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ENVIRONMENTAL SCANNING ELECTRON
MICROSCOPE

TECHNICAL FIELD

The present invention relates to the technical field of
electron and ion microscopy as well as to electron and ion
beam technologies in general.

BACKGROUND ART

Electron microscopes in general and scanning electron
microscopes (SEM) in particular use an electron beam probe
to examine specimens. The electron beam requires a good
vacuum where it is generated by an electron gun and
propagated through focussing lenses all the way to the
specimen. In addition, many of the detection means used to
detect the emerging signals from the beam-specimen inter-
action also require a vacuum condition in which the speci-
men is severely limited. In the past, this meant that only
dehydrated specimens could be used. In addition, because
the electron beam delivers an electric current, the specimen
should generally have a conductive surface to prevent accu-
mulation of charge that hinders normal operation of the
instrument. This meant that generally an insulating surface
could not be examined. However, the more recent technol-
ogy of an environmental scanning electron microscope
(ESEM) has made it possible to examine specimens in a
gaseous environment. The presence of a gaseous envelope
around the specimen at sufficient pressure makes it possible
to maintain moist conditions so that hydrated specimens can
be observed in their natural state. Also, the ionised gas
dissipates the electron beam current away from the surface
of insulating specimens and, therefore, these specimens need
not have the pre-treatments conventionally used to render
their surface conductive. Additionally, the gas is used as
detection medium to detect the signals generated in the
gaseous envelope around the specimen. Such signals are
usually the secondary electrons and the backscattered elec-
trons from the specimen, which ionise the surrounding gas
and become detected by appropriate means.

This prior art is comprehensively described by U.S. Pat.
No. 4,596,928, DE Patent No. 0 022 356 B1, U.S. Pat. No.
4,992,662, U.S. Pat. No. 4,785,182, U.S. Pat. No. 4,823,006,
U.S. Pat. No. 4,897,545 and U.S. Pat. No. 5,945,672.

One basic feature of this technology is the use of at least
two pressure limiting apertures (PLA) to separate the high
vacuum of the electron optics column (where the beam is
generated and propagated) from the high pressure environ-
ment of the specimen chamber. The gas leaking through the
first of the apertures, PLA1, is quickly pumped out of the
system before any significant amount of gas leaks through
the second of the apertures, PLLA2, into the vacuum of the
electron optics column.

Now, despite the many and important advantages created
with the advent of ESEM over SEM, this technology has its
own limitations which are amenable to improvement.

One particular limitation in the ESEM is with respect to
the permissible field of view described herein. In a SEM
operating totally in vacuum, the electron beam is focussed
into a very small probe, which is scanned in a raster form
over the specimen area observed, in a similar manner as in
an ordinary television set (i.e. a cathode ray tube—CRT).
However, the scanned raster over the specimen is very small
in absolute terms, which is of the order of a few mm or much
less as opposed to the large screen of an ordinary television
set. The very small scanned raster is possible to obtain
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because of the extremely fine electron probe used, which
allows, for example, one thousand lines to be stacked in the
raster. Through appropriate electronics, a synchronous raster
in a CRT creates an image corresponding point by point to
the variation of signals emanating from the scanned speci-
men surface. The ratio of the size of the image on the CRT
screen over the size of specimen raster defines the magni-
fication. Thus, the maximum magnification corresponds to
the minimum raster on the specimen possible to scan with-
out distortion, noise or blurring (defining the ultimate
resolving power of the instrument). At the other extreme, the
maximum scanned area over the specimen defines the larg-
est possible field of view (corresponding to the lowest
magnification). The largest field of view possible is a useful
specification of a microscope, because it is usual to survey
a large area before a particular feature of interest is magni-
fied. Now, the maximum field of view in an ESEM is limited
by the size of the first pressure limiting aperture used.
Usually, a 0.5 mm diameter first pressure limiting aperture
is used and hence the field of view is much smaller than in
a SEM, where there is no pressure limiting aperture and the
field of view is limited by other electron optical
considerations, but nevertheless being superior to that of an
ESEM.

The limited field of view in an ESEM is a consequence of
the use of two pressure limiting apertures in a position,
relative to the scanning coils, that creates a collimating effect
on the probe within the scanned cone.

Because this is an important limitation, attempts have
been disclosed in prior art to rectify the problem. U.S. Pat.
No. 5,362,964 describes two approaches. According to the
first approach, light optics is used to obtain a light image at
low magnification with lenses and mirrors located below the
first pressure limiting aperture. With appropriate electronics
controls, the operator switches between the light image and
electron image at different magnifications. Whilst this pro-
vides one solution to the problem, it is characterised by
considerable cost, cumbersome usage and technological
complexity.

