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ABSTRACT OF DISSERTATION

CHARACTERIZATION OF NANOSTRUCTURE, MATERIALS, AND ELECTRON
EMISSION PERFORMANCE OF NEXT-GENERATION THERMIONIC SCANDATE
CATHODES

Scandate cathodes, where scandia is added to the tungsten cathode pellets, have
recently received substantial and renewed research interest owing to significantly improved
electron emission capabilities at lower temperatures, as compared with conventional
dispenser cathodes. However, there are several persistent issues including non-uniform
electron emission, lack of understanding regarding scandium’s role in the emission
mechanism, and unreliable reproducibility in terms of scandate cathode fabrication. As a
result, scandate cathodes have not yet been widely implemented in actual vacuum electron
devices (VEDs).

The surface structure and chemical composition of multiple scandate cathodes —
prepared with the powder using the liquid-solid (L-S) technique — and exhibiting excellent
emission behavior were characterized to give insight into the fundamental mechanism(s)
of operation. This was achieved with high-resolution electron microscopy techniques that
include high-precision specimen lift-out. These studies showed that the micron-sized
tungsten particles that compose the largest fraction of the cathode body are highly faceted
and decorated with nanoscale Ba/BaO (~10 nm), as well as larger (~150 nm) Sc.0s and
BaAl,O4 particles. The experimentally identified facets were confirmed through Wulff
analysis of the tungsten crystal shape and were determined to consist of {110}, {100}, and
{112} facets, in increasing order of surface area prevalence. Furthermore, it is estimated
that Ba atoms decorating the tungsten crystal surfaces are present in quantities such that
monolayer coverage is possible at elevated temperatures.

The high-resolution electron microscopy techniques used to investigate the cross
section (near-surface) of the L-S scandate cathodes also revealed that the BaAl,O4 particles
(100-500 nm) that attach to the larger tungsten particles are either adjacent to the smaller
Sc203 nanoparticles or encompass them. Furthermore, high-resolution chemical analysis
and 3D elemental tomography show that the two oxides always appear to be physically
distinct from each other, despite their close proximity. 3D elemental tomography also
showed that the Sc2Os particles can sometimes appear inside the larger tungsten particles,
but are inhomogeneously distributed. Nanobeam electron diffraction confirmed that the
crystal structure of the tungsten particles are body-centered cubic, and imply that the
structure remains unchanged despite the numerous complex chemical reactions that take
place throughout the impregnation and activation procedures.

The role of Sc and the emission mechanism for scandate cathodes are discussed.
Based on characterization results and materials computation, the role of Sc in scandate
cathodes is possibly related to tuning the partial pressure of oxygen in order to establish an
oxygen-poor atmosphere around the cathode surface, which is a necessary condition for
the formation of the (near) equilibrium tungsten shape. A thin Ba-Sc-O surface layer (~8



nm) was detected near the surface of tungsten particles, using electron energy loss
spectroscopy in the scanning transmission electron microscope. This stands in stark
contrast to models invoking a ~100 nm Ba-Sc-O semiconducting surface layer, which are
broadly discussed in the literature. These results provide new insights into understanding
the emission mechanism of scandate cathodes.

KEYWORDS: Scandate cathodes, surface features, facets, emission testing,
internal microstructure, emission mechanism

Xiaotao Liu

(Name of Student)

03/06/2019

Date



CHARACTERIZATION OF NANOSTRUCTURE, MATERIALS, AND ELECTRON
EMISSION PERFORMANCE OF NEXT-GENERATION THERMIONIC SCANDATE
CATHODES

By
Xiaotao Liu

Dr. T. John Balk

Director of Dissertation

Dr. Matthew J. Beck

Director of Graduate Studies

03/06/2019

Date



ACKNOWLEDGMENTS

During the period of my PhD. study, there are many people who helped me quite a
lot in both the academical research and daily life. It would not be possible for the
dissertation without their kind assistance and support.

Firstly, 1 would like to sincerely thank my advisor Dr. T. John Balk. It is
unforgettable for the past several years that | worked in your research group. Many thanks
to your guidance throughout my doctoral study which has proved invaluable and helped
me a lot for doing research. Thanks for all your advices, suggestions and discussions in
every meeting that we had and thanks for all your efforts that you made for working on all
the papers. | know that it is a tremendous amount of work especially for reviewing and
improving the manuscripts sentence by sentence. | also appreciate your encouragement
when | was making presentations on academic conferences.

| would also like to thank Dr. Matthew J. Beck, Dr. Stephen E. Rankin and Dr. Julius
M. Schoop, the members of my doctoral committee. Thanks for your consent to become
my committee members and thanks for your time and efforts reviewing my dissertation
and attending my defense. | also thank Dr. Beth S. Guiton, | really appreciate that you
agreed to attend my doctoral defense as the outside examiner.

Special thanks to my labmates as well as friends: Nicolas Briot, Tyler Maxwell,
Michael Detisch, Artashes Ter-lsahakyan, Azin Akbari, Maria Kosmidou and Xiaomeng
Zhang and other members. | do have a great time with you and | appreciate all your help
and collaboration during my Ph.D. I also want to thank Dr. Dali Qian who helped me a lot

in operating the transmission electron microscopy. | also thank Dr. Qunfei Zhou for her



useful discussions and suggestions for my research and Bernard K. Vancil (e beam, inc.)
for providing the scandate cathode samples.

Lastly, I would like to thank my family for their love, support and encouragement.
Thanks to my beloved parents, without your support I won’t finish my doctoral study.
Thanks to my other family members, they are my brother, my sister-in-law, my sister, my
niece and my nephew. Especially for my brother, thank you a lot for taking a good care of
our parents, and let me focus on my study in the united states.

| also want to acknowledge the Defense Advanced Research Projects Agency
(DARPA) where this project (under the grant number of N66001-16-1-4041) is funded and
the Electron Microscopy Center at University of Kentucky where I performed majority of

my experiments and gained a lot of hands-on skills for materials characterization.



