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ABSTRACT

A systematic study has been made of two novel types of BaO/SrO oxide cathode
with 5% and 2.5% addition of Ni powder by weight on a Ni cap containing an
activating impurity. The emission and conductivity characteristics of oxide
cathodes depend largely on the activation process. In this thesis the electrical
properties of these new types of oxide cathodes, supplied by LG Philips Displays,
have been investigated in relation to the different activation processes. Scanning
electron microscopic techniques were employed to study the surface
morphological changes of the oxide cathodes and nickel caps as a result of
cathode activation extending over periods of 1-12 Ars. Elemental analysis of
barium, strontium, tungsten, magnesium and aluminum was obtained from the
energy dispersion x-ray spectroscopy.

The conductivity and the electron activation energy were studied as a function of
temperature in the range 300-1200K after conversion and activation of the

cathode at 1200K for one hour and accelerated up to 6004»s at a temperature of
1100K . Experimental results yield three values for the electron activation energy
of 149,238 eV and 3.3eV. The conduction mechanisms observed a metallic

conduction at low temperature (300—500 )K after operation for several hundred
hours due to improvements in the Ba coverage layer on the grains of oxide layer.
The influence of different durations on the activation process has been
investigated at three activation temperatures (1125K,1200K ,1425K). SEM and

EDX analysis show a structural phase transformation in the oxide material. The
activator agents W and Al are shown to penetrate the BaO\SrO layer in two
different ways.

The formation of compounds associated with the diffusion of reducing elements
(Mg, Al and W) to the Ni cap surface of oxide cathode through hundreds of
cathode acceleration hours has been studied by a new method. This method
used two cathodes, one of them is coated and the other is uncoated, in an
attach-contact configuration mounted in a dummy tube.

The D.C electrical characteristics show a very strong rectifying behavior through
the Metal-Semiconductor junction (M-S junction) due to the I/V curves. The
characteristics are found to be reversible ‘and reproducible, and gave a
rectification ratio () of 100. The calculated value of ideality factor indicated

n =9.6, which is evidence of tunnelling conduction.
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Key of symbols

e: the electron charge.

k : the Boltzman’s constant.

Error! Objects cannot be created from editing field codes.: the work function at Error! Objects
cannot be created from editing field codes..

7 : the emission life.

J : the current density in general.

« : the temperature coefficient.

E,: the Activation energy.

N,: the donor concentration.
E, :is the donor level from the bottom of the conduction band.
x : the electron affinity.

A the Richardson constant (theoretical value is 120.4 A / cm'zK'z).
o : the conductivity in general.
p: the resistivity in general.

o, the electrical conductivity.

I,:the DC current.

R : the resistance in general.

®, : the electron work function.

I, : the saturation current.

o,: is the specific conductivity at T'=c0.
e¢ . the activation energy.

F : the applied field.
a: the electron acceleration.
m : the electron mass.

v the mean velocity.

t: the time.

Av: is the variation in the mean velocity.
l: the mean free path.

J, : the saturation current density.

Y : the dimensionless constant.

G : the conductance. o

a; . is the cross-sectional area of the conducting part of the grains.
L: is the thickness of the coating.

A : the Debye length.

& is the space-charge density in coulombs/cm* .

L: is the approximate depth of the surface layer.
D the grain size.



n,: the effective electron density.

X : the coordinate.

Q: is the total space charge in (coulomb/cm?).

n, : the apparent electron density.

u, u,: the electron mobility.

n,: the beginning electron density.

o, is the conductivity of the oxide layer.

o;: is the conductivity of the interface layer.

n . is the thickness ratio of the interface layer ¢, to the oxide coating ¢
N, : is the number of excess barium.

r: the reflection coefficient.
R,, : the Hall coefficient.

R;: the interface resistance.
R,: is the activated oxide layer resistance.
o (T): is the direct current (or the static, ® =0).

« : the frequency.

m*: the electron effective mass.
h : the Planck's constant.

n: is the ideality factor.

r: is the rectification ratio.

C: the capacitance.
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Chapter

Introduction and the Aims of the Work

1.1 Improvement of the display technology

In recent years and despite improvements in alternative technologies (in
particular LCD and other flat panel technologies) the cathode ray tube has
remained one of the most cost-effective means of display‘ing moving picture
images for television and computer applications. Nonétheless, the
requirement from the picture tubes themselves has changed in recent years
with the introduction of new applications such as internet TV and game
consoles. Thus, modern television tubes face increasing demands for higher
resolution and brightness together with reduced depth (slim TV). These, in
turn, place additional burdens on the cathodes and the frends are towards
higher current densities (ideally at lower operating temperatures); and greater

robustness particularly in terms of ion bombardment and poisoning sensitivity.

Déspite considerable work over the years on alternative technblogies, the
oxide cathode remains the workhorse of thé cathode ray tube (CRT) industry
and has itself been the focus of considerable research activity [Gaertner et al,
2003]. The requirements for improved performance from CRTs in terms of
brightness and resolution will certainly conti.nue. into the future and the

challenge for cathode and gun designers is to meet these performance
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demands. In particular, there is a requirement to study new materials and

processing methods and these form the basis for the work described herein.

1.2 Competition for an advanced cathode

One of the more significant advances in recent times has involved the work of
L.G. Philips Display Combonents and their development of new compositions
“for the emissive layer of their oxide cathodes. The Philips Company is one of
the largest manufacturers involved in the development of céthode technology,
cathode materials and the emitter layers. The industry is continuously looking
for. high brightness and high resolution cathode ray tubes, by enhancement of
the current density of the cathode, which is one of the most important factors.
The display market has witnessed the eme\rgence of new technologies such
as the flat panel and liquid crystal displays. However, CRTs are anticipated to
remain as one of the most dominant display technology for the foreseeable

future.

At present there are two principal competing cathode technologies used in
CRT displays. One is the well-established oxide cathode which has the lowest

manufacturing cost, but with a maximum emission current of order of a few
A/em®, and the other is the I (impregnated) or dispenser cathode which
offers substantially higher emission performance (of the order 10 A/cm?) but

with dramatically increased manufacturing costs and complexity.

There is therefore a significant advantagé, both for the manufacturers and

users of CRT-based display technologies, if an alternative form of cathode
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can be developed which allows the emission performance of the cathode to
be achieved at substantiaily reduced cost. This will require a new approach to
the cathode design and manufacture, particularly with regard to the materials

processing.

As the source of electrons, the cathode is an essential component of all oxide
cathode ray tubes.

The mature technology of the oxide cathode in recent years is the emerging
requirements for high resolution and readability of displays which have
reached the limits of capability for conventionally used materials in the oxide
cathode, in particular the long term sustainable emission current and the
emission lifetime under high current loading. These limitations are thought to
be largely due to the relatively limited conductivity of the oxide and the
resultant effects of localized resistive heating within the oxide layer as high

emission currents are drawn through it.

1.3 The recent emission current density enhancements

One approach to an enhancement in the emission current density is to reduce
the cathode coating resistivity by the ir;corporation of a conductive metallic
phase, which produces a reduction in the surface work function. This has
been studied by a number of workers [Uda et al, 1999, Hodgson et al, 1999,
Gartner, 1992 and Narita, 1995].

