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[57] ABSTRACT

This invention provides for an integrated electron op-
tical/differential pumping/imaging signal detection
system for an environmental scanning electron micro-
scope (ESEM). The ESEM includes a substantially
cylindrical objective lens magnetic housing containing
an axially disposed vacuum liner tube and containing
means for magnetically focusing a beam of electrons
passing through said liner tube. An annular ring com-
prised of magnetic materials abuts said magnetic hous-
ing at the lower end thereof and contains at least two
pumping ports therein located axially with respect to
one another. At least two annular nonmagnetic dia-
phragms and a final magnetic annular diaphragm are
attached to the annular ring at different axial locations
and extending inwardly therefrom. The diaphragms
define at least two interior passages which each commu-
nicate with one of the pumping ports formed in the
annular ring. A combination aperture holder and elec-
tron detector is releasably received and sealed with in
the central openings of the annular diaphragms. The
aperture holder has apertures therein for the passage of
the electron beam and gas into and out of the specimen
chamber of the ESEM and the interior passages and has
electron detector means associated with the lower por-
tion thereof.

20 Claims, 4 Drawing Sheets
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INTEGRATED ELECTRON
OPTICAL/DIFFERENTIAL PUMPING/IMAGING
SIGNAL SYSTEM FOR AN ENVIRONMENTAL
SCANNING ELECTRON MICROSCOPE

This application is a continuation of application Ser.
No. 810,565, filed Dec. 20, 1991, which is a continuation
of application Ser. No. 595,753, filed Oct. 5, 1990,
which is a continuation of application Ser. No. 415,401,
filed Sep. 29, 1989, which is a continuation of applica-
tion Ser. No. 302,434, filed Jan. 26, 1989, which is a
continuation of application Ser. No. 158,208, filed Feb.
19, 1988, now U.S. Pat. No. 4,823,006, which is a con-
tinuation-in-part of application Ser. No. 052,700, filed
May 21, 1987, now U.S. Pat. No. 4,785,182.

BACKGROUND OF THE INVENTION

This invention relates to the field of environmental
scanning electron microscopes (ESEM), and more par-
ticularly, to an integrated electron optical/differential
pumping/imaging signal detection system for an envi-
ronmental scanning electron microscope.

As background, the advantages of the ESEM over
the standard scanning electron microscope (SEM) lie in
its ability to produce high-resolution electron images of
moist or nonconductive specimens (e.g., biological ma-
terials, plastics, ceramics, fibers) which are extremely
difficult to image in the usual vacuum environment of
the SEM. The ESEM allows the specimen to be main-
tained in its “natural” state, without subjecting it to the
distortions caused by drying, freezing, or vacuum coat-
ing normally required for high-vacuum electron beam
observation. Also, the relatively high gas pressure easily
tolerated in the ESEM specimen chamber acts effec-
tively to dissipate the surface charge that would nor-
mally build up on a nonconductive specimen, blocking
high quality image acquisition. The ESEM also permits
direct, real-time observation of liquid transport, chemi-
cal reaction, solution, hydration, crystallization, and
other processes occurring at relatively high vapor pres-
sures, far above those that can be permitted in the nor-
ma! SEM specimen chamber.

This technological advance in imaging capability
opens a previously hidden world of microscopic phe-
nomena to investigators in a wide spectrum of disci-
plines, including, but not limited to, medicine, biology,
food and drug technology, geology, composite materi-
als, textiles, semiconductors and forensics, in short, any
field involving specimens which are difficult to image
with the standard SEM. Previously thought impractical
(if not impossible), the electron beam observation of
unprepared, full-sized specimens at high vapor pres-
sures is made possible by this invention, which com-
bines pressure control and signal detection means,
housed entirely within the magnetic objective lens of
the ESEM electron beam column. This electromechani-
cal design satisfies the simultaneous requirements for
pressure control, electron beam focusing, and signal
amplification, while placing no practical limitations on
specimen handling or microscopic resolving power.

OBJECTS OF THE INVENTION

It is a general object of this invention to provide an
improved environmental scanning electron microscope.
It is also an object of the invention to provide an
improved environmenta} scanning electron microscope
which permits direct, real-time observation of liquid
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transfer, chemical reactions, solutions, hydration, crys-
tallization, and other processes occurring at relatively
high vapor pressures.

It a further object of the invention to provide an
improved environmental scanning electron microscope
wherein the pressure control and signal detection means
are housed entirely within the magnetic objective lens
of the ESEM electron beam column.

It is a further object of the invention to provide an
improved environmental scanning electron microscope
which increases signal collection efficiency and perfor-
mance and reduces the working distance thereby pro-
viding better resolution of the specimen.

