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cathode comprising a low dimensional electrically conductive material having an anisotropic restricted thermal conductivity, an
electrode disposed in the chamber, the electrode being connectable to a power source for applying a positive voltage to the
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is illuminated by electromagnetic (EM) radiation such that the cathode thermionically emits free electrons, and an electron emission
window in the chamber for passing a generated electron beam out of the chamber. An electron microscope that incorporates the
electron beam source is also provided.

C an a dg http:vopic.ge.ca » Ottawa-Hull K1A 0C9 - aup.:/eipo.ge.ca OPIC

OPIC - CIPO 191



CA 3048303 C 2023/08/01

anen 3 048 303
13 C

(73) Propriétaires(suite)/Owners(continued):
THE BOARD OF TRUSTEES OF THE LELAND STANFORD JUNIOR UNIVERSITY, US

(74) Agent: BORDEN LADNER GERVAIS LLP



wo 20187119513 A1 |00 R0

CA 03048303 2019-06-25

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
05 July 2018 (05.07.2018)

(10) International Publication Number

WO 2018/119513 A1l

WIPO I PCT

(5D

2D

22)

(25)
(26)
(30$)

an

a2

International Patent Classification:

HO1J 33/00 (2006.01) HO01J 37/20 (2006.01)
HO1J 33/02 (2006.01) HO01J 37/28 (2006.01)
HO1J 33/04 (2006.01) HO01J 37/29 (2006.01)
HO1J 37/075 (2006.01)

International Application Number:
PCT/CA2017/051523

International Filing Date:
15 December 2017 (15.12.2017)

Filing Language: English

Publication Language: English

Priority Data:

62/440,205 29 December 2016 (29.12.2016) US

Applicants: THE UNIVERSITY OF BRITISH
COLUMBIA [CA/CA]; Industry Liaison Office, 103-6190
Agronomy Road, Vancouver, British Columbia V6T 173
(CA). THE BOARD OF TRUSTEES OF THE LELAND
STANFORD JUNIOR UNIVERSITY [US/US]; Office of
the General Counsel, Building 170, 3rd Floor, Main Quad,
P.O. Box 20386, Stantford, California 94305-2038 (US).

Inventors: NOJEH, Alireza; 2332 Main Mall, Vancouver,
British Columbia V6T 1Z4 (CA). CHANG, Mike H.C.;

2332 Main Mall, Vancouver, British Columbia V6T 1Z4
(CA). DRIDI, Kais; 204-8740 Selkirk Street, Vancouver,
British Columbia V6P 4J4 (CA). SAWATZKY, George
Albert; 13454 26th Avenue, Surrey, British Columbia V4P
1Y4 (CA). PAUL, Reuben Levi; 1564 10th Avenue East,
Vancouver, British Columbia V5N 1X5 (CA). PEASE, Dr.
R. Fabian W.; 119 Peter Coutts Circle, Stanford, California
94305 (US).

Agent: KEELER, Todd et al; Borden Ladner Gervais
LLP, 100 Queen Street, Suite 1300, Ottawa, Ontario K1P
1J9 (CA).

74

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA,CH,CL,CN, CO, CR, CU, CZ, DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
KR,KW,KZ,LA,LC,LK,LR,LS,LU,LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every

kind of regional protection available): ARIPO (BW, GH,

(54) Title: OPTICALLY ADDRESSED, THERMIONIC ELECTRON BEAM DEVICE

200
"

7
s
— | 212

% %

204 ‘f\ 208
% 7
% %
% %
7 %
7 %
% %
% 7
7 %
7 %
Z Z
7 L— 210
7 %
7 %
g ¢

§

(57) Abstract: An electron beam source is provided that includes a
vessel forming a chamber, a cathode disposed within the chamber,
the cathode comprising a low dimensional electrically conductive
material having an anisotropic restricted thermal conductivity, an
electrode disposed in the chamber, the electrode being connectable
to a power source for applying a positive voltage to the electrode
relative to the cathode for accelerating free electrons away from the
cathode to form an electron beam when the cathode is illuminated
by electromagnetic (EM) radiation such that the cathode thermion-
ically emits free electrons, and an electron emission window in the
chamber for passing a generated electron beam out of the chamber.
An electron microscope that incorporates the electron beam source
is also provided.
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FIELD
[0001] The present disclosure relates generally to a device for optically
addressed, thermionically generating electron beams.

BACKGROUND

[0002] Electron beams (e-beams) are utilized in many applications, including
electron microscopy, lithography, welding, opto-electron coupler/converters, and display
screens. Traditionally, e-beam sources utilizing thermionic cathodes are large, expensive
to manufacture, require a large amount of energy to generate an e-beam, and generally
have internal pressures in the high vacuum regime, i.e., 10° Torr or less.

[0003] It is, therefore, desirable to provide a compact, low cost, low power e-beam
source that could be utilized for various applications.

SUMMARY

[0004] According to an aspect of the disclosure, an electron beam source is
provided that includes a vessel forming a chamber, a cathode disposed within the
chamber, the cathode comprising a low dimensional electrically conductive material
having an anisotropic restricted thermal conductivity, an electrode disposed in the
chamber, the electrode being connectable to a power source for applying a positive
voltage to the electrode relative to the cathode for accelerating free electrons away from
the cathode to form an electron beam when the cathode is illuminated by electromagnetic
(EM) radiation such that the cathode thermionically emits free electrons, and an electron
emission window in the chamber for passing a generated electron beam out of the
chamber.

[0005] According to another aspect of the disclosure, an electron microscope is
provided that includes an electron source comprising a vessel forming a chamber, a
cathode disposed within the chamber, the cathode comprising a low dimensional
electrically conductive material having an anisotropic restricted thermal conductivity, an
electrode disposed in the chamber, the electrode being connectable to a power source for
applying a positive voltage to the electrode relative to the cathode for accelerating free
electrons away from the cathode to form an electron beam when the cathode is
iluminated by electromagnetic (EM) radiation such that the cathode thermionically emits
free electrons; an electron emission window in the vessel for passing a generated
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electron beam out of the chamber, a sample stage for holding a sample, the sample
stage located proximate to the electron emission window such that the generated electron
beam from the electron beam source irradiates the sample stage, the sample stage
comprising an electron detector to detect secondary and backscattered electrons from a
sample held in the sample stage that is being irradiated with an electron beam generated
by the electron beam source and a focusing element located between the electrode of the
electron beam source and the sample stage for focusing an electron beam generated by
the electron beam source on a sample on the sample stage, a scanning mechanism for
performing one of mechanically moving the sample, and deflecting the electron beam
incident on the sample stage, such that the electron beam is scanned over a sample held
in the sample stage.

