orthodox iron-cored lens. Alter 
natively, the main lens could be an orthodox iron-cored 
lens carrying a constant current and the correcting 
signal could be applied to an air-cored auxiliary lens. 
Where the spiral scan is used, the de?ection rates 

may be arranged to obtain a constant velocity of the 
spot over the screen of the cathode ray tube, i.e. so that 
the angular velocity of scanning varies inversely with 
radial de?ection. This gives constant brightness over 
the whole image and moreover it can be shown that, for 
a given maximum rate of change of the correction 
signal, a given solid angle can be covered in only a 
quarter of the time taken for a single line of a cartesian 
scan. Preferably also the radial de?ection passes 
straight through the zero point from one limit to the 
other and back again, as this avoids the need for a ?y 
back, which is necessarily rapid. 

It will also be understood that the invention may be 
applied to an instrument specially built for the purpose, 
not by modifying an existing instrument. There could 
be a different condenser lens system from that shown, 
employing perhaps only one lens instead of two. Also, it 
is not essential that the image should be formed from 
back-scattered electrons. For example, it could be 
formed from the specimen current or, where the 
specimen is of photo-luminescent material, the signal 
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8 
detected could be a light signal. 
What we claim is: 
1. Electron probe apparatus comprising a source of 

electrons, beam forming means, said beam-forming 
means forming a beam from said electrons along an 
axis and forming an image of said source at a first point 
spaced along said axis from said source, ?rst beam 
de?ection means, said de?ection means being effective 
on said axis at said ?rst point, means feeding a saw 
tooth de?ection signal to said beam-de?ecting means 
whereby to cause said beam to be de?ected back and 
forth laterally from said axis in an angular manner cen 
tered on said first point, means de?ning an aperture 
around said axis at a second point on said axis further 
from said source than said ?rst point, electron lens 
means disposed around said a erture,and serving ‘to 
focus said beam to a spot at a t 1rd point on said axis, 
said third point being farther from said source than said 
first and second points, said electron lens serving simul 
taneously to de?ect said beam back towards said axis in 
dependence on the departure of said beam from said 
axis whereby said electron lens simultaneously forms 
second beam-de?ection means causing said spot to 
remain substantially on said axis as said beam is 
scanned back and forth by said ?rst beam-de?ection 
means so that said beam effectively rocks angularly 
about said third point in step with said saw-tooth 
de?ection signal, means for locating a specimen sur 
face at said third point, detector means adapted to de 
tect the response at said specimen surface to the impact 
of said beam, and display means connected to said de 
tector means and said saw-tooth de?ection signal feed 
ing means to produce a visual display of the response of 
said detector means in accordance with the angular 
variation of the impact of the beam on said specimen 
surface. 

2. Electron probe apparatus as set forth in claim 1 in 
cluding means supplying a correcting signal to said 
electron lens, said correcting signal being variable in 
synchronism with said ?rst beam-de?ecting means and 
serving to correct the path of said beam for spherical 
aberration of said lens. ’ 

3. Electron probe apparatus as set forth in claim 2 
wherein said first beam-de?ecting means are such as to 
cause said beam to sweep out a conical path of slowly 
varying cone angle. 

4. Electron probe apparatus as set forth in claim 3 
wherein said display means are such as to produce a 
two-dimensional display by a spiral scan. 

* * * * * 