TABLE OF CONTENTS

ACKNOWLEDGMENTS ... ettt e e e e e e e s e aeeeas i
LIST OF TABLES ..ot e e e eeeeas viil
LIST OF FIGURES. ......coi oottt e e e e e e e e e e e e e e e as IX
CHAPTER 1. INErOQUCTION. ....eeiiiieeiiie et e et e et e e e et e e eennaeeeanneeeas 1
1.1 Motivation and objective of this research ...........ccccovviiiiiiiiiiie, 1

1.2 Outling Of thiS WOIK .......ccvvieiiieiie e 1

CHAPTER 2. BACNGIOUNG .......eiiiiiiiieiiie ettt 3
2.1 Historical development of thermionic cathodes ............cccccovevevieinennn. 3

2.2 B LyPe CAtNOUES ... eiiiiieiie s 4

2.2.1 Development and fabrication of B type cathodes................c.c...... 4

2.2.2 Physical model for B type cathodes...........ccccoovveiiieniiiiiniiicin, 5

2.3 M type CAtNOTES ......eeeiiieiie s 7

2.3.1 Development of M type cathodes .........cccccoveeviieeiiie e, 7

2.3.2 Emission level and issues of M type cathodes ...........ccccceevvveennen. 8

2.3.3 Emission mechanism of M type cathodes..............ccccevvvveiiiieennnen. 9

2.4 Various Scandate CatNOdeS ...........ocveiiieiiiiiie e 11

2.4.1 Development of scandate cathodes............cccevvvveviveeiiiieeciiieene, 11

2.4.2 Pressed scandate Cathode...........coovvvviiiiiiiieiiiec e 12

2.4.3 Top-layer scandate Cathode .............cccovveeviieecie e 13

2.5 Impregnated scandate cathodes ...........cccceeviveiiie i, 14

2.5.1 Fabrication of impregnated scandate cathodes.............cc..cccve...ne. 15

2.5.1.1 L-S and L-L doping techniques..........ccccccevveeviriresiineennnnn. 15

2.5.1.2 Fabrication of scandate cathodes ............cccccovvvviieiiennn. 18

2.5.2 Configuration of scandate cathodes ...........cccccocvvveviieciiieciiineen, 18

2.6 Emission properties of scandate cathodes............ccccocevveiviveeiiiieciiinnn, 20

2.7 Emission models for scandate cathodes ...........ccccevvviiieiiniiieiiieeninnn, 21

2.7.1 Model of Ba-Sc-O monolayer ..........ccccccvvveviiveiiiee e 22

2.7.2 Model of 100 nm Ba-Sc-O surface layer ...........cccccoeveeineennnn. 25

2.8 Unsolved issues for scandate cathodes............cccccevveiiieiiienieiiieninen, 27

CHAPTER 3. Materials and methodes........... ... 29
3.1 Fabrication of precursor powder and scandate cathodes...................... 29

3.1.1 Preparation of liquid-solid (L-S) powder...........cccccovveeviieeiinnnnn, 29

3.1.2 Preparation of liquid-liquid (L-L) powder ...........cccceeviiivnreennnnn 30



3.1.3 Scandate cathodes fabrication ............coeveveeoee e 30

3.2 Materials CharaCterization...........ccoccveeiiiieeiiiie i 31
B2 LSEM e 31
B2 2 EDS . 32
3.2.3EBSD and TKD .....cveiiiiiie et 32
B2 4 XRD .t 35
325 XPS 36
3.2.6 TEM lamella preparation ..........cccooeeiiieiiieniieiiie e 37
327 (S)TEM. ..ottt 40
3.2.8 3D rECONSIIUCTION. ....eeeiiiieiiie et e e e e see e sneeeeeneeeeeaeee s 41
3.2.9 EMISSION TESING ...ttt 42
3.2.10 Wulff analysis on crystal Shapes..........ccccocveeviieiiiieeiiee s 43

CHAPTER 4.Scandate cathode surface characterization: Emission testing, elemental

analysis and morphological evaluation.............ccccooeiiiiiiiiiie, 44

Ot 101 0 To 0 Tod 1 o PSSP OTS SRR 44

4.2 Material and methods...........cccveeiiieiie e 46

4.3 ReSUlts and diSCUSSION........coivireeiiieeciie et e e ste e sie e e e saeeeeeaee s 48

4.3.1 EMISSION TESTING ...cevvieiieiiie ittt 48
4.3.2 Characterization of cathode surface morphology.........c.cccceeueeee. 49
4.3.3 Chemical @nalysiS .........ccveiiireiiiie e 60
4.3.4 Quantifying the amount of Ba on W surfaces ...........ccccccevvvevvnnnnn 63
4.3.5 XRD, XPS and TEM analysis ..........ccceeviuveeiiureeiiieeiieesiie e 69
4.3.6 Characteristics of scandate cathodes and possible role of scandium
................................................................................................... 76

4.4 CONCIUSIONS ...ttt ettt 76

CHAPTER 5. Near-surface material phases and microstructure of scandate Cathodes...79

5.1 INFOAUCTION ..ttt 79
5.2 Materials and Methods ..........cccoovviiiiiiieiie e 81
5.3 RESUIS ... 82
5.3.1 Surface morphology of scandate cathodes...............cccccoevvvennnen, 82
5.3.2 Elemental analysis of phases in cross-section samples................ 84
5.3.3 Confirmation of crystal structure of W grains ............cccccccveenen. 94
5.3.4 3D tomographic reCoNStrUCLION ..........ccovvvveiiiee e 96
5.4 DISCUSSION.....vtieiieeiiie ettt stee ettt ettt et et e e rbe et e et e anbeennee s 99
5.5 CONCIUSIONS ..ot 102
CHAPTER 6.Studying on L-L scandate cathodes: Probing the Ba-Sc-O surface layer and
3D tOMOGIaPNY . ..ottt 104
6.1 INEFOTUCTION ..ot 104