[0006] Other aspects and features of the present disclosure will become apparent
to those ordinarily skilled in the art upon review of the following description of specific
embodiments in conjunction with the accompanying figures.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] Embodiments of the present disclosure will now be described, by way of
example only, with reference to the attached Figures.

[0008] FIG. 1 is a graph showing the overall heating efficiency as a function of
temperature for a variety of materials;

[0009] FIGS. 2A through 2C show cross-sectional views of example e-beam
sources in accordance with the disclosure;

[0010] FIGS. 3A through 3D show cross-sectional views of example e-beam
sources that include mirrors to direct EM radiation in accordance with the disclosure;
[0011] FIG. 4 shows a cross-sectional view of an example e-beam source that
includes a cathode having a shaped surface in accordance with the disclosure;

[0012] FIG. 5A and 5B show cross-sectional views of example Scanning Electron
Microscopes (SEMSs) in accordance with the disclosure; and

[0013] FIG. 6 shows a cross-sectional view of an example SEM housed in a
single vessel in accordance with the disclosure.

DETAILED DESCRIPTION

[0014] Generally, the present disclosure provides a compact electron beam (e-
beam) source that utilizes a small amount of input power and is cost effectively
manufactured relative to traditional e-beam sources. The disclosed e-beam source may

-2.
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be a stand-alone module that may be easily incorporated, or replaced, within a device
that utilizes e-beams. The present disclosure also provides a scanning electron
microscope (SEM) that utilizes the disclosed e-beam source.

[0015] The e-beam sources of the present disclosure utilize a cathode comprising
low dimensional, electrically conductive materials having anisotropically restricted thermal
conductivity that may be optically heated to thermionically generate free electrons.

[0016] “Low dimensional’ refers to a material in which the electrical and thermal
behaviour differs from the bulk material and can be approximated by considering the
material as being constrained to fewer than three dimensions. For example, the low
dimensional material may be a “substantially one dimensional” or “quasi-one dimensional”
material which, for the purpose of the present disclosure, are materials having lengths in
two dimensions that are on the order of the wavelength of a phonon, being typically tens
of nanometers, and are at least a factor of 5 shorter than the length of the third
dimension. Non-limiting examples of substantially one-dimensional materials include
nanotubes, nanowires, and nanofibers having a diameter less than 100 nm, and a length
to diameter ratio of at least 5. For example, substantially one-dimensional materials
include, but are not limited to, carbon nanotubes, boron-nitride nanotubes, tungsten
nanowires, platinum nanowires, yttrium nanowires, gallium nitride nanowires, silicon
nanowires, molybdenum nanowires, chromium nanowires, titanium nanowires, nickel
nanowires, tantalum nanowires, rhenium nanowires, niobium nanowires, nanowires made
of oxides such as, for example, silicon oxide, magnesium oxide, aluminum oxide, zinc
oxide, barium oxide.

[0017] Such low-dimensional, electrically conductive materials having
anisotropically restricted thermal conductivity may be heated to thermionic temperatures
of 1000 K or more by irradiating the surface of the material with focused electromagnetic
(EM) radiation such as, for example, focused laser light. When thermionic temperatures
are reached in the cathode material, free electrons will be generated from the heated
region.

[0018] The wavelength of the EM radiation utilized to heat the cathode material
may be selected to be, for example, ultraviolet, visible or infrared wavelengths depending
on the absorptivity of the cathode material. The power of the EM radiation may be in the
range of a less than a mW to a few hundreds of mW. Depending on the application, the
illumination spot size will be in the range of a less than a micrometer to a few hundreds of
micrometers. Due to the low-dimensional nature of the cathode material and the
temperature dependence of thermal conductivity, EM radiation will heat the illuminated
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spot locally through what is known as the Heat Trap effect, which is characterized by
strong localization of heat in a conductor, with minimal conductive loss. The Heat Trap
effect can be understood with reference to the heating efficiency graph 100 shown in FIG.
1. FIG. 1 is a graph showing the overall heating efficiency as a function of temperature
for a variety of materials. The graph 100 illustrates that anisotropic materials exhibit
greater heating efficiency due to the Heat Trapping compared to non-anisotropic
materials that do not experience the Heat Trapping effect.

[0019] In an example, materials suitable for the cathode of the disclosed e-beam
sources are materials that, when a region of the material is irradiated with
electromagnetic (EM) energy having a power density above a threshold, the region is
heated and a temperature gradient having a magnitude of at least 0.1 K/um is formed
between the irradiated region and the remainder of the material such that free electrons
are thermionically generated at the irradiated region.

[0020] The low dimensional material selected for the cathode may be a material
having a heating efficiency that is greater than 0.1 K/(W/um), where heating efficiency is
defined as

5,
e [ ) o )

k(r)arnz(aﬁy

where &7 is the peak temperature rise in Kelvin, T, is the ambient temperature in Kelvin,
=47 is the material’s temperature-dependent thermal conductivity in W/mK, ¢, § and ¥

are, respectively, the dimensionless thermal anisotropicity coefficients along the two axes
of the surface irradiated with EM energy, and the axis perpendicular to the irradiated
surface. Desirably, the heating efficiency of the material is greater than 0.1 K/(W/m), and
more desirably greater than 1 K/(W/m).

[0021] Without wishing to be bound by theory, the threshold power density of the
EM energy required to rapidly heat, for example, a substantially one-dimensional,
thermally anisotropic material has been predicted to be inversely proportional to the
square root of the area of the spot size because thermal anisotropy of strands of the one-
dimensional material constrain the thermal conduction within the spot linearly along the
length of the strands. This is more fully described in the thesis by P. Yaghoobi, "Laser-
Induced Electron Emission from Arrays of Carbon Nanotubes” (see, for example, section
5.3.3), which may be found at
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[0022] Presently, cathode materials utilized in common e-beam sources are
typically thermionic sources formed from bulk materials such as tungsten wires or
lanthanum hexaboride. Utilizing cathodes made of the low dimensional materials
described above facilitates manufacturing highly compact and inexpensive cathodes for
use in, for example, a new class of SEMs that are extremely simple and inexpensive,
costing on the order of a few hundred dollars, as compared to the cheapest SEM options
presently which cost on the order to tens of thousands of dollars. A highly compact, low
cost SEM makes high-resolution imaging available on a mass scale including clinics and
laboratories in the developing world that would not otherwise have access to such
imaging.