The provision of a low work function is dependent on the change in the
equilibrium rates of Ba formation and deposition. This mechanism is

responsible on the high current density. Aside from the requirements of long
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life, low power consumption and operation at an acceptably low temperature,
an important feature is the cathode emission current density. This current
density directly determines the maximum current density that can be obtained
in the focused spot of the electron beam and in the CRT image [Hermann et
al, 1951].

Also to reduce the cathode coating resistivity, Hayashida and his colleagues
[1999] used the dopant of earth alkaline elements of group III, IV or V, which
led to an increase in the electrical conductivity of the emitter layer.

There has also been an increasing demand for higher performance cathode
for colour picture tubes for computer displays and for wide screen TV. These
commercial and economic pressures have demanded that such emission
improvemenfs should be assocfated with increases in raw materials or
component costs.

Ba dispenser cathodes are increasingly used in high-resolution TV and
monitor tubes due to their copious emission and the absence of load
limitations as experienced in the case of oxide cathodes.

Over the years, Barium Oxide composition played the main role in the
emission and conduction mechanism of the oxide coated cathode.

For many years oxide cathodes have been almost universally used in the
cathode ray and other electronic beam vacuum tubes. At present, the oxide
cathode is still of considerable practical importance as an electron emitter. In
many papers, simple models are proposed to explain the electronic processes
in an oxide cathode through simplified analysis, estimation an.d correlations of

the observed characteristics with the experimentally obtained parameters.



In the case of oxide coatings, several investigations have concluded that the
electron emission and the electrical conductivity of an oxide coated cathode

are linearly related to each state of cathode activation [Hannay et al, 1949].

1.4 Aims and objectives of the study

LG Philips have brought out a new commercial generation of oxide cathodes,

known as oxide cathode, and oxide cathode plus. The aim of the current study

is to investigate experimentally, the electrical properties of these novel

cathodes and to map the elements contained therein, in order to optimise their

material structural composition.

The current project involves a wide range of investigations into two different

types of cathodes in order to determine the conductivity and the variation in

the structural morphology of the oxide coating and the Ni cap base. These

investigations include the different conduction mechanisms studied by

employing DC and AC measurement techniques.

In order to fulfil ;the above aim, the following objectives were achieved:

1. Activation and operation processes were optimized by subjecting the
cathodes to heat treatments at different temperatures and for different periods

| of time.

2. A cathode tube assembly was designed and developed for electrical

characterisation under sealed high vacuum conditions with a new interface

layer investigation method.

3. Scanning electron microscopy (SEM) and energy dispersion x-ray

spectroscopy (EDX) were employed to investigate the effects of different

cathode activation processes on the structural properties of the oxide coating.
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The reactions that take place inside and between the layers and the Ni-cap
were also examined.

4. AC and DC electrical measurements were performed on activated
cathodes an}d a physical interpretation of the results was obtained in terms of
transport mechanisms, relative contribution of constituent components (for
example pores) and structural morphology.

5. The continuous growth of the interface layer between the oxide layer and
the cap was examined by measuring the conductivity of the cathode wheh

operated for a prolonged period of time.
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' LITERATURE REVIEW AND THE CONDUCTION THEORIES

2.1 The early discovery of the oxide cathode

It is known from the work of Wehnelt [1904] that the electron emission from a
heated platinum wire could be increased by many orders of maghitude if it
was coated with a mixture of strontium and barium oxide. Numerous changes
were introduced in the structure of the cathode, but these oxide materials still

remain the major ingredients of the cathode in almost all present CRTs.

2.2 BaO/SrO as a semiconductor

(Ba, Sr)O was characterised as a redﬁction semiconductor because of the
increase in conductivity obtained [Hannay, 1949]. Hence, very probably as an
“electronic  semiconductor, the conduction electrons originated from a
stoichiometric excess of (Ba, Sr) atom in solid solution. The electrical
conductivity and the thermionic emission of (Ba, Sr)O cathodes are directly
proportional ‘to each other by three orders of magnitude [Chin et al, 1974].
Well-defined chemical and electrical activation} and deactivation procedures
were used to obtain this result. It was inferred that activation representéd an
increase in the chemical potential of the electrons in the oxide, with little or no
change occurring in the state of ‘th.e surféce. It was also found that a deviation

from the proportionality of conductivity and emission was expected under



such conditions leading to inhomogeneity in the oxide. This observation was

also in agreemént with semi-conductor theory [Hannay, 1949].

Cathode performance when operated for several months was reduced
[Leblond et al, 1994]. The photocathode studied was a standard thermionic

trioxide cathdde, containing a bulk concentration of 4%W(BaCO3,56%;CaC03
,31%; SrCO,, 31%). After conditioning in which this type of cathode was held at

about 1000°C for some minutes, the carbonates were converted into oxides.
Free atoms of Ba, Ca and Sr diffuse to the surface leading to small islets of
BaO, CaO and SrO covered by atoms of Ba, Ca and Sr. Under these
conditions the oxide becomes a highly N-type degenerated semiconductor

[Leblond et al, 1994].

The best description of the bulk oxide layer is ’an impurity n-type
semiconductor of high conductivity (only small voltage drops) in its active
state. Figure 2.1 shows the energy band diagram for the BaO at
thermodynamic equilibrium [Nergaard 1952]. The energy band gap is about
3.8—4.4¢eV , and donor levels lié at 1.4eV and 2eV below the conduction

band.

At temperatures >700K additional pore conductivity by the electron gas

contributes to the overall performance.
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electron mobility was very large, and below 700K the mobility decreased

rapidly with decreasing temperature. Large magneto-resistive effects were
observed, and these were found to be dependent on the temberature and the
degree of porosity of the cathode. These results were éonsistent with the
porous semiconductor model for the oxide cathodes as originally suggested

by Loosjes and Vink [1949].

2.4 Direct determination of electrical conductivity of oxide cathodes

Using a similar method to Loosjes and Vink, a close correspondence between
the high temperature activation energy and the work function of the cathode
was found. Shepherd [1953], took that as evidence for a crystal-to-crystal
emission process in the coating providing electron transport at high
temperature. By considering the effect of oxygen on the electrical properties
of oxide cathodes, the formation of singly charged oxygen ions in the cathode

coating was found to play a major role in the recovery process.

The electrical conductivity o, of the oxide layer was determined directly in a

new procedure in a close-planar diode configuration in a UHV chamber,
together with thermionic emission data. The cathode temperature measured,
as a function of continuous dc-load is essentially the result of a superposition
of electron emission cooling-proportional to the dc-current and ohmic heating
proportional to the square of dc-current. The compensation point between

electron emission cooling and ohmic heating o, can be determined directly

from the emission data, as shown in Figure 2.3. At the corhpensation point

11
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between electron emission cooling [Gartner et al, 1986] and ohmic heating,

o, can be determined directly from the resistance R of the oxide layer, as in

the formula:

R[ez =1, l:(De +!€_7;1n[§_5]+2_k]:} 2.1)
| e .) e

After activation, a result of about 10 (Q.cm)™ at 780°C true temperature was

obtained from BaSr oxide cathodes, which was consistent with literature. It
was shown that electrical conductivity decreases with operation time in

accordance with reducing Ba generation. o, can be increased with an oxide

~ dopant like Yttrium or Europium [Géartner et al, 2002].

