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CYNOPSIS

The electrical conductivity and thermionie emission from
cathodes coated with barium oxide and a mixture of barium and
strontium oxides has been studied as a function of temperature in
the range 290° - 1000°K, employing cylindrical diodes containing
a probe-wire embedded in the oxide coating.

At temperatures above §OO°K the results cbtained are in o@hte
agreement with the pore-conduwtion theory of lLoosjes and Vinke At
temperatures below 500°K an effect not previously reported is observed.
The log I/R n.j/‘r curve is not linear in this region but exhibits a
bend at ~ 400°K with a lower slope section between 400° and 290°K.

Theoretical curves of a similar shape are obtained by assuming

thot the conductivity is given by a relation of the kind
-Q =
o= o’oexp( L_f) + &, pr( t'fr’)

which implies that st temperatures below 500°X two condustion mechan-
isms are operating in perallel. A simple correotion is justified
which enables a valuwe of Q to be obtalned from the experimental curves.
Experiments in which barium is deposited upon the cathode suggest that
the mechonlem with temperature dependence L is one of movement of
barium ions over the surfaces of internal orystal grains.

The results of oxygen and sulphwr poisoning experiments support
the Loosjes and Vink theory and in addition tend to confirm that a
surface conduction mechanism is important at lower temperatures.

Sulphwr poisoning is found to be a reversible effeot very similar to

oxygen poisoning desoribed by Metson and Shepherd.




INTRODUCT ION

This thesis is concerned with studies in the field of solid state
physics which are being made at the University College of North
Staffordshire under the general direction of Professor F.A.Vicke The
work described here forms part of a research programme designed to
investigate the properties of oxide-coated cathodes in the light of
modern theories of semiconduction.

The experimental work undertaken consistas of two allied investi-
gations which assist in the elusidation of the eleotrical condustion
processes ocourring in the oxide cathode. The first of these,
described in Section 2, is conoerned with the variation with temperature
of the conduotivity of the oxide layer at various stages during the
activation of the cathode. For this purpose simple diodes with
oylindrical symmetry are employed and the condustivity is measured by
means of a probe wire embedded in the coating at a known distance from
the core. The temperature range covered by the experiments is large,
ranging from 1ooo°x to room temperature in most cmses. The second
investigation, described in Sectlon %, is concerned with the effect of
oxygen gas and sulplw vapour on the oxide-cathode at temperatures
within this range.

These two sections are preceeded by brief surveys of the relevant
literature relating to eondustivity measurements and to oxygen and
sulphur poisoning experiments. Section 1 forms an introduction to the

oxide cathode. A brief Chapter on the jreparation and general proper-

ties of cathodes is followed by a discussion of some of the theoretical



concepts involved in an investigstion of oxide cathode sonductivity.
This is succeeded by a description of the apparatus employed.

An additional plece of experimental work is deseribed in an
Appendix since this was not relevant to the main thesis but consisted

entirely in an improvement in technique.



SECTION I
CHAPTER I

THE OXIDE-COATED CATHODE

Preparation and General Properties.

The oxide coated ocathode usually consists of one or more of the
oxides of the alkaline earth metals, coated on to a metallic base
which may be in the form of a wire.' strip or tube. The coating thiek-
ness is generally of the order of 50 microns.

The cathode may be heated directly by passing current through the
coated wire or strip, or indirectly by an insulated heater inserted
into the tube.

Several base metals have been employed from time to time; e.g.
platinum was in general use before 1929/ cathodes then being of the
direoctly heated type. lore recently, v;ith the widespread use of in-
directly heated eathodes, a less expensive base metal was required and
nickel containing small quantities of reduoing impurities was found to
be satisfactory. One form of nickel often used, 'O' Nickel, hos the

composition shown in the following table:-

'0' Nickel
m 99¢5% si 0+1%
Co 0.5% Cu 0.1%
Yg 0.07 = 0.15% s 0.005%
Hn 04158 c 0.04%
Pe 0.2%

~~
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The presence of silicon and mignesium in the nickel base metal causes
a reduction during the activation process and facilitates the prepar-

ation of satisfactory cathodese

The maximum thermionic emission from oxide cathodes at the same
temperature coated with the three oxides is in the approximate ratio:-

Ba0 : Sr0 : Ca0 :: 100 : 10 : 1
a mixed barium strontium oxide, signified (BaSr)0 to indicate that both
metals are present in the same orystal lattice, produces a costing
which ylelds a higher emission than one of barium oxlda;""and Grey (1)
has shown that a coating of (BaCa)O in optimum proportions, sinilarly
ylelds a large emission.

The addition of small quantities of calcium oxide to a barium
strontium mixture has been found to glve increased emission and this
mixture is often used commercially. The funotion of the calcium is not
fully understood but it is thought that its presence influences the
crystal size of the oxide which as Kawamura (2) and Yamaka (3) have
shown',.{ ie an emission determining factor.

The alkallme earth oxldes are unstable in alr and so it is necessary
to prepare them from stable compounds which may subsequently be converted
to the oxides in vacuo. The usunl method is to employ the carbonate, or
a coprecipitated mixture of carbonates in the case of the mixed oxide,
though it is possible to use the nitrate, resinate and in the case of
barium the azlde h’équeous solutions The carbonate is suspended in a
volatile organic m;lvont: ethyl butyl or amyl acetates are commonly

used, and a small quantity of nitrocellulose is added to act as a binder.

6
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Several methods of applying the costing have been developed, the
more important ones being spraying, painting, dragging and cataphoresis.
The cholce of any particular method will depend upon the geomtry of
the cathode; e.ge. dragging or cataphoresis for wire cathodes; paint-
ing or spraying for indirectly heated cathodes. The exact composition
of the suspension used will vary with the method of applicstion and the

requirements of the cathode. A typlcal preparation desigred far

+*
spraying is given:-

Double carbonates 3Kg

Nitro-cellulose (5% in amyl acetate) 1.6 litre
Amyl acetate 1.0 litre
Methyl alcohol 1.8 litre

The final composition of the sprayed coating is influenced by the
proportion of air to carbonate suspension used in the spray guns Also,
if the cathode being sprayed is some distance from the gun a fairly
rough coating will result. Such a coating is suitable for us in low
voltages valves. A wet spray, giving a much smoother coating is prefer-
able for use in high voltage applicationg, for this reduces the danger
of flash-over or arcing from peaks on the cathode surface where the
electric field may reach a high value.

When the cathode has been coated it is enclosed in the vacuum
tube which is then exhausted to a pressure of 107 mm.Hg. or less. The
glass and metal parts are outgassed by baking and eddy-current hesting.
During the baking progess the nitrocellulose binder is eonverted to

gaseous products which are pumped away. The breakdown process is

/ ")
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initiated by gradually raising the temperature of the cathodes The
conversion of the carbomates to oxides is completed at around 950°C.

Following the breakdown process the cathode must be activated
before it becomes an efficient electron emitter. This may be accom-
plished in one of several ways or a combination of theses The temper-
ature of the ocathode may be raised to around 1200°C for a few minutes
(thermal activation) or a potential applied to the anode (ecathode at
900°C) and an emission current drawn which increases to a steady value
over a pericd of several hours, (current activation)e A third method
of astivation is to admit a redusing gas into the valve while the
cathode is at 900°C. This method has been employed by saveral suthors:
Wt and Morrison (4), Eisenstein (5) who used methane; and nare
recently Forman (6) who used ethane to obtain highly sctivated cathodes.
The process has been studied in detall by Wagener (7) who showed that
hydregen, water vapour and methane sre all activating gases below 10”2
mi.Hges pressure.

It is goaei'ally assumed that the activating process produces free
alkaline earth metal in the eoatinges In thermally astivated cathodes
impurities in the core metal act as reduwsing agents, liberating free
alkaline earth metal and producing ecomplex compounds at the ocore-
coating interface. Thermal energy alone does not produce activation to
any masurable extent for it has been found that cathodes prepared on a
pure nickel base are very difficult to activate, while the inolusion
of small quantities of silicon and magnesium in the niokel facilitates

rapid activation.
(8)
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The presence of interface compounds formed during astivation
was first reported by Arnold (8) who noted the presence of BaPﬂ))
when using plstirum as a base metal. Fineman and Risenstein (9) have
made an extensive study of the properties of the interfase layers and
have found Bay8i0, and Bal‘io,‘ in the interface of cathodes on nickel
cores containing less than 0.5f of 81 and Ti respectively. Rooksby
(10) has alse identified these compounds in the interfase using X-ray
diffraction analysis.

A theoretioal study of the chemical processes ocouring dwing
breakdown and sctivation has been mode recently by Rittner (11).
EBmploying a thermodynamical method he was able to indicate the reastions
most likely to be favoured under -iven conditions during the breakdown
and subsequent astivation operations in the produstion of a typical
cathode. These aconsiderations shoved that the breakdown process was a
eritioal one in the processing schedule, for during this time, when the
carbonate is being reduced to the oxide with evolution of 002. the
reducing agent (Mg or 81) in the care may be oxidised rapidly by the
carbonate with the release of CO, a mide reaction which is highly
deleterious. It was also coniluded that the rate-determining process
during thermal sotivation 4s the rate of diffusion of the reducing
agent in the nickel base metale If this is high, then free barium may
be prodwed quickly at relatively high vapour pressures and consequently
fasilitate the solution of Ba metal in the lattiece of the oxide which in

turn gives rise to an active cathodes In a current-activated cathode

(9)



it is quite probable that electrolysis plays some part; (Ba, Sr Ca)™”
ions moving through the coating towsrds the core, while some oxygen
ions move to the outer surface of the oxide, form oxygen molccules and
are pumped away. This liberation of oxygen molecules during sctivation
has been demonstrated by Becker (12) who uwsed the gas to polson the
emigsion from a tunsten wire. Shepherd (13) used a mass sprectrometer
technique and was unsble to detect the presence of oxygen ions during
activation, showing that the oxygen given off during activation is in
the form of neutral molecules,

In addition to the evolution of oxygen, barium and strontium metal
and to a lesser extent the oxides are also evaporated from an oxide
cathode during activation and subsequent ecathode 1ife. wOoten;/Ruahh
and lMoore (14) have shown that the evaporation produst from a mixed oxide
cathode is largely barium metal with less than 5% strontium; BaO and
8r0 being evaporated to the extent of 2% and 0.01% respectivelye This
preferential evaporation of Ba0 takes place from the outer layers of
the coating and in many cnses relatively thick layers of Bald deficient
ooating at the swurface have been found (15).

The extent to which excess alkaline earth metal is present in the
oxide coating has been the subject of several investigationss The most
recent, by Moore, Wooten and Morrison (16) employing careful chemioal
techniques, has shown that the siznificant amount of excess metal is
not greater than one atom in 106 nolocules of (BaSr)0 in a practioal
oxide cathodes Yven cathodes with very low emisslon qualities were found

to contain this proportion and so it was ooncluded that the excess metal

(Ba) content of an oxide cathode was not necessarily a factor limiting
(10)



the performance of the cathodes

At some stage during the sctivating process the vasuum tube is
sealed off from the pump. Emission cwrert is usually drawn prior to
sealing off and fimally a getter is fired. The active metal surface
thus deposited onto the glass of the tube takes up any gas evolved
during subsequent activation and operation.