6.2 Materials and MEtNOAS .......ovveeee e 105

8.3 RESUILS ..ottt 107
6.3.1 Surface morphologies of L-L scandate cathodes...................... 107
6.3.2 Emission performance of L-L scandate cathodes..................... 110
6.3.3 Probing the Ba-Sc-O surface layer ...........ccooeviviiiiiininennn, 110
6.3.4 TKD and TEM tomography ..........ccccoeveiieniiniieiience e 115
6.4 DISCUSSION. ....eiiiiieeeiiite et e eiee e e e e st e e st e e st e e st e e s nnaeeesraeeesnneeeanees 118
6.5 CONCIUSIONS ..ttt 119
CHAPTER 7.Surface microstructural comparison between poisoned and well emitted
scandate CatNOdES. ..........ouiei e 121
7% R 1 o ot A o o ST RSSRR 121
7.2 Materials and methods ..........ccoovieeeiie e 122
7.3 ReSUItS and DISCUSSION ......ccvvreeiieeeciiieesiieesie e st e e saee e snnee e 123
7.3.1 Emission curves of the poisoned scandate cathode .................. 123
7.3.2 Morphology and surface particles identification ...................... 124
7.3.3 Chemical analysis on surface decorating particles ................... 126
7.3.4 Faceting and rounding behavior of poisoned scandate cathode 129
7.4 CONCIUSIONS .ottt e e e e 132
CHAPTER 8.Conclusions and fUture WOrK..............cooeiiriiienieiiie e 134
APPENDIX. Terms in thermionic dispenser cathodes............ccceevveeiieeeiiie e, 140
Y- PP 158

vii



Table 4.1

Table 4.2

Table 5.1

Table 7.1

LIST OF TABLES

Computed values of relative surface energy and proportion of total surface
area for each facet type, based on the ideal crystal shape from the Wulff
analysis (see Fig. 4a). Normalized surface energy is reported with respect

to the surface energy ofa {100} facet.............ooviiiiiiiiii i 56

Measured and calculated values related to the amount of Ba on the surface
of W. The existence of metallic Ba or oxidized BaO was considered,
including calculation of the corresponding surface density of Ba adatoms in
each case. This also allowed the determination of how many W unit cells
are associated with one Ba adatom, for each combination of W facet

orientation and Ba/BaO material phase...............ccooeiiiiiiiiiiin.n. 67

Quantified measurement of particle composition, obtained from EDS point

analysis of the regions marked in Fig. 5.6.................cooiiiiiiiin, 93

Quantified results of the surface particles of the poisoned scandate

CAtNOAE. o oo 128

viii



LIST OF FIGURES

Figure 2.1 Historical perspectives of thermionic cathodes emission capabilities [1]...... 4

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

Figure 2.7

Figure 2.8

Model of impregnated tungsten cathode showing changes with time during

BITE 2] e 7
Auger spectrum of a normal Os-Ru coated M type cathode [3]............... 10
Reduction process from tungsten oxide to tungsten [4]......................... 16

SEM images of scandia doped tungsten powders by L-S doping method (a),

and by Sol-Gel doping technique (D) [4]......cooriii e, 17

A schematic diagram of a dispenser cathode (a) [5], and an image of a real

scandate cathode (D).........coooeiiiii 19

Typical Cross section of a scandate cathode [6]...........ccoceeeviiniiniinnn. 20

Schematic of the Ba-Sc-0 monolayer model. The inset on upper-right corner

shows a typical auger electron spectrum of the W-Sc,03 containing film

Figure 2.9 Change in surface atom concentration as a result of heat-treatment at 1150 °Cy,

evaluated by Auger electron spectroscopy. Auger intensity ration with respect
to W is measured for a (W- Sc2W30:2) coated cathode (impregnated) and a

nonimpregnated cathode sample (not impregnated) [8]......................... 23

Figure 2.10 Change in electron emission of W-scandia cathodes by activation heating at

1150 °Cy. The cathode diameter is 1.23 mm and the distance of a cathode and

ananode IS 7TMM [7]. ... 24



Figure 2.11

Figure 2.12

Figure 3.1

Figure 3.2
Figure 3.3
Figure 3.4

Figure 3.5

Figure 4.1

Figure 4.2

Surface elemental depth profiles of a scandate cathode developed by Wang’s

GrOUP [O] . e 26

Diffusion of Sc, Ba and O during activation and surface migration of Ba, Sc
along the surface. (a) Changes of AES atomic concentration ratios of Sc/W,
Ba/W and O/W during activation. (b) Variation of Auger peak-to-peak

height (APPH) ratios of Ba/W and Sc/W from pore to W grain [9]..........27

L-S precursor powder in which Sc20s fails to adhere well, forms Sc.Ozclumps

(a) and tungsten particles with insufficient Sc2O3 (b) [10].......ccceeveeuvenennee. 30
Schematic diagram for EBSD observation [11].............ccocooiviiiinnn... 34
Set-up configuration of TKD ina SEM chamber [12]........................... 35
Procedures of TEM sample preparationusingaFIB............................. 39
Cathode with a guard ring..........coooiiiriiiii e 42

CSD test results for three cathodes investigated here. Emission current as a
function of cathode (W pellet) brightness temperature (°Cp). The knee

temperatures were 820 °Cp, 837 °Cpand 822 °Ch....ovvvvevirieieeieananenn. 49

SEM micrographs acquired on a typical surface region of a scandate cathode.
(@) and (b) Low-magnification images showing a flat surface with visible
cracks. (c¢) Secondary electron (SE) micrograph and (d) corresponding
backscattered electron (BSE) micrograph. () SE and (f) BSE image pair at
higher magnification, showing faceted and equiaxed W particles, with

nanoparticles decorating the facets..............coooviiiiiiiiiiii i 51



Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Size distribution of W particles, as measured on scandate cathode surfaces.
The average size of W particles (dc) was 1.17 um, as fitted by a lognormal

TUNCEION . ¢ 1ottt ettt e e e e et et e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e eeeeeeeeaeaeaes 53

WuIff construction of ideal W crystal shape utilizing Wulffmaker. (a)
Calculated crystal shape for W that matches experimentally observed grains.
(b) SEM image of W particle in the same orientation as the Wulff shape in
(a), showing agreement between experiment and calculation. (c) and (d) Two
additional W particles with different orientation, both of which match the

same calculated Wulff shape when rotated appropriately (inset) ............. 54

Quantitative characterization of Ba/BaO nanoparticles on various facets of W
particles. (a) Typical SEM micrograph of faceted W, with calculated crystal
shape (inset). (b) Average number of Ba/BaO nanoparticles on each facet
type, for the W particle in image (a). Based on measurements of 15 tungsten
particles, (c) areal density of Ba/BaO nanoparticles and (d) average size of