Loosjes-Vink theory on the high-temperature conduction through the oxide

cathode coating was further supported by the work of Tomloinson [1954].
Using a special diode with embedded probes the measured I/V

characteristics of such coatings were generally linear for temperatures above

700K and curved at lower potentials. The presence of space charge in the
pores of the coating was predicted at temperatures above 700K . The
calculated work function in the range of temperature (T>700K ) was about

-0.8-1.17eV .

12
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independent of the physical contact between the cathode surfaces. This result
supports the theory that the high temperature conductivity is a property of the
electron gas in the cathode pores. The ratio of the conductivity to thermionic
emission was measured under conditions designed to preserve the state of
activation of the cathode surface. The results agreed with the theoretically
predicted ratio and demonstrate that the higher values previously reported
were caused by a lower activation of the surface than in the interior of the
cathode.

The current-voltage characteristics of a well-activated triple (BaSrCa) oxide

coating on O ring nickel core disks were measured in the range £20V by an

a.c. method. The variation with temperature of the conductivity of a typical
coating is similar to those observed previously by other methods. From

300-600K the current-voltage characteristics are approximately linear, but
above 600K (the cross over temperature) a change occurs which is
coincident with the change to a higher slope in the logo versus 1/T curve

because of the commencement of thermionic emission in the pores of the

material [Tomlinson and King, 1956].

2.5 Elements behavior and structures in the oxide material

During the lifetime, both Ba and Sr oxides are being depleted from the coating
surface, much as would be expected from known evaporation data [Haas et
al, 1979 and Shih et al, 1981]. In contrast, the relative loss of Ba was not so
great at the interface, perhaps because it was offset by the electrolytic effect.
However, this loss of Ba, compared to Ca at the coating surface during life did

not seem to have a major effect on the average work function. By the same

14



token, examples were found where the distribution in work function was

related to the Ba to Ca content, a discrepancy that was not fully understood.

In the case of the O layer, a sintering effect (which is a near-surface process)
may be, means of preferential crystal, exist without altering the BaO lattice

from which the electron emission predominates.” A way by which this

additional O appears at the surface, i.e. O~ ions, was mentioned from
‘evidence of possible electrolytic effects. For the case of the apparent Ba-Ca
composition discrepancy with work function, it was possible that the
compositional change with life might represent a simple decrease in fractional
area due to evaporation and hence caused almost no increase in the work
function. The change in composition noted within a cathode, on the other
hand, may be representing a CaO slag formation due to partial melting of the
coating. This coUId reduce the density of defects in the BaO, such as O
vacancy donors, and significantly increase the work function [Shih et al,
1981]. Figure 2.4 depicts the changes in the total work function during

reactivation after vacuum ambient exposure.

The evaluation of the base metal activity of the oxide cathode was studied by
the Adia and Hitachi research group [1982]. This study evaluated the activity
of the various compositional base metals by measuring the reaction products,
Ba vapor pressure, thermionic emission current and surface composition of

the oxide. Activity evaluation was made using base

15
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“metals of Zr, W and Mo activators which were alloyed to the Ni core metal up
to the solubility limits. The results can be illustrated in Figure 2.5 and are as

follows:-

1. The vapor species from the oxide coating on the inter base metal is mainly -
BaO. However, those from oxide coating oh the active base metal are Ba and
Sr elements.

2. The stronger the reducing capability of the base metal, the higher the
saturation emission current and resistivity against O» gas introduction [Beyner
et al, 1965].

3. Measurement of ‘emission current deterioration caused by O, gas
introduction can clarify the base metal activity [Adia et al, 1982].

4. The surface of the oxide coating on the active base metal became CaO
rich with heating time. This was considered to be due to the preference of

reactions between BaO, SrO, CaO and the activator [Adia et al, 1982].

5. To obtain a long life oxide cathode, it is necessary to minimize Ba
adsorbate atoms supplied to the CaO rich surface of the (Ba, Sr, Ca)O
ternary oxide. This surface was formed naturally while heating the ternary
oxide on the active base metal. Thus, selection of activator elements and
control of the reaction product are essential in oxide cathode fabrication [Adia,
1982].

The surface extended x-ray absorption fine structure (SEXAFS) was used to
study the local geometry around barium atoms on thermionic cathodes

[Norman et al, 1987]. On the surface of tungsten and tungsten-osmium
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A comparison between non-activated and activated W-| cathodes, measured
at identical positions, showed a strong reduction in the number of the initially

observed BaOy particles, which was due to evaporation during the activation

procedure [Makovicka, 1997].

2.6 Emission lifetime studies

The decay of emission during cathode life might be explained by a slow
| sintering of the coating and a consequent closing of the pores. The
deactivation of the filament by over heating might be attributed to the same
cause. The non-saturation on the emission current might be due to a pseudo-
space charge formed by occlusion of electrons on the surface of the coating

particles [Becker et al,1931].

There is a linear relationship between the logarithm of the lifetime and the
reciprocal of the cathode temperature, as show in Figure 2.7. The emission
life formula is based on the assumption that the rate determining step is Ba

diffusion inside the pellet. Emission life 7 is given by [Aida et al,1993]:

T=Ad? exp(ﬁ)
kT 2.2)

Experimental results confirmed the strong dependence of 7 on d (the oxide

pellet thickness) and T. In this case, the activation energy of lifetime E was

about 3.2eV to 3.5eV .

Life test measurements of M-type cathodes (impregnated) carried out in

diodes have been used to establish life models or predict the potential life of

20



74 . ]| /o, I , 'ed7 7.4 - 7 /! ! & D 41

. C - -7 [ 7 114 7
&I
&l
12
4
T
Z -
17 4 |/
] 74 |

&'BC2 :J &<

3' % 5 @K %H#E )% 3%+ %) && [+ 1" %+#H * [, &" -& "+!# [+ ]

L-#$/*% #%),% -#' % L *- %# -A" FF<M

A 7 #64 | .22 . 4, - 4 $ < /44 + /4
4, &)) |
" L, 4 7 #64 $ .1 /4 4 | 74 1 .4 L
$ 4 Y 74 - 4 - | | #4 .7 2 21
B I # :&'E 7 L ll< 2 2N! 41 | #4 | 4
Ut D &*U'S 4/ 4 ¢ D 4 , 4/ 'D &D 4 /" ;

16 7 54 4 #6 4 £ :)?04 .1/ $ -. 1l #6 4 <

# -4/ A4S  &))*P



wlliapiol 4

Two types of Ir-coated dispenser cathode ray tubes (CRT’s) have been
developed and their particles application has been realized by Higuchi from

Toshiba [1999]. The heater powers of these cathodes are 1.31W and
0.79W . Due to this heater power, life tests up to 42,000# were conducted at

two levels of cathode temperature. Based on the residual emission ratio,
stability of the Ir layer and the size of ion-bombardment nickel, it was found

that the minimum life expectancy was more than 70,0007 .