It is another object of this invention to provide an
environmental scanning electron microscope which
satisfies the simultaneous requirements for pressure
control, electron beam focusing, and signal amplifica-
tion while placing no practical limitations on specimen
handling or microscope resolving power.

It is still a further object of this invention to provide
an environmental scanning electron microscope
wherein the pressure control and signal detection means
are combined and entirely housed within the magnetic
objective lens of the ESEM electron beam column.

It is yet another object of the invention to provide an
environmental scanning electron microscope wherein
the detector is formed integrally with a pressure-limit-
ing aperture contained within the objective lens assem-
bly, thereby allowing use of high pressures around the
specimen.

It is a still further object of the invention to provide
an improved environmental scanning electron micro-
scope wherein the electron detector is formed integrally
with a pressure-limiting aperture and, as such, the plate
detectors do not compete for space with the back-scat-
ter detectors.

It is still a further object of the invention to provider
an improved environmental scanning electron micro-
scope wherein a single-stage electron detector is formed
integrally with a pressure-limiting aperture, the detec-
tor having the ability to image with either the back
scatter or environmental secondary detector without
changing the mechanical configuration of the machine.

Other objects and advantages of the invention will
become apparent from the detailed description and
from the appended drawings in which like numbers
have been used to designate like parts in the several
views.

SUMMARY OF THE INVENTION

This invention relates generally to an improved envi-
ronmental scanning electron microscope, and more
particularly to an integrated electron optical/differen-
tial pumping/imaging signal detection system for an
environmental scanning electron microscope.

In a preferred embodiment, the electron microscope
includes an electron gun for generating and directing an
electron beam toward a specimen to be examined. The
vacuum system of the electron microscope includes two
major components: namely, an electron optical column
and a specimen chamber. The electron optical column
includes an objective lens assembly. The objective lens
assembly includes a means for focusing a beam of elec-
trons and means for scanning the surface of a specimen
with the focused beam of electrons which is capable of
scanning an electron beam emitted by the electron gun
across the diameter of the final pressure-limiting aper-
ture. The specimen chamber is disposed below the elec-
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tron optical column and is capable of maintaining a
sample enveloped in gas in registration with the final
pressure-limiting aperture such that a surface of the
specimen may be exposed to the focused beam of elec-
trons. :

The pressure control of this ESEM is integrated into
the objective lens assembly. The column vacuum liner
tube terminates at its lower end in the first of two “inter-
mediate” vacuum chambers or interior passages, de-
fined by two nonmagnetic diaphragms and a final mag-
netic lens pole piece. The vacuum chambers are both
entirely contained within and sealed against the objec-
tive lens magnetic housing, which has been specially
perforated with a plurality of radially aligned ports
connecting each chamber to its external pumping sys-
tem. The electron beam, passing down the center of the
optical column tube, traverses the two vacuum cham-
bers before striking the specimen surface, which is im-
mersed in the specimen chamber environment. The
beam passes through two pressure-limiting apertures,
both heid in alignment within a removable aperture
carrier. In contrast to a normal SEM specimen cham-
ber, which must be maintained at a vacuum pressure of
0.0001 Torr or lower, this ESEM is capable of support-
ing specimen chamber pressures of over 20 Torr (the
saturated partial pressure of water vapor at room tem-
perature) with no significant degradation of vacuum
levels in the upper column region.

In addition, the secondary electron imaging detector
is formed integrally with the aperture carrier. The en-
tire assembly of the integral aperture carrier and elec-
tron detector is threaded into a nonmagnetic bushing,
attached to the magnetic objective lens pole piece.
When fully turned in, the aperture carrier seals both
against the pole piece and the lower diaphragm of the
differential pumping system, and both pressure-limiting
apertures are simultaneously instalied in their proper
locations. The upper pressure-limiting aperture of the
aperture carrier receives the primary beam from the
upper vacuum chamber, while the integral lower aper-
- ture and detector plate faces the specimen under study.
The main body of the aperture carrier is relieved with
several openings so that the region between the aper-
tures is well exposed to the pressure level of the lower
intermediate vacuum chambers. While the upper aper-
ture may be machined directly into the aperture carrier,
the lower aperture must be mounted in an insulating
bushing to isolate the detector electrically from the
grounded lens pole piece.