According to the second approach of the same U.S. Pat.
No. 5,362,964, a third scan coil is positioned between the
two pressure limiting apertures to bend the electron beam
below the first pressure limiting aperture beyond the bound-
ary of the first pressure limiting aperture. This should be a
better solution than the first because of the apparent sim-
plicity. However, the latter solution is difficult in reality to
achieve, because the third scan coil has limited space to
operate between the two pressure limiting apertures, it
requires a high current and the resulting multi-deflection
system is difficult to materialise. This prior art has not yet
been implemented on any commercial instrument yet. The
lack of such an otherwise useful system from all commercial
ESEMs available to date is indicative of the difficulties
involved. Notwithstanding the reasons for such a lack, the
present invention discloses a much simpler solution to
remedy the limited field of view of an ESEM.

Another device of U.S. Pat. No. 5,485,008 also aims at
improving the limited field of view in an ESEM. This
attempt further demonstrates the need to overcome the
disadvantage of field of view. However, a person skilled in
the art of ESEM, gas dynamics and electron optics imme-
diately recognises that the device of this patent does not
readily achieve the aim either. The increase of the aperture
size at the expense of pumping volume and all other sug-
gested improvements would come at a high cost, they would
create other technical problems to the system, and no
technical reports are known showing the feasibility,
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implementation, or use of this device. Notwithstanding the
reasons for the lack of use of the device as described in this
patent, it will be appreciated that the present invention
discloses a radically different solution from this device with
regard to the remedy of the limited field of view of an
ESEM.

Another limitation of an ESEM is that it generally
requires large pumping capacity between the apertures as the
first pressure limiting aperture is increased in order to
increase the field of view.

A further limitation of an ESEM is that it generally
requires high accelerating voltage in order to avoid the large
electron beam losses taking place above the first pressure
limiting aperture where a supersonic gas jet and shock
waves inevitably form. A large first pressure limiting aper-
ture creates a catastrophic amount of electron scattering at
low accelerating voltage.

There is also a class of SEM instruments, which allow low
pressure gas of the order of 100 Pa. This class of SEM is
often referred to as low vacuum or variable pressure SEM.
This is achieved by generally providing increased pumping
capacity above the last aperture placed in the electron optics
column generally several millimeters above the end of the
final lens. This last electron optical aperture is generally of
a small diameter to limit the amount of gas leaking into the
electron optics column, but the field of view is maintained
generally large because the position of the aperture is the
same as in a conventional SEM. The placement of the last
aperture several millimeters above the bottom of the final
lens has been dictated by electron optical considerations of
the conventional SEM. This location of the pressure limiting
aperture has prevented this class of SEMs to operate at a
substantially higher pressure as the ESEM does. In
particular, the beam undergoes a catastrophic amount of
losses in the travel distance between the aperture and bottom
of final lens and no useful beam spot can ever reach a
specimen placed even further below the final lens at sub-
stantial gas pressure as used in an ESEM. However, this
class of SEMs has been useful in the elimination of charge
accumulation on insulating specimens, as the generally low
gas pressure achieved is sufficient for this purpose.
However, they cannot be used at substantial pressure or at
low accelerating voltage, which are desired features in the
examination of soft (i.e. low atomic number) or wet speci-
mens.

The transition from the conventional SEM and low
vacuum SEM, which are characterised by a large field of
view at low magnifications, to all recent forms of ESEM has
imposed certain limitations such as the limited field of view
and increased pumping capacity.

OBJECT OF THE INVENTION

It is an object of the present invention to provide an
improved device to substantially overcome or ameliorate the
above mentioned disadvantages, and a further object to
provide improved detection means in the gaseous environ-
ment of the specimen chamber.

DISCLOSURE OF THE INVENTION

The embodiments of the present invention relate to envi-
ronmental scanning electron microscopes (ESEM) with
improved field of view at low magnification, improved
pumping capacity and improved detection in the gaseous
environment.