Gartner and his co-worker from Philips [2003], reported that accelerated life
tests are needed in order to quantify oxide cathode improvements and predict
life under standard operating conditions. In the case of lifetime acceleration

by elevated temperature, a reliable life prediction backed by theory can be

made. An increase of te.mperature by about 100°C gives a life acceleration
factor of about 10. Additional continuous dc load can be used for judging the
dc load-ability of the cathode, but a complete model description is still missing
in this case and more investigations are neéded to develop a model.

During the life of a cathode, an interface layer grows between the nickel alloy
and the oxide, which is comprised of reaction products. The interfacial layer
sets limits on the cathode performance and useful operational lifetime by
inhibiting the barium reduction reaction. Jenkins and others from L.G. Philips
[2003], discussed sample preparation procedures for exposure of the
interface. They used several surface and bulk analytical techniques to study
interface formation. SEM, AES and SIMS data were presented, which
provided a preliminary insight into the operating mechanisms during the

cathode’s lifetime. There was evidence that the activator elements in the
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nickel alloy base, Al and Mg, are able to diffuse to the surface of the oxide
during activation and ageing. These elements were enriched at the interface

after an accelerated life.

2.7 Element analysis and technique

Recently, it has been demonstrated that a programmed temperature
desorption study is a very useful tool. For studying surface chemistry
involving Ba and BaO, this technique is particularly necessary since multiple
adsorption states were found. Studies such as measuring AES (Auger |
Electron Spectroscopy) peak height changes, as a function of heating would
have difficulty in distinguishing various adsorption states. In combination with
QMA (Quadruple Mass Analyzer), they were able to identify the desorbing
species from tungsten and to differentiate multiple adsorption states on
tungsten. For some of the states, they were able to identify the nature of the
adsorption site and determine the binding energy, the kinetics of desorption
and the population at each state. For Ba adsorption on tungsten, they have .
identified at least three distinct adsorption sites. The lowest desorption
temperature state given rise by the multilayer desorption sites. The higher
temperature sites are from first layer type sites. Of the two states, the lower
binding energy state consists of Ba atoms bouhd directly on tungsten, and the
higher binding energy state consists of Ba atoms bound to tungsten as well

as oxygen. At low temperatures (<1400K), the adsorption Ba atoms are
desorbed as atomic Ba, but at high temperature (>1300K) BaO desorption

commences [Shih et al, 1999].
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An UHV LEIS (Iow—en‘ergy ion scattering) setup has been converted into a
dedfcated apparatus to study the surface composition, structure and
dynamics of real dispenser cathodes and cathode model systems based on
W crystals. LEIS, AES and LEED (low-energy electroin diffraction) are used to
investigate' the surface characteristics, and the cathode emission properties
are derived in situ from a close-space diode configuration. The focus was on
the quantitive surface composition of B-type and M-type dispenser cathodes
by LEIS. A straightforward quantification was hampered by the influence of
the cathode work function on the neutralization of the ions. It is shown that the
ion fraction decreases as the work function of the cathode decreases. The Ba
surface density was observed to increase with decreasing work function.

[Cortenraad et al 1999].

The chemical transportation of the Mg and Al doping impurities takes place
during an annealihg under a controlled atmosphere of a nickel alloy thin foil.
Different analytical techniques were used for this study: SEM, coupled with
electron probe microanalysis (EPMA), transmission electron microscopy
(TEM), AES, secondary ion mass spectrometry (SIMS), glow discharge
optical emission spectrorhetry (GDOES) and X-ray diffraction. It was shown
that chemical transport occurred mainly by a grain boundary mechanism with
significant pile-up of compounds. The resulting precipitates were identified.
Moreover, it was shown that their chemical composition clearly depends on
their location relative to the grain boundary pattern. [Poret et al 2000].

The .decomposition and corresponding changes in electrical properties of

carbonate materials used in oxide cathode manufacture have been studied by
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a range of techniques [TGA (thermo-gravimetric analysis) and SEM], both
during initial decbmposition and for the activation and initial stages of
op‘eration of the cathode. The results have shown that the decomposition and
activation processes both occur by multi-step reactions, with the rate of these,
and the corresponding effect on the electrical properties, being dependent on
the temperature. The microstructural changes occurring during these
processes have been shown to be completed significantly prior to these
ongoing electrical changes, indicating the chemical rather than physical
changes dominate the conduction behavior during this period [Al-Ajili et al

2000].

Three years ago, Roquais and his group [2002], used complementary
analytical techniques to characterize the mechanical transport of Mg and Al in
the cathode nickel base as a result of annealing under Ho/H,O atmosphere. A
better knowledge of the diffusion phenomena of Mg and Al could be obtained
as well as better understanding of mechahisms involved in the formation of
these compounds. Those two elements diffuse to the nickel surface, where
they react with oxygen and accumulate in the form of compounds identified as
being a mixture of MgAIl,O4 either with MgO or Al;O3. The enrichment of the
Ni surface with Mg and Al caused by annealing is very remarkable, their

concentration at the surface being a few atoms % compared to 0.01% to a

few 0.01 atom % in the bulk. Moreover, not only the Ni surface but also a

near surface region of the nickel of about 5 umis affected by the creation of

Mg and Al based compounds. Because Mg and Al diffuse mainly through

grain boundaries, the compounds form preferentially in the latter. Their
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distribution over the surface builds two surface patterns: the first one showing
the network of grain boundaries existing at the beginning of the annealing
step, and the second one the final network of grain boundaries. Those
compounds have to be considered as an initial interface between the nickel

and the (Ba,Sr,Ca)O coating.

Surface analysis of thermionic dispenser cathodes with a W matrix and Re, Ir
and Os/Ru surface coatings was performed by means of low-energy ion
sCattering and Auger electron spectroscopy. It was found that the Ba-O
complex responsible for the low work funct’io.ns of the cathodes has similar
properties for the different COatings, the atomic Ba/O ratio is close to unity on
all cathodes, with the O atoms positioned in a plane below the Ba atoms. The
bonding between the Ba and O atoms as observed in low-energy Auger
spectra is also almost identical on all cathodes. However, a significant‘
difference in the absolute Ba-O coverage was observed for the various
cathodes. This density is determined by the strength of the bonding of the O

atoms in the Ba-O complex with the substrate atoms. [Cortenraad et al 2003].

Poret from Thomson multimedia/SBU Displays & Components [Poret et al
2003], studied the phenomena of the evolution of compounds considered as
constituents of the initial interface between the triple oxide coating of (Ba, Sr,
Ca) O and the nickel alloy base of a one piece oxide cathode. This work
focused on the characterization of the cathode nickel without its triple oxide
coating, so as to bring a first step in the basic understanding of compound

transformations. Different nickel melts with variable Mg and Al contents were
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examined. It was observed by in-situ optical microscopy that the quantity of
crystallite compounds drops dramatically along all heating steps of the
cathode aotivétion under vacuum. For some melts, depending on their
composition, the surface appears almost free of compounds, which is
associated with best cathode performance. By examination of a wide range of
nickel compositions, they were able to establish a relation between the Mg

and Al content and the amount of compounds on the nickel surface.