[0023] Referring now to FIGS. 2A and 2B, examples of e-beam sources are
described. The e-beam source 200 shown in FIG. 2A includes a vessel 202 that defines
a vacuum chamber 204. The vessel 202 may be made of any material suitable for
forming a vacuum chamber 204 such as, for example, metal or glass. Although the
vessels shown in the figures have a substantially rectangular shape, the vessels may
have any suitable shape. For example, the vessel 202 may be formed of blown glass
with a generally ovoid shape.

[0024] The vessel 202 of the example e-beam source 200 shown in FIG. 2A
contains a cathode 206, an electrode 208, an optional internal electron focusing element
210, and an optional internal power source 212. The cathode 206, the electrode 208, the
optional internal electron focusing element 210, and the optional internal power source
212 may be secured to the vessel 202 by any suitable means (not shown) including, for
example, mounting brackets coupled to the vessel 202.

[0025] The cathode 206 is comprised of a low dimensional, electrically conductive
material as described above. The dimensions of the cathode 206 may typically be from a
fraction of a mm to a few mm on each side, although much larger dimensions may be
used for certain applications. For example, utilizing larger cathodes may be desired to
generate multiple e-beams from multiple beams of EM radiation, or of a wide beam of EM
radiation is utilized to generate a wide electron beam.

[0026] As described above, the surface of the cathode 206 may be heated by EM
energy in order for the cathode 206 to thermionically generate free electrons. In the e-
beam source 200 shown in FIG. 2A, the EM energy 217 from an external source of EM
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radiation (not shown) passes into the e-beam source 200 through an EM window 216 in
the vessel 202 to irradiate the surface of the cathode 206.

[0027] Although FIG. 2A shows rays of EM radiation entering through the EM
window 216 in other embodiments the EM window 216 may be a sealed port in the vessel
202 through which an optical fiber may extend into the vacuum chamber 204. The optical
fiber may be positioned proximal to the cathode 206 such that EM radiation from a source
travels through the optical fiber and exits onto the surface of the cathode 206.

[0028] As described above, the EM radiation 217 may be from one of a humber of
sources including, for example, a laser, incandescent light source, or sunlight. The
source of EM radiation may have a power in the range of less than a mW to a few
hundreds of mW. Depending on the application, the illumination spot size will be in the
range of less than a micrometer to a few hundreds of micrometers. Spot size may be
determined by, for example, the width of the e-beam that is desired, or by a desired
electron current of the e-beam, or both.

[0029] Given that thermionic emission from the disclosed low dimensional
materials is possible at relatively low power of EM radiation 217, the source of EM
radiation may be compact semiconductor lasers, such as battery powered handheld
lasers or semiconductor lasers on a chip.

[0030] Spot size may be controlled by, for example, utilizing a lens (not shown) to
focus the EM radiation 217 onto the cathode 206. The lens may be located external to
the vessel 202, or may be included internally to focus the EM radiation 217 after entering
the vessel 202.

[0031] Due to the low-dimensional nature of the cathode 206 and the temperature
dependence of thermal conductivity, as described above, the EM radiation 217 heats the
iluminated spot of the cathode 206 locally through the Heat Trap effect causing free
electrons to be thermionically generated at the illuminated spot.

[0032] The electrode 208 and the cathode 206 may be separated by a distance
of, for example, about 1 mm to a few mm. The electrode 208 has a positive bias voitage
applied to it relative to the cathode 206 to accelerate the free electrons generated at the
cathode 206 to form the e-beam 209. The positive bias voltage may be a few volts to a
few hundred volts to thousands of volts depending on the electron energy of the e-beam
209 that is desired. A higher energy e-beam 209 may be desired if, for example, the e-
beam 209 must exit through a relatively membrane forming the thick electron window
214, or through multiple electron windows. Further, higher energy electrons may facilitate
focusing the e-beam 209 to a smaller cross-section, which may result in higher resolution
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when used in a SEM application. Lower energy electrons may be desired when the e-
beam does not have to pass through a membrane forming the electron window 214, or to
avoid damage to or heating of a specimen in, for example, a SEM application.

[0033] In some cases, a positive bias voltage applied to the electrode 208 relative
to the cathode 206 may be provided by applying a negative voltage to the cathode 206 to
repel the generated free electrons away from the cathode 206 to generate the e-beam
209. In this case, the electrode 208 may be grounded, or may have an applied positive
voltage by a power source.

[0034] The electrode 208 may be formed by, for example, a metal plate having a
hole in it for the e-beam to pass through. Alternatively, the electrode 208 may be, for
example, a metal grid or mesh that includes a plurality of holes for the free electrons
generated by the cathode 206 to pass through. In the embodiment shown in FIG. 2A, the
positive bias voltage is applied by the optional internal power source 212 that is
connected to the electrode 208 and the cathode 206. In other embodiments, the internal
power source 212 may be omitted and the positive bias voltage may be applied to the
electrode 208 by other means, such as an external power source connected to the
cathode 206 and the electrode 208 by leads that pass through the vessel 202 (as shown
in FIG. 2B, for example). The generated e-beam 209 exits the e-beam source 200
through an electron window 214 in the vessel 202.

[0035] The electron window 214 may be a thin membrane through which the e-
beam 209 may pass. Materials suitable for forming a thin membrane electron window
214 include, for example, silicon oxide, nitride, aluminum oxide, and graphene. For
example, approximately 0.5% of low energy electrons (i.e. 5 eV) have been shown to
pass through multi-layer graphene with a total thickness of 100 nm. Electrons with higher
energies will have substantially higher penetration ratios. Depending on the material and
thickness of the membrane utilized for the electron window 214, and the level of output
current of the e-beam 209 desired, the positive bias voltage applied to the electrode 208
may be sufficient to accelerate the electrons of the e-beam 209 to sufficiently high
energies to exit through the electron window. Alternatively, an extra accelerating
electrode placed inside or outside of the vessel 202 and with a sufficiently high positive
bias voltage may be used to further accelerate the electrons of the e-beam 209, resulting
in a higher ratio of electrons to pass through the electron window 214.