In one aspect of the invention, there is disclosed a device
using electron optical means for the generation and propa-
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gation of a focussed charged particle beam transferred via
two apertures from a high vacuum chamber into a gaseous
specimen chamber with an intermediate pressure chamber
therebetween, said apertures being aligned along axis of said
beam, and characterised in that: (a) said beam is deflected by
a set of scanning coils positioned near axis of said beam; (b)
all of said coils being substantially between said apertures;
(c¢) amplitude of the deflection of said beam inside the
specimen chamber is larger than the diameter of the aperture
separating the specimen chamber from the intermediate
chamber; (d) the aperture separating the specimen chamber
from the intermediate pressure chamber is located substan-
tially at the end of the electron optical means, or away from
the end of the electron optical means to allow a specimen to
be freely placed without obstruction at any distance from the
aperture. Pumping means attached to the intermediate cham-
ber allows operation at high specimen chamber pressure but
such pumping means may be omitted for very low specimen
chamber pressure work, for example, for suppression of
specimen charging.

In the preferred embodiment, an improved environmental
scanning electron microscope (ESEM) has an enlarged field
of view at low magnification in contrast to prior art. The
prior art of ESEM uses two pressure limiting apertures
(PLA) to restrict the flow of gas from the specimen chamber
into the vacuum of the electron optics column, where the
electron beam is generated and propagated. A first pressure
limiting aperture (PLA1) is usually placed near the end of
the objective lens and a second pressure limiting aperture
(PLA2) is placed near the principal plane of the same lens.
The space between the two PLAs is pumped usually with a
mechanical pump to accommodate the relatively large
amount of gas flowing through the PLLA1, so that only rough
vacuum is maintained therein. The electron beam initially
travels unobstructed in the vacuum of the electron optics,
then it undergoes a limited number of scattering events in the
rough vacuum of the space between the two PLAs and
finally enters in the high pressure regime of the specimen
chamber. Care is taken for the beam not to travel too far
before it reaches the specimen, so that enough un-scattered
electrons remain in the original probe spot to carry out
scanning and imaging of the observed area in the usual
manner. The shortest possible distance of beam travel in the
high pressure chamber is achieved by placing the PLA1 at
the end of the final lens. This is in contrast to the placing of
a final aperture, as in the low vacuum SEMs, several mm
above the end of the final lens, substantially at the principal
plane of the lens, which creates an obstruction between the
specimen and the aperture, and which increases the travel
distance in the gas from the final PLA to the specimen thus
creating a catastrophic scattering effect on the electron
beam.

Any person skilled in the art of ESEM readily recognises
that the distance between the two PLLAs must be kept as short
as possible to minimise the beam losses in the rough vacuum
conditions. Furthermore, any person skilled in the art of
ESEM recognises that the distance between the two aper-
tures may not become arbitrarily small because the gas can
flow from the first aperture directly into the second one in
large quantities, which destroys the good vacuum condition
of the electron optics column. Thus, a compromise distance
between 6 and 15 mm has been successfully used in practice.

Now, the electron beam undergoes deflection in two
mutually normal directions to achieve the square raster
scanned over the specimen surface. This is usually obtained
via a set of double deflection scan coils along the optical axis
of the system somewhere inside the final (objective) lens.
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Persons skilled in the art of electron optics are familiar with
the details of this arrangement and it should be appreciated
that the physical size of the scan coils does not allow them
to be fitted between the two PLAs, but only above them as
used in all prior art ESEM. The position of scan coils above
both pressure limiting apertures is clearly shown in the cited
prior art. As a result, the electron beam is scanned with an
effective “rocking” or “pivot” point generally above said
apertures, which limits the maximum amplitude of oscilla-
tion within their diameter creating a collimating effect. Even
when the pivot point is located between the apertures, there
again is a collimating effect of the two apertures. This
collimating effect is responsible for the familiar “tunnel
vision in the ESEM” at the low magnifications resulting
primarily by the fact that all scan coils are placed above both
said PLAs.

One remedy for this problem was described in U.S. Pat.
No. 5,362,964 by adding a third scan coil between the two
PLAs, but this impractical approach is clearly set apart from
the present disclosures. The placing of an additional scan
coil between the two PLLAs in an ESEM of the prior cited art
has not in practice remedied the problems associated with
the prior art.

Furthermore, the inability to place all coils between the
two PLAs in the prior art devices is due to the anticipated
severe electron beam losses in the rough vacuum of the
relatively large distance required to accommodate all scan
coils therein.