2.8 Ba effect on the conductivity and emission of the oxide cathode

Becker [1929], experimentally showed that metallic barium' deposited on
the surface of the oxide either by electrolysis or by evaporation from an
outside source, produced changes in the cathode activity (current density).
Conduction was ‘mostly due to electron transport but partially ionic in
nature; the ratio of electron to ion transport depended upon the
temperature and the composition of the oxide and the plate potential. The
conductivity of the oxide was not entirely Ohmic and diffusion current might

flow against the opposing field contributing to the conductivity.

Becker illustrated that the active layer of the oxide coating was at the outer
surface [Becker et al,1931]. The éctivity depended on the concentration of
the barium and oxygen on this surface and also upon the amount of
metallic barium dispersed through the oxidke. The core material did not
directly affect the emission, but did greatly affect the ease with which free
barium was produced by heat treatment of électrolysis.

The thermionic electrons originate in the oxide just underneath the
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adsorbed barium mono or multi-layers. However, most of the current
through the oxide is conducted by electrons, a small portion being carried

by barium and oxygen ions.

It was assumed that the source of emission was the composite layer
formed by occlusion of alkaline earth metal on the surface of the coating
and that the electrons emitted, diffused through the interstices in the oxide

coating into the vacuous space [Lowry, 1930].

The oxidation and thermal adsorption of the evaporated Ba films on
different substrates indicated that the active state for B-type impregnated
cathodes (calcium carbonate was added to reduce the barium evaporation
rate) can be reproduced by a near monolayer of the stoichiometric BaO on
the W surface[Hass et al, 1983]. The density of Ba atoms (or O atoms) in
this monolayer should be one half that of W atoms based on size
considerations of the Ba compared to the W, which was confirmed by
LEED (low:energy electron diffraction). Measurements of the diffusion of
Ba compounds from pores, the substrate interaction and the thermal
evaporation indicated that on the W substrate, the monolayer BaO
stoichimetric ratio was not a stable configuration and had o work function of
~2eV . The substrate work fqnction was lowered because of the dipole
formed by the adsorbed BaO. Studies of the electron interactions between
the Ba and O indicated that a more complete electron transfer exists
between the Ba and O for the BaO layer on the Ir substrate than on the W -

substrate. These results are based on the observation that O 2P states on
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the W substrate appear to be filled not only by Ba 6s but also by W valence

electrons.

The effect of barium supply into a (W-Sc,W3042)-coating film on the
emission distribution of a scandate cathode (cathode contains scandium
element) was investigated by [Sasaki et al 1999]. Scandate concentration
on the oxide cathode surface was increased by activation heating. This
increase was coincident with the rise in emission current by heating.
However, when the film was coated on the unimpregnated tungsten pellet,
the scandium concentration did not increase. These results indicated that
the barium supplied into the fiim was neceséary for Iibe_raiing scandium
atoms from the scandium tungsten in the film and for forming a monolayer
of Ba-Sc-O on the surface. Sasaki measured the heating-induced change
in the scandium content of the film. The result showed that the scandium
content decreased only in the part of the film that covered the impregnated
areas. No decrease was observed in the film that covered the tungsten
metal. The liberation of scandium was considered to take place only in the
film to which barium atoms were mainly supplied. This nonmuniform
scandium liberation in the film caused a non uniformity in the Ba-Sc-O
monolayer on the cathode surface, which in turn caused emission non

uniformity.
2.9 The addition of Ni powder

A new type of cathode that consists of an oxide-impregnated Nickel matrix

of controlled porosity was examined by Balas and his co-workers [1955].
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This type of cathode, prepared by co'ntrolled sintering methods, has a
porosity of approximately 50%. The calculated work function was about

1-1.25eV using Richardson's equation plots. A high'current density value

of J=104cm™ was achieved, when the cathode was operated at

temperatures around 1145K .

The effect of this nickel irhpurity on the reaction of an oxide cathode with
carbon monoxide in the oxide coating was studied by Pikus et al [1964]. It
was shown that this reaction depends strongly on the activation state of the
_cathode; its- temperature and the CO pressure can lead to cathode
activation as well as cathode poisoning. The} reaction results were the
oxidation of CO to CO».

A nickel impurity exerted a significant influence on the reaction of the
cathode with CO, similar to that produced by preliminary electrolytic
activation of the oxide cathode. The effect of the nickel impurity was
independent of the method employed to interpret the catalytic reaction that
oxidizes CO to CO,, with the coating used as the catalyst. Both the oxide
coating, and the nickel impurity, to a somewhat greater extent, played the

role of catalyst.

To. increase. the emission properties of an oxide-coated cathode,
Aleksandrov et al [1968], studied the effect of the concentration of highly
dispersed Nickel (up to 15% ). The Ni concentration in the range (1—5)%
resulted in much improved emission properties. This observation was in

complete agreement with the generally accepted viewpoint that an
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increased metallic Nickel content of more than 3% in the oxide coating
leads to a deterioration in the emission properties of the oxide-coated
cathode.

Addition of filamentary Ni particles represented a convenient and effective
way to increase the conductivity of the oxide [Al-Ajili et al, 2001]. This
increase formed on conversion and activation of oxide cathode, with less

than 10mass% addition of Ni. However, a large increase in conductivity

was obtained at low temperature. This effect diminished with increasing

temperature to less than one order of magnitude difference at 1000K . The

conductivity of nickel-containing samples decreased in the first few hours of
operation due to ongoing microstructural changes. Nevertheless, the long-
term emission behavior of such nickel-containing coatings was enhanced
by these additions. This enhancement is believed to stem from increased
dimensional stability of the oxide coating imparted by the presence of a
skeletal/percolating Ni framework within the oxide coating.

The composite cathode coating could be modelled as two parallel
conduction pathways; one component being the continuous metallic
pathway formed above the percolation threshold which comprised the
dominant conduction mechanism, particularly at low temperatures, whilst
the second element comprised the semiconducting oxide, which made an
appreciable contribution to the overall conductivity only at elevated
temperatures. The standard formula for parallel resistance and conductivity
in the d.c. system and the contribution of the percolation path through the

metallic phase addition can be determined as [AL-Ajili, 2001]:

~
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O-metal = O-ZOtaI - O-oxide (2-3)

This equation determines the contribution of the metallic component to the
conduction behavior of the system. The caléulated values for this metallic
contribution to the conductivity should show a linear behavior with
temperature. The slope of the best fit determines the activation energy
values at various temperatures. The temperature coefficient of resistance is

determined using the following equation [Bennet, 1974 and Ohring, 1995]:

pr=p,(l+aAT) (2.4)

Where p,,p, are the resistivities at two temperatures separated by the
range AT. The calculated value of @ was determined as approximately

0.002 | which is in the anticipated range for a pure metal [AL.Aliji, 2001,

Bennet, 1974 and Ohring, 1995].