Ba/BaO nanoparticles, for each facettype.................cooiiiiiiiin, 58

SEM micrographs for measurement of steps within microfaceted regions
between adjacent facet pairs. Representative examples of these microfacets
are shown for (a) {100}/{112} facets, (b) {110}/{112} facets, and (c)
{112}/{112} facets. 21 W particles were observed, and the number of steps
within each microfaceted region was counted, with average normalized

results presented in the bar chart of (d)..............coooiiiiiiiin, 60

SEM images and EDS spectra of the two types of larger (~100 nm) oxide

nanoparticles that exist on the tungsten surfaces of scandate cathodes. (a)

Xi



Figure 4.8

Image acquired in SE mode for a typical surface area, and (b) the
corresponding BSE image of the same area. EDS spectra for the different

oxide particles, indicated by black arrows as (c) particle A and (d) particle

EDS elemental map of a typical scandate cathode surface area. An SEM
micrograph (BSE imaging mode) is shown at upper left, and a composite
map showing the distribution of all relevant elements is shown at upper right.
Additionally, individual maps indicate the elemental distributions of W, Sc,

O, Baand Al ..o, 63

Figure 4.9 Schematic of the proposed transformation model, illustrating the reorganization

of Ba adatoms on the W facets of a scandate cathode. During cooling, the
surface layer of Ba atoms transforms into discrete nanoparticles that decorate
the W facets. These nanoparticles would subsequently oxidize upon

BXPOSUIE L0 @IF. ...ttt e 65

Figure 4.10 Theoretical positions of Ba adatoms on {100}, {110} and {112} W surface

facets. (a) Unit cell of W. The relevant surface structures are shown for each
facet: (b) the {100} surface plane; (c) the {110} surface plane; (d) the {112}
surface plane. Red rectangles indicate unit cells on the W surface for {100},
{110%}and {112} orientations, while yellow rectangles represent unit cells for
adsorbed Ba (two Ba atoms lie within each of these unit cells). In all cases,
four W unit cells are required to accommodate two Ba atoms, for complete

coverage of Baatomsonthe Wsurface...............coooviiiiiiiiiiiienn, 69

Xii



Figure 4.11 XRD scan of the scandate cathode. The peaks detected here were all attributed

Figure 4.12

to the BCC tungsten phase; no oxide peaks were observed.................... 70

XPS spectra for relevant elements expected to exist on the scandate cathode

surface. (a) Ba 3d, (b) Al 2p, (c) O1s, (d) Sc 2p, (¢) Ca2p and (f) W4Hf....... 72

Figure 4.13 TEM observations of a lift-out lamella from a scandate cathode. (a) Low-

Figure 5.1

magnification bright-field image. (b) Higher-magnification image of W
particle denoted by red dashed rectangle in (a). Facets are indicated by
arrows. Two Pt layers were deposited on the W surface, denoted as Pt-e and
Pt-i, to protect the cathode surface during FIB milling. The inset in (b) is a
selected-area electron diffraction pattern of the W grain, at location B,
indicating the presence of BCC W. (c) High-angle annular dark field STEM
image showing atomic number contrast, with uniform brightness up to the
surface of the W grain. (d) Bright-field TEM image reveals microfacets on
the W surface. No Ba-Sc-O surface oxide layer was observed here. The layer
seen at the lower edges of the central W grains (blue arrow in image (b), also
visible in image (c)) is redeposited W from FIB milling, and is only observed

on surfaces that were not protected by Pt.............coooiiii i 75

Surface morphology of two scandate cathodes. (a) and (b) are low- and high-
magnification SEM images of the surface of cathode #1. (c) and (d) are low-
and high- magnification SEM micrographs of cathode #2. All micrographs

were obtained in secondary electron imaging mode.......................... 84

Xiii



Figure 5.2

Figure 5.3

Figure 5.4

EDS elemental mapping of a cross-section TEM lamella from scandate
cathode #1. (a) Low-magnification HAADF image of the electron-
transparent sample region; (b) composite elemental map showing the
distribution of W (red), Ba (blue) and Sc (green) in the TEM lamella; (c)-(h)

elemental distribution maps for W, Sc, Ga, Ba, Aland O..................... 86

Structural and elemental analysis of a Ba-Al-O particle at the cathode surface.
(a) HAADF image, with green square showing the area for EELS mapping,
as well as blue and yellow boxes showing sites for EDS analysis of the Ba-
Al-O particle and neighboring W grain, respectively; (b) selected area
diffraction pattern acquired from the Ba-Al-O particle; (c)-(f) EELS

elemental maps of O, Al, Ba and W; these four maps share the same scale

EDS elemental analysis of a Ba-Al oxide particle that also exhibits an encased
Sc signal. (a) Low-magnification HAADF image of near-surface region of the
cathode sample; (b) high- magnification HAADF image showing the area
scanned for EDS mapping, which corresponds to the red box in image (a); (c)
composite elemental map showing distributions of W, Ba and Sc; (d)-(h)
individual elemental maps of W, Ba, Al, O and Sc, where the red box in (h)

outlines the region of EDS quantitative measurement.......................... 89

Figure 5.5 (a) HAADF image of near-surface cathode region where structure and

elemental distribution were investigated by tomography. (b)-(e) HAADF
image and EDS elemental maps, shown as 2D slices from the 3D tomogram,

of a Ba-Al oxide particle that encases a smaller Sc-containing particle and

Xiv



Figure 5.6

Figure 5.7

sits on a W grain. Sc is distinct from both the W particle and the Ba-Al

High spatial resolution EDS elemental mapping of Ba-Al oxide and adjacent
Sc-containing particle. (a) Low-magnification HAADF image; (b) high-
magnification HAADF image of area mapped by EDS, corresponding to red
box in image (a), blue and yellow boxes denote locations of EDS point
analysis; (c)-(g) elemental maps of Sc, Ca, Ba, Al and O. (b)-(g) share the