An sctivated oxide coated eathode consists therefore of a metal
core separated from the bulk of the oxide coating by an interface
layer and this oxide coating contains an excess of the alkealine earth

metal in a concentration of about 1017 atoms per CeCe

(11)



CHAPTER 2

THE MECHANISM OF THE OXIDE-COATED CATHODE

Early Theeries

Early theories of the mechanmism of electron-emission from an
oxide-coated ecathode were hased on the corsept of reduction of the
vork function of the base metal by amalogy with the thoriated tung-
sten emitter then in general use, Two theories were cwrent until
the advent of the Powler-wilson theory of semloonductorse The first
put forward by Lowery (17) suggested that the mechanism was essen-
tially an electrolytic one; free barium was formed in the ooating and
diffused to\ths interface where it formed a monolaysr on the base metal
and so reduced the work furstions The emitted electrons were said to
diffuse through the interstices of the ooating, for the oxide itself

was regarded as a poor conductors

The rival theory maintained that a tl;in film of alkaline earth
metal existed on the outer surface of the oxide. This was considered
by Becker (18) to be the emission determining factor. The conductivity
of the coating was assumed to be sufflclently great for electrons to
move from the base metal to the oxide surface.

An experiment by Becker and Sears (19) wes designed to distin-
guish between the two theoriess The emission was foynd to full by a
factor of 10‘ when the oxide coating was removed and this was adjudged
to be evidence in favour of the second theory. Later imvestigations

by Darbyshire (20) and Huber and Wagener (21) employing electron diffrae-

(12)



tion techniques have failed to identify a surface barium layer and
no coneclusive evidence for its existence has so far been advanced.

The Fowler-Wiilson Theory of Semicondustion.

The major disadvantage under which Lowery, Becker and other
authors worked, before 1930, was the absence of any adequate theory
of electronic condustion in dieleotric materials such as the alkaline
earth oxides. This defect was reotified by Wilson (22) in 19351, who
extended the band theory of solids to cover the omse of impurity semi-
conductors. According to this tleory, two types of impurity semi-
conductors may be distinguished. In the first (N-type), electrons may
be excited into the condustion band of the material from their original
positions (at 0°K) in extra energy levels, (donor levels) lying in the
forbidden zone between the empty conduction band and the tepmost £illed
band but separated by only a small energy gap (a few eV) from the
condustion bande In the second (P-type) of impurity semiconductor,
condugtion may arise by the virtual movement of positive holes in the
topmost, £illed band which are formed by the tranaference of electrons
from that band into adjacent extra energy levels in the forbidden zone.

Following Fowler (23) the equilibrium conditions in an impurity
semiconductor, of either kind, may be caloulated. It is assumed that

le The conduction band is completely empty at O°K

2e The demsity of impurity levels is my per ce. and these

are completely full of carriers at 0°k.

(13)



5« The energy gap A E between the conduction band and
the extra levels is larger than KI' i.e. greater than
Os5eV ard to a first approximation the energy gap
between the conduction band and the filled band E is
50 large that the contribulion arriers from the full
band is negligible.
If the zero of energy is taken at the extra levels, then the chemical

potential, p, or Fermi level is given by

3/ = g
IS E R\ AL\
"*“"(%) =T amea Y Q""Q“/‘) = wmas- » Q)

where w is the statistloal weight of states in the conduction

band i.e. 2,

m is effective mass of an electron in the cond. band

h is Planck's const. and k Boltzmann's const.
| This equation shows that to a first approximation the p-level is mid-
- way between the extra levels and the conduction bande

The density of electrons in the conduction band ne is given by~

' _ 31 _AE
n§ = nb'h(»él .(_M_k_.‘)_q_xp (,:k-r)

hal — s s e ——@-.)
The specific conductivity o of the material is given by
& TREY - - - -0

where V is the mean velooity of the carriers.

(14)
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If we assume thet the mean free path 1, has a constant value, then

since V is related to 1

o tngloe
T ekt AN

and sube for "f
NE
o 3 '/1%-1”.31‘: (:mmk’r) —’xp sz) — o =AB)

Provided that A B> ¥, the temperature variation of condustivity

will be due to the exponential term

e, o = o,exp (——%) R _(6\

This form desoribes the wariation of conduotivity with temperature for
either type of impurity semicondusctar.

The term O over a limited range of temperature may be regarded
@8 a function only of e

By combining equations (1) and (2) it is possible to oxpress the
density of electrons in the oonduution band in terus of the Fermi level

ng = %Lﬁ‘ﬁka\m&xP(—l—«%)_ e, e )

Substituting this value in equation(4)

2 -
dves o il\":: @ﬁmk‘r\ (xp(ﬁ) e e Bl o

This expression contains the density of impurity centres implicitly in
the shemical potential pe
(15)
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This equation may be compared with the experimental temperature

dependence of
—Q

= oLexp kv

Thus & plot of log O va /T should if the mterial behaves as a semi-
sonductor yleld a linear variation, from the slope of which the
Separastion of the Fermi level from the conduction band may be deter-
mined. This should be 3 provided the somiition that np<< m, is
maintaineds This implies that A E must be greater than 0.5 eVe

Provided that this condition holds good the slope of the conduo-
tion lins (Q) is equal to %E « However if AR is small all the
donor centres may become ionised at ccmparatively low temperatures and
the condition n, <=~ n, becomes n

: 4
constant and the variation of conductivity with temperature is deter-

1 nb. Under these oconditions ney is

mined by the temperature variance of 1,. At low temperatures in an
lmpurity semliconductor the impurity centres produce a scattering of
the electron waves. This leads to a mobility proportional to 3>,
Hence 1if n, is approximately aonstant the variation of conduotivity
with temperature is determined by o'C T /%
For a donor concentrstion of 1017 per cc. a value usually assumed
for oxide cathodes, the minimum value of AR, below which ny * n, is
0.3 eV at 500°K.
This implies that conductivity curves with slopes less than 0,15 eV

cannot be interpreted on the sisple semicondustor basis outlined in the

preceeding paragraphs.

(16)



Thermionic Fmission from Cxido~Coated Cathodes.

One property which hss lead o the widespread use of oxide
cathodes is the ability to emit a copious supply of electrons st a
relatively low temperature. This property has been treated theor-
etioally by Schottky who derived a Michardson type of equation for

the emission. This has the Porm

: = .
™ :.-Q—r)RTzesp( k-r) TF AR e _@)
where J, is the saturation current density at temperature TOK
Kimkie &
Als T3 =120 ampeon™ dege

r is the mean reflection coefficlent for electrons at the
surface.
# is the total work function= X + E, - p
Fige (2.1) shows that @ is the total step from the Fermi level of the
base metal to the potential just outside the semiconductor.

P may be expressed in terms of AE and ny, thus:-

3
AE Ny h
= E=Z & 3[1(:11:ka)3"]

Hence by substituting for E, - p we obtain for J

2 5) '?\'*Ag
Jo = B(I""\nb T Mexp~ ——k—.l:z'—)

I
2e (QumkTY
where R = JF2

\ F
A plot of log Y /1S sgaimt /T should yleld a value of PRV

(17)
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In practice T° is used instesd of T and the resulting plot is
known as a Richardson 1ine by umiogy with the equation for pure @
metals. Thie implies the approximation

which for most purposes is sufficlently mcourate. Owing to the
possibility of adsorbed layers on the cathode surface which would vary
with temperature, values of @ and B obtained in this way have dcubtful
significance unless the temperature range over which measurenents have
been made has been restricted.

Attempts have been made using euission data, to estimate the values
to be assigned to n and re If r is assumed to be unity and n = 1017
and @ = leV -average valuss for (BaSr)0 — then j caloulated by using
equation (9) is comsiderably greater than the accepted D«C. capabilities
of the cathode. Such values of Jo have been found in micro-second pulse
measurements by Sproull (24) and Coomes (25), and Wright (26) has found
that using such values of da obtained in this way, the Richardson line
i& quite linear to high temperaturese

In the shaps of the currenl voltage curve, when an emission current
is being drawn under normal conditions, three well defined regions may
be distinguished.

le Emission in retarding fields

2+ Space charge limited emission

3o Emission in accelerating fields

(18)



le Emission in Retarding Fields.

In this region only those eleotrons will reach the anode which
have energles greater than the barrier height imposed between ancde
and cathode by the retarding voltsge. This barrier also includes any
contact potential difference between the amode and the cathodes

For a diode with plane perallel electrodes the ourrent density
Jp ot an applied potertial V is given by:-

e = BL-r)T Cexp -(\—’c}-;is
This equation is valid for values of V giving a barrier height greater
than the work funstion f# of the cathode. For more positive values of
Ve J, 1= given by equation (9)

A plot of :\'\/jo vse V should give a slope of = ®/kr which joims a
horizontal line when V + p. = @y Thus @ may be found if ”a is known.
In practice fg 18 unknown and may even shange due to contamination by
materials evaporated from the cathodes _

The current-voltage characteristics are best plotted in the form
of log i.v8s V., The retarding region may then be represented by a
straight line with gradient related to /T, which beoomes horigontal
when the applied field chanzes from a retarding to an acoelerating one.
Fan (27) and Hung (28) have obtmined good agreement between observed
ewission in retarding fields and thet caloulated theoretically at
temperatures below 1000°%k. The latter detected a slight fall belew
the theoretical line as the 'knee' of the curve was approachede This
wag interpreted in terms of patches on the surface having slightly

(19)



different work functions.
2e Spnce-charge Limited Emission,

Thls is not a fungtion of the cathode but rather of the geometry
of the anode-ocathode assembly. At sufficiently low temperatures, when
small emission ourrents are dreawn the spmcs oharge effect is absent and
there 1s an abrupt change from the retarding field condition to acceler-
ating fleld emission.

3s _Fmission in an Accelerating Fleld.

Schottky (29) assumed mirror image foreces between the cathode and
an enltted eleotron and so deduwed the following expreasion for the

ourrent in an ascelerating field:-

( = o&xXPU KT
A vlot of log i va. the square root of the applied fleld should yleld
a straight line. This is approximmtely the oase for oxide cathodes but
the gradient iec several times larger than that predicted by Schottky's
equatione This is true both for pulsed and D.C. emissions It was
explained by Hung (28) in terws of a patoh theory; different areas on
the cathode having slightly different work functions, but Wright and
Woods (30) have shown this Lo be an umsatisfadtory explanations They
have extended the theory of Morgulis (31) who assumed that the applied
field distorted the energy levels nesr to the surface of the exide.
This extended theory shows that the spmce charge zone which penetrates
the oxide surfase and reduses the work funotion, is dependent upon both
the applied fleld and the ocurrent that flows through the diode eharas-

(20)



~teristics as a funotion of coating parameters which may then be com-
pared with experimental diodes. Cood egreement. was found with data
obtalned from Hall effect and oondustivity measurements.

Emipslion Decay Bffects.

In many cases when an emission current is drawn from a fully
activated cathode a desay ocours from the initiel value of anode
current. In general suwh a decay may be attributed to ionic bombard-
ment of the cathode by residual zom in the tube or by materinl depos-
ited on the anode dirring processinge

The enission frequently suffers checks if the ancde potential is
slowly raised during the current activation procedure. Actual de=
creanes may be observed nt potentinl of sbout 5, 10, and 15 volts,
Yetson (32) hes shown that thic is due to the dno'ompositlon at the
anode surface of such materiols as B0, BaCl, and Baﬂobo by the electron
streams The resulting ions "poison' the eathode. This process has
been treated theoretically by Deb (33). The presence of chlorine on
the swfeoe of the cathode, greatly impairing ite performance, may be
deduced from the work of Vick and Walley (34) who showed that the
dominarnt ions emitted from an oxlde cathode during life were those of
chlorine. This was thought to have originated from the glass during -
the baking process.