[0036] Providing a thin membrane electron window 214 enables the vessel 202 to
be entirely sealed to maintain a vacuum environment in the vacuum chamber 204. The
vacuum environment may be provided by evacuating the chamber 204 to a pressure of
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less than 0.1 Torr, and more desirably to less than 10 Torr, prior to sealing the vessel
202. Because the cathode 206 is heated by relatively low energy EM radiation 217, the
vacuum within the chamber 204 may be poorer than the vacuum provided inside
traditional e-beam sources. For example, the vacuum within the chamber 204 may be
greater than, for example, 10° Torr, whereas traditional e-beam sources generally include
internal environments in the high vacuum regime, i.e., 10° Torr or less.

[0037] Alternatively, rather than being entirely sealed, the vessel 202 may include
a vent (not shown) that may be connected to an external vacuum pump (not shown) for
providing a vacuum environment within the evacuated chamber 204. For example, rather
than having a thin membrane as the electron window 214, the electron window 214 may
be provided by a small opening in the vessel 202 through which the e-beam 209 may exit
the e-beam source 200. In this example, the vessel 202 includes a vent (see FIG. 3A, for
example) that may be connected to an external vacuum pump to maintain a vacuum
environment within the chamber 204. The electron window 214 opening may be situated
at an opposite end of the vessel 202 from the cathode 206 and may be sized such that
the pressure at the end of the vessel 202 where the cathode 206 is situated remains less
than 0.1 Torr and, desirably less than 102 Torr.

[0038] The optional internal electron focusing element 210 focusses the e-beam
209. The electron focusing element 210 may be any suitable focusing element such as,
for example, a focusing magnet, an electromagnetic lens, an electrostatic lens, or a
combination thereof. The optional internal electron focusing element 210 may be
connected to a power supply (not shown) through leads (not shown) that extend through
the vessel 202.

[0039] In other embodiments, the internal electron focusing element 210 may be
omitted from the e-beam source 200. In such embodiments, e-beam 209 focusing may
be provided by a separate, external focusing element, as described in more detail below
with reference to FIG. 2B.

[0040] Referring to FIG. 2B, an alternative embodiment of an e-beam source 250
is shown that includes a vessel 252 that defines a vacuum chamber 254 that includes a
cathode 256 and an electrode 258. The vessel 252 includes an electron window 264.
The vessel 252, the cathode 256, the electrode 258, the electron window 264 may be
substantially similar to the vessel 202, the cathode 208, the electrode 208, and the
electron window 114 described previously and therefore are not further described here.
[0041] The e-beam source 250 includes an internal EM source 266 that provides
the EM energy 267 utilized to heat the cathode 256. The internal EM source 266 may
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include electrical leads 268a, 268b that extend through sealed openings 270a, 270b in
the vessel 252, as shown in FIG. 2B. Although two sealed openings 270a, 270b are
shown in FIG. 2B, the electrical leads 268a, 268b could pass through a single sealed
port.

[0042] The electrical leads 268a, 268b may be coupled to a power supply to
provide power to the EM source 266 for generating the EM radiation 267. The EM source
266 may be, for example, a solid state laser. Alternatively, rather than having leads 268a,
268b that extend through ports 270a, 270b, the internal EM source may include an
internal power supply such as, for example, a battery.

[0043] Further, rather than utilizing the internal power supply 212 of the e-beam
source 200 shown in FIG. 2A to provide a positive bias voltage at the electrode 258,
electrical leads 274a, 274b coupled to the cathode 256 and the electrode 258,
respectively, pass through respective sealed ports 276a, 276b such that the electrode
258 and the cathode 256 may be connected to an external power supply for providing the
positive bias voltage at the electrode 258.

[0044] Further, the e-beam source 250 shown in FIG. 2B does not include the
optional internal electron focusing element 210 included in the e-beam source 200 shown
in FIG. 2A. Rather, an external electron focusing element 272 that is separate from the e-
beam source 250 may be utilized to focus the e-beam 259 that exits the e-beam source
250. Alternatively, the external electron focusing element 272 may be positioned around
the e-beam source 250 such that the e-beam 259 is focused before exiting the e-beam
source 250, rather than after exiting as shown in FIG. 2B.

[0045] The example e-beam sources shown in FIGS. 2A and 2B are configured
such that the EM radiation is incident on a front surface of the cathode. However, the EM
radiation may be incident on, for example, the backside of the cathode and the e-beam is
accelerated away from the cathode from the opposite, front side, as described below with
reference to FIG. 2C.

[0046] FIG. 2C shows an example e-beam source 280 that includes a vessel 282
that defines a vacuum chamber 284. The vessel 202 contains a cathode 286 and an
electrode 288. The vessel 282 includes an electron window 294 and an EM window 296.
The vessel 282, the cathode 286, the electrode 288, the electron window 294, and the
EM window 296 may be substantially similar to the vessel 202, the cathode 2086, the
electrode 208, the electron window 114, and the EM window 116 described previously
and therefore are not further described here. As with the e-beam source 250 shown in
FIG. 2B, the cathode 286 and the electrode 288 include respective electrical leads 290a,
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290b that pass through respective sealed ports 292a, 292b of the vessel 182 in order to
provide the positive bias voltage to the electrode 288.

[0047] In the example e-beam source 280 shown in FIG. 2C, the EM window is
situated behind the cathode 286 such that the EM radiation 297 is directed onto a back
surface 287a of a cathode 186, which is the opposite of the front surface 287b that is
closest to the electrode 188. The terms “front” and “back” are utilized herein to denote
the orientation of the elements relative to other elements, as shown in the figures, and are
not intended to be otherwise limiting.

[00438] Because the EM radiation is incident on the back surface 287a of the
cathode 286, free electrons are generated at the back surface 287a. However, the free
electrons then pass through the cathode 286 and are accelerated away from the cathode
286 at the front surface 287b due to the acceleration caused by the electrode 288. In
addition, light and heat may penetrate the cathode 286 to cause heating at or near the
front 287b. Therefore, the thickness of the cathode material 286, measured from the
back surface 287a to the front surface 287b, is small enough to facilitate a sufficient
number of the free electrons generated at the back surface 287a, in the internal region
between the back surface 287a and the front surface 278b, to exit the cathode 286 at the
front surface 287b to form the e-beam 289. The thickness of the cathode 286 that will
facilitate light and heat or sufficient number of electrons pass to the front surface 287b in
this configuration depends on the porosity and the density of the material that forms the
cathode 286. For example, for a forest of carbon nanotubes, a thickness of
approximately 100 pm or less is sufficient.