SAME SCAIE DT . .o e, 92

High spatial resolution characterization of a Sc-containing particle located in
the interior region of a W grain. (a) Low-magnification HAADF image
showing the near-surface region of the cathode; (b) zoomed HAADF
micrograph corresponding to the red box in (a). Inset in (b) are a HAADF
image and W elemental distribution map, revealing nanoscale W particles

within the 100 nm Sc-containing particle....................cooiiiiiien. . 94

Figure 5.8  Crystal structure of the W matrix in scandate cathode #1, characterized using

scanning nanobeam diffraction. It is demonstrated that the W matrix has the
BCC structure, which is inferred from diffraction patterns obtained at
locations ranging from the middle of the W grain to its surface. The beam

direction and zone axis for the grain orientation shown here are indexed as

XV



Figure 5.9

Figure 5.10

Figure 5.11

Figure 6.1

Figure 6.2

Figure 6.3

Schematic illustration of the sample, ion beam and electron beam for serial
sectioning in the FIB-SEM, in order to perform 3D tomographic

FECONSITUCTION. .ttt ettt e e e, 97

3D reconstruction of a W particle from scandate cathode #2, generated by
FIB serial sectioning and imaging in the SEM. (a) Secondary electron SEM
micrograph of the selected W particle, (b) reconstructed tomogram, and (c)
spatial distribution of Sc/Sc.Oz inside the W particle. Note that the viewing

direction of image (c) is rotated with respect to that of images (a) and (b)...98

SEM micrographs of (a) tungsten powder and (b) scandia-doped tungsten

powder. Both images were recorded in secondary electron imaging

Back-scattered electron micrographs of scandate cathodes. Images are
acquired with a FIB-SEM under the immersion mode. (a) and (b) from the

cathode #1, (c) and (d) fromthe cathode #2.................cooiiiiiiinl. 108

Figure 6.2 SEM images of scandate cathodes. (a), (b) a pair of SEM images
from an L-S scandate cathode, (c), (d) are from an L-L scandate cathode #2.
The insets in (b) and (d) are the corresponding Wulff shapes............... 109

Plots of current versus brightness temperature (W).................o.ooee... 110

Figure 6.4 Nano-AES analysis on surface elemental distribution scandate cathode #1..112

Figure 6.5

EELS chemical maps and corresponding electron energy loss spectrum. (a)

HAADF image, green box inside indicates the area for EELS analysis; (b)

XVi



layered chemical map showing Sc and Ba; (c), (d) and (e) maps of Sc, O and

Ba; () electron energy loss spectrum............ccooeveiiiiiiiiiiiieeecn, 113

Figure 6.6 Nano-beam diffraction study on crystal structure of the Ba-Sc-O surface layer.

Figure 6.7

Figure 6.8

Figure 6.9

Figure 7.1

Figure 7.2

(a) STEM image of a partial tungsten grain with the surface layer; (b)-(e)

diffraction patterns correspond to the sites of B-E as indicated in image

TKD results on a lamella extracted from L-L scandate cathode #2.

(a) Forescatter diodes (FSD) image, (b) inverse pole figure and (c) phase

3D tomography on a lamella extracted from L-L scandate cathode #2. (a)-(e)
3D elemental distribution of Ba, Al, Sc, O and W, (f) 3D layered map. Note

that the volume (X, y, z) = (906, 875, 133) nM............coiviiiiniiiana, 117

Back-scattered electron images of L-L scandia doped tungsten powder. (a)
BSE image showing tungsten particles with scandia coverage, (b) cleaved
surface of one tungsten particle showing internal pores with filled by scandia

NANOPAITICIES. ... o 118

Emission curves of the poisoned scandate cathode. Black curve is the
measurement at O hour while the red curve is after 4200 hours............ 124
Scanning electron micrographs of the poisoned scandate cathode. (a) and (c)
are secondary electron images, (b) and (d) are the corresponding back

scattered eleCtron IMagesS. ... ..oveeiier e 125

Xvii



Figure 7.3. Size distribution of tungsten particles of poisoned (left) and healthy (right)
scandate CathodesS. ..........oevuiuiei i 126

Figure 7.4 EDS analyses of the poisoned scandate cathode. (a) SEM image, (b)-(d) relative
EDS spectra for particles A, B and the matrix-tungsten....................... 127

Figure 7.5 EDS mapping on a representative area of the poisoned scandate cathode. (a)
SEM image showing the area for mapping, (b) layered image, below is the

elemental maps of W, Al, Ba, Sc,0and C...............ocoiiiiiiiiiiiiin, 129

Figure 7.6 (a)-(f) the proposed equilibrium crystal shape in the vicinity of the crystal vertex
depends on temperature. (g)-(i) The actual crystal shape observed after

quenching. The observed shape depends on the cooling rat and may differ from

the equilibrium shape. During quenching small step-like facets may be form

aSShOWN IN (Q) [13]..ne e 130

Figure 7.7 Theoretical and experimental tungsten crystal shape for the poinsoned scandate
cathode. (a) [13] Crystal shape follows a function of temperature on the basis

of Equilibrium Crystal Shape (ECS), Ty and Te are vertex-rounding and edge-

rounding temperature, respectively. (b) Experimentally observed tungsten

shapes form the poisoned scandate cathode, showing vertices rounding and

BAQE FOUNAING. ...ttt 132

XViil



CHAPTER 1. INTRODUCTION

1.1 Motivation and objective of this research

Though scandate cathodes exhibit a great potential to replace the conventional B type
cathodes, the most widely implemented electron emitting cathodes even till to date, owing
to high current density and a relatively lower operating temperature [6,14,15]. There are
still several issues for scandate cathodes, i.e., unclear emission mechanism, low
reproducibility for production, and uneven emission etc, have not been resolved before
making them practical for applications [1,4,6,16-19]. These problems, to a large extent,
are due to the facts that we have yet fully understood the cathode materials at a fundamental

level. That is the motivation where this thesis gets started.