In one approach, the embodiments of the present inven-
tion undertake the following steps to overcome the above
limitations: Firstly, the scan coils are set and operate as in an
SEM or low vacuum SEM but the PLA1 is placed at the end
of the final lens and the PLLA2 is placed above all the coils
used. In other words, the entire set of scan coils (one, two or
three) is placed between the two PLAs, which is initially
contrary to established practice in ESEM. Now, to avoid the
excessive electron beam loss anticipated in the area between
the apertures, a much smaller PLLA1 is used, which allows a
much smaller gas leak from the specimen chamber. Thus,
without increasing the pumping capacity between the two
PLAs, the vacuum will be higher as the leak through the
PLA1 becomes smaller. Thus the extra length travelled by
the beam between the two PLAs is compensated by a
proportionally better vacuum, and hence the beam does not
suffer additional losses. At first sight, this might be thought
to be an undesirable design because the PLLA1 would be even
more restricting the field of view on account of its smaller
size. However, the smaller diameter aperture actually is
compensated by eliminating the collimating effect of the
double aperture as scan coils are situated between the
apertures. The elimination of collimating allows an
increased field of view without initially any modification to
the electron optics design of certain existing instruments.

Furthermore, the elimination of the collimating effect
allows the shifting of the pivot point so that the beam is
allowed to scan an even larger base cone at the specimen. By
such means, the scanned base of the cone is several times
larger than the PLLA1, thus achieving a large field of view, in
effect, larger field of view than in prior art ESEMs.

The actual improvement of the field of view depends on
the specimen positioning below the PLA1. At the lower
range of pressures, the specimen can be placed relatively far
from the PLA and the field of view is very large. As the
pressure is raised in the specimen chamber, the specimen
should be placed closer to the PLA1 with concomitant
reduction of the field of view but nevertheless larger than the
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diameter of PLA1. Ultimately, at extremely high pressure
the specimen should be so close to the PLLA1 that the field
of view will be again limited by the size of the aperture.
However, there exists a useful range of pressure that allows
a clearly larger field of view over prior art of ESEM for the
same range of pressure.

In another approach, the embodiments of the present
invention rely on the discovery of the relationship between
(2) the amount of electron beam loss due to scattering by the
supersonic gas jet and shock waves naturally formed above
the PLAL1 and (b) the distance between the two PLAs. By use
of a modern computer simulation technique of the gas flow,
it has been found that the electron beam loss is constant as
the distance between the two apertures is varied, provided
the gas exhausts in vacuum. In other words, an increase of
the distance between the two apertures does not increase the
electron beam loss, provided that the residual back pressure
due to the pump used is sufficiently low. Any residual back
pressure due to the pump will add a fraction of electron loss
in proportion to the distance and the residual pressure, as
anticipated by prior art. This discovery now of the constancy
of electron beam loss teaches that (a) the minimum distance
between the apertures to be used is that which is required to
allow convenient placement of scan coils and (b) to choose
the minimum pump speed that does not add any significant
electron loss due to back pressure above the constant amount
of loss disclosed herewith.

Alternatively, the new discovery teaches that (a) the
minimum distance between the apertures to be used is that
which is required to allow convenient placement of scan
coils, (b) the minimum practically possible PLA1 is to be
chosen that minimises the electron beam loss due to the
supersonic jet and shock waves and (¢) the minimum pump
speed is to be chosen so that the maximum intermediate
pressure obtained combined with the supersonic speed and
shock waves do not result in excessive amount of electron
beam loss that renders the probe spot unusable.

In practical terms, the new discovery and inventive steps
of the present invention are materialised in the preferred
embodiments by (a) placing scan coils between two pressure
limiting apertures, (b) placing one of the two apertures at the
end of the final lens or beyond, (¢) making the distance of
the two apertures as small as practical, (d) pumping the
space between the two apertures with a pump that adds only
a very low background gas pressure which added to the
supersonic jet and shock waves naturally forming do not
scatter the electron beam out of its useful intensity, (e)
choosing the size of the final aperture not too small as to
interfere with the electron optics forming a useful probe and
not too large as to create destructive supersonic jet and shock
waves and (f) adjusting the electron optics components to
operate at optimum efficiency.

The ESEMs of the preferred embodiments are generally
capable to operate at pressures sufficient to maintain satu-
ration water vapour pressure in the specimen chamber,
namely, pressures greater than 609 Pa. Therefore, pressures
below 609 Pa are clearly also feasible in an ESEM, so that
the embodiments of the present invention are also applicable
in the so called low vacuum or variable pressure region at
any level below the threshold of 609 Pa.

Now, an ESEM is useful if it can sustain at least 609 Pa,
which is the minimum saturation vapour pressure of water in
its liquid phase at zero degrees Celsius. At higher or room
temperature the saturation water vapour pressure is higher.
For a practical pressure range up to 1000-2000 Pa, it can be
shown that the pressure-distance relationship in the speci-





