[0049] In general, electrons may be emitted from a surface of the cathode located
nearest to the electrode, as illustrated in the examples shown in FIGS. 2A and 2B, or any
other surface, such as a surface facing away from the electrode, or any other portion of
the cathode. The location from which electrons are emitted from the cathode may
depend, for example, on the configuration and characteristics of the cathode and the
incident EM radiation. For example, illuminating a cathode with EM radiation having a
higher power density may cause heating throughout the cathode material compared to
EM radiation having a lower power density which may cause heating that is substantially
confined to the surface of the cathode on which the EM radiation is incident. As another
example, illuminating a cathode with EM radiation that is incident on a surface of the
cathode that is facing away from the electrode may cause heating primarily at that
iluminated surface such that electron emission is primarily from a surface that faces away
from the electrode. Electrons emitted from any portion of the cathode may form an e-
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beam that is directed toward a specimen due to the accelerating voltage applied to the
electrode.

[0050] In the e-beam sources 200, 250, 280 shown in FIGS. 2A through 2C, the
EM radiation is directly incident on the cathode. However, in other embodiments the e-
beam source may include a mirror that reflects EM radiation entering the vessel onto the
cathode. Mirrors may be utilized to facilitate, for example, irradiating the front surface of
the cathode without having the EM radiation obstructed by other elements or components
of the e-beam source. Further, having curved mirrors that also act as a focusing element,
that are closer to the cathode than may be possible through external or internal focusing
elements, such as lenses, may facilitate better focusing of the EM radiation onto a smaller
spot size, which as described above, generates a narrower e-beam which may be
beneficial in some applications such as, for example, SEM applications.

[0051] FIGS. 3A through 3D show examples of e-beam sources 300, 330, 350,
370 that include mirrors to reflect EM radiation onto the cathode. All of the e-beam
sources 300, 330, 350, 370 include a vessel 302 that defines a vacuum chamber 304.
The vessel contains a cathode 306 and an electrode 308, and includes an EM window
316 and an electron window 314, all of which may be constructed substantially similar to
vessel 202, the cathode 2086, the electrode 208, the EM window 216, and the electron
window 214 described previously with reference to FIG. 2A and therefore are not further
described here.

[0052] The vessel 302 of the example e-beam sources 300, 330, 350, 370
includes a vent 320 that is connectable to an external vacuum pump (not shown) for
providing a vacuum environment within the vacuum chamber 304. Further, the example
e-beam sources 300, 330, 350, 370 may include other previously described optional
elements that are not shown in FIGS. 3A through 3D. Although not shown for the sake of
clarity, the example e-beam sources 300, 330, 350, 370 include one of an internal power
source and electrical leads to apply the positive bias voltage to the electrodes 308.
Further, the example e-beam sources 300, 330, 350, 370 may include optional internal
electron focusing elements for focusing the generated e-beams 319.

[0053] Referring now to FIG. 3A, the e-beam source 300 includes a mirror 305
that redirects EM radiation 317 that has passed through a EM window 316 located behind
the cathode 306 onto the front surface 307 of the cathode 306. In the example e-beam
source 300, the mirror 305 is substantially planar and the EM radiation 317 may be
focused by an external lens (not shown) such that the focal point of the lens lies
approximately at the front surface 307 of the cathode 306.
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[0054] Rather than the planar mirror 305 included in e-beam source 300, other
shapes of mirrors may be utilized. FIGS. 3B through 3D show examples of e-beam
sources that include curved mirrors. FIG. 3B shows an example e-beam source 330 that
includes a curved mirror 332. The curved mirror 332 may be a spherical or parabolic
mirror and may be approximately situated such that the focal point of the mirror 332 lies
on the front surface 307 of the cathode 306. In this arrangement, the EM radiation 317
comprises parallel rays that are focused onto front surface 307 of the cathode 308. In the
example e-beam source 330, the cathode 308 is coupled to the vessel 302 by an actuator
334 that may be utilized to move the cathode 308 relative to the mirror 332. The actuator
334 may be utilized to make fine adjustments to the distance between the cathode 308
and the curved mirror 332 such that the spot size of the EM radiation 317 on the front
surface 307 of the cathode 308 may be minimized.

[0055] The actuator 334 may use any suitable mechanism for moving the cathode
308 relative to the mirror 332 including, for example, a flexible diaphragm, a piezoelectric
actuator, an electrical deflection actuator, a micro-electrical mechanical actuator, or any
combination thereof. In an example, the flexible diaphragm may be provided by a flexible
side of the vessel 302, such as a thin metallic sheet, to which the cathode 308 is
mounted. A small pressure differential to the flexible diaphragm moves the diaphragm
and the cathode 308. Alternatively, or in addition to the actuator 334 that moves the
cathode 308, an actuator (not shown) of similar construction may couple the mirror 332 to
the vessel 302 to move the mirror 332 relative to the cathode 308 in order to make fine
adjustments to the location of the focal point.

[0056] The e-beam sources 300, 330 shown in FIGS. 3A and 3B include smaller
mirrors that are located to one side of the cathode 308 so as not to obstruct the e-beam
209. However, larger mirrors may be included in order to direct more EM energy onto the
cathode 308, or to utilize wider beams of EM radiation 317.

[0057] FIG. 3C shows an example e-beam source 350 having a curved mirror 352
that is larger than the curved mirror 332 of the e-beam source 330 shown in FIG. 3B. The
curved mirror 352 includes an opening 354 that facilitates the e-beam 319 passing
through the mirror 352. Similar to the mirror 332 of e-beam source 330, the curved mirror
352 may be a spherical or a parabolic mirror that is located relative to the cathode 308
such that the focal point of the mirror 352 is approximately at the front surface 307 of the
cathode 308. Similarly, an actuator 356, similar to actuator 334 previously described,
may couple the cathode 308 to the vessel 302 to fine tune the distance between the
cathode 308 and the mirror 352.
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[0058] FIG. 3D shows an e-beam source 370 having a curved mirror 372 having
an opening 374. The curved mirror 372 may be substantially similar to the curved mirror
352 of e-beam source 350 except that the curved mirror 372 also includes a conductive
coating 376. The conductive coating 376 may be connected to a power source such that
a positive bias voltage may be applied to the conductive coating 376 relative to the
cathode 308. In this way, in addition to reflecting EM radiation 317 onto the cathode 308,
the mirror 372 also functions as the electrode 308 that accelerates the free electrons
generated at the cathode 306 to form the e-beam 309. The conducting coating 376 may
be formed by any optically reflective, conductive material, such as a metal film deposited
on the surface of the curved mirror 372. Alternatively, an electrically conductive mirror
may be used.