In this work, efforts are made to study the materials and nanostructures of scandate
cathodes. We aim at gaining a better understanding of the materials constituting the
scandate cathodes and then try to elucidate the emission mechanism of them. With
achieving more knowledges on scandate cathodes, it is anticipated that the scandate
cathodes can be well understood and further improved for meeting the requirements for
practical applications, e.g., microwave tubes and, traveling wave tubes (TWT) electron

vacuum devices (VEDs) [10,18,20-23].

1.2 Outline of this work
Various scandate cathodes were thoroughly investigated using electron-microscopies
based materials characterization techniques, in combination with XRD, XPS and

Nanoauger spectroscopy. An outline of this work is described below.



Chapter 1 describes the motivation and objectives of this work.

Chapter 2 talks the research background.

Chapter 3 describes the materials and methods that get involved in this thesis.

Chapter 4 presents the results of surfaces characterization of well emitted scandate
cathodes (L-S scandate cathodes, which means the cathodes are made by liquid-solid
powder). In this chapter we carefully analyzed the morphological features of tungsten
particles constituting cathodes surface, and the surface decorating nanoparticles as well as

the crystal structure of the matrix-W.

Chapter 5 reports the near-surface material phases and microstructure of scandate
cathodes that exhibited excellent electron emission (L-S scandate cathodes). The
microscale or nanoscale particles as observed on cross section samples extracted from
scandate cathodes are comprehensively studied for understanding the complex chemical

reactions that took place during the impregnation and activation processes.

Chapter 6 presents the results for surface features of well emitted L-L scandate
cathodes (L-L scandate cathodes are developed with the liquid-liquid precursor powder).
Special attentions are paid to identify the very thin Ba-Sc-O surface layer which is

incongruent to the previously proposed models in literature.

Chapter 7 presents the surface features comparison between poisoned and well
emitted scandate cathodes. The faceting and rounding behavior of tungsten particles is

discussed with respect to temperature dependence and the influence of oxygen pressure.

Chapter 8 talks about conclusions and future work.



CHAPTER 2. BACKGROUND

2.1 Historical development of thermionic cathodes

Thermionic cathodes working as electron emitters to generate electron beams are
often considered as a crucial technology and which can be applied widely, ranging from
civilian communication to military and space-based technologies like microwave tubes,
TWTs, and VEDs [2,6,9]. Though the field of thermionic electron emission is considered
a relatively “matured” technology, thermionic cathodes, especially for scandate cathodes,
are still being studied a lot in order to meet the demanding requirements for practical
applications. In addition, in recent years with the advent of modern surface analytical
facilities, e.g., XPS, AES and high-resolution microscopies, it enables one to gain a better
understanding of the physics and chemistry of the emitter surface which, in turn, stimulates

the research on thermionic cathodes and brings more improvements on them.

Fig. 2.1 shows the changes that have taken place with respect to emission
capabilities of various thermionic cathodes in the past decades. It is obviously that scandate
cathodes significantly superior to the conventional dispenser cathodes in terms of emission
abilities. Note that stable operation in closed spaced diodes (CSD) at 100 A/cm? has been
routinely obtained for these scandate cathodes as reported in the references [21,24].
Dispenser cathodes means that the so called active materials (low work function
compounds) can dispense continuously to the emitting surface from the body of the
cathode. Typical dispenser cathodes include tungsten matrix cathode which is known as
the B type cathodes and the coated tungsten matrix cathode which is also called as M type
cathode. Apart from them, there are some other dispenser cathodes, i.e., mixed metal matrix

cathodes, and the controlled porosity cathodes, etc. Comparing with the conventional B
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type or M type cathodes, scandate cathodes are capable of delivering a greatly improved
current density. However, scandate cathodes have yet been implemented as widely as the

B type cathodes since there are still several unsolved issues associated with them.

In this section we will review these three types of representative thermionic

cathodes, B type cathodes, M type cathodes and the scandate cathodes.
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2.2 B type cathodes

2.2.1 Development and fabrication of B type cathodes

Barium dispenser cathode, usually called as B type cathode, originally termed Philips
‘B’ cathode which was first developed in about 1955. In history, the Philips ‘B’ cathode
developed from the Philips ‘A’ cathode which comprises a porous tungsten body with
impregnated by barium aluminate and was invited by Levi and Hughes in about 1952 [17].
The fundamental difference between the Philips ‘B’ and Philips ‘A’ dispenser cathodes is
the impregnated oxides, more specifically, Philips ‘B’ cathodes use barium calcium
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aluminate to replace the barium aluminate that was applied in the Philips ‘A’ cathodes [17].
The addition of calcium oxide into the impregnant materials is beneficial for mitigating the
sublimation rate of Ba and therefore greatly enhances the emission properties. The
impregnant of B type cathode is usually 5BaO: 3Ca0: 2Al>03 which is sometimes simply
referred as 5-3-2 (mole ratio). The 5-3-2 is the most common impregnant materials for
cathodes fabrication while some other various impregnant had been applied, e.g., 6-1-2 and

4-1-1 oxides.

Tungsten powder is the raw materials for cathodes fabrication. Selecting tungsten
powder with controlled characteristics, i.e., particle shape, size and distribution and purity
of the powder is crucial for the cathodes production. The raw powder is first mixed and
then isostatically pressed under a set pressure, 20 000psi for example [17,25]. The next
step for the cathode fabrication is sintering. This procedure is carried out by infiltrating the
pressed pellet with an inert plastic filler and gets it sintered at a specific temperature. The
reason for the infiltration process prior the sintering is to maintain the open-pore structure.
After that the next step is the impregnation which is performed by melting the impregnant
at the top surface of the porous tungsten matrix in a hydrogen or inert atmosphere. After
the completion of this step, the cathodes are then washed using the deionized water for

removing the excess impregnant on cathodes surfaces.