A Purther type of emission deeay phenomsnen is the deorease of
cwrent which ocours during pulse operation of a eathode when the pulse
ie of several misroscconds duration. Sproull (24) has sugrested that

this 1s due to the migration of nurfase Ba** Lons to the core leading

(21)



to o deﬁciemy of such ions near the emitting surface, while Wright
(35) considers the chenge in smpe of the interface barrier acoom-
Panying this migration to be the najor facter. However both Deb and
Feaslor (%) have pointed out thni thie decay may also be due to
anode contaminants. Yore recently Nergarrd (37) has performed a
simple exporiment designed to show that during the deeay of a pulse
some chanse in conductivity of tie oxide also coccurs. This is thought
to Eindlcate that the peat of L' deoay mechanism lies in the oathode
alona,.

The interpretstion of this experiment. in conjunetion with the
werk of Beaker (38) on electrolysis in cathodes and Sproull on decay
effects and some further experimental work, lead Nergasrd to postulate
an entirely new theory for the mechanism of the oxide-coated cathode,
This is the firet attemt to zive a complete theory whish will account
Tor the general properties of the oxide cathode and yet will also
explain anocalous behaviour reported by many authors, Sush behaviouwr
imcludes the lack of agreement between the measured oathode temperature
sbove 1000°K and that obtained from Shottky and Richardson lines; the
deeay of anode cwrrent under what sppeers to be emission-linited con-
ditions and the decay of emission undor spece charge limited conditions,

The theory of advanced by Nergawrd is based upon a semicondustor
model in which the donors are mohiles The work of Becker and Sears (39)
has suggested this donor mobility either in the form of eleotrolysis ar
by slmple diffusinn., BRefore current ls drawn through the coating an

equilibriun state portaine; the donors are uniformly distributed and
the energy diagram is like that shown in fige. 2.2 due to de Vore (40).

(22)
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Then & stable current is drawn, the donors electrolyse towards
the bose metyd leavirng a donor depletion layer near to the emitting
surface. This movemert towards the Lase metal is balunced by back
diffusion, me that the domors do st plste out at the core of the
onthode. This implies that the positicn of the Fermi level in the
semiconducting oxide 1s a funeticn of the eurrent drawn. This
acccurta for the lack of agreevent botween caleulated and measured
temrerstures. Moreover, under pulsed conditions, when there is net
a stekle current, the dowor distribution will change and if the
pulse is long, pulse decay will oscurs Tha recovery after a pulse is
the result of denors having diffused back into the depletion layer,

A nuber of experiments were designed by Msrgaard to test the
valldity of this theory and the rosults seem to favour suwh a modal.
Mo extensive oriticlsm of this work has so far been msde although a
few authors (41) (42) have noted thet their results do not aceord with
8 donor deplaetion layer hypothesis, MNore recently a thearetioal study
of the thermodynamios of the reactions which ean oceur within the oxide
layer has led Plumlee (43) to suggest that the donor specles is not
either eoxcecs barium or oxygen vacancies as proposed by many authors
but OHee redicals. This suggestion 1a supported by mass spectrometric
evidence for Lle cxist%noa of resldual partial pressures of water
vapour, hydrogen and oxygen in tlie reglon of the cathode under normal
operating conditionn. Such a donor 8,ecles accords with Nergasrd's
view of =obile donors since this radical can move from on: oxygen ion

to another simply by transfer of a proton. Further experimental evi-
dence is required before such a thwory can be substantiated.

(23)
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APPARATUS AND EXPSRIMINPAL TECHNIQUES

3e1 General arrangemnsntse

The aspparatus consists of (a) ﬁ vecuunm system for the prepar-
allon of the experimental tubes and (b) the equipment used in taking
the various measuremants. The ger;eral lay-out is shown in fig. (3.1)
and fige (%42)e
3e2 The Vacuum System.

The produstion of a very high vacuum is ossﬁrthl for any ther-
monle work particularly in the oase of oxide cathodess Only then will
the thermionio emission be stable and reproduwcible. Mush of the con-
flicting evidence in earlier work was due to comparative fallure in
this respacte

The requirements of a vacuum system suitable for the preparation
of sealed~off tubes are the sbility to remove as quickly as possible
the lerge volume of gas evolved during the activation process and to
achieve an ultimate vacuua of better Lhan 10'6 e Hge

The vacuum systew shown disgramtiocally in fige (3% 3) was con-
structed of hard glass and corsisted of a single~stage mercury diffusion
pugp with a maxinmum speed of tie order of 1 litre per second, baoked by
an Hdwards Speedivac two-stage rotary pumpe In the interests of main-
taining a reasonsble pumping specd only one liquid air irap was fitted
between the diffusion pump and the experimental tube to condense any
mergury vapow diffusing towards Lhe tube; also all the tublng on the

high vacuum side was as short and wide as possible. A wide bore tap

(24)
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was provided between the experimental tube and the trap in order that

during the slow breakdown of the carbonates the tube might be out off

overnight,

To enable a good ultimate vacuum to be obtained provision was made
for baking the tubea to a temperature of 400°C by an oven which heated
the glass-work to sithin 3" of the tape. Alaso parts of the experimental
tubes were hydrogen furnnsed hefore sssembly and were tiwoughly out-
gassed by eddy current heating while the tubes were on the p\ilp.

223 _Measurement of Pressure

The pressure in the system vas measured by Penning or Philips type
gaugese Two sush gauges were provided, one conmected imnediately to the
manifold to measure the pressuse in the experimental tube, and the other
between the liquid air trap and tap to enable the pressure to be meas-
ured curing baking. The gauge fige (3.4) comsists of two flat oirecular
nickel plate cathodes separated by sbout 1 ew, and a nickel wire loop
Placed hetween these which serves s an anode. A constant voltage of
2700v. is applisd aoross the gauge snd a magnetic Tield of 600 cersteds
is maintuined et right angles to the plates by a small permanent magnet.
When the voluage is applied, a discharge in the gauge results, in which
the gas fons are accelerated from cathode to anode, following helical
tfajeotorlu of considerable lengtn owing to the presence of the mag-"
netle fields The resulting lonissiion ocwrrent is measured by a Tinsley
multi-range mioroammeter with 2 limiting resistor to keep the current
below 100 ua. This ourremt gives a good indication of the vacuum in

the system and a typleal eallbratlon curve is showin in fige (3.5).

(25)




In practice a tube was not sesled off from the pump until the pressure

was less than 10'6 mmeHge leee a gauge reading of 1 uAe

3e4 _Exvorimental Tubes.

General Descript ion.

The experimental tubes may be dividad into two types, those used
for measuring the thermionio emission and condustivity of a partioular
oxide, and those used far studying the effeot of oxygen on the cathodes
The latter are essentially the mame ns the former bub contain in addi-
tlon an oxygen-producing filament coated with barium peroxide, Basie-
ally eaoh tube 18 @ oylindrical dicde with a helieal probe wire embedded
in the coating of the cathode to ensble condustivity measurements
between cathode core and helix to be made. The onthode temperature is
measured by means of a tungsten-nickel thermocouple as descoribed by
Fan (27).

The electrode assembly is supported by a frame consisting of two
vertical 16 S.W.G. nickel wires, length 10 oms., to which the anode is
attached, and two ceramic rods, length 35 mm. diam. 4 mne Metal tage
attached to the ceramioc rods are used to support nickel wires from the
probe, cathode etc., and from these connections are made to the nickel
wires of the B7A glass presss The envelope in the poisoning tubes is
Provided with a side tube at the opposite end to the press tlroygh
whieh the tungsten thermocouple lead is brought out. The press and
envelope are of C9 glass and ere supplied by Messrs. Fdiswan Ltde In

addition to the seven leads the press carries a central thick-walled

pumping tube of internsl diameter % pm,

(26)



l‘.LT.wg_mblz of an Sxperimental Tube.

The glese envelope and Lho pross are Pirst cleaned in clromle

2c1d, then washed in iistilled wilar and dried. The sathode, which
conslote of a 2.5 mae '0' alokel slseve of lengbh 7.0 oms. and wall
thickness 0.2 mm. 1s then prepared as follows:-

A tungsten tharmocouple wire of dismeter 0,095 mm. lo passed
threugh the cathode slecve, together with a copper wire which is a
close ?it inside the sleeve {a T1nt i1s Piled on the copper wire to
ageoxiodate Lhe thermocoupla)e A weld is nade halfway along the tube
and the eoppear wlre withdrawn leaving the Sungsten wire wolded to the
Inside of the niekel sleeve. Omo end of the tharmocouple wire 1s then
cut off flush with the ssthode end. "wo £1s nickel ribbons of length
about 2 gm. are then welded on the outeide of each end of the csthode
at distances of 3 mme and 17 wm. fron the ends. These ribbons are bent
firaly round ceramic tubes 2.5 ene long (GeBray Ltde, Leeds, Cste. Noo
2840) which hold and insulste She oupports fer the probe wire, and are
welded olose to the ceramiss 19 cnomurs that the latter are gripped
tightly. 7The supports are 26 $.7.G. pure nickel wire which protrude
from the ceramics 2 mme towards 4le centre of the cathode. To prevent
movenment they are anchored at the other end to a metal sirip which is
firmly £ixed round the seramle 72 S.7.G. niokel cathode leads at each
end complete the arrangement fige (3e6).

A osthods assesbly 1s provided with a tungsten hairpin heater
insulated by a double~hole ceramic tube (Bray's Cat.No.2788) and the

thermoocuple wire is insulsted from the nlckel tube by means of another

ceramic tube length 3.5 oms. (Bray Cat.No.2945),
(27)



The heater is used to furmece the cethode in hydrogen for 2
minutes at 10¢X1°0, after which it is mllowed to cool in the hydrogen
stresm for 15 mimites. This ensures that all contemination caused by
previous handling is removeds 0Iuring subsequent operations the cathode
is held by tweezers to prevent further contamination.

The enthode is then costed with carbonate suspension over 2 oms,
of ite centrel pertion in a rotating Jig, the ends being shielded by
suall rubber tubes which are = close £it over the csthode tubes The
first ooating applied is 40-50 microns thick, and after drying for a
short time the helica) probe is wound over this ooatings The probe
wire i .005" i{n diemeter and the method of winding is as follows,

A length of sbowt 7 cme of probe wire has short pleces of 24
S« 4Ge niokel welded to its ends. 7This facilitates hendling and
makes leantion of the probe easier, since it is so thin as to be
difficult to see. This mssembly is furnaced in hydrogen st 1000°C and
the probe wire itself is welded 2 mm. or so from one end to one of the
Supports of the cathode. It is then alloved to hang from the welded
Joint, being kept taut by the weight of the thicker wire attasched to
ite other end. By rotating the cuth&!e at & sultable angle several
turns of probe wire are wound evenly over the coating and the prdbe is
welded to the second supporte Swrplus probe wire is removed by pulling.
The rest of the coating is then spraved on, covering the probe and
giving o total thiokmess of sbout 100 microns. This is measured by
pProjecting an enlarged image of the gathode on to a distance soreen and
comparing the coated and uncoated poertions of the csthodee Themgni-

(28)
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Plestion employed im shout 50 and so that coating thickness can be
measured and uniform thiskness ersured te within 2 5 micronse

AMter reinserting the hester the cathode s mounted in fhll frame
b0 whizh one hel? of the snode has alresdy heen attached. Allowance
for thermal expansion is made by the provision of a sliding contaet
for one of the scathode support wires. The ancde is s pure nickel
eylinder of dimmeter 8 mms and length 2.2 ems., provided with twe
radisl cooling fins 1 ome wide which mlsc serve to suppert it on the
frazes It is made in tuo halves; the second half which is welded on
at this polnt coes not have ocoling fins but in the poisoning tubes has
2 611% 148 ome x 1 mm. out in the centre to permii direst ‘"nperation
of oxygen onto tho oathode at low pressursse Both halves of the anode
8re hydrogen furnsced before assenbly. Ths oxygen produsing fidament,
where Lthis $e ueed, is 3.5 oms long and is held under spring tension
at a distance of 1 om. from 4he anode 91it. This consisis of sn alu-
wina coated bungsten wire onto which is painted = suspension of pure
barivm peroxide in amyl acetate Lo whish a trsce (5%) of asolledion has
been added to sot as a binders

The electrede assembly is completed by the addition of two barium
getters and connestions are wede frem the frawe to the press wires
using short lengths of 24 S54%.0. nickels The tungsten thermosouple
wire is furnished with n tungsten lesd through the top of the glass
ervelopee Thie seal 1l first made and then the envelope is sealed to
the press. The tube is then comected to the manifold of the veeuum

syateom, tented under vaouws, and baked for 4 hours at SGG"G.:

(29)



}35 The Activation Procedurs.