[0059] In alternative embodiments, the mirror utilized to direct EM radiation 317
onto the cathode 308 may be provided by a reflective coating provided on an inner
surface of the vessel 302. For example, as described above, the vessel 302 may be
formed of blown glass having an ovoid shape. The inner surface of the glass may be
silvered such that the inner surface acts as a mirror that reflects EM radiation. In some
cases, the vessel 202 may be blown to have a substantially spherical or parabolic shape
at the region that is silvered, providing a spherical or parabolic mirror. In this case, the
cathode 308 may be placed such that the focal point of the mirror is approximately at the
surface of the cathode 308, and may additionally include an actuator, such as actuator
334 described above, for fine tuning the position of the cathode 308 relative to the
mirrored surface of the vessel.

[0060] Due to the Heat Trap effect, the shape and size of the e-beam
corresponds to the size and shape of the region on the cathode that is heated by the EM
radiation, which in turn corresponds to the size and shape of the EM radiation incident on
the cathode surface. Therefore, the geometrical shape of the illuminated spot on the
cathode surface generally translates into the geometrical shape of the generated e-beam.
In some instances, the surface of the cathode material may be shaped to control the
shape of the illuminated spot on the cathode surface in order to generate an e-beam
having a particular desired cross sectional shape, or to generate an e-beam that is
narrower than the beam of EM radiation that irradiates the cathode. For example, a
shaped surface of the cathode may be utilized to generate a narrow e-beam, or multiple
e-beams, utilizing a single wide flood of EM radiation. In addition, the cathode surface
may be shaped to, for example, generate an e-beam that is directional, or to enhance an
electric field near the surface of the cathode, which may mitigate space charge effects.
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[0061] FIG. 4 shows an example e-beam source 400 for producing a shaped e-
beam 409. The e-beam source 400 includes a vessel 402 that defines a vacuum
chamber 404. The vessel 402 contains a cathode 406 and an electrode 408. The vessel
402 includes an electron window 414 and a vent 420 that is connectable to an external
vacuum pump (not shown) for providing an evacuated environment within the chamber
404. The example e-beam source 400 includes an optional internal EM radiation source
410 for generating EM radiation 317, and an optional lens 412 for focusing the EM
radiation 417 onto the cathode 308. However, as described above, rather than the
internal EM radiation source, the vessel may include an EM window to facilitate EM
radiation from an external source to pass into the vessel 402 and irradiate the cathode
306. The vessel 402, the electrode 408, the electron window 414, the internal EM
radiation source 410 may be constructed substantially similar to the similar elements
described previously and therefore are not further described here.

[0062] The cathode 406 may be comprised of similar materials as previously
described. However, the cathode 406 has a shaped surface 407. The shaped surface
407 may be provided by, for example, micromachining the surface 407 of the cathode
406 into the desired shape. The surface 407 may be shaped by any other suitable
method.

[0063] Alternatively, or in addition to the shaped cathode, such as cathode 406
shown in FIG. 4, a shaped e-beam may be formed by illuminating the cathode with a
shaped beam of EM radiation. Further, rather than having a single beam or EM radiation,
an array of EM radiation beams may be utilized to irradiate one or multiple cathodes.
Such an array of EM radiation beams could be provided by, for example, a single EM
radiation source, a tophat beam shaper, and an array of lenses/mirrors, such as a micro-
lens array or an array of MEMS mirrors, for projection of an array of arbitrarily-shaped
beams. Alternatively, the array of EM radiation beams could be provided by multiple
independent sources of EM radiation. Further, the response times of the electron
generation relative to EM radiation illumination is on the order of a few tens of
microseconds or higher and, therefore, modulating or chopping of the EM radiation may
be performed to generate a timed or pulsed e-beam.

[0064] The e-beam sources disclosed above may be utilized to provide e-beams
for any suitable application including, for example, electron microscopy, lithography,
welding, opto-electron coupler/converters, and display screens.

-14 -

PCT/CA2017/051523



10

15

20

25

30

35

CA 03048303 2015-06~25

WO 2018/119513 PCT/CA2017/051523

[0065] With reference to FIGS. 5A, 5B and 6, various examples of a device for
utilizing an e-beam source as described above for the specific application of SEM, are
shown.

[0066] Referring to FIG. 5A, a SEM 500 includes an e-beam source 502 and a

sample stage 504. The e-beam source 502 may be substantially similar to any of the
previously described embodiments of an e-beam source. The e-beam source 502 in the
example SEM 500 shown in FIG. 5A includes a vessel 506 that defines a vacuum
chamber 508. The vessel 506 includes a vent 509 that is connectable to an external
vacuum pump for providing a vacuum environment within the vacuum chamber 508. The
vessel 506 contains a cathode 510, an electrode 512, and a metal tube 514. The vessel
506, the cathode 510, and the electrode 512 may be substantially similar to the cathodes
and electrodes described previously. The cathode 510 and the electrode 512 include
leads 516a, 516b that pass through sealed ports 518a, 518b in the vessel 506 to facilitate
connecting the cathode 510 and the electrode 512 to an external power source in order to
apply a positive bias voltage to the electrode 512 relative to the cathode, as previously
described.

[0067] The vessel 506 includes an EM window 520 to facilitate EM radiation 522
entering the e-beam source 502, and an electron window 524 to facilitate the generated
e-beam 526 exiting the e-beam source 502. The EM window 520 and electron window
524 may be substantially similar to the EM windows and electron windows previously
described and therefore are not further described herein. Further, as previously
described, rather than an EM window 520 through which external EM radiation 522
passes, the e-beam source 502 may include an internal EM radiation source. The vessel
506 includes a vent 509 that is connectable to an external vacuum pump (not shown) for
providing the vacuum environment within the chamber 508. Alternatively, as disclosed
above, the vessel 508 may be evacuated and sealed to form a vacuum environment
within the chamber 508 without utilizing a vacuum pump on an ongoing basis.