The secondary electrons issuing from the specimen
are accelerated toward the detection plate surface by
the electric field resulting from the bias voltage applied
to the detector, typically several hundred volts positive.
The specimen surface is effectively kept at zero volts
electrical (ground) potential by the action of mobile
charge carriers in the gas. Collisions between the accel-
erated electrons and gas molecules release additional
free electrons which are themselves accelerated toward
the detection plate. Under properly controlled condi-
tions of gas pressure and field gradient, the gas-multi-
plied electron current arriving at the detector plate can
be shown to be a linearly amplified function of the sec-
ondary signal itself, and used to derive the video signal
required for viewing and recording the electron image.
The current collected at the detection plate is received
by a current amplifier floating at the detector bias volt-
age and is coupled at full bandwidth to a grounded
video circuit.
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The dual aperture carrier and secondary electron
imaging detector assembly includes a main body, an
insulator, and an annular biased-plate detector. The
main body includes an upper or first pressure-limiting
aperture and a cavity or conduit formed at the end
opposite to the upper pressure-limiting aperture. The
upper pressure-limiting aperture of the main body re-
ceives the electron beam from the optical column liner
tube. The lower or second pressure limiting aperture of
the aperture carrier is formed integrally with the plate
detector. With these two apertures (i.e., the first pres-
sure-limiting aperture and the second pressure-limiting
aperture), the objective lens assembly separates the high
pressure of the specimen chamber from the vacuum of
the optical column liner. Since the electrode coincides
with the second pressure-limiting aperture and faces the
specimen, the secondary electrons emitted from the
specimen may impinge upon it. Such a design allows the
current backscatter collectors to operate unhampered,
while making use of normal secondary electron emis-
sion patterns and any funneling effects thereof.

BRIEF DESCRIPTION OF THE DRAWINGS

The following detailed description, given by way of
example but not intended to limit the invention solely to
the specific embodiment described, may best be under-
stood in conjunction with the accompanying drawings
in which:

FIG. 1is a front perspective view of a prior art scan-
ning electron microscope to which this invention may
be adapted.

FIG. 2 is a front elevational view of a preferred em-
bodiment of the objective lens assembly used in con-
junction with this environmental scanning electron
microscope.

FIG. 3 is a front exploded enlarged view of a pre-
ferred embodiment of the dual aperture carrier and
secondary electron imaging detector assembly.

FIG. 4 is a vertical cross-sectional view taken along
line 3—3 of FIG. 2.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

Referring now to FIG. 1, a “standard” scanning elec-
tron microscope (“SEM™) is illustrated wherein a beam
of electrons is emitted through an electron optical col-
umn 1 by an electron gun 2. The electron beam passes
through magnetic lenses 3 and 4 which are used to focus
the beam. The beam is subsequently directed into a
specimen chamber 8 wherein it impinges upon a speci-
men 9 supported upon a specimen stage 5.

A novel objective lens assembly of this invention for
an environmental scanning electron microscope
(“ESEM") which allows the examination of a specimen
in a gaseous environment is shown in FIG. 2. The elec-
tron beam emitted by the electron gun passes through
the substantially cylindrical objective lens magnetic
housing 14 of the ESEM. Housing 14 is preferably made
of iron. The electron beam, referred to as “the primary
beam”, is generally designated by reference numberal
19. It has a tendency to diverge after acceleration; and
a lens copper winding 20 disposed within objective lens
magnetic housing 14 is used to focus beam 19. The coil
surrounds the axially disposed vacuum liner tube 22
which is contained within the objective lens housing 14.
An upper and lower scanning coil, 21 and 23, respec-
tively, are radially positioned adjacent to the column
liner 22. These scanning coils scan the beam along the
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length of the column liner 22. A stigmator coil 25 is
radially positioned adjacent to the column liner above
the upper scanning coil 21. The stigmator coil corrects
the beam’s shape. The column liner 22 has a column
liner discharge opening 24 through which the electron
beam is scanned and focused.

The use of small apertures to partition a vacuum
system into discrete zones of increasing static pressure
while maintaining an unobstructed beam path between
them is well known. Usually termed differential pump-
ing, this technique is widely used and is found to some
degree in nearly every electron microscope. As is
shown in FIG. 2, the objective lens assembly for an
ESEM is unique and original in the electron micros-
copy field in both the implementation of its pressure
control system and the pressure levels maintained in the
differential pumping zones.

First, as seen in FIG. 2, the beam of electrons passes
from the high vacuum of the vacuum column liner 22
into a differentially pumped aperture system 28 which is
in communication with the vacuum column liner 22.
Differentially pumped aperture system 28 passes
through a series of interior passages or “intermediate”
vacuum chambers. The beam of electrons passes from a
zone of low pressure 30 to a zone of higher pressure 32.

In order to create and separate the zones of different
pressure at least two generally annular diaphragms of
nonmagnetic material and a magnetic final lens pole
piece or diaphragm are attached to the housing at differ-
ent axial locations and extend inwardly of said housing.
These include the nonmagnetic first and second gener-
ally annular diaphragms 34 and 36, respectively, and a
final annular magnetic lens pole piece 38. Each of the
diaphragms has a central opening 39a, 395, and 39c,
respectively, through which the beam of electrons
passes. The zone of low pressure or first “intermediate”
vacuum chamber 30 is positioned between the first and
second generally annular diaphragms 34 and 36. The
zone of higher pressure or second “intermediate” vac-
uum chamber 32 is positioned between the second gen-
erally annular diaphragm 36 and the final pole piece 38.