Before heating the cathode, the anode is outgassed by eddy-
swrrent hesting to a bright red heats. The getters are also pre-
hented to prevent further relesse of gas when thay are fired before
senl-off,

Experience with this type of tube has shown that since the cathode
soating is thicker than thoss normally used, counsiderable risk of
oracking the sosting oscurs if tie Lreskdown of the oarbonates proceeds
too rapidly. This arsoking ie ssused by rapid evolution of gas trapped
In the costlng and is aggravated by the presence of ths probe wires

In order that a homogeneous zoating may be chialned, the evelu-
tion of 002 during the Porming process is contrelled by very slowly
ralsing the temperature over m pericd of 24 hours. Thia is acoom=
plishod automtieally by supplying the heater current from a transfor-
mor in the primary of which is = varias. The variaec is driven by an
electric moter and high ratio redustion gesring at the required speed
to ralse the cathode temperature to shout 9009 in the preseribed
periods A perfootly satlsfadtory oxide coating is cbtainod in this way.
The tempersture of the csthode is maintainad at 900°C (heater =~ 8v)
untll evolution of 002 oeasese The savode is agsin eddy-ocurrent heated
to remcve gnses adsorbed during breskdown. A two minute activation
fleah to 10509 is then glven {hoater voltsge 10-1lv.) and an emission
ourrent drawn st » oathode temrersture of 900%. The getters are fired
and the tube sealed off.

At thie stage the ecnthode Is gubjected to the ageins process by

drawing an emission ocurrent for several hours with the cathode at 900°
(30)



O0L

009 00s OOv

o0t

Q0Z

*. N,00zI OOIl 00O+ O06  QOS

AGW3Le A gW3(2)
MW dN3L A FW3 (1)
NOTLVaarivo

JFI4NODOWY3HL 13XDJIN N3LSONNL

or-

Si

10¢

Sc

Q€

0z

S

Aw




e e L s e e e e e e

and with 100 volts applied to the anode, until the anode current
attains a steady value. At stsges during this proocess, for several
tubes complete conduotivity vs. temperature measurements are made in
order to determine how the conductivity changes during activatlon.

3e7 Measurements.

All measurements of emission and conductivity are made with rever-
sible dec. voltages supplies to both anode and probe. Anode currents
are measured with a Garbrell galvancmeter of sensitivity 1.6 x 10.7
amps per cm. deflection at 1 metre, provided with a universal shunt.
Probe currents are measured with a Cambridge Spot Galvanometer of
sensitivity 1 x 10™° amps per soale division.

Conductivity measurements are,in general made by applying direct
voltage of up to 100 mV between cathode core and probe wire with the
anode floating,.

The cathode temperature is estimated by measuring the E.M.F.
gnerated by the thermocouple using a Muirhead potentiometers. A ocali-
bration curve for the nickel-tungsten junotion is given in figs (3.7).
Fan (27) olaims thet with a particular junotion the tempernture of a
cathode may be measured to within 1°Ce Experiments in this lsboratory
however indicate than an ascuracy of better than 2 2% {5 not possible;
for the measured B.M.F. is found to depend not only on the Junetion
temperature, but in addition, though to a lesser extent on the tension
in the wire, the size of wire used and the degree of hydrogen furnacing

to which the Jjunction has been subjeoted.

(31)



SECTION 2
AN INVESTIGATION OF THE CONDUCTIVITY OF OXIDE COATED CATHODES

CHAPTER 4
PREVIOUS WORK

In any investigation of the electrical properties of a semi-
eonductor, the measwement of condustivity must cocupy a prominent
position. A knowledge of this paramter and particularly its temp-
erature dependence ocoupled with measurements of thermoelectric power,
Hall effect and thermionic and photoemission facilitates the ealoula-
tion of the position of the energy levels in the semiconductor and
thus enables a useful model to be constructed.

Equation (6) in Chapter 2 indloates that over a limited temper-
ature range the expression for the conductivity of a semiconduster

may be written
-~ Q
o = oy exp(iT)

where O, is a fumotion of n the nunber of electrons in the doner
levels.

Thus & plot of log G vs./T should be linear with slope from
which the distance between the condustion band and the donor levels

may be found,

Yany measurements of the conduwtivity of oxide cathodes have been
mades The diversity of results obtained prior to 1939 is shown in fig.
(41)s :

(32)
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The use of probes embedded in the cathode in order that emission
and conductivity could be measwred on one sample, was favowred by
several authors. HNishibori and Kawamura (44) in 1940 used this method.
The cathode was sctivated by the evaporation of barium from a separate
electrode. A linear dependence of emission current density on conduo-
tivity was found and was explained by assuming the imwariance of X with
emission. It was concluded that emigsion was not primarily a surface
phenomenon. The resistance of the coating was found to be chmle and a
value of AE of l.4eV for BaO was reported.

In 1949 LoosJes and Vink (43) oriticised the use of probe tubes
and employed two button cathodes costed with oxide plsced face to face.
The conductivity of the oxide was determined over the range 300° o 1000°
K, potentinls of up to 10 volts being applied. Fige (4e4) shows the
form of the I-V curves obtained and fig. (4.3) the logovs: /T curves.

The curvature of the I~V characteristics at higher temperstures
together with the definite bend in the conductivity curves was intere
preted in terms of two parallel conduction mechanisms operating simul-
tansously. If the oxide coating is assumed to be a highly porous semi-
condustor, then st temperatures above 800°K eash erystal grain will be
swrounded by an electron gas. Conduction will cccwr predominantly
through this gas above 800°K but at much lower temperatures, 300-500°K,
the predominant process will be one of condustion through the crystal-
erystal ocontasts in the semiconductors The astivation energy at high
tempdratures was found to agree with that obtained from a Richardson
plot of the emission and this was taken as further evidence in support

of the hypothesis. These emission measurements were made affer taking
(33)



apart the two button cathodes and inserting an anode an operation
which could hardly fail to modify theporous semiconducting oxlide to
some extent. Furthermere as pointed out by Shepherd (13) it is not
clear from the report of Loosjes and Vink just how the high tempera-
ture sctivaticn energy was oaloulsted.

A recent paper by Japanese authors (46) has claimed to verify the
results of Loosjes and Vink in that the high temperature conductivity
and Richardson's lines are parallel; but this claim 1s subject to some
doubt for it appears that no correction has been made to the high
temperature aonductivity slope to mcgcount for the parallel low tempera-
ture mechanism. ‘

However confirmatory evidence in the favour of the pore condustion
hypothesis has been advanced by Young (42) and Forman (47)s Young alse
measured the thermoelectric power of the oxide, employing a similar
experimental arrangement to that of Loosjes and Vinke Agreoment was
found between thermoelectric and conductivity activation energies in
the high temperature regiones The magnetoresistive effect was also
measured; a field of 5600 oersteds decreased the high temperature
condwtivity by a factor of six whilst the low temperature conductivity
was hardly affected. ‘

Porman made simultaneous messurements of the Hall effect and conduo=-
tivity and sccounted for the ocbserved decrease in Hall emfe at high
temperatures and the large magnetoresistive effect in terms of the pore
conduction hypothesis. A theory based on this hypothesis was developed.
It was found to account for all the cbserved phenomena.

(34)



probe

cathode
base.

F1G. 4.5



&.4’

Tomlinson (41) has subjected the results of Loosjes and Vink
fige (4.2) to a more rigorows analysis. A linear dependence of
surrent upon voltage at high temperatures for the oxide rather than
a parsbolic one is syggested at higher applied voltages. This has
been verified using probe tubes and applying up to 10 volts rms. for
a short time during which the I-V claracteristic was displayed and
photographed. This has lead to the development of a new model appli-
cable to probe tubes at high temperstures i.e. above 700K The low
temperature mechanism is replaced by a redstamce R  and the high
temperature mechanism (pore conduction) by a pair of diodes with
series resistors as shown in fige (4.5)e This model accords iith
Tomlinsons measurements on several csthodes but further evidence will
be required before it finds general acceptance.

A somewhat different method of conductivity measurements has been
employed by Sparks and Philipp (48)e Using a collector electrode
behind the anode the retarding potential curve for the emitied electrons
was plotted for different values of anode cwrrent, and the conduetivity
of the oxide determined by caloulating the potential developed across
the oxide. The condustivity vse temperature curve gave two straight
1ines interseoting at about 700%K in agreement with results obtained
by other methods. The advantage of this technique is that conductivity
and emission can be measured sinultaneously without the use of probes
which might disturb the proocesses cocuring in the cathodes Unfortun=
ately since this method is dependent upon eleotron emission, the lower
temperature measurements are restristed by the limits of cwremt mas-

uring devices. Moreover the method is only applicable to oxides with a

(35)



high conductivity to emission ratio. Some difficulty was encountered
with Ba0 because of this and no doubt this would have been greater if
neasurements on Sr0 had been attempted.

Whereas it is generally agreed that condustion occurs through the
electron gas in the pores of Lhe coating sbove 800°K, there is not such
good agreement about the mature of the low temperature condustion
wechaniem. Loosjes and Vink obtained values of 0.05 and 0,04eV for
the activation energy in well sstivated samples of BaSrO. Similar
values were obiained by Hughes and Coppola (49), but they stated that
sush low values were inconsistent with a' semiconductor theory and
instead favoured a mechanism of conduction over a monolayer of barium
on the au&mo of the oxide. A similar low temperature mechanisnwas
favoured by Wright (50) who postulated eonduction through a barium film
on the surfaces of the crystal grains. |

In support of the Loosjes Vink semiconductor hypothesis, Forman
found that highly porous eathodes exhibited no bend in the conduetivity
ourve, presumsbly because the area of contact between orystal grains
was suall.

The Japanese authors (46) cited obove, employed an arrangement
which permitted the pressure on tle oxide to be studied as a parameter.
It was found that those samples ‘-hioh were subjected to greater pressure
exhibited the bend in the conductivity curve at higher temperatures.
This indicated that when the area of contact was greater, the low
tonporat.yrn process was predominant up to higher temperatures, whish
is consistent with a conduction mechanism dependent upon‘ the areas of

contact between the corystals.

(36)



Loosjes and Vink asserted that at temperatures below 800°K
the conductivity was apparently low and that this might arise in
serveral ways. The concustivity of the crystals might be high but
the areas of contact between them small or barrier layers might
exist between the crystals.