2.2.2 Physical model for B type cathodes

As aforementioned B type cathodes are still the most widely used thermionic
cathodes due to its current density and long life. B-type cathode has a work function of
around 2 eV and an operation temperature of about 1400 K [26,27]. A lot of work has

been done to illustrate the work mechanism of this type of cathodes [2,28-32]. In 1978,
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Forman proposed a physical model for demonstrating the physical model of barium
impregnated cathodes [2]. In the literatures [2,33,34] it is demonstrated that a coadsorbed
barium and oxygen layer, rather than barium oxide, on tungsten surface forms a dipole on
the emitting surface, leading to the copious electron emission of B type cathodes. The
model hypothesized that there is an adsorbed monolayer (or partial monolayer) of barium
and oxygen on the surface of a cathode during its life.

The schematic diagram in Fig. 2.2 describes the model of barium impregnated
cathodes at different times during its life including early life, middle life and end life [2].
In addition it is thought that only barium continuously migrate to cathode surface from the
pores in the matrix. There is no need to bring oxygen from the body to the surface since
they assume that oxygen is ample throughout the cathode’s life and is always present on
the cathode’s surface. As Fig. 2.2 displayed in the early life of one cathode, the barium
arrival rate to the surface is high enough to maintain monolayer coverage as barium is
being generated in pores close to the surface and, moreover, the migrate path is short. As
the working hours of the cathode increases, the pores near the surface are depleted. As a
result, the arrival rate of barium to the surface is less than that needed to maintain a
monolayer. At this time, a partial monolayer will result which is generally described as the
time of middle life of cathode. If the work function brought by the partial monolayer is
lower than what required to sustain the normal electron emission, the cathode is still
working at this period. Eventually at the end of cathode life the arrival rate of barium to
cathode surface becomes smaller and smaller, resulting the partial monolayer whose work
function is too high to sustain cathode’s electron emission. The emission will drop

significantly and the cathode runs to the end of its life.
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Figure 2.2 Model of impregnated tungsten cathode showing changes with time during life

[2].

It should be noted that Ba is produced by the chemical reaction between the
impregnant materials and tungsten at sites of pore walls. As an example, for B type

cathodes with a 5-3-2 impregnant, the chemical reaction that occurred is [28]:

5Ba0.3Ca0.2Al,03 + % W=3/4 Ca,.BaWOs¢ + ¥ CazBaAl,Os + 5/4 BaAl,Os +9/4Ba 2.1

2.3 M type cathodes

2.3.1 Development of M type cathodes

With the progress of thermionic cathodes research, in around 1964, scientists in
Holland discovered that the emission capability was significantly enhanced by coating the
B type cathode with a thin layer of refractory metals, i.e. osmium, iridium or rhenium,

which was verified by the U.S. scientists later [17]. It was found that a substantial reduction



in work function of such cathodes (B type cathode coated with a very thin refractory metal
layer) can be achieved and therefore the emission level was greatly improved. It is very
interesting that the coating-metals, in fact, have a higher work function than that of tungsten
but, nevertheless, the overall work function is lower than that of the B type cathode (a pure
tungsten base alone). The reason for this phenomenon is that the overall work function of
the emission surface constituting by a barium and oxygen layer on the coating is inversely
proportional to the work function of the coating materials which serves as the substrate of

the emission surface [5,35,36].

In spite of a superior emission level of these cathodes several drawbacks had been
found for them later during the production and further research. For instance, during the
preparation of the osmium coating, people usually adopt the technique of sputtering (or
deposition) where tetroxide applied is very poisonous and consequently very difficult to
work with. This problem was later overcome by sputtering an alloy film, e.g. osmium-
ruthenium or osmium-iridium, to replace the original refractory single metal film [17].
These cathodes, basically a B type cathode with a coating of osmium-ruthenium or
osmium-iridium alloy film is called the M type cathode. A broader conception for M type
cathode is B type cathode with a coating of either a refractory single metal film (i.e. Os,
Ru, Re) or analloy film (e.g. Os-Ru, and Os-Ir). The sputtered alloy film of M type cathode

is generally with the thickness of 200-500 nm.

2.3.2 Emission level and issues of M type cathodes

As indicated by [25] , the work function of M type cathode could reach approximately
1.8eV which means the cathodes could deliver the same emission as the B type cathode at

100 “C lower temperatures. According to the reference [37], the emission current density
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of M type cathode is above 10 A/cm? during the close spaced diode (CSD) testing, and is
above 32 A/cm? in pulsed mode during the electron gun testing. This is an impressive
enhancement with emission capabilities for thermionic cathodes with respect to the

conventional B type cathodes.

Despite the fact that M type cathodes possess a lower work function and therefore a
better electron emission level than B type cathodes, there are several issues with them. As
suggested by [38], M type cathodes are more easily to get poisoned by various gases though
its emission could be recovered by aging them at a vacuum environment. Another problem
has yet been solved for M type cathode is the necessity of long initial aging, so the thermal
conduction near to the emitting layer may need to be promoted later, i.e. though improving

the cathode processing etc.

2.3.3 Emission mechanism of M type cathodes

Thought M type cathodes have been investigated a lot while its emission mechanism
has yet been fully understood through literature study [3,27,35,38-40]. As suggested by
Hasker [3], there is an excess oxygen concentration which is about two times of the Ba-O
concentration (based on Auger analysis, as shown in Fig. 2.3) for a normal activated M
type cathode. In addition, for a degraded M type cathode the excess oxygen level is found
to be much higher than that for a normal one. Inthe reference [27] it was implied by Shroff
et al that the enhanced emission of M type cathodes was not obtained at the expense of
high evaporation rate and, moreover, the improvement does not depend initially upon
temperature. Yin et al [39] applied the technique of synchronous radiation photoelectron
spectrum to study activated M type cathode and suggested that the spectrum of O exhibited

various chemical states with showing three significantly different peaks (530.23 eV, 531.72
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eV and 533.45 eV) which correspond to various oxides. In addition, they [39] claimed that
the special oxides accelerate the decomposition and evaporation of the oxide layer on
cathode surface, leading to produce much more low binding energy oxygen species (O°)
which has a stronger adsorption to Ba™. As a result, the emission is enhanced as the Ba™ is

regarded as excess barium and is the source of electron emission.
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Figure 2.3 Auger spectrum of a normal Os-Ru coated M type cathode [3].
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2.4 Various Scandate cathodes

2.4.1 Development of scandate cathodes

Scandate cathodes where scandia is added into the tungsten matrices have attracted
significant attention since the late 1970s owing to their excellent electron emission and a
lower operating temperature [6,41-50]. Matrices of scandate cathodes are commonly
porous pure tungsten pellets while a small portion of scandate cathodes employ alloy
matrices (e.g. ResW) as reported by the references [42,51,52]. The highest reported
emission level of scandate cathode can reach Jios 0f 400 A/cm? at 965 °Cy, for a top layered
scandate cathode as reported by Gartner et al [53], making it the most promising thermionic
cathodes for substituting the conventional ones.