The objective lens assembly also includes means to
releasably secure the diaphragms within the housing
and seal the zones of pressure. The first or upper non-
magnetic diaphragm 34 is attached and sealed to an
upper portion 41a of an upper annular support member
or ring 42 formed of magnetic material which abuts an
annular magnetic collar 40 positioned inwardly of the
housing 14 at one end thereof by fasteners 43. The
upper nonmagnetic diaphragm 34 extends inwardiy of
the upper ring 42. Similarly, the second or lower gener-
ally annular nonmagnetic diaphragm 36 is attached and
sealed to a lower portion 415 of the upper ring 42 by
fasteners 44. The second annular diaphragm 36 also
extends inwardly of the upper annular ring 42. The final
magnetic pole piece 38 is attached and sealed to a lower
annular ring 47 formed of a magnetic material abutting
the first ring 42 by fasteners 49. In order to seal the
zones of pressure from one another, a plurality of O-
rings, such as 44a, b, ¢, d, ¢, f g and h are provided.
Thus, with this configuration, the vacuum chambers 30
and 32 are both entirely contained within and sealed
against the objective lens magnetic housing 14. How-
ever, since the diaphragms are releasably secured
within the housing, they may be removed and cleaned
casily and efficiently.

The first and second annular diaphragms are prefera-
bly made of aluminum and the portion of the vacuum
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column liner tube adjacent to the liner tube opening 24
is centered and supported within the objective lens
housing 14 by an annular central bushing 48 of upper
diaphragm 34 which receives the vacuum liner tube 22.
An O-ring 48a is provided in the central bushing 48 to
further center and support the column liner tube 22
within the housing 14.

By limiting the number of gas molecules within the
differentially pumped aperture system 28 and control-
ling the gas flow between adjacent zones of pressure,
the beam of electrons is permitted to pass through the
differentially pumped aperture system without being
significantly distorted by collisions with gas molecules.
A desired level of vacuum is maintained within the
housing by means of vacuum pumps (not shown). In
order to connect each vacuum chamber or interior
passage to its external pumping system, the objective
lens magnetic housing 14 has been specially perforated
with a number of ports 45 and 46 axially distanced from
one another. In order to communicate with the zone of
low pressure 30, a plurality of circumferentially dis-
posed radial ports 45 is provided within the upper annu-
lar ring 42. Likewise, in order to maintain the pressure
within the zone of higher pressure 32, the lower annular
ring 47 contains a plurality of circumferentially dis-
posed radial ports 46 which communicate with a corre-
sponding external pumping system.

In order that the magnetic iron housing 14 may ex-
tend adjacent to the vacuum column liner tube 22 to
properly focus the beam, first diaphragm 34 includes an
angularly disposed section 51¢ which abuts a circumfer-
entially angled section 55 of the iron housing 14. This
angled section 55 terminates substantially in alignment
with the optical liner opening 24. In order to conform
the second annular diaphragm 36 and final pole piece 38
to this cylindrical angular section 51a of the first dia-
phragm 34, the second diaphragm 36 includes an angled
portion 515 and the final pole piece inciudes an angled
section 51c. As is shown in FIG. 2, the differential
pumping system (i.e., the diaphragms, final pole piece,
annular rings, and pumping ports) are symmetrical with
respect to the central opening of diaphragms of the
objective lens housing.

The electron beam 19 passing down the center of the
optical column liner traverses the two vacuum cham-
bers 30 and 32 before striking specimen surface 50,
which is immersed in the specimen chamber environ-
ment 51. The beam passes through two pressure-limit-
ing apertures 52 and 53, both held in alignment within a
removable dual aperture carrier and secondary electron
detector assembly 54. These two apertures are formed
at opposite ends of the aperture carrier 54 and separate
the high pressure of the specimen chamber 50 from the
vacuum of the column liner 22.

The aperture carrier is located within the central
opening of the second diaphragm and final pole piece to
permit passage of the electron beam from the vacuum
liner tube 22 into the interior passages 30 and 32 and
then into the specimen chamber 50 of the ESEM and to
limit passage of gas molecules from the specimen cham-
ber into the interior passages. More specifically, the
electron beam exits the vacuum liner 22 through the
column liner opening 24 located within the central
opening 39a of the first diaphragm 34 which is sized to
permit passage of an electron beam from the vacuum
liner tube into the zone of iow pressure or upper interior
passage 30. The upper aperture 52 of the aperture car-
rier 54 is located within central opening 394 of the sec-