It is significant that there is a complete lack of agreement
between work done on single crystals of barium oxide and that done
on Ba0 cathodes. For example; Sproull (51) has made extensive |
measurements of the conductivity of single orystals of barium oxide
over a wide range of temperaturees The activation energy of the
conduction process was in the region of 1.0eV. This may be compared
with a value of 0.4 eV typlcal for oxide cathodes. A further anomaly
arises in connection with the density of donor centres.. It has been
assumed that the density of donor centres in the oxide cathode is
equal to the stolchiometric excess of barium metal, though this doea
not imply that the donor species iff excess barium. Nergaard (37) in
agreement with nnrai other authors suggests a donor concentration
of 10 per co. to account for the electrical behaviour of oxide
cathodes. Recently the properties of single orystals containing this
excess barium content have been studied by Dolleff (52) who found that
such erystals exhibited blue colouration (colour centres) and gave a
value of 2.0eV for the activation energy of conduction. Iloreover, on
heating in vacuum for several hours at 1000°K the ecrystals were blesched
and the conductivity temperature dependence returned to a value assoce

iated with uncoloured crystals. Thus measurements of the properties

(37)
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of oxide cathodes lead to caleulated values of ny == 1017 and
values of the activation energy of conduction ~ 0.4 eV which do not

accord with the work on single crystals.
It is not imprcbable that this lack of agreement arises Lecause

authors have been too ready to identify the low temperature conduction
with semiconduction in the. erystal grains, without paying any attention
to surface effects. loosjes and Vink pointed out that eonductivity
throuzh the orystallites could be limited by barrier layers at the
surfaces of thev orystals. Tne author suggests that a closer study »f
surface phenomena might lead to a better interpretation of the ohserved
effectss Such a study will imvolve the intraduction of some additional
concepts and these are dissussed in the n?xt. Qootion.

Surface Klectron Traps.

The simple equations given in Chapter 2 which desoribe the
behaviouwr of N-type excess semi-conductors are all derived on the
assumption of an infinite orystal lattice. uodiﬁéat.ions to this more
general theory are required to describe the enoréy states in the orys-
tals at dlscontinuities in the lattice.

Now the vérk required to place an electron on a surface ion of the
orystal lattice 1s less than that required to place an electiron on an
ion inside the lattioce, since the Madelung term for the summation of
the forces on an ion in a boundary plane is less than for the summation
in an httihito solid. Thls gives rise to the possibllity of nurf‘au
energy states (Tamn Levels) which Shookley (53) suggests may or
may not be ocoupled by eleotrons, but which lie close to the condus-

" tion band. Wright (54) states that in divalent oxides these extra

(38)



levels lie approximately st Os3eV belew the conduction bande In
principal therefore, electronic oonduotﬁn over thn. surfaces of
oxide orystals by electroms in surfnce states is possible, though
8oitz (44) points out that such condustivity would be impaired by
surface oracks or adsorbed atoms and has as yet not been observed.

The oxide-coated cathode however is very porous and consists
of very many small orystals ranging in size from 0.2 = 1 miorons,

The surface to volume ratioc is thus quite high and it 18 possible
therefore that conduotioﬁ in Tamm. levels might be greater than in the
bulk of the orystals at low temperatures. Condustivity in sush energy
states would have a small temperature dependence and at quite low
temperatures electrons would be excited into the condustion band of the
oxide from these nearby levels. Suoh an explanation may account for the
very low slopes of the log & vse /V ourves (£ige 4+3) reported by
Loosjes and Vink and other authors.
The problem of interpreting the changes in slope of the leg o vs.

/T eurves during activation must now be attempted. This kind ef change
is experienced in other N-type nenioonduoung compounds sush as zins
oxide when the stoichiometric excess of zinc is gradually increased;
Fritsch (56).

Mott and Gurney (57) have interpreted this phenomenon in terms of
interaction between donor centress This interaction will ccour with a
surprisingly small donor corcentration and oan give rise to a mmber of
donor levels instead of onse The energy diagram im modified to include

an impurity band which widens as the number of donors is inoreased.

(39)
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The Ferml level thus rises to a level nearer the conduction band and
80 the slope of the log. < vse /T curve which gives p directly

(£ige 4.6) decreases as activation proceeds.

This however is not the only possible explanation of the cbserved
decresse in Q during sctivation. It must be emphesised that the
activetion procedure is performed at quite high temperatures in a
vacuum, a process which camot fail to modify the surfaces of the
orystal grains. In particular this process would gradually remove
electron traps from tre surface leading to enhanced conduwstivity by
increasing the mean free path of surface electrons. Thls, in tyrn,
would diminish the observed activation energy of the condustion process.

An explanation in these terms 1s more in accordance with the main
thesis that surface conduction over the erystal grains is important at
low temperatures. It merely remains to suyggest the particular type of
electron trap most likely to impede the movement of electrons. This is,
of course, oxygen. It 1s well estsblished that oxygen beth chsrged and
in the molecular state is evolved from the csthode during the astive
ation procedure. Much of this oxygen arises from the interaction of
redusing impurities in the nickel bese with the oaxide layer. It is not
hpoﬁlble that sush oxygen could become adsorbed at orystal interfaces
where it would form deep electiron traps and seriously impair the con-
duwtion of electrons between the oxide grains.

The following chapters of Sections 2 and 3 desoribe experimental
investigations into the behaviour of oxide-coated cathodes during thermal

and emission activation and during deactivation by oxygen and sulphur,

(40)



It is clear from the above discussion that a better understanding of

the condustion process at low temperatures is requireds Accordingly,

in the investigations ‘desoribed below attention is focussed on

behmviour of cathodes in the temperature region below 700°K,

(41)



CHAFTER %
RRELIMI NARY EXPERIMENTS

Introduction

This Chapter describes some of the preliminary measurements of
coanting conductivity made on berium oxide snd barium~strontium oxide
cathodes. Some of the general effects noted are discussed briefly
before passing on to more recent worke

The Condustivity of Oxide Coatingse

The coating conductivity is measured by noting the currenmt flowing
between the core and the probe when positive and negative potentials
are appliede The alternative method of drawing emission current and
measuring the potential fall between core and probe is not used, for
this method would not indicate if any rectification effest were present
at the interface, since ourrents would be drawn through the oxide in
only one direction.

The potentials applied to the probe are kept low that is, fractions
of a volt, and the currents drawn are correspondingly smalls In this
way as far as possible, the equilibrium conditions given by semi-
conductor theory are preserved.

The oconductivity measured in this manner may also include a scon-
tribution from the interface at either, or at both, the core and the
probe. The recbifying effect of the interfaces should oprose each
other, but the large difference in current density should cause any. .
rectifying action at the probe to be clearly seen in the probe

ourrent~voltage characteristics.
(42)



In the absence of any interfsce resistance, the measured
conduotlvity’:i may be related to the specific conductivity o of

the specimen by the relation:-

1t
L coshl/ﬁ
g = R ~—ox1

27l

where a and 1 are radius and length of the probe wire and t is the
coating thickness between the probe and the core. This equation is
true provided t> a. In the experimental tibes the probe us a radius
of 6.3 u and the coating thickness is about 50 u, when applied as
carbonate.

The effect of the correcticn term is to add a constant valus to
the logarithm of the measured conductivity. This does not affect the
gradient of the log @ vse /T graph from which the inmer work function
is calculated nor does it alter the relative changes of conductivity
during activation.

The specific condustivity O measured in this way bears only an
indirect relation to the specific condustivity of barium oxide orystals
for it is also a function of the grain sige the density of packing and
the degree of sintering.

Measuremente on BaO coatings.
Tube Bal.

This cathode was sprayed with a barium carbonate suspension

aupplied by G.E.C. which contained ethyl and butyl acetates and resul-

ted in a cathode with a fluffy appearance due to the rapid evaporation

of the solvent during the spraying process. The probe consisted of
(43)



six turns of wire at a distance of 55 miorons from the core. The

assembled tube was baked for five hours at 4209 and the carbonates
decomposed by raising the temperature of the enthode to 900°0 over

a period of 30 hours. Frequent checks during this period showed

that the pressure during breakdown was not higher than 1074 mme Hge
The anode was eddy current heated, and the cathode flashed at
1050°¢ for 2 minutes. On redusing the temperature to 900°C and
applying 100 volts D.C. to the ancde an emission current of 1 m/a
was noted which increased to 2 m/a during a 15 minute periods The
tube was then disconneoted from the supplies, the cathode cooled to
room temperature and after preheating, the getters were fired and the
tube sealed off from the pumpe

The cathode was allowed to age at 850°C at Vg = 100 volts. At
intervals during the ageing process, when the anode ourremnt under
these conditions was 10, 35, 80 and 130 m/a, complete conductivity
versus temperature measurements were made by applying up to 100 my
positive and negative between the probe wire and the core and noting
the probe current. Fige 5.1 shows a number of the probe current
voltage characteristios taken at various cathode temperatures at
activation stage No. 2 when the anode cwrrent was 35 m/a. The curva-
ture of the lines at all temperatures is quite distinot, and was at
first thought to be due to polarisation of the costing, for the
potentials were applied continuously to the probe while the mrasure-
ments were belng made. However, when the cathode was fully sctivated,

the curvature had disappeared in all but the highest temperature

(44)
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lines (Fige 5.2). The curves do not pass through the origin, but

intersect the ordinate axis abeve sgero. This current 1s caused by

the thermoeleotric e.m.fs due Lo the temperature drop between the
core and the probe. Assuming a thermo-electric power of 1 mv/°C
for the fully activated cathode, Fige 5.2 indicates that the temper-
ature drop netween core and probe increases from 15° to 55° as the
core temperature increases from §60°K to 1()6§°K. This temperature
drop is probsbly greater thin in Lhe aase of a normal cathode of
equivalent thickness, due to Lhe cooling effeot of the probe wire.

The gradient of the curves glves the conduotivity at that
particular temperature. In the case of the curves of Figs 5.1 the
gradient near to the origin was used for. the curves exhibit marked
departure from linearitly in the positive region. The values obtalned
were used to plot Plz. 5.3 which shows graph of Loge 1/R versus the
reeiprocal of the shsolute temperature, at each stage during the
activation of the cathode.

It is convenlient when discussing Fige. 5.3 to refer to the
gradient of any line in terms of the associnted energy expressed in

electron-volts. The relation between condustivity and temperature
-Q
o= % up(ﬁ)

is approximately correct. Fige 5.3 shows that the conductivity cannot

be expressed simply in terms of this formula. FEach curve has two

different gradients. Curve (4) taken at the highest state of acti-

vation, has gradients of 0e.8leV at high temperatures and 0.25eV at
(45)
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lower temperatures; the transiticn cccurring at about 7000‘.-{. In all

respects Fige 5.3 1s sinilar to the results of LoosJes and Vink shown

1" Pig. &.5.

Tube Ba2.
The cathede of this tube was sprayed with the G.E.Ce suspension

in the same way as Bal, in an attempt to reproduce as nearly as possible
the sume conditions in the cathodes A six turn probe wire was again
employed and the processing schedule was identical with that for Bal.

Conductivity measurements were made at four stages during the
ageing of the cathode. Precisely slmilar behaviour to Bal was observed
At low stages of aotivation the current voltage oharascteristios were
curved but exhibited linearity when the emission from the cathode was
saturated at 850°C. Fige 5.4 shows the family of condustivity curves
obtained; 1in good agreement with those of Fige 5.3 except that the
transition temperature is slightly higher, in this case about 800°x.
The high temperature activatlon energy 1s l.leV and the low temperature
value is 0.2leV.