A preliminary investigation was carried out into the development of a novel
cathode material with enhanced conductivity using low volume fraction
additions of an acicular conductive phase. The manufacturing process was
compatible with current commercial manufacturing processes and was
anticipated to result in small additional costs. The results indicated that this
erm of conductive phase solve many of the problems previously identified
in atﬁempts to enhance conductivity by conductive phase addition, and

encouraging results were obtained in emission trials [Hodgson et al, 1999].
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2.10 Phenomena of Basic emission

According to Nergaad [1952], the oxide cathode consists of four principal
regions, representing the sample model, to explain the operation of the
cathode. These regions are the base metal, interface layer, oxide layer and
surfacé, as shown in Figure 2.8, which ére created because of the conversion
and activation of the cathode and lifetime.

The interface 'Iayer is formed by reaction of reducing agents like Si, Ti, Mn,
Mg, Al, C or even W, with the oxide cbating, leading to the fofmatibn df e.g.,

MgO, Al,O, or to binary oxides like Ba,SiO,. The thickness of the interface

layer increases with increased time of operation.

2.11 The effect of the interface layer

Several interface phases have been identified in a layer. These include, .
BaZrO,, MgO, BaAl,0,, Ba,SiO,, Ba,TiO,, BazWo,, BazMoOg, Ba,SIWO, |
and (Ba,Sr)SiO,. These oxide meta|s have high resistivity which may vary'
depending on the cathode temperature. The resistivity of Ba,SiO, for

example decreases from 10°Q.m at 1000K to 1.66x10° Q.m at 1250K .

Ba, WO has a resistivity of 2.5x10° Q.m at 1000K [ Gértner, 1999].

The thickness of the interface layer increases with increasing time of
operation.

The thickness of Ba,SiO, is found to increase from 1-2um after 4000/ of

operation.
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2.12 Thermionic mechanism models

2.12.1 Ba mono-atomic layer model
The electron emission work function in this model is calculated by using the

Richardson-Dushman equation:

J = AT exp(—e®/ kT) - (@2.5)

This work function is given by [Kasap, 1997 and Yamamoto, 1997]:

O=0, +al (2.6)
Beyer and Nikonov [1964] give the work function for triple-oxide catﬁodes, as:
OF (l.li0.05)+(5i1)10_4 T 2.7)
qu (Ba,Sr)O the work function is:
® =(1.220.05)+ (5= 1)107*T | (2.8)
While for BaO the work function is:-
®=(1.6+0.08)+(5£1)107*T (2.9)

It has been noticed that on addition of other alkali earth elements to the Ba

the work function decreases.

2.12.2 Donor model

Oxygen vacancies are created in the BaO by traces of impurities in the metal
substrate, which reduce the BaO to Ba. These vacancies serve as donors
from which electron emission takes place into the vacuum when the cathode
is heated.

The free Ba atoms thus produced also gradually migrate to the surface and
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then evaporate. The other oxides in the cathode play such roles as reducing

the Ba evaporation rate and reducing the work function. The current density

J(Acm?) according to this model is given by Wilson [1931]:

J =1.73%107  NY/2T54 & exp[— (Ed /k2T+ Z) :| (2.10)

The work function (activation energy) for the electron emission is given by the

relation ®= (E,/2)+7y .

2.13 Conduction theories of the oxide-coated cathode

There has been extensive work on oxide coated cathodes concerning various
aspects of the operating properties. Most of the early efforts were directed
toward these cathodes coated with the crystalline powders. Later
investigations on single crystals of barium oxide provided much of the
understanding of the semiconducting properties of this compound. A
summary of some of the experimental progression theories are given in this
chapter. Most of these studies pursued the subject from the point of view of
defect chemistry. While experiments were performed to examine the chemical
properties of these oxides, the correlation with the operation of a real oxide
coated cathode is yet to be completely determined. The lack of a widely
accepted physical model indicates the complexities involved in the cathode
operation.

For many years oxide-coated cathodes have been almost universally used in
the cathode-ray and other electron-beam vacuum tubes. At present, the 6xide

cathode is still of considerable practical importance as an electron emitter. In

36



' 7.46 L #6, # [ ,! 4 6 6!/ A6,4 . , 7 7 6 7 111

5 > [+*'1# [+ )%!$-+ &) + [=*% 1-#$/*%& -1/ * +3 #/ [/I&C%&

-+* : +9
2. | 7 '/ $5 !4/ K 8 &)B)P 41 #4] 74 .| .4
,4 47 2 ##; 7 ] . 4 78 , 75, |/ . 4 4, .78 !
" &D##4 | A 4, | 4# ## 7,1 4 I 4 7 /
4p'cc# 78 7 4 - @4 :9'<;
2 74 . /! '6 7 4,,5 1,7 | 4 ,4 | 47 2 #
# / 4 $ '7. 4 45 .4 74 $ 4 7 4 - 6 I/
4-4 | 47 $5 # 4 | e -1t 2.1 ! / 4 ,45 |
4, 45! 6 !V /] 4-4 47 $5 14 # 7 -4/, ! 4 5
7.4 - . .78 Il . 1 64 4 45 L 74 1] $5 | 7 #6 !
74 %$ 4 1] - 6 7 ! #4 41 1 - v )
- ;&' , -4 #1 7 -7 5 6, [ 4-4 |
& ,45 1 4 ] I 4- 1 47 4 # ! - 74
$ 1 4 y 7 17 11 64 |
Al 74 6 1/ 4-4
47
A # A #

3" % 5 FK ['+# +3 [ #:] '-#$/*%& , NW&&EW* -3- +&# %-1$ /#$W

<@



41 . 47 4 #6 4 64 64 C< .. 47. 74!

A /! 4% T2 Y9 . /| %5c 64 : #6 4
6 / 75 71T 5 | / 7T # 7.4 1'#!
#6 4 4% £"'64 CCC #6 4 /6 | 7
/7 5% - | $7# ,116 7 1
D8E
66 666 F66 G66 @66 7?66 766
6 6
6 >
6 G
5
< 5
> 6
> G
6 F 6 5 < > 7 ? @ G F 56
&IIICZ
3" % 5 6K - 1%& 1 &M% %* +3 &#-3%& [/ -'# 1-# /+ D E

L//&C%& -+* ; +9" F>FM

> THY% , %H-FLUVW-& %)% +#& D $% )/*%AE
"n 14/ K 8 &)B)P 7 !/ / 7 17 # 7.4 | T
7. 1 6 | A6 4,,5 #6 4 4 | 4 - $5 . . -
4 %
V DE@;
( @ . &R

# 7.4 '#! . 7 14/ . 8 0<% /!



liaplol 4

each of these two mechanisms (7 and 2) when log o was plotted against

1/T they found the straight lines 4 and ¢ of Figure 2.11. If b and ¢ are
connected in series, the resultant conductivity will be determined at every
temperature mainly by the mechanism with the lowest conductivity. If one now
plots fhe logarithm of the resultant conductivity against 1/T, one finds curve
1 of Figure 2.11.