According to the patent of [54] the first reported scandate cathode was developed by
Figner in 1967 and was fabricated by mixing the barium scandate (3Ba0.2Sc203) with
tungsten powder and then followed by a pressing process. It is noted that for this materials
system applying impregnation is unfeasible due to the rather high melting temperature of
the barium scandate [55]. Later with the change of using a mixture of BaO, CaO, Sc,03
and Y203 as the materials for impregnation researchers succeed to fabricate some early
versioned scandate cathodes. However, one primary drawback of these scandate cathodes
is high-cost for the production since rear-earth metal oxides (Sc20z and Y.03) are
expensive [55]. Eventually the impregnant materials comprising BaO, CaO and Al,O3 have
been widely adopted for the production of scandate cathodes. Using these impregnant
materials is economic and, moreover, the temperature required for impregnation is not

super high which makes it more readily for the scandate cathode preparation.
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The development of scandate cathodes can be divided into two major periods from
the perspective of their applications. The first period is between 1970 and 1990 which was
motivated by high resolution cathode ray tubes (CRTS). This device requires an emission
level of about 10 A/cm? (DC current densities) and an low operation temperature (lower
than that of B-type cathodes) [5]. Unfortunately, scandate cathodes failed to be
successfully used in CTRs as they were replaced by LEDs quickly [5]. The other period
started from around 1999 and till to now. This period is stimulated by two primary factors:
(1) Vacuum Electron Devices (VEDSs) require higher and higher emission current density
which cannot be obtained by conventional B type cathodes, the most widely used one, no
even to say oxides cathodes, another matured technology; (2) the advent of fantastic
surface analytical facilities, e.g. X-ray photoelectron spectroscopy (XPS) and Auger
electron spectroscopy (AES), enables one to do more experimental (and theoretical) works
to unveil the nature of the emitting surfaces and the emission mechanism. As a result,
various types of scandate cathodes, including pressed scandate cathodes [56-59], top layer
scandate cathodes [53,60,61] and impregnated scandate cathodes [4,62-64], have been
developed and still under investigations. These three types of scandate cathodes will be
discussed in more detail later below, special focus is given to the impregnated scandate

cathode which is the same type of scandate cathodes investigated in this thesis.

2.4.2 Pressed scandate Cathode

Pressed scandate cathodes (or scandia doped tungsten pressed cathode) is prepared
by pressing and sintering a mixture of tungsten powder, scandia and oxides (BaO, CaO and

Al>Oz3). Different pressed scandate cathodes may involve dissimilar recipe for the pressed
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scandate cathodes fabrication. Only a few articles can be found for pressed scandate
cathode research since this kind of scandate cathode is usually serving as a comparison

study for impregnated scandate cathodes.

In [65], the starting materials constitute of around 7 wt. % barium scandate and the
rest fine grain sized tungsten powder. The mixture of tungsten powder and barium scandate
was pressed first and then sintered at nearly 1570 °C in a hydrogen atmosphere for about

15 mins. After this process the cathode was smoothly polished and ultrasonically cleaned.

The resultant pressed scandate cathode in [65] exhibited excellent emission properties after
activation which has a current density of approximately 10 A/cm? at the temperature of
950 °C. Cui et al [59] prepared scandia doped pressed cathode using scandia and barium
calcium aluminate co-doped tungsten powder which ranched a current density of 31.5
Alcm? at 850 °Cp. As discussed in literature, enhanced emission properties of scandia
doped pressed cathode is attributed to activated scandium oxide regions on the cathode

surface [65] and formed Ba-Sc-O multilayer [59].

2.4.3 Top layer scandate Cathode

Comparing with other scandate cathodes, top layer scandate cathodes exhibited a
longer life than pressed cathode and a better recovery capability after ion bombardment

than the impregnated cathode [66].

Top layer scandate cathode comprises a porous pure tungsten pellet impregnated by
barium-calcium-aluminates which is then coated with a scandium containing compound by
sputtering or some other deposition technique. Thickness of the top layer ranges 100nm to

100um. The scandium containing coating is various in term of chemical composition. In
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the references [53,66-68] W+ScH: or W+Sc203 or W+Sc,W301, were adopted to coating
the impregnated tungsten pellets for producing the top layer scandate cathodes. While in
the reference of [53] some other Sc-containing materials, W+Re,Sc, Re2sScs, were used as
the coating. In addition the techniques for depositing the coating are various as well, two

approaches-sputtering and the laser ablation deposition (LAD) are usually employed.

In the work of J. Hasker et al [60,69] it was suggested that generating a configuration
of “Sc203 coverage on W” on the surface is critical for top layer scandate cathode as it aids
to improve the emission homogeneity as well as ion-bombardment-resistance.
Furthermore, it was claimed that, for top layer scandate cathodes, electron emission mainly

generates from BaO globules on the W grains rather than Ba or Ba-O on bulk Sc203 [60].

Moreover, as aforementioned it was reported in the reference of [53] that a top layer
(W/Re+Sc.03) scandate cathode prepared by Laser Ablation Deposition (LAD) exhibited
a greatly improved current density. More specifically the zero field emission which is
defined as 10% deviation from space-charge law of this top layer scandate cathode could

reach 400 A/cm? at 965 °Cpand 32 A/cm? at 760 °Cy [53].

2.5 Impregnated scandate cathodes

Impregnated scandate cathode (scandia doped tungsten impregnated cathode) has
received a lot of research interests especially in the recent 2~3 decades owing to its high
current density operating at a lower temperature and therefore a longer life time. The core
part of an impregnated scandate cathode is a porous tungsten p