Tube Ba5.

The osthode of this tube was sprayed with B.D.H. barium carbonate
suspension so as to give uniformly smooth coatings. The coating
thickness was 50 p between the six twrn probe and the cores After
baking for 4 hours at 4509 the temperature of the cathode was raised
to 850°c over a periocd of 3@ hourse The anode was then outgassed and
the getters preheated by eddy-oyrrent heatinge After an activation
flash at 1100°C the getters were fired and the tube sealed off.

(46)
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A complete set of probe current-voltage curves were then taken
(Pig. 5¢5)e Again the bending of these lines was ohserved. The
conductivity versus resiprocal of temperature curve was then pletted
(Pige 5.6 curve 1). The curve does not exhibit any bend in the
tomperature range over which measurements were made. This effeot
has been reported by Loosjes and Vink for poorly activated eathodes
(Fige 4.3 ocurve 1).

In order that poisoning experiments might be made the cathode was
aged in the usual way by applying 100 volts to the anode; oathode
tenperature 85000. the emission saturated at 120 m/a. A fwiher set
of probe charscteristios were obtained (Flge 5.7)e The aurremt-
voltage linas are again quite linsar in this the fully activated
8tate of the cathode. The condustlivity versus temperature curve is
shown in Fig. 5.6 curve 2, and the activation snergles are 0.4%V in
the high temperature reglon and 0.19eV at lower temperatures.

In order that the high temperature actlivation energy might be
compared with the thermionis wark funetion obtained from a Richardson
plot, a number of emission msaswrements were made. The characteristios
are shown in Fig. 5.8.

A Richardson plot was constructed from theisaturation current
. values at zero applied field amd gave a value of 0.78 eV for the
thermionic work function. This kind of discrepancy between the two
activation energles (0.43%eV and 0O.78eV) has bheen found by several
previous workers.

A correctlon was applied to the high temperature slope of curve
2 in Fig. 5.6 in order to eliminate the parallel low temperature

(47)
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contribution. This was done as follows:-

By producing the low temperature line towards the ordinate axis,
the values of I/R corresponding to the extrapolated section were found
and subtracted from those given by Lhe high temperature linees A new
line (ourve 3) was drawn using tlre resulting values, giving an acti-
vation energy of 0.49eV. While it must be pointed out that this is
only an approximate correction, the true activation energy of the high

temperature condustion process, which may be found by suscessive

approximation of this type, cannot in this case be geater than 0.49eV.

Measurements on mixed oxide (BaSr)O coatings.
g_ﬁthﬂd‘ BaSrl.
This cathode was sprayed with B.DeH. barium strontium carbonate

suspension. The spray gun was held some distance (50cm.) from the

cathode so that a fairly dry coating resultede A five turn probe

wire was employed at a distance of 50 miorons from the core. After
assembly and baking for four hours the carbonates were decomposed
over a period of 2 hours. This resulted in a coating which exhibited
many cracks over its surface, no doubt due to the too rapid evolution
of garbon dioxide. When breakdown had been accomplished, the anode
and getters were outgassed by eddy=-current heating. A two minute
aotivation flash at 1100°C was then given, the getters fired and the
tube sealed off.

The tube was aged at 900°C, Va = 100 v. until the emission became

saturated at 180 m/a. (The anode was red hot under these conditions).

Conductivity measurements were made in the usual way on the fully
(48)
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astivated cathode. The probe current-voltage characterlatics were
quite linear (Fig. 5.9) and the loge conductivity vse 1 curve
(Fige 5.10) exhibits-t-.:o straizht line portions, the transition
temperature being about 760%°K. The high temperature activation
energy was found to he 0.9eV and the low temporature actlivation
energy C.l7eVe.

During subsequent operations the heater of this tube burned out
and further measurenents were rondered impossible.

Gathode BaSr2.

The csthode of this tube was sprayed to a depth of 50 u and a
5 turn prcbe wire was usede Tho suspension used was one supplied by
the English Rlectric Valve Coe Ltde, and contained a small quantity
of calolum carbonate in addition to equal proportions of barium and
strontium carbonates. The breakdosn of the sathode was aocor.tpllum
over a period of thirty hours and a smooth cathode exhibiting no
Ccracks or mosaic-like appearance resulted. Ageing was carried out at
850% at an anode potential of 100 volts. The emission stabilised at
150 m/a.

Conductivity measurements were made; 100 mV being applied to the
probe in either dircoctione Fige 5e11 shows the probe charssteristics
which were linear, and Pige 5.12 the conductivity curve. The acti-
vation energles from the latter are 1.0eV at high temperature and
0el7eV at lower teuperatures.

Emission characteristics over a limited temperature range were

also obtained for this tube (Pige 5.13), enabling a Rishardson plot

(49)
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to be made (Fige 5.14)s The thernionic work functiontrom thie line
18 1.28eV, which again does mot agree with the high temjersture

activation energy.

Cathode BaSr3.

This cathode was spreyed with B.D.H. mixed sarbonate suspension
to a depth of 50 u hefore the =ix turn probe was wound one A 'wet'
spray was used, resulting &n » cathode of smooth appearance. The
assembled tube was baked for 4 hours and the carbonates desomposed
over a period of 30 hours at the end of which the cathode temperature
was 900%, After eddy-ourrent 'eating the anode, 100 volts wss
applied and a small emission current (2m/a) was noted. This increased
to 5m/a after 1 hour. Acaardingly it was deoided to proceed with
conductivity measurements before an activation flash, while the tube
was still on the pump. The probe characteristics are shown in Pig.5.15
and are seen to exhibit the bending experienced with other cathodes
at low levels of activation. The conductlvity versus temperature
ourve is shown in Pig. 5.10e Il exhibits the bend at about 700°%K
usually found for cathodes In sealed-off tubes. This curve also
8hows curvaturs towards the ordinate axis in the high temperature
region which may be due to the onset of saturation of the emlssion in
the pores of the coating, in view of the low state of asctivstion of
this cathode.

The high temperature aotivation energy 18 1.06V and at lower

temperatures 0.26eV.

(43)
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Under the same conditions emlszsion measurements were made

(Fige 5.17) and a Richardson 1lins plotted (Fige 5.18)= This gave
8 value of 1.06aV for the work function of the sathode. All these

Beasurenents were made with the tube on the pumpe The pressuwre was

Zonitored with the Penning gauge and was always less than 10  mmeHg.

An atteapt was wade to activate the cathode in the normal way
by flashing at 1100°%. During this cperation the probe wire bLecame
disoortinuous and the condustivity of the oxide measured from one end
of the proha was found to be a factor of 10 less than previously,
Since comparative data sould not be obtoined under sush conditions,
further measurements were Adissontimmed.

The resulis shown in the condustivity plot (Fig. 5.17) are sig-
nificant in so far that Mamnay et al (58) and Hughes and Coppola (49)
reportad that Lhe bend and low temperature slope oould not be obtained
o0 the pump and adjudged this to be avidense in favour of condustivity
In a barlus £Pilm at low tamperatures, which would be readlly oxidised
while pumping. It is unfortunate thal comparable measurements sould

not he made with the tube In Lhe czealed-off and gettersd stata.

Smary Table of Activation Tnersioa.

The followling table gives a gumnary of the aotlvation energles

obtained from condmtivity and emission messuremants.

Gathoda High Temp Low Temp. Riohardson
conductivity conductivity plot slops
eV _ eV 5, s
Ba2 1.1 0021 G
8.5 0.‘9 0019 0.78

(50)



Summary Table of Activation Energies (Contdesss)

Jathode High Temp. Low Tempe nichardson
conductivity conductivity plet slope
Basrl 0.9 0a17 -
BaSr2 1.0 Q. 17 1.28
Basr3 1.0 0.26 1,06

Discussion of Results.

Two points of interest have emerged during the course of Lhese

preliminary experiments. The firast to claim attention was the marked

departure from linearity of the probe voltage-current charscteristics
when the anthode was only partially aotivated. Thia does not appear
Lo have been noted in previous work although departure from linearity
at higher applied voltages has been discussed by Loosjez and Vink and
more recently by Tomlinson (41) in terms of saturation of the emission
in the pores of the coatinge It is not improbable that the curvature
noted here arises from the same cavse. FEmission from the partially
active grains would hecome saturasted fairly readily at low probe
Potentials. Application of larger potentials to the probe may cause
heating and possibly disrupt the coating. An a.c. technique which
Overcomes this difficulty is described in Appendix I and a more exten-
8lve investigation of probe I-V characteristics is repacted there.

A further point arising from these experimentes is the marked
di[ag‘cemont between the activation energy of the high temperature
condusction mechanism and the werk function obtained from a Richardsen

Plot. This disagreement has been reported by several authors. Possibly
(51)



it arises fror the presence of contaminating materials on the outer
Burfuce of the cathode. Bvidense for an oxygen filu on the outer
Burface of the cathode has been advanced by Duckworth (59)e This
Would vary with temperature and could lead to the disagrecment
ebserved here und elswhsra.

Sufflcient experience has been gesined in perforning these pre-
liminary experliments to enable a nore carefully conduwted inves-
tizstion to be made of‘t:-:o ghunges oacurring in an oxide c¢=thode

during activation. These meas.rereits are desoribed in the next

cmpter.

(52)
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CHAPTER b

FURTHRR CONDUCTIVITY “EALGUREMENTS

Introduat on.

This Chapter is conscerned with an investigetion of the differences
between eathodes which have been activated thermally and these which
have been activated by drawing =n emission current. The former
Process is termed 'thermal activaticn' and ococurs when the temper-
ature of the oathede is maintained =t B00°C or higher. The latter
Process termed 'emission activation' requires a potential o be
Applied to the anode of the diode assenbly. This is usually 50 er

100 volts positive with respectto the eathode.

All the work deseribed in this Chapter is confined to bariume
strontium oxide cathodes, but experience gained from preliminary
experiments suggests that the behaviour of barium oxide eathodas
would be similar in many respectse
Gathode BaSrd.

This ocathode was processed in a manner similar fo0 that described
Previcusly (Chapter 3). After finally outgassing the anode and getters
by eddy ourrent heating the tube was not sealed off from the pumping
8ystem. The cathode was maintalned at 850°0 for 12 hours; then after
sooling to 10009K and allowing time for the temperature to stabilise
throughout the coating, eonductivity measurements were made in the
temperature range 10009 - 400%K, At each temperature setting complete
Probe I-V characteristics were obtained. These were only slightly
ourved and the conductivity line, (Pig, 6.1 curve 1) indicated an

(53)



IrQ

06

]



advanced state of activation. Fu ther thermal activatlion for 24

hours and subsequent conductivity moasurements gave curve 2. The

8lopes of the upper sections of those curves were corrected in the

manuer described previously in Chapter 5. The activation energies

are listed in table 1l.