[0068] Depending on the application, the metal tube 514 may be connected to
electrical ground by lead 528 that passes through sealed port 530 in the vessel 506, or
may be connected to a power supply to apply a voltage to the metal tube 514. The metal
tube 514 may be utilized to reduce the presence of electrical fields in the region 532
inside the tube 514 such that the electrons of the e-beam 526 travel ballistically through
the e-beam source 502 after being accelerated by the electrode 512. The metal tube 514
may also absorb stray electrons from the e-beam 526 to reduce charging and distortions
of the electromagnetic landscape within the vacuum cavity 508. Although the metal tube
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514 shown in the figures is continuous, the metal tube 514 may include gaps to allow
fields from the electron focusing element 534 and electron steering element 536 to focus
and steer the e-beam 5286 as it passes through the metal tube 514.

[0069] The SEM 500 includes an electron focusing element 534 and an optional
electron steering element 536. The electron focusing element 534 may be substantially
similar to electron focusing elements described previously. Further, the electron focusing
element may alternatively be located within the vessel 506, as described above. The
optional electron steering element 536 may be formed by, for example, electrostatic
deflector plates or electrostatic deflection coils, or any other suitable electrical, magnetic,
or electromagnetic steering means. The optional electron steering element 536 may be
utilized to scan the e-beam 526 over a sample held on the sample stage 504. As
described below, the electron steering element 536 may be omitted and the e-beam may
be scanned over a sample by moving the sample stage 504 relative to the e-beam 526.
[0070] The sample stage 504 in the example SEM 500 includes sample vessel
540 that includes an e-beam window 542 for the e-beam 526 to enter the sample vessel
540 and a vent 544 that is connectable to an external vacuum pump (not shown) to
provide a vacuum environment within the sample stage 504. The sample vessel 540
contains an electron detector 546 to detect secondary electrons, backscattered electrons,
or both from a sample 548 held within the sample stage 504 and irradiated by the e-beam
526 generated by the e-beam source 502. A sample actuator 549 is coupled to the
sample vessel 540 for coarse movement of the sample stage 504 relative to the e-beam
526 in order to, for example, position a region of interest of the sample 548 into the e-
beam 526. The sample actuator 549 may also be utilized for fine movement of the
sample 548 relative to the e-beam during scanning in order to scan the e-beam over the
region of interest, rather than, or in addition to, steering the e-beam 526 utilizing the
electron steering element 536, as discussed above.

[0071] The sample actuator 549 may utilize any suitable mechanism for
mechanically moving the sample stage 504. For example, the sample actuator 549 may
include a piezoelectric actuator, a voice coil, or any other suitable type of actuator.
[0072] Rather than the sample actuator 549 moving the entire sample stage 504,
as show in FIG. 5A, a sample actuator may be included inside the sample vessel and
move only the sample itself, as shown in FIG. 5B.

[0073] FIG. 5B shows another example of an SEM 550 that includes the e-beam
source 552 that is substantially similar to the e-beam source 502 of SEM 500 that is
described previously and therefore is not further described here. The SEM 550 includes
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a sample stage 554 that includes a sample vessel 556 having an electron window 558
and vent 560, as described above with reference to sample stage 504. The sample
vessel 556 contains a detector 562, similar to detector 546. However, the sample vessel
556 of SEM 550 also contains a sample actuator 564 that holds and moves the sample
566 relative to the e-beam 568 for coarse and fine movements, as described above, but
by moving the sample 566 only, rather than the entire sample stage. The sample
actuator 564 may be substantially similar to the sample actuator 549 described above.
[0074] In the SEM 500, 550 shown in FIGS. 5A and 5B, the e-beam sources 502,
552 and the sample stages 504, 554 include separate vessels. However, the e-beam
source and the sample stage of the SEM may be housed within a single vessel, as
described in more detail below with reference to FIG. 6.

[0075] FIG. 6 shows an example SEM 600 that includes a vessel 602 having an
EM window 604 and a vent 606. The vessel 602 contains elements of the e-beam source
including a cathode 608, and electrode 610 and a metal tube 612, which are substantially
similar to the cathode 510, the electrode 512, and the metal tube 514 previously
described with reference to FIG. 5A. The vessel 602 also contains elements of the
sample stage including a detector 614 and a sample actuator 616 for moving the sample
618 relative to the e-beam 620. The sample actuator 616 and the detector 614 are
substantially similar to the sample actuator 549 and the detector 546 described previously
with reference to FIG. 5A and therefore are not further described herein. The SEM 600
may also include a beam steering element 622 and an electron focusing element 624 that
are substantially similar to the beam steering element 536 and the electron focusing
element 534 described previously with reference to FIG. 5A.

[0076] Alternatively, rather than the sample stage included within its own vessel
or within the vessel of the e-beam source, a larger vessel may house the detector and
sample actuator and the e-beam source including the e-beam source vessel.

[0077] In the preceding description, for purposes of explanation, numerous details
are set forth in order to provide a thorough understanding of the embodiments. However,
it will be apparent to one skilled in the art that these specific details are not required. In
other instances, well-known electrical structures and circuits are shown in block diagram
form in order not to obscure the understanding. For example, specific details are not
provided as to whether the embodiments described herein are implemented as a software
routine, hardware circuit, firmware, or a combination thereof.

[0078] Embodiments of the disclosure can be represented as a computer program
product stored in a machine-readable medium (also referred to as a computer-readable
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medium, a processor-readable medium, or a computer usable medium having a
computer-readable program code embodied therein). The machine-readable medium can
be any suitable tangible, non-transitory medium, including magnetic, optical, or electrical
storage medium including a diskette, compact disk read only memory (CD-ROM),
memory device (volatile or non-volatile), or similar storage mechanism. The machine-
readable medium can contain various sets of instructions, code sequences, configuration
information, or other data, which, when executed, cause a processor to perform steps in a
method according to an embodiment of the disclosure. Those of ordinary skill in the art
will appreciate that other instructions and operations necessary to implement the
described implementations can also be stored on the machine-readable medium. The
instructions stored on the machine-readable medium can be executed by a processor or
other suitable processing device, and can interface with circuitry to perform the described
tasks.