If, however, these mechanisms are connected in parallel to each other the
resultant conductivity will be determined at every temperature mainly by the
" mechanism with the highest conductivity. In that case if one plots the
logarithm of the resultant conductivity against 1/T one finds curve 2 of Figure

2.11.

To represent the temperature dependence of the conductivity o that is

observed experimentally by:-

—egy /KT —ed, | kT

0=0,+t0,=0,¢€ T0,,€ (2.12)
It appears that this is possible only for temperatures up to about 1000K . For

higher temperatures the temperature dependence of the observed

conductivity is less than that calculated from equation 2.10, By using the

values of o,,,0,,,4 and @ computed from the results at temperatures

below 1000K .
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between the electron-emitting grains of the porous oxide coating that play an
important part in accounting for the properties of the conduction mechanism
observed in the oxide coating. In just the same manner as the outer grains of
an oxide-coated cathode keep up an electron cloud in a layer immediately
adjacent to the surface of the cathode. It is certain that the pores in the layer
will be filed by an electron gas formed by the electron clouds of the
surrounding grains.

This new conduction mechanism is sufficient to account for the conduction

properties of the oxide cathode.

The oxide coating layer becomes charged negatively because of the electrons
coming from the Ni electrbde and diffusing through the coating [Lowry 1930].
According to this theory, the electrons in the pores come from the surrounding
grains. These grains will therefore have a positive charge, and therefore the

layer as a whole will be electrically neutral [Loosjes et al, 1949].

Accepting for a moment the idea of electronic conduction through the electron
gas in the pores, it is obvious that the temperature dependence of ‘the
conductivity will be closely related to the temperature dependence of the
density of the electron gas present in the pores. It immediately becomes clear
that this temperature dependence of the density of the electron gas, in the
layer covering the surface of the emitting grains, will be the same as that of
the emission [Loosjes et al, 1949 and Becker 1931]

The sub-linear I/V characteristics of this high temperature mechanism can

also be easily explained by the model of the conduction through the electron
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gas in the pores. In an electron gas, in the absence of a field and in thermal

equilibrium, the electron have a mean velocity v in all directions, irrespective
of whether the medium in which they move is a mefal, a semiconductor or |
vacuum.

When a field F is applied the electrons (having a charge e and a mass m),
they are subjected to an acceleration « in the direction of the field applied

during the time ¢ which the electrons take to cover their mean free path

_eF
m

a (2.13)

For the mean increase of the velocity, Z—\;, in the direction of the field during

the time ¢ :

— eF
=—t

Av (2.14)

2m

For the calculation of this time ¢, two cases are to be distinguished:-

The mean velocity v in any direction in the absence of a field is high with

respect to the mean increase of the velocity in the direction of the field. In this

case the mean velocity v remains practically constant during the acceleration

and we have:-
(=L | - (2.15)
1%
and
V =——= (2.16)
At the end of the mean free path this increase in velocity will be destroyed

through collision. Therefore A—V represents the mean drift of the electrons in
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the direction of the field and the current density (in 4/m*) will be:-

J=EAy ¢ £ L (2.17)

2m vy

Obviously, in this case Ohm's law is valid, as vis experimentally found for
metals }and semiconductors. It is clear that Ohm's law is valid only if the time ¢ |
(as in this first case) is independent of the field applied.

The mean velocity; in any direction in the absence of a field is small with

respect to the mean increase of the velocity in the direction of the field. Due to

this case, AV can be calculated as follow:-

/
l=— 2.18
Ay (2.18)
and
———i —“l 2.19
2m Ay 2.19)
- Hence
— F
Av= |21 (2.20)
2m

In this case, the current density can be calculated by the following

expression:-

J=£ 2.21)
2m

Ohm's law is now no longer valid because, as is seen from (2.18) and (2.20),

¢ is no longer independent of F. In this extreme case a parabolic / 0

characteristic would be expected.

For the conduction through the electron gas in pores, the current density is
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calculated using equation (2.21). The reason for this is that the mean free
path of the electrons in the electron gas in the pores is much larger than that
for the conduction electrons in metals and semiconductors. The mean free

path in metals and semiconductors is of the order of 10~°, but for the electrons

in the electron gas present in pores, the méan free path is given by the size of
the pores. The porosity being about 50%, it may be said that the mean free

path is half the mean grain size, i.e. 1-3 um. This is larger by a factor of about

10°.

2.15 Relationship between thermionic emission and electrical
conductivity of oxide-coated cathodes

- It has been a well known fact that the thermionic emission of the oxide-coated
cathode depends much upon the cpndition of the decomposition process of

carbonate-and the activation process [Narita, 1953].

2.15.1 The characteristics of "N" type and "S" type cathodes
Narita [1953] suggested two structural types due to the cathode

decomposition and activation processes. These types are:-

® Sintered cathode ("S" type):

These cathodes are décompoSed under high gas pressure and at very high
temperatures during evacuation and they always found té have low emission
and the oxide particles are considered to sinter and have no distinct grain-to-
grain boundaries, as schematically shown in Figure 2.13. The grain-grain

potential barrier is very low. These cathodes will be designated as "S" type
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. The emission of the "N" cathode is proportional to the conduction above
800K and the semiconductor theory seems, at a glance, to be well

‘applicable.

. The width of the conduction band y for "S" cathode known from ¢-F,

was very high compared with that of "N" cathode and it varied with the

change of cathode activity.

. The difference between the "S" and "N" cathodes can be explained from
the assumption of the existence of electron gas conduction through pores
in "N" cathode coating and the effect of a monatomic layer on the cathode

surface.

. Conduction with a lower activation energy than 0.1¢V, appeared in the

process of evaporating barium onto the cathode at very low temperatures.
This conductivity was interpreted as the surface conduction of the electron

through multi-atomic layers of barium on the oxide particles.

. In low temperature range both "S" and "N" cathodes had M-type
conduction. It was confirmed that the "S" cathode was more conductive
than the "N" cathode [Narita, 1953]. The M-type conduction of both
cathodes decreased owing to the evaporation of barium from the cathodes
through heating, while the thermionic emission increased, accompanied by
the slight decrease of the work function [Narita, 1953]. This may be
intérpreted as the transition from multilayer to monolayer of the surface

barium coverage.
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2.16 Theory of the oxide-coated cathode

2.16.1 The characteristics of the oxide coated cathode

Early investigations [Herrmann and Wagener, 1951] proved that the emission
is directly associated with the presence of excess metal in the oxide. It was
shown that it was either wholly a surface:- phenomenon, or due entirely td
processes at the oxide-metal interface. In fact there is a direct relation
between the conductiVity through the oxide coating and the electron erhission
from it [Hannay et al, 1949], as shown on Figure 2.17. The electron emission
and oxide conductivity increased together during activation and both are
destroyed simultaneously when the cathode is poisoned. The temperature
resistivity coefficient in the oxide falls considerably during activation, as shown
in Figure 2.18. The curves marked as I, II, III and IV are taken during the

activation stage.

The oxide conduction current occurs at the same current density saturation as
thermionic emission takes place [Wright, 1947]. Wright also demonstrated the
behavior of an interface compound which exists between the metal and the
oxide. This may be a silicate, aluminates or other complex elements,
depending upon the constitution of the core metal, and he showed that it gives

rise to a rectifying junction at the metal surface.