Table 1.
urve Q ¥
1 0.13 1.10 eV Low temperature slope = Q
2 0.12 0.59 eV Corrected High Tempeslope = ¢

The corrected high temperature slope la thle and subsequent iubles
is represented by the spwbol ¢ siuce, on the Lasis of the Loos jes=
Vink theory, thls is the work funcilon of the internal erystal swr-
lfacese The cuange in Q, wiich in tLeras of semicondustor theury (page

13) reflects a moveuent of tie Ferml level, is much smaller than the
change in ¢« 7This may be explalned by a reduwstion in X the electron
affinity of the oxide due to the removal of surface electron traps
Cege Oxygens

In order to asgertain whetlicr the degree of astivation indicated

by curve 2 could be improved enmlssion activation was attempteds A
potential of 100 volts (Eg 100v) was applied to the anodes The initial
anode current (Ia;) was 120 m/a, which experience had shown was
indicative of a well activated calhode. However an immediate decay in
Ia ocourred and the Philips CGauge indicated a rise in pressures When
Ia had deoreased to 40 m/a the ancde potential wan ramcvad' and the

cathode allowed to operate at 850°C for two hours. At the end of this
(54)




period application of Ea 100ve gave nn initial current of 40 n/a
which rose %o 56 nm/a in 30 seconds. This was accompanied by a
furtier relesse of gas, the Phillp's gauge redording an inoresse
in pressure from 10.6 mrie'lge Lo 3 x 10.6 mm. Hge in 2 minutes.
Conductivity measurenents were nade at this stage. These gave
ourve 3 fig. 6.1, which exhibiied an unusual effect in that the
high temperature sestion of the conluctivity line was above that
of gurve 1, while the low tenperature sectlon was below that of
cirve 1. he whole of curve 3 in Lhe range dlotted lay below
curve 2, indieating thnt deactivatlon had cscwrred. Il is reason-
able to attribute this deactivells. Lo Lhe decompositicn of material
on the anode by the electron team; “ome or all of the products of
the deconposition attacking Lhe enlihodes 5Such polsoning effeots
have been desoribed in the literstwre and are discussed in Chapter 2,
The anode potential was rediuced to 50 velts In an ~ffort to
cvercome poisoning by reducing t'e Intensity of the electron beam.
The initia) current was 56 m/z, which after = decny 4o 5 m/m over
a period of five nminutes, gredually Increased in an hour to 71 m/a
and over a further 3 hour rericd to 74 m/a. This gradunl inorease
In emlsslon suggested that tha matorial on the unode was removed by
the electron heam or its effecl red wed Lo negligible properticns.
Reapplication of Ba 100ve dld nolt produge any polzoning effect but
the anode cwrrent, initially 170 m,’u,dcornaaed to 1650 n/u as the
anode became red hot. Tnder tiwse vonditlons a bluw discharge was

observed in the snode-gathode spece and the Philips Gauge indicated

(55)



ity

-

Conductiv

5

l,

v

2'V



a slight inorease in pressures After 20 gees. the blve discharge
gave place to a bright green discharge and at this stage the anode

potential was removed. Subsequent measurements of the conductivity

gave ocurve 4 fig. 6.l

Table 2 gives the activatlion energles obtained from curves }

and 4,
Table 2
Curve Q [ %
3 0.17 0e73 0.56 eV
4 0.12 0.68 0.56 eV

On this occasion the value of %= (@=0) did not change during the
reactivation procedure., This result is at varlance with that ecbtained
in the thermal activation experiment (curves 1 and 2).

At a later stage a number of controlled oxygen poisoning experi-
. ments l\;;'; performed on this cathode as desoribed in Section 3.
Recovery from poisoning was accelerated by inoreasing the cathode
temperature to 900°G and applying a potential to the anode. In order
not te overheat the ancde, 50 volis was always applied during these
recovery operations. Aﬁqr several poisoning-recovery experiments, a
further condwtivity measurements were made which gave ourve (5)
Fige 642+ The two ourves (4) and (5) indioate a similar degree of
activation but it is interebting to note that the corrected high

temperature slope of ourve (4) sives a higher value of ¢ than curve

(5) whereas the low temperature scotions give similar values for Q.
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Table 3 shows that X has incressed during the poisoning experi-
ments, indicating an increase in surface contaminstion of the erytal

grains possibly by residual oxygen nct removed by the recovery

proocedure.
Table 5
_Curve Q 4 X
4 0.12 0.68 0.56 e¥
5 0.11 0e73 0.62 eV

£11 the measurements deserilbed in the preeeeding paragraphs were
performed with the vacuun tube cnntimxcmly pumpeds T'e pressure was
nnirtained at < 10-6 mme Hge excapt where noted in the texte Many
poisoning experiments had been perforred on this eatlwde involving
the 1ikeration of small quantitiecs of oxygen g2s inside the tube
emvelope and so it was declded to beke the glassware st 450°C before

gettering and senling off the iwbe.

The gluss was baked at ihils tempersture for 4 houwrs, the eathode
reheated to 9009 and 100 volts zpplied to the anede. The anode
ourrent was 1 m/n indleoating excessive polsoning of tie cathode,
preaunably by gas desorbed from t'e glass. Over a one hour peried
the anode current insressed to 40 n/a. Two harium getters were fired
and the tube secaled off from the pusp. The cathode wus than aged at
900%, ansde voltage 100ve witil the amission atabalised at 120 n/a
with the anede at a dull red-hest. This was n lower vilue of emission
than hod beaen obtained before the tube wans sealad off hut under these
aeonditions the anode would be outgassing olightly and so the osthode
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would be partially poisoneds Conductivity measurements (Figs 6.2

ourve 6) confirmed this. Table 4 gives the activation energies

obtained from the curve.

Table 4
Curve Q ¢ X
4 0.12 0.68 0.56 eV
5 0.11 0e73 0.62 eV
6 0014 0.88 0.74 oV

Again the value of X c.pf.ourve 2 and 4 is quite large implying
contamination of the surfsces of the orystal grains.

Several poisoning experiments were performed in this sealed
off tube. Recovery at 900%, Ea 50v. gave a condustivity line shown
in fig. 10 chapter 10 which lay slightly below curve 4 fige (6.2).

These results show that a cathode may be activated thermally to
a high degree if operated at 850°C for sbout 30 hours. Subsequent
application of an anode potentisl however is liable to produce de-
aotivation. This is thought to nrise in the decomposition of mater-
ial adsorbed on the anode by the electron stream; the products of
this reaction returning to poison the cathode. This in turn reduwes
the emission from the cathode and the conductivity in the high temp-
erature region. The activation energy of the low temperature conduc-
tion mechanism is inoreased, but not to the same extent as the surface

work functione.

Material may be evaparated from the cathode onto the anode either

during the breakdown of the carbonates to oxide or during the sube
(58)
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sequent thermal activation when the temperature of the cathode is
maintained at a high value for a lengthy period. An anode which
had not been carefully cleaned before assermbly might well lead to
poisoning effects which would be donfused with either of these two
processes. Some experiments are described in the ensuing paragraphs
which enable these three processes to be studied separately.

Cathode BaSrS.
This cathode was required for preliminary sulphur poisoning

experiments and so an MoSy filsment was emolosed in the tube enve-
lope. This meant that baking of the glassware hadto be carried out
at a lower temperature (250°C). Baking was therefore continued for
14 hours at this temperature. The carbonates were decomposed over a
periﬁd of 36 hours by raising the cathode temperature slowly to 900°C.
The anode and getters were outgassed, the oathode co0led and the tube
pumped down to < 10.6 mie.Hge This processing schedule had avolded
operation at high temperatures except during the carbonate~oxide con-
version, and so very little thermal activation should have occurred.

Conduwstivity measurements were attempted at this stage. The
probe current-voltage characteristics were very curved and measure=-
ments could only be obtained at elevated temperatures. Curve 1 fig.
6.3 shows the curve obtaineds The nctivation energy from the slope
was 1.56 eV.

Emission activation was then attempted, at 900°C with Ea 100v.
The initial anode current was 10 m/a showing that the cathode was
potentially activated. This decayed to 5 m/a indicating some poison-

ing probably by decomposition of material on the anode. Over a tweo
(59)
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howr period the current increassed to 36 m/a. Conduotivity measure-
ments were then made which gave curve 2 fig. 6.3.

Further emission astivation for 30 minutes gave an anode current
of 72 m/a. The anode potential was reduced to 50v. and activation
continued until the emission satursnted at 80 m/a. Reappliontion of
100 volts for a short interval gave an emission of 180 u/a.' This was
a higher value than had been previously attained and so both emission
and condustivity measurements were made. From the emission measure-
ments fig. 6.4 a Richardson line fig. 6.5 was constructeds The con-
ductivity curve (line 3 on fige 643) indicated a well aoiivated

oathodes The activation energies are given in Table 5

Table 5
_Cuve Q g Richardson @
1 - 1.56 - eV
2 0,40  1.35 - ev
3 0.12 0.64 1.0 oV

Correspondence between the corrected high temperature activation
energy @ and the work function given by the Richardson ploet is not
obtained, a point which was noted several times in the preliminary
experiments. The decrease in @ during activation is much greater
than the change in Q, again suggesting the removal of surface con-
taminants from the internal crystal grains.

Curve 3 represents a state of the cathode attained after
emission astivation at 900% Ea 50v. Applicstion of 100 volts would
give 180 m/a anode current which in a short time would heat the anode
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to redness. This would probably release a further quantity of
material adsorbed on the surface of the anode.

In order to tnvestigate this effect the anode potential was
increased to 100 volts and the ancde current and pressure indlcated
by the Philipas gauge were noted over a 10 minute periods The Philips
gauge has an approximately linear calibration, l}n ¥ 10-'6 mne Hge

The results are shown in the sccompanying table

Table 6
Time mine 0 100 20 #.O 500 860 10.0
I, wm/a 170 | 165 | 160 | 148 | 140 | 130 | 130
P/G wa 0.2 | 1.2 | 1.0 | 0.9 | 0.8 | 0.6 | 0.6
Anode red- Anode not red-hot
hot green/
blue glow
observed

The table shows that appiloatlon of 100 volts was accompanied by a
release of gas. This probably came from the anode, since the
cathode had been well activated, and suggests that the higher ensrgy
electrons desorbed or decomposed further anode contaminants. These
in turn would poison the eathode and reduce the emission to the level
indicated at the right of the table. Conductivity msasurements
(ourve 4, fig. 6.3) indicated a less active cathode.

Emission activation was attempted at 900°C Ra50v, but over a
period of one hour the emission remsined oonstant at 74 m/a. This

suggested that some permanent poisoning effect had occurred which

could not be removed by normal emlssion activation procedures.
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Thermal asctivation was then attempted; the cathode temper-
ature being raised to 1000% for 2 mimtes. On returning to 900°C
Ea 100v. the anode current was 170 m/a indicating some recoyery.

Conduotivity measurements gave curve (5).

Table 7.
Curve Q ) X
3 0.12 0464 0.52 eV
4 0.18  0.72 0.54 eV
5 0.18 0s67 049 eV

Table 7 shows that no change cccurred in Q as a result of the high
temperature operation for 2 mins. The value of X @ecreased and
this can best be explained as before in terms of removal of material
from the internal corystal surfaces.

In subsequent experiments it was found impossible to reproduce
the state of conductivity represented by curve 3 even after operation
under emission activation conditions for almost 200 hours.

Csthode BaSr6.

The temperature of this onthcde was insreased to 9009C over a
period of 30 hours and malntained at that temperature for a peried
of 14 hours. Conductivity measurements were made and these are shown
in figs. 6.6 curve 1« The long term operation at 9009C resulted in
a csthode that was well activated. Emission measurements were also
made and used to construct a Richardson line. The astivation energies
obtained from these curves are shown in Table 8.

(62)
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Table 8

Curve Q ¢ Richardson ¢

1 0.15 0.92 1.24 eV

Application of an anode potential of 50 volts with the cathode at
900°C resulted in a decay of anode current from 60 to 20 m/a. Fig.
6.7 shows the effect of applying and removing the 50 volts anode
potential at successive intervals in time, the cathode temperature
being maintained at 900°C. The graph shows that wecovery from the
poisoning effect occurs during the 'off' periods presumably due to
thermal reactivation. Reapplication of the anode potentinl produces
further decay and the curve graduslly flattens out to a low level of
anode current. This (level) presumsbly represents an equilibrium
state between the rate of recovery of the cathode from poisoning and
the rate of release of further polsoning material from the anode.
Bxperiments on BaSr4 and 5 have shown that the csthode will recover
from this state if it is allowed to operate under emission nctivation
conditionse. This means that the recovery of the cathode depends on
the removal of the contaminating material from the anode. Conduc-
tivity measurements made in this poisoned state gave curve 2 fig. 6.6.
The sotivation energy from the slope gave ¢ = 0,90 eV.

In order to facilitate more rapid recovery 1l00v. was applied to
ths anode. The initial anode current was 24 m/a which after 80 min-
utes had increased to 30 minutes. Conductivity measurements were

made at this poimt, (ourve 3) giving a value of § of 1.0 eVe It is

difficult to account for this lamger value of .
(63)



Recovery at Ea 100 volts was continmed for a period of one hour
during which the smode current inoreased to 70 m/a. Conductivity
measurements at this stage gave curve 4, fig. 6.6, This curve was
found to have a steeply sloped low temperature section. The
activation energies are given in Table 9 below.

A further 30 minutes under emission aﬁtivat.ion conditions
resulted in a value of 115 m/a for the anode current. Condustivity
measurements gave ourve 5 flge 6.6.

The emission activatlon process was continued. On applying
100 volts after raising the temperature to 9009 the initial current
120 m/a decayed slightly to 115 m/a then inoreased to 150 m/a in
one minute. As the anode became red hot slight decay of current was
observed and so the anode potential was removed to allow the cathode
to recover thermally. After 1 minute reapplication of 100 volts te
the anode gave an anode current =t 150 m/a. Before decay could ccour
dus to the anode temperatwre incressing the anode potentisl was
removed, the cathode cooled to 1000°K and conductivity and emission

measurements made. Curve 6, fig. 6.6 was obtained.

Table 9
Curve _ Q [ Richardson @ x= (#-Q)
1 0,15 0.92 1.24 077 oV
2 - 0.90 - - eV
3 - 1.0 - e gy
A 0.55 0.89 1.15 0.36 oy
5 0.26 0.73 - 047 oy
6 0.17 0.82 1.0 0.65 ev
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 Table 9 shows the activation energies obtained from ocurves 1-6 of

£ige 6ebe The value of X obtained from Q-@ appears to increase as
the cathode bedomes more active. This does not accord with the
previous interpretation, on the basis of semicondustor theory, that

X is deoreased as surface contaminants are removed by the aoti-
vation process. It is difficult to see how X gould increase in this
waye In addition ourve 6 on fige 0.6 does not show the bend displaced
to the left as in curve 1 where X has a fairly high value. This would
suggest that an interpretation of the changes in @ and Q on a semi-
oonductor basis must be subject to a closer sorutiny. This is dis-

cussed more fully in the Conclusions to this chapter.

Cathode BaSr7.
It was decided to eliminate the possibility of poisoning the

cathode through anode contaminants arising from handling the anode
during assembly. Accordingly the ancde of this tube and all the
metal parts were washed in hot distilled water before sealing onto the
tube envelope. This should remove any deposits of sodium chloride,
ohlorine being a notable poisoninz agent (34 ). The carbonate~oxide
conversion was performed slowly in the usual way but operation at
900°C was avoided. The anode and getters were outgassed before and
after breakdown by eddy-ourrent heating. Conduotivity measurements
ourve 1, fig. 6.8 revealed a very poorly active cathodes Thermal
activation at 900°0 for 3 hours and subsequent oonductivity measure~
ments gave ourve 2 which exhibited a low slope section at temperatures
below 700°Ke
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A power failure ccowred at this stage which necessitated
leaving ¢he tube at baocking puup pressure for 3 hours. After
switch on the pressure fell to 2 x 10"6 mme Hge but on ralsing the
cathode temperature to 900°C the pressure increased to 8 x 100 mm.
Hge This indicated thab quite a large quantity of gas had been taken
up by the cathodee Over a one houwr perlod the pressure deareased to
< 10"6 mneHge The cathode was thermally activated for a peried of
6 hours after which conductivity measurements were made. Curve 3
fige 6.8 was obtaineds No apprecimble differences in slopes between
ocurves 2 and 5 were noted bul nothing may be deduced from this since
the polsoning-recovery oycle intervened and a controlled experiment was
impossible. Thermal activation wee continued for 12 howrs at 900°C
and ourve 4 finally obtaineds Table 10 gives the activation energies

obtained from the slopes of cwrves l-4.

Table 10
Qurve ] £ x=(¢-Q)
1 - 1437 w
2 0,20 103 0,83 eV
3 0,20  1.03 o.é; eV
4 0417 0693 0.76 eV

This time X deoreases as aotivation proceeds from state j to 4.

The cathode, now in an active atate, oould be used to investigate
the poisoning effeot previously described. Acoordingly, ancde poton-.
tials from O to 7.0 volts were applied in steps of 0.5 voltse After
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esch inorease in potontial; time wns allowed for any decay in anode
current to be observed (1 minute Yo

No decay occurred at potentlials less than 7;0 volts but at 7.5
volts, decay from 6.7 to ©¢2 m/a in 5 mins. was observed. Several
poisoning effects at different anode potentials in the range 0-10
volts have been reported in the literature and Deb (23 ) has attri-
buted these to decomposition of such materials as Ba0, Sr0, Ba003
etce whioch are evaporated onto the anode probably during breakdown or
activation.

Attempts to remove the polsoning species from the cathode by
raising the cathode temperature were not effeotive. Application of
100 volts gave an initial gurrent of 85 m/a which decayed rapidly to
5 m/ae After 12 hours the cathode recovered so that the anode current
at BEa 100 v. was 40 m/a. Conduectivity measurements gave curve 5
indicating extensive deactivations

After a further 6 hours emission activation the anode current was
110 m/a and the anode becsme red hot. To prevent the onset of the
green discharge previously noted under these conditions emission asti-
vation was continued at Ea 50ve The emission increased from 40 ¢ 80
m/a over a four hour period. Condustivity measurements gave curve 6
fige 6.8, This emission activation appeared to have prodused a very
aotive cathods. Table 11 compares this state of the cathode with

that shown by curve 4.
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Table 11

Curve _Q ') *
4 0.17 0.93 Oe76 eV
6 0.15 0059 o:hh eV

The change in X is quite large here and in view of the high state
of activation of the cathode shown by ocurve 6 on interpretation of
this change as the removal of contaminants from the orystal grains
is quite rea=onable.

Cathode BaSr8.

The anode of this tube was washed in distilled water and sarbon
tetrachloride before hydrogen furnacing in the usual waye Subsequently
it was not handled. During the construction of this tube information
became availsble in a paper by Stokl (70 ) which suggested that econ-
tanination of the anode during the carbonate-~oxide sonversion ocould bhe
avoided by maintaining the anode at a temperature 100% higher than
the ocathode by eddy-current heatinge This practice is simple to apply
in commercial cathodes but more difficult in the case of probe tubes
in view of the long breakdown schedule necessary to prevent to coating
oeracking. However, eddy current heatir§ for 2 minute periods several
times during the breakdown operation was possible and this was done.
Very little outgassing of the anode oceurred when heated to redness
at the end of the breakdown schedule. |

To ascertain if the anode was olean the cathode had to be acti-

vated thermally at 90090 for 2 hours so that some anode current could

be drawne The anode potential was then inoreased in 0.1 volt steps to
(68)
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ascertain at what voltage deocay in emission ocouwrred. o decay was
observed up to 25 volts suggesting that the anode was in a clean
condition, as a result of the washing and subsequent heating during
breakdowne.

Thermal activation at 800°%C was conti nued for 12 howrs and a
re-examination for poisoning effects was made. A slight polsoning
effect was noted at E, 28 volis.

Conduot ivity measurements in this state were made, (curve 1,
fige 6.9)s This curve shows that the cathode s fairly active. After
these measurements the cathode temperature was raised to 900°0 and
50 volts applied to the anode. A decay in anode current from 32 m/a
to 28 m/a occcurred and then the current began to increase.

This type of behaviour had not been noted previously. Usually
a thermally activated cathode was poisoned extensively when an anode
potential was applied e.gs BaSr5 f£ige (6.7). The effect was attri-
buted initially to the well cleaned anode but subsequent experiments
showed that this was not a fully active cathode.

The anode potential was increased to 100 volts in orde> to
asoertain whether the poisoning-recovery effect could be reproduced -
the higher potential decomposing more material on the anode« No deocay
was observed however and the ciurrent inoreased rapidly from 54 to 64
m/ae At this point a rapid decay of current oscurred. In 30 seconds
the emission deoreased to 40 m/a and then began to recover. Re-
application of 50 volts revealed that the anode current flas 28 m/a

i.e. the original poisoned state had been reporduced.

(69)
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The cathode was allowed to cperate with anode potential of 50
volts for 9 nminutes during which the emission increased to 35 m/a.
The application of Eyz 100 volis at this polnt prodused a precisely
similar effect as that observed previocusly: the anode surrent increase
to 66 m/a then decayed to 53 m/a after which it proceeded to inorease.
Fige 6410 shows the sequence of events thereafter. At times, during
the recovery, the anode potential was removed with the unusual effeot
noteds The cathode appeared to be poisoned during the 'off' periods.
After several operations it was noted that the Philips gauge indi-
cated a change in pressure and so simultaneous recordings of gauge
reading and anode curront were made.

It is apparent from the curves fig. 6.10 that application of
anode potential results firstly in polsoning then secondly in
recovery. Moreover, this applieation is accompanied by an increase in
pressure. It is also clear that during the 'off' periods the cathode
is polisoned in some way in complele contrast with the results shown
in £ig. 6.7 where the cathode is seen to recover from poisoning when
ths anode potential was not applieds

However, the important difference between this cathode BaSr8
and cathode BaSr5 is that the latter was fully activated whereas
BaSr8 was only partially activated as subsequent experiments showed.
The strange effects shown in fige 6,10 may then be explained in the
following way.

fipplication of 100 volts E, produces rapid asctivation, drawing

oxygen from the cathode and giving imcreased emission. The oxygen

prodused in this way is not pumped away sufficiently quickly,
(70)



During the time when no anode potential is aspplied this oxygen is
readsorbed by the cathode and some is adsorbed by the anode. On
applying anode potential that which is present on the anode is
desorbed and poisons the cathode; hence the slight initlal decrease
before reastivation occurs. Pumping action continues during these
operations so that the general level of pressure gradually dinishes
as the Philips gauge readings indicate. This leads to less rapid
poisoning as time goes on so that the gemsral effect is ome of acti-
vation, the level of emission being graduslly raisede The rupid
recovery from poisoning by oxygen which these experiments suggest is
confirmed by experiments described in Section III.

The last section of fig. 6.10 indicates that activation is not
complete so that some polsoning of the eathode probably cccurred when
the anode potential was removede Conductivity measurements were made
which gave curve 2, fig. 6.9.

After these measurements the tube was sealed off from the vacuum
system after preheating and firing two barium getters. Potentials up
to 50ve were applied to the anode to see if any deposit on the anode
due to firing the getter could be detected. No decay effects were
observed.

A number of sulphur and oxygen polsoning experiments were per-
formed on this cathode and in the course of perfarming these curves 3
and 4 (fig. 6.9) were obtaineds The general level of conductivity
indicated by these