[0079] The above-described embodiments are intended to be examples only.
Alterations, modifications and variations can be effected to the particular embodiments by
those of skill in the art. The scope of the claims should not be limited by the particular
embodiments set forth herein, but should be construed in a manner consistent with the
specification as a whole.
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WHAT IS CLAIMED IS:

1. An electron beam source comprising:

a vessel forming a chamber,;

a cathode disposed within the chamber, the cathode comprising a low
dimensional electrically conductive material having an anisotropic restricted thermal
conductivity;

an internal electromagnetic (EM) radiation source disposed within the vessel for
providing EM radiation to the cathode, or an EM window for EM radiation from an external
EM source to enter the vessel, or both the internal EM radiation source disposed within
the vessel for providing EM radiation to the cathode and the EM window for EM radiation
from an external EM source to enter the vessel, to illuminate a portion of the cathode with
the EM radiation to cause thermionic emission of free electrons from the illuminated
portion of the cathode;

an electrode disposed in the chamber, the electrode being connectable to a power
source for applying a positive voltage to the electrode relative to the cathode for
accelerating free electrons away from the cathode to form an electron beam when the
cathode is illuminated by the EM radiation such that the cathode thermionically emits free
electrons;

an electron emission window in the chamber for passing a generated electron
beam out of the chamber.

2. The electron beam source of claim 1, comprising the EM window and wherein the
cathode is disposed at a first end of the chamber, and the electron emission window is an
opening at a second end of the chamber opposite the first end, the opening sized such
that a pressure at the first end is less than 102 Torr; and

the chamber further comprising a vent connectable to a pump for maintaining the
pressure at the first end of the chamber.

3. The electron beam source of claim 1, comprising the EM window and wherein the
electron emission window is a thin membrane such that the vessel is sealed.

4, The electron beam source of claim 3, wherein the chamber formed by the sealed

vessel has a pressure of less than 103 Torr but greater than 10 Torr.
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5. The electron beam source of claim 3, wherein the thin membrane is one of silicon
oxide, nitride, aluminum oxide, and graphene.

6. The electron beam source of claim 1, further comprising:
a focusing magnet, electromagnetic lens or electrostatic lens disposed in the
chamber for focusing the accelerated beam of free electrons.

7. The electron beam source of claim 1, comprising the EM window and wherein the
EM window is an opening for an optical fibre to extend into the chamber.

8. The electron beam source of claim 1, further comprising the EM window and a
mirror disposed in the chamber, the mirror positioned such that EM radiation passing
through the EM window is reflected onto a surface of the cathode.

9. The electron beam source of claim 8, wherein the mirror is one of a spherical mirror
and a parabolic mirror, wherein the mirror is positioned such that the cathode is
approximately located at a focal point of the one of spherical or parabolic mirror such that
EM radiation passing through the EM window is focused by the curved mirror onto a surface
of the cathode.

10. The electron beam source of claim 9, wherein the mirror has an opening for the
generated electron beam to pass through the mirror.

1. The electron beam source of claim 10, wherein the mirror has a conductive coating
such that the mirror forms the electrode for accelerating free electrons away from the
cathode.

12. The electron beam source of claim 9, wherein the vessel has an ovoid shape and
the mirror is formed by a reflective surface on an inner surface of the vessel.

13. The electron beam source of claim 9, further comprising an actuator coupled to the
cathode to adjust the position of the cathode relative to the curved mirror for fine adjustment

of the cathode relative to the focal point of the mirror.
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14. The electron beam source of claim 13, wherein the actuator is one of a flexible
diaphragm, a piezoelectric actuator, an electrical deflection actuator, and a micro-electrical
mechanical actuator.

15. The electron beam source of claim 1, wherein a surface of the cathode is shaped
such that a shape of the illuminated portion of the cathode corresponds to a desired cross-
sectional shape of the electron beam.

16. The electron beam source of claim 1, wherein a cross-section of the EM radiation
that illuminates the cathode is shaped such that a shape of the illuminated portion of the

cathode corresponds to a desired cross-sectional shape of the electron beam.

17. The electron beam source of claim 1, wherein a heating efficiency of the cathode is
greater than 0.1 K/(W/m).

18. The electron beam source of claim 17, wherein the heating efficiency of the cathode
is greater than 1 K/(W/m).
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19. An electron microscope comprising:

an electron source comprising:

a vessel forming a chamber,;

a cathode disposed within the chamber, the cathode comprising a low
dimensional electrically conductive material having an anisotropic restricted
thermal conductivity;

an electrode disposed in the chamber, the electrode being connectable to
a power source for applying a positive voltage to the electrode relative to the
cathode for accelerating free electrons away from the cathode to form an electron
beam when the cathode is illuminated by electromagnetic (EM) radiation such that
the cathode thermionically emits free electrons;

an electron emission window in the vessel for passing a generated electron
beam out of the chamber;

a sample stage for holding a sample, the sample stage located proximate to the
electron emission window such that the generated electron beam from the electron source
irradiates the sample stage, the sample stage comprising:

an electron detector to detect secondary and backscattered electrons from
the sample held in the sample stage that is being irradiated with an electron beam
generated by the electron beam source;

a focusing element located between the electrode of the electron beam source and
the sample stage for focusing the electron beam generated by the electron beam source
on the sample on the sample stage;

a scanning mechanism for performing one of mechanically moving the sample, and
deflecting the electron beam incident on the sample stage, such that the electron beam is
scanned over the sample held in the sample stage.

20. The electron microscope of claim 19, wherein the heating efficiency of the cathode
is greater than 0.1 K/(W/m).

21, The electron microscope of claim 20, wherein the heating efficiency of the cathode
is greater than 1 K/(W/m).

22. The electron microscope of claim 19, wherein the vessel includes an

electromagnetic (EM) window for EM radiation from an EM radiation source to enter the
-22-

Date Regue/Date Received 2023-03-08



chamber to illuminate a portion of the cathode to cause thermionic emission of free
electrons from the illuminated portion of the cathode.

23. The electron microscope of claim 22, wherein the EM radiation source is one of a
laser, sunlight, and an incandescent light.

24. The electron microscope of claim 19, wherein the scanning mechanism is one of a
piezoelectric actuator and a voice coil coupled to the sample stage for mechanically moving
the sample stage relative to the electron beam incident on the sample stage for scanning
the sample held in the sample stage.

25. The electron microscope of claim 19, wherein the scanning mechanism is one of
electrostatic deflector plates or electrostatic deflection coils for deflecting the electron beam
incident on the sample stage for scanning the sample held in the sample stage.

26. The electron microscope of claim 19, wherein the sample stage comprises a sample
vessel that forms a sample chamber, wherein the detector is disposed in the sample

chamber.

27. The electron microscope of claim 26, wherein the sample vessel is the vessel of the
electron beam source.
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