More results were involved in the development of Dearnaley's [1969] model to

which a principle background is those of Heinze and Wagener [1939].
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They made an interesting observation of the distribution of emission from an
oxide cathode at successive stageé of activation. They formed electron
images of the cathode surface and thereby observed that emission takes
place from small bright centers.

Initially the saturation emitted current was less than 10° 4 and only a few

centers were present. As activation preceded the number of sites increased
but their size and distribution pattern varied little, but the range of saturation
current increased by a factor of 107 .

Projection-tube microphotography has been used by Mecklenburg [1942] to

demonstrate that emission centers are less than 400 ;1 in size and show a

pattern related to the grain size and distribution in the oxide.

2.16.2 The theory of the conduction filament

Dearnaley [1969] put forward a model for activation, conduction and emission
of an oxide-coated cathode in order to explain the behavior of certain otherv
oxide layer structures.

In oxide-coated cathodes, he proposed that the presence of reducing agents
at the activation temperature which results in the removal of some oxygen
from the coating. At certain favorable points on the metal-oxide interface the
oxygen may locally become conducting, perhaps due to an éggregation of
oxygen vacancies, which may occur particularly at grain boundaries in the
polycrystalline structure. An electric field was applied during activation, and
the filament tended to grow through the oxide coating.

A high oxygen concentration evolves from the structure of the oxide material
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at high temperature. Due to the fact that the Debye temperature of the alkaline

earth oxides is quite low, despite their refraction nature: thus 8, for barium
oxide is about 250 °C . Owing to their low mass the oxygen atoms will undergo

violent thermal agitation at T~56,, and may be ejected from the structure. The

heavier barium atoms remain relatively undisturbed.

Dearnaley [1969] estimated the mean square displacement of oxygen atoms

in BaO at 1250°C to be 0.84 while for barium atoms, displacement being

inversely proporti-onal to the mass, is an order of magnitude less. It is
therefore understandable that oxygen can evolve at the activation
temperature, and for the same reason the oxygen vacancies will possess a
relatively high mobility. In this case, the conducting chain is created bya high
concentration of oxygen vacancies and terminating at the metal base. The
applied field will cause a very large electric stress at the other end, extending
as it does_, into the insulating oxide. Under such a stress, and at the activation
temperature, he proposed that further oxygen vacancies migrate. to this tip
and cause it to grow until the chain penetrates the oxidé layer. The increased
conductivity of the layer will eventually reduce the electric field and filament
growth will come to an end.

Under the applied electric field, emission will already have begun, initially
perhaps by field emission, but the current ﬂowing through the chain will rapidly

cause local heating and enhance the thermionic emission from the surface. In
this case the exponential factor I:exp(_Ki}ﬂ which dominates the emission

equations of Richardson (equation 2.3) is enhanced both because the local

work function is reduced [Becker, 1935] and the local temperature is
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increased [Koller, 1925 and Rothe, 1926]. However, it is difficult to draw
definite conclusions from experiments in which the electron energy spectrum
is measured by variation of retarding potential. The actual temperature of the
emitting centers will be a function of the current drawn and the slope of thé
current- potential plot cannot as yet be usefully interpreted. Such plots would
be expected to‘ indicate a temperature lower than that of the emitting sites,
since at- maximum retarding potentials there onld appear to be fewer

energetic electrons.

The oxide in this model is cblearly not a semiconductor which made Dearnaley
[1969] expect to apply the emission equation of the saturation current

density J, -

31
—(¢—Y62E2]
J,=J,T*exp

kT

(2.23)

Butnow T, E and ¢ must be allowed to vary over the cathode surface.

The close relation that exists between the oxide conductivity and the emission
current may now be understood (Figure 2.17) since both arise ffom the same
mechanism. During activation the number of conducting chains grow but the
effective work function of each emitting site remains almost constant [Heinze
and Wagener, 1939]. As the current through the conducting filaments rises,
the oxide temperature (if the electrons are drawn away by dc accelerating

field) becomes higher and so emits yet more electrons. The failure of oxide

55



wriaptier «

cathodes to show true current saturation was therefore understandable. The
electrons fnay be considered to be traveling as plasma through the narrow
conducting region: the electron temperature may for a transient period exceed
the lattice temperature. The lattice temperature will rise until thermal agitation
ruptures the chains and the conduétivity will be affected due to the particular
atomic spacing and inter-band angles. The Debye temperature of the alkaline

earth oxides is, as we have seen, quite small. Their maximum temperature will

lie between the cathode operating temperature (~800 °C) and the melting

point(~1900 °C). The filaments will break due to thermal vibration and under

the influence of the low-frequency plused applied electric field then re-form
again after cooling with a thermal relaxation time. The saturation of emission
corresponds to the establishment of dynamic equilibrium with conducting
filaments emitting, heating up, rupturing, cooling down and re-forming under
the applied field. It is understandable that, as Wright [1947] observed,

saturation of oxide conductivity occurs under just these conditions.

Dearnaly's [1969] picture of the composite cathode must take account of this
and is illustrated schematically in Figure 2.19, which shows the conducting

filaments extending between the interface material and the oxide surface.

Owing to the well-known tendency for crystal defects to accumulate at grain
boundaries it is likely that chains of oxygen vacancies will tend to form along
the edges of crystallites in the cathode surface. This is confirmed by some of

the experiments on the distribution of emitting sites [Mecklenburg 1942].
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[Zalm, 1968]. Since the evaporation of BaO takes place at a much faster rate
than that of SrO and CaO, the adsorption of barium ions on the strontium-
calcium oxide is believed to be the ac_tivation process in a triple-oxide
cathode. It is observed that barium adsorption can also take place on
interfaces between oxide crystallites. The porosity in the oxide coating allows
the formaﬁon of such adsorbed interfaces in the same manner as that of the
" emitting surface. Consequently, electfon accumulations will occur at these
ion-adsorbed interfaces as well as in the emitting area of the oxide crystallites.
As a result, the barium adsorption serves not only to increase the electron
emission at the cathode surface but also td enhance the electron conductivity
‘between the oxide crystallites. With the above assumption it is conceivable
that the rate of barium-ion adsorption at the interfaces is equal to that at the
emitting surfaces. This would explain the linear relation of electron emission
and conduction found in these experiments [Hannay et al, 1949]. Since the
electron conductivity of BaO crystals cannot be increased through this
adsorption process, the relaﬁonship of the thermionic emission with the
electron conductivity is not expected to be linear. Hence, it is not surprising
that the conductivity of the activated-oxide layer is two orders of magnitude

higher than that of BaO crystals at high temperatures [Chin, 1974].

2.17.2 Simplified analysis of an idealized model

The adsorbed ions throughout the interfaces and the conducting paths along
the crystallites are illustrated schematically in Figure 2.20. The conductivity is
the sum of these paths along the interfaces of the oxide crystallites. In order to

facilitate the estimation of the conductivity of the oxide crystallites they are
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