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Abstract
As the performance of vacuum electron devices is essentially governed by the properties of their cathodes, developing effi-
cient and durable thermionic cathode is necessary and highly desired to meet the boosting requirements of vacuum electron 
devices. This review summarized the progress made in the past decades with a detailed discussion on the occurred various 
thermionic cathodes and their features, and the understandings of the correlation between the emission properties and the 
composition, where structure and synthesis method are well illustrated. Furthermore, dispenser cathodes with novel struc-
tures and emission mechanism are highlighted to indicate the recent achievement in this area of research, and Sc-cathode is 
considered as a promising candidate for the next-generation vacuum electron devices due to the greatly improved efficiency. 
However, challenges still exist to meet the ever-growing demands of thermionic cathode with collaborative requirement of 
high performance, easy fabrication and inadequate reproducibility.
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1 Introduction

As the electron sources for vacuum electron devices (VEDs), 
thermionic cathodes have been continuously developed and 
applied in traveling wave tubes (TWTs) [1, 2], magnetrons, 
communication satellites, medical applications, cathode ray 
tubes (CRT) [3, 4] and klystrons [5]. Generally, thermionic 
cathodes use heat to expel electrons from a solid, which 
is different from cold cathodes using high electric fields to 
excite electrons out of the solid. The fundamental under-
standing of the electron emission of thermionic cathodes is 
that when the activating energy is injected into the cathode 
metal matrix with increased temperature, the electrons at the 
Fermi level could capture enough energy to overcome the 
energy barrier to escape from the cathode surface into the 
vacuum. According to the Richardson equation [6], energy 
barrier could be expressed by work function of the cathode 

materials, and decreasing the work function of cathode sur-
face is a feasible and effective strategy to improve the emis-
sion performance. Up to now, many methods to decrease the 
work function have been developed and thus derived various 
types of cathodes.

Over the past century, significant progresses have been 
achieved on thermionic cathodes, and various strategies 
have been developed to improve their performance with 
increased power output and source species. The compo-
nents of cathodes were first developed from pure material 
to heterogeneous composites, and the traditional mechanical 
mixing method was replaced by solution synthesis to obtain 
a uniform structure with enhanced emission efficiency. In 
addition, chemical-vapor deposition was available to pre-
pare integral active film on the matrix to suppress the peel-
ing off the coating, which results in good stability and pro-
longed life of cathodes. Furthermore, numerous physical and 
chemical models are constantly constructed to understand 
the intrinsical emission mechanism, but the theoretical work 
still falls behind the technological advancement and needs 
to be further investigated.

In recent years, rapid development of modern analytical 
technology endows the ability to comprehending the under-
lying physical and chemical feature of the emitter process, 
and theoretical simulation is also available to build the 
relationship of properties, composition and microstructure 

Tungsten
www.springer.com/42864

 * Peng Hu 
 pengh@bjut.edu.cn

 * Jin-Shu Wang 
 wangjsh@bjut.edu.cn

1 Key Laboratory of Advanced Functional Materials, 
Education Ministry of China, Faculty of Materials 
and Manufacturing, Beijing University of Technology, 
Beijing 100124, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s42864-020-00059-1&domain=pdf
www.springer.com/42864


290 J.-Y. Gao et al.

1 3

in details, revealing the nature of cathodes in theory. For 
instance, atomic force microscopy (AFM) [7] utilizes Van 
Der Waals Forces between atoms to present the surface prop-
erties of the cathode, and photoelectron emission micros-
copy (PEEM)/thermionic emission microscopy [8] offers the 
local and relative intensity of electron emission as a function 
of temperature from the thermionic emission image. Syn-
chronous radiation photoelectron spectrum (SRPES) [9] can 
provide the in situ surface composition and state evolution 
during the heating process up to 1200 °C, and the resolu-
tion is 3–4 times higher than those of X-ray photoelectron 
spectroscopy (XPS) and Auger electron spectroscopy (AES). 
In addition, the density functional theory (DFT) is a theo-
retical method to investigate the intrinsic emission mecha-
nism by simulating the atomic arrangements, the density of 
states (DOS), work function, the stability of adsorbates et al. 
These new approaches greatly enrich the regulation strate-
gies of advanced cathodes and help to improve the elec-
tron emission performance which are multiply for specific 
requirements.

Although significant progress was obtained for thermi-
onic cathodes, few attempts are made to provide a com-
prehensive summary of their development, and advantages 
through understanding the recent achievement of thermionic 
cathodes can provide researchers with different perceptions 
towards cathode prospect. Accordingly, we systematically 
summarized the recent development of various thermionic 
cathodes in this review, and mainly addressed the recent 
progresses on the emission mechanism, performance and 
failure of dispenser cathodes. Through reviewing the signifi-
cant advances on this topic, it may provide new opportuni-
ties for designing advanced thermionic cathodes for various 
applications in vacuum electron devices.

2  Pure material cathodes

2.1  Pure metal cathodes

Pure metals of W, Ta and Re could be used as cathodes, 
because they can produce thermionic current lower than 
1 A·cm–2 in operating temperature of above 1727 °C [10]. 
Among these metals, W attracted noticeable attention in 
industrial applications due to its high thermal resistance and 
could deliver a current density of 1.5 × 10–7 A·cm–2 with 
work function of 4.54 eV at 1227 °C [11]. Thus, W-based 
thermionic cathodes are widely applied in large power con-
cussion machine and electron beam instrument and exhibits 
the advantages of stable emission and good resistance to ion 
beam bombardment [12]. However, the ultra-high operating 
suffers the decreased service life of the heating assembly 
devices [11], and enhancing the emission ability at low tem-
perature is critical to further widen its applications.

2.2  Compound cathodes

Compound cathodes mainly include carbides and borides 
[13], and  LaB6 is the mostly representative compound 
cathode because of its high current density, high resist-
ance to chemical poisoning, good metallic conductivity, 
low work function and low volatility [14]. The first work 
on the  LaB6 cathode with work function of 2.66 eV at 
1127 °C was reported by Lafferty in 1951 [14], and until 
1990, Herniter and Getty [15] achieved the beam current 
density of 30 A·cm–2 at 1744 °C. Later, Ebihara [16] meas-
ured a maximum current density of 20 A·cm–2 at 1600 °C 
with an effective work function (Ф) of 2.68 eV, and single-
crystal cathode was further developed with an increased 
current density up to 50 A·cm−2 at 1500 °C. Up to now, 
 LaB6 cathodes are still applied in ionization gauge and 
mass spectrometer filaments as an electron source with 
high brightness and high density. However, highly reac-
tive boron would react with refractory metals and further 
diffuse into the metal lattice to form alloy at elevated tem-
peratures [17], which causes the high instability of the 
assembled supporter [18]. In recent years, other rare earth 
boride, such as  La0.1Nd0.9B6 [19],  La0.4Pr0.6B6 [20] and 
 Ce0.9Gd0.1B6 [21], have been developed, and the largest 
emission current density reaches 30.65 A·cm−2 at 1600 °C.

3  Thoriated tungsten cathodes

Thoriated tungsten cathodes are composed of W and 0.5–2 
wt% of thorium oxide, and could deliver an electron emis-
sion current ten times higher than that of pure tungsten 
filament at the same operating condition. Atomic film 
modeling analysis verified that the greatly improved emis-
sion was owing to the formation of a monolayer of free 
thorium atoms [22] on the surface of tungsten by reduction 
reaction between thorium oxide and the  W2C layer [10]. 
The electropositive Th atoms diffuse onto the W surface 
to form the electric dipole layer during the activation and 
operation temperature, which facilitates the escape of elec-
trons from the surface due to the decreased work function 
that depends mainly on the coverage degree of thorium 
film. Especially, this cathode could operate at 1727 °C 
with a current density of 2–3 A·cm−2 and long stability 
of 10,000 h [23], respectively, and has been mostly used 
in the magnetoplasmadynamic (MPD) thruster cathode. 
However, depletion of the thorium layer would shorten 
the lifetime of the MPD cathode when the temperature 
exceeded 2027 °C, and the radioactive pollution of tho-
rium was still a knotty problem needing to be seriously 
concerned. Therefore, non-radioactive rare earth oxides 
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 (RE2O3), such as  Y2O3 and  La2O3, have been explored and 
introduced into the W/Mo cathode to replace  ThO2, and 
the obtained cathodes exhibit high electron emissivity and 
low electrode erosion in arc welding [24–26] due to the 
decrease in the work function [27]. However, the superior 
stable emission performance of  RE2O3-W/Mo cathodes 
were restricted to temperature lower than 1400 °C [26]. 
Later, a new  La2O3/Y2O3–Gd2O3–ZrO2 composite impreg-
nated W cathode was developed and provided current den-
sity of more than 1.5 A·cm−2 at 1600 °C with a lifetime of 
2600 h [28], and are desired to apply in magnetoplasma-
dynamic thrusters (MPDTs).

4  Oxide cathodes

Oxide cathodes are composed of the mixture of BaO, SrO 
and CaO as the form of porous layer deposited on pure nickel 
or tungsten, together with a certain amount of reducing agent 
(such as Si, Mg). During the thermal activating process, Ba 
is formed by reduction reaction and diffuses to the surface 
of oxide particles, and works as activator to promote elec-
tron emission. Research work illustrates that the current 
density of 0.5 A·cm−2 with work function of 1.5 eV could 
be obtained at 727 °C for oxide cathodes [10]. At 2012, 
pulse emission current density dramatically increased to 31 
A·cm−2 manufactured by plasma spray technology [29]. Up 
to now, oxide cathodes are widely used in receiving tube and 
TWT [30] due to the easy preparation process, lower oper-
ating temperature, longer servicing life and higher electron 
emission than those of pure metal cathodes [31]. However, 
challenges still need to be overcome for the oxide cathodes, 
such as poisoning sensitivity, ohmic heating in the oxide 
layer [11], and unstable impurities of  SiO2 and MgO, which 
limit the further applications of the oxide cathodes.

5  Dispenser cathodes

A dispenser cathode consists of a porous metal body in 
which impregnants including barium oxide, calcium oxide 
and aluminum oxide are dispensed, and the connected pores 
also provide channels for active substance to transport to 
the surface of the cathode [32]. Because of the continuous 
supply of active substance on the cathode surface, dispenser 
cathodes exhibit greatly improved emitting performance 
than that of oxide cathodes and become the most promising 
cathodes to fulfill the requirements of the VEDs. It should be 
noted that the rapid diffusion and well distribution of active 
substance on the surface need to be well addressed and are 
critical to the emission property of obtained cathodes. Up to 
now, different dispenser cathodes have been developed and 
mainly include reservoir cathodes (L-cathodes), impregnated 

cathodes (B-cathodes), B-cathodes coated with metal film 
(M-cathodes), mixed matrix cathodes (MM-cathodes) and 
scandate cathodes (Sc-cathodes).

5.1  L‑type cathode

The first dispenser cathode was made by spraying (Ba, Sr) 
 CO3 onto a nickel base [33, 34], and then (Ba, Sr)  CO3 was 
developed in a cavity behind porous tungsten. L-cathodes 
made marked improvements in emission properties such as 
high emission current capability and long life (more than 
100,000 h [35]) at a high loading (> 5 A·cm−2). The high 
emission of the L-cathode is explained by the formation of 
an active Ba monolayer on the surface of tungsten by Knud-
sen flow through the porous channels during thermal activa-
tion. However, a barium vapor leak-tight seal between the 
porous tungsten emitter and the molybdenum support body 
is very difficult to fabricate, and it is also very hard to keep 
uniform cathode temperatures due to the low heat transfer 
efficiency of the cavity [34].

5.2  B‑type cathode

The first B-type cathode was produced by impregnating bar-
ium aluminate in preformed porous tungsten matrix in 1952 
[36], and then calcium oxide was added into the impregnant 
to decrease the barium loss and generate free Ba active metal 
when heated, and resulted in the improved emission proper-
ties and extended working life [37]. For example, the B-type 
cathode could decrease emission temperature of 70 °C than 
the L-cathode with the same cathode current density [10], 
and the work function of cathode was lowered from 4.6 eV 
of the W cathode to 2.1 eV [37]. It should be noted the com-
position of impregnant greatly affect the emission properties 
of obtained B-type cathode, and molar ratios of BaO, CaO 
and  Al2O3 mostly adopted are 5:3:2 [38], 4:1:1 [39] or 6:1:2 
[31].

The generally accepted mechanisms for the improved 
performance are “dipole model” [40] and “excess barium 
adsorption model” [41] with the emphasized function of 
active Ba. According to these works, Ba first diffuses from 
the inside of the matrix to W surface through the pores to 
form the Ba–O dipole layer at high temperatures, which 
leads to a sharp decrease of the work function and promotes 
the electron emission. Continuous Ba supply eliminates the 
evaporating loss of surface Ba, and the well-preserved Ba 
film guarantees the excellent current output with enhanced 
long-time stability. Later, Lu et al. [42] pointed out that oxy-
gen also participated in the activation process to reduce work 
function. Experimental and theoretical results illustrate that 
adsorbed oxygen on the tungsten surface not only enhances 
the Ba–W substrate bonding with strengthened surface 
dipole, but also dominates the microstructure of cathode 
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surface, and thus facilitates the decrease of the work-func-
tion with enhanced emission capability. In addition, the work 
function reaches the minimum value when the oxygen con-
centration is  1014 atoms·cm–2, which is mainly attributed to 
formation of the most stable atomic configuration of Ba–(W, 
O) complex in the Ba–O–W surface complex. After that, Yin 
et al. [43] confirmed that absorbed oxygen on cathode sur-
face could oxidize W and Ba atoms after activation by syn-
chronous radiation photoelectron spectrum (SRPS) analysis, 
and Ba existed in the form of adsorbed chemical compound 
 BamOn (m ≤ n) that played an important role in promoting 
cathode performance.

In recent years, DFT methods were applied to investigate 
the work function and surface stability of cathodes [40]. Fig-
ure 1 presents the adsorbed stability of different species on 
eight low index surfaces for the W–Ba–O system. Based on 
the calculation results,  Ba0.125O or  Ba0.25O are the most ther-
modynamics favored compounds in the ratio of Ba/O < 1 by 
passivating each dangling W bond with a single O atom and 
residing the near Ba. Meanwhile, the work function of the 
cathode was remarkably decreased to about 2 eV or below, 
which was consistent with experimental data of the effective 
work function. Thus,  Ba0.125O or  Ba0.25O formed on tungsten 
contribute mostly to the greatly improved performance of 
B-type cathodes.

The model that combined the work function of different 
surface grain orientations was further developed, which is 
calculated according to the area fractions of different sur-
face grain orientations in real polycrystalline W specimens 
provided via electron backscatter diffraction (EBSD) micros-
copy [44]. The emitted current density was calculated using 
Richardson–Dushman equation by DFT and presented as 
in the form of two-dimensional (2D) map. By adding the 
empirical Longo-Vaughan, a Miram curve and practical 

work function distribution (PWFD) curve could be obtained. 
The experimental work function at the 50% PWFD point 
was within the range of the DFT/EBSD model prediction, 
and explored a new strategy to reveal the instinct emission 
mechanism of thermal cathodes.

5.3  The M‑type cathode

M-type cathode was first discovered by Zalm et al. [6] in the 
late 1960’s, in which a noble metal film of Os/Ir/Re/Ru was 
coated on the surface of impregnated cathodes by a sput-
tering method. Introducing of the noble metal film endows 
cathodes about threefold improvement in the emission cur-
rent density than that of the impregnated cathodes, together 
with decreased working temperature of about 70–100 °C 
[33] and good ability to withstand the ion bombardment [45], 
respectively. For example, the coating Os film and W–Re–Os 
ternary alloy film could increase the current density to 4.3 
A·cm−2 and 7.2 A·cm−2 at 950 °Cb (brightness temperature), 
respectively [46], and a current density of 30 A·cm−2 with 
100,000 h of life operated at 1050 °Cb was acquired for a 
commercially available M-cathode coated with W–Ru–Os 
ternary alloy film [47]. Moreover, organometallic Chemical 
Vapor Deposition (CVD) technique was used to coat B-cath-
odes with a W–Os alloy film and achieved an excellent emis-
sion current density near 50 A·cm−2 at 1085 °Cb with 800 h 
life [48]. Up to now, the M cathode has been confirmed to 
be the mostly commercially available electrons source for 
both CRTs and microwave tubes.

Because the work function of noble metals (5.0, 4.8 
and 5.3 eV for Re, Os and Ir, respectively) are higher than 
that of W (4.6 eV) [49, 50], it is quite important to under-
stand the intrinsic mechanism of the improved emission 
properties of the M-type cathode. Zalm and Van Stratum 

Fig. 1  Surface structures depicting the most stable adsorbed species 
in the ratio of Ba/O < 1 for the a (001), b (011), c (111), d (210), e 
(211), f (221), g (310), and h (311) surface orientations under ther-

mionic cathode operating conditions using the Visualization for elec-
tronic and structural analysis (VESTA) code [40]
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[6] pointed out the “anomalous effect” to explain this 
abnormal phenomenon. They stated that the metal film 
adsorbed on the cathode surface would increase the elec-
tronegativity of metal matrix, which reduces energy bar-
rier of surface and provides favorable conditions to reduce 
work function of W. However, this model is inapplicable to 
highly electropositive Pt and Au films, because these films 
did not make any contribution to emission performance. 
Skinner et al. [51] stated ΔH

O
2
–ΔHBa model ( ΔH

O
2
–ΔHBa 

is the difference between the heat of sorption of oxygen 
and barium on the surface) to further explain the specific-
ity of Pt. According to their theory, the low emission prop-
erties of Pt and Au are originated from the formation of 
intermetallic compounds between noble metals and fresh 
formed Ba reduced from the weaken-bonded BaO. In addi-
tion, Yin [49] developed a mechanism about constitution 
modeling of three chemical states of oxygen to illustrate 
the improved emission capability by SRPS analysis. As 
indicated, oxygen underwent state change with tempera-
ture increased as shown in Eq. (1). During the activation 
process, Os oxide (melting point < 500 °C) is decomposed 
into various low-energy oxygen  O2−adsorbed (ads) and 
increases the amount of adsorbed  Ba+, which favors the 
improvement of emission capability [52]. In addition, the 
promoting effect of other precious metals (such as Ir and 
Re) could also be explained by this model, and the decline 
effect of Pt is attributed to the weak ability to adsorb alkali 
metals through oxygen on the surface [49]. However, For-
man [38] proposed a different point of view that the excel-
lent electron emission of the M-type cathode is depended 
upon an increased dipole of Os surface covered by Ba 
rather than the surface concentration of barium according 
to Auger microprobe spectrometer results.

It is reported that the alloying effect is also responsi-
ble to the increased electron emission of cathodes. Green 
et al. [53] found that a W–Os tetragonal phase σ existed in 
the Os/W M-type cathode when the Os concentration was 
between 21 and 35%, and the alloyed compound produced 
by a reaction between BaO and Os further reduces the 
chemical potential of Os by possessing populated outer 
“d” orbitals. By virtue of this strategy, some very encour-
aging results were obtained and after working for 400 h, 
a half-coated cathode gradually stabilized and delivered 
a current density of about 1.5 times higher than that of 
a parallel experimental M-type cathode. Furthermore, an 
Os–Re–W alloy film was further adopted by adding the 
Re intermediate layer between W and Os–W films, and 
exhibited significant improvement of pulsed emission per-
formance of 40 A·cm−2 at 1102 °C [39]. In addition, the 
Re intermediate layer also improved the structural stability 

(1)O
2−

2
(ads) → O

−(ads) → O
2−(ads).

of alloyed Os–W with well suppressed flaking or peeling 
during an ageing process.

Besides, the outstanding emission performance of the 
cathode can also be attributed to the peculiar texture of 
emitter surface. Balk et al. [54], Li et al. [55] and Swartzen-
truber et al. [56, 57] pointed that large grains, dense atomic 
packing, no cracks and stable texture of films contributed 
to the improved performance and lifetime of cathodes due 
to the enhanced capabilities against inter-diffusion of W 
and Os–Ru. In especial, the inter-diffusion increases the W 
density on cathode surface and in turn decreases the active 
Os and Ru contents leading to the weakness of the electron 
emission ability. Moreover, Swartzentruber et al. [58] proved 
that the existence of the {10–11} texture component devoted 
to a good performance because the texture altered the knee 
temperature that is closely related to effective work function.

Furthermore, a new view from energy-level alignment in 
transition metal oxides was proposed to explain the enhanced 
emission performance of cathodes [50]. The work function 
determined by Kelvin probe was located in the range of 5.4 
and 5.2 eV for W–Os–Ru ternary alloys with the W concen-
tration varying from 30 to 60 at.%, which is higher than the 
first ionization energy of 5.2 eV for Ba. The efficient charge 
transfer from Ba to the substrate is essentially promoted, 
and produces electric dipole as well as decreased potential 
energy barrier to favored thermionic emission. Recently, an 
electron density of states (eDOS)-based theoretical model 
is developed to qualitatively investigate the electron emitter 
behaviors [59, 60], and improved thermionic emission could 
be attributed to a high eDOS just below the Fermi level [61].

5.4  MM cathode

The MM-type cathode was fabricated by modifying the 
M-cathode through introducing the top layer metals of 
the M-type cathode into W matrix, and thus offers longer 
life and higher resistance to ion bombardment than that of 
M-cathode [62]. This cathode is also known as the mixed-
metal matrix cathode since 1970, and possesses low work 
function (1.98  eV), decreased operational temperature 
(about 50 K) and improved emission intensity compared 
with the B-type cathode. For example, Thales W/Os mixed 
metal matrix cathode exhibits a current density of 5 A·cm−2 
and more than 200 millions of operational hours for space 
travelling wave tubes [63]. In 2016, a tungsten–osmium 
matrix hollow cathode with the reservoir technology was 
successfully adopted in ion engines and Hall thrusters with 
the current density of 2.5 A·cm−2 at 910 °Cb and lifetime of 
10,000 h, which is 100 °C lower than that of cathodes with 
tungsten matrices [64]. Compared with the wide applications 
of M-type cathodes [65], however, MM cathodes are still 
seldom applied mainly because of some existed limitations. 
For examples, the W–Ir MM cathode is difficult to fabricate 



294 J.-Y. Gao et al.

1 3

due to the increased fragility of the compact by adding Ir, 
and toxic  OsO4 is formed during fabrication and using pro-
cess for W–Os cathodes.

The emission mechanism of M cathodes is also suitable 
to the MM cathodes because of the same surface elements 
of these two kinds of cathodes during thermal emission pro-
cess. Pankey et al. [66] proposed that a positive Ba–O dipole 
of monolayer on the Ir surface would decrease the work 
function of pure Ir. Furthermore, the Ba–O dipoles combin-
ing the depolarization model [67, 68] explained the reason 
of similar lower work function of M- and MM-type cathodes 
than that of B-type cathodes. According to the depolariza-
tion effect of the Ba–O-substrate surface dipole, the work 
function drops linearly from 4.5 eV for the bare metal sub-
strates to around 2 eV and then increases nonlinearly with 
the adsorption coverage increasing, where the work function 
eventually reaches the minimum value. On the other hand, 
Koch et al. [63] developed a new theoretical model that com-
bined the BaO dipole with a high electrical field to describe 
the emission mechanism of MM cathodes. According to 
their work, the reactions of Ba evaporating and oxidizing 
are occurred at high temperatures and lead to the formation 
of BaO dipole in front of the W/Os surface [11]. Then, a 
high electrical field is built up and remarkably decreases 
the work function due to the decreased Fermi level, which 
in turn results in the improved electron emission efficiency 

due to the decreased emission resistance. Recently, we 
found that the concentration of Ba (Fig. 2a) on the surface 
of the 75 Re cathode is higher than that of B-type cathodes 
[69]. Moreover, the small evaporation rates of Ba and BaO 
(Fig. 2b, c) and the large binding energy of the oxidation 
state  Wδ+ (0.2 eV) (Fig. 2d) certify the strong adsorption 
capacity of Ba and Ba–O on the surface of the 75Re cathode. 
Furthermore, a higher adsorption energy (about 0.2 eV) of 
Ba–O and a larger charge transfer of Ba on  Re3W (330) 
than that on W (110) further confirm the stronger interac-
tions of Ba–O, Ba and matrix by theoretical calculations 
(Fig. 2e–h). As a result, the mixed matrix cathode possesses 
a higher ratio of Ba:O [70], more stable Ba–O dipoles on 
the cathode surface and results in larger emission density 
than B-type cathodes. Overall, these models confirmed that 
the noble metals could lower the work function of B-type 
cathodes through improving the Ba and Ba–O contents on 
the cathode surface.

5.5  Sc‑cathode

Scandia is added either into the tungsten pellet or Ba, Ca 
aluminate impregnant [71] or top layer [72] to fabricate 
scandate cathodes since the 1970’s [34]. Then researchers 
paid a lot of effort to increase the electron emission capa-
bility by controlling the introducing approaches of Sc and 

Fig. 2  a Micro-morphology of the 75Re cathode after 4 h activation. 
Time of Flight Mass Spectrometer (TFMS) spectra: b Ba–W cathode 
at 1100 °Cb and c 75Re cathode at 1130 °Cb. d XPS results for W-4f 
of the Ba–W cathode and 75Re cathode after 4 h activation. The con-
figuration of the Ba–O dipole adsorbed to the e the hollow site of W 

(110) and f hollow site of  Re3W (330). The charge density difference 
to the g W (110) and h  Re3W (330), respectively. The gaining and 
losing electrons are represented by yellow and blue colors, respec-
tively Reproduced with permission from Ref. [69]. Copyright 2018 
Elsevier
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the microstructure of the obtained cathodes, and advanced 
strategies including the liquid–liquid (L–L) precipitation 
method, liquid–solid (L–S) precipitation method [73] and 
pulse laser deposition (PLD) technology [74] are developed 
to improve the distribution uniformity of the scandium 
oxide. Up to now, Sc-cathodes have been considered as one 
of the most potential candidates for the next generation cath-
odes with high current density [75–77], and could be divided 
into three different types [45]: the top-layer scandate cathode 
[72], impregnated scandate cathode  (Sc2O3 was mixed with 
Ba–Ca–aluminate impregnant) and scandia-doped dispenser 
(SDD) cathode [78].

5.5.1  Top‑layer scandate cathode

In 1985, Hasker et al. [72] first manufactured the top-layer 
scandate cathodes by covering W with a film of W-5wt% 
 Sc2O3. In comparison, as obtained cathode exhibits a sharply 
increased thermionic emission current density than that of 
B- and M-type cathodes owing to the existence of more free 
Ba and less excess oxygen in the surface by Auger elec-
tron spectroscopy analysis [79], and also possesses longer 
life than that of the pressed scandate cathode and a better 
recovery after ion bombardment than that of the impreg-
nated scandate cathode [79], respectively. After this work, 
many methods were developed to prepare top-layer scan-
date cathodes. For example, Gärtner et al. [80] reported 
the laser ablation deposition (LAD) of W/Re-Sc2O3 on 
I-cathode substrates, and reveals super high current density 
of about 400 A·cm−2 at 965 °Cb and 32 A·cm−2 at 760 °Cb 
due to its low work-function of 1.16 eV. Later, Peng et al. 
[74] used PLD technology to deposit B-type cathode with 
W + BaO–Sc2O3–SrO composite film and received a high 
current density of 305.5 A·cm−2. Based on the semiconduc-
tor mechanism, they also proposed that the elements inter-
diffusion among Ba–Sc–Sr–O leads to the formation of 
active film on the cathode surface, which reduces the work 
function on the surface of cathodes and in turn improves 
the emission properties. Uda et al. [81] further investigated 
emission characteristics of  Sc2O3/W top-layer scandate cath-
odes with various layer thicknesses, and pointed out that 
the thinner  Sc2O3 layer was favorable for the improvement 
of current density but negative to the emission stability 
of cathodes. Accordingly, precise control the thickness of 
film needs to be seriously concerned to achieve a balance 
between emission efficiency and lifetime of an obtained top-
layer cathode.

5.5.2  Impregnated scandate cathode

The impregnated scandate (I-Sc) cathode was fabricated by 
impregnating the mixture of BaO, CaO,  Al2O3 and  Sc2O3 
into the microchannels of porous W body and worked as 

active substance. Benefiting from this modification, a uni-
form scandium layer (or tungsten/scandium alloy) on the 
tungsten surface could be formed by well-dispersed scan-
dium through migration, and exhibits sufficient resistance 
to ion bombardment [82]. In 1987, Yang et al. [83] prepared 
barium scandate impregnated dispenser cathode primarily 
applied in gyrotrons, and the pulse current density reached 
20 A·cm−2 at 850 °Cb. In 2003, copper was utilized to fill 
bars to manufacture porous tungsten body and the recorded 
stability of 20,000 h was obtained when delivered current 
densities was 5 A·cm−2 in Continuous Wave (CW) mode at 
950 °Cb, while working time with 8000 h was achieved at 
high current density of 10 A·cm−2 at 910 °Cb [45]. Up to 
now, I-Sc-cathodes have been successfully used in a few 
electron beam devices, such as grid-controlled TWT, mm-
wave TWT and klystron in Beijing Vacuum Electronics 
Research Institute (BVERI) [84].

5.5.3  Scandia‑doped dispenser (SDD) cathode

SDD cathodes are produced by impregnating active sub-
stance into porous matrix composed of  Sc2O3 and W, and 
considered as one of the most promising candidates for the 
future electron sources. SDD cathodes could be divided into 
two categories: (1) the scandia-doped impregnated (SDI) 
cathode and (2) the scandia-doped pressed (SDP) cathode 
[78]. In the early days, the porous body of SDI cathodes was 
made by directly sintering of W-Sc2O3 mixed powders, and 
the saturation current density of 10 A·cm−2 was achieved 
at 840 °Cb [85]. However, the non-uniform distribution of 
 Sc2O3 particles on the cathode surface would weaken the 
uniformity of the emission current density [82]. To solve this 
problem, L–L and L–S precipitation methods were employed 
to introduce  Sc2O3 into the W matrix, and the current den-
sity of more than 30 A·cm−2 was achieved at 850 °Cb [73]. 
The cathode prepared by the spray drying method could pro-
vide direct current (DC) current density of 30 A·cm−2 and 
it could steadily keep for more than 3000 h at 950 °C [86]. 
It was also found that the machined elliptical impregnated 
scandate dispenser cathode prepared by a sol–gel technique 
demonstrated exceeding current–density of 160 A·cm−2 at 
1050 °Cb [82]. For SDP cathode, mixture of barium–calcium 
aluminate and  Sc2O3-doped W powders were pressed and 
sintered to form the cathode [87], and produced a current 
density of 31.50 A·cm−2 at 850 °C [88]. Li et al. [89], Cui 
et al. [90] and Wang et al. [91] further demonstrated that 
both SDI and SDP cathodes could provide a current density 
of over 100 A·cm−2 at 950 °Cb.

The improved electron emission in the Sc-cathodes can 
be attributed to the decreased work function by two reasons: 
(1) an adsorbed monolayer of Ba–Sc–O on the tungsten sur-
face; (2) semiconductor model. In 2002, Sasaki [92] found 
that the electron emission of Sc-cathodes is governed by 
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a certain amount of Sc according to experimental results. 
Free Sc and free Ba [93] could migrate to the surface of 
cathode, and the Ba–Sc–O monolayer was formed on the 
W grains and effectively reduced the work function during 
activation. On the other hand, Wright et al. [94] developed 
a semiconductor model for oxide cathodes, and then Raju 
et al. [95] made a further modification. As indicated, the 
applied external electric field penetrates the semiconductor 
surface and forms a layer in the space charge limited area, 
and the energy levels were then tilted in the semiconductor 
layer to decrease the work function. Afterwards, Wang et al. 
[78] developed a more comprehensive statement combining 
the two above reasons to describe the high emission of SDD 
cathodes as shown in Fig. 3. First, diffusion of Sc, Ba and 
O [96] during activation leads to the appearance of a large 
amount of Ba–Sc–O composite nanoparticles, together with 
the formation of an active Ba–Sc–O semiconductor layer 
on the surface of SDD cathodes [97]. Based on the semi-
conductor model, the external electric field penetrated into 
the semiconductor surface, and both local electric field and 
the average emission around nanoparticles were enhanced 
[97]. Finally, an optimum atomic ratio of Ba/Sc/O with mole 
ration of (1.5–2):1:(2.0–3.0) was also identified to reach the 
best emission properties after activating at 1150 °Cb for 
1–2 h [78].

Furthermore, Vlahos et al. [98] certified that multicom-
ponent surface coatings also have influence on the work 
functions of obtained cathodes. According to their work, 
 Ba0.25Sc0.25O with the lowest wok function of 1.16 eV is 
the most thermodynamically stable phase in  BaxScyOz 
alloy that possibly formed on W (001) plane by DFT cal-
culation. The value of work function was also lower than 
that 1.29 eV of the most stable  Ba0.25O structure in Ba–W 

systems. Therefore, adding Sc promoted the decrease in 
work functions and is critical to the enhanced emission 
capability of scandate cathodes.

Kapustin et al. [99] developed a physicochemical mech-
anism to explain the effect of scandate on the electron 
emission properties of cathodes. In scandia-doped barium 
oxide, the disorderly vacancy defects cause the reduction 
of oxygen vacancy splitting level, and the dipole moment 
of the system barium vacancy-oxygen vacancy-dopant is 
significantly enhanced. Thus, additional surface states 
are formed and markedly decrease the energy band bend-
ing near the oxide surface with lowered work function, 
and further result in a greatly improved emission current. 
Although there are several assumed conditions existing 
in the physicochemical model, it is still quite reasonable 
and could provide a new direction to reveal the intrinsic 
mechanism of thermionic emission properties.

Liu et al. [100] further explained the mechanism of high 
emission performance according to the morphological and 
structural analysis of surface. W grains on the cathode 
surface are faceted (Fig. 4) and decorated with nanoscale 
particles composed of BaO (~ 10 nm),  BaAl2O4 and  Sc2O3 
(~ 100 nm) (Fig. 4b–g), respectively, and {112} facets are 
dominated in all existed facets including {100}, {110} 
and {112} facets by Wulff analysis. In addition, the strong 
affinity of Sc for O controls the chemical potential of O 
with the well establishment of an oxygen-poor atmosphere 
and favors the formation of  BaxOy (x < y) adsorbates cov-
ered faceted tungsten on cathode surface. According to 
surface energies of various W facets by DFT calculation 
[37],  Ba0.5O on {112} W facet exhibits the lowest work 
function of 1.20 eV on W facets and responsible for the 
greatly improved emission current density.

Fig. 3  High-resolution scanning electronic microscopy (SEM) images 
of SDD cathode a after activation and b before activation. c Morphol-
ogy of impregnated Ba-type cathodes after activation. Reproduced 
with permission from Ref. [97]. Copyright 2013 World Scientific 

Publishing Company. d AES surface analysis during cathode activa-
tion Reproduced with permission from Ref. [96]. Copyright 2007 
IEEE
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6  Conclusion

In summary, the latest advance in thermionic cathodes for 
vacuum electron device applications is reviewed, especially 
the underlying understanding on the thermionic emission 
mechanism. Significant progress is achieved from the find-
ing of highly efficient materials to the structure optimization, 
and the emission efficiency and stability are significantly 
improved. As a result, the scandate cathode with the out-
standing working capability is obtained and considered as 
the most promising candidate in thermionic cathodes for the 
future vacuum electron source, but the corresponding emis-
sion mechanism is still unclear. Accordingly, the detailed 
reaction process and continuous scandium production dur-
ing activation need to be further investigated, which is the 
key to understand the emission mechanism of cathodes. In 
addition, more experimental and theoretical work should be 
conducted, and advanced surface analyzing technologies 
are highly desired to investigate the emission mechanism. 
For instance, the in situ detection of the surface component 
and elemental states during the thermal process are criti-
cal to understand the elemental diffusion and redistribution 
in the real time process. Moreover, the cathodes with high 

and stable emission performance and good anti-bombarding 
insensitivity are highly required for the development of new 
vacuum electron devices, and more attentions and work need 
to be devoted to the thermionic cathode preparation tech-
nique aiming at forming a reliable fabrication technology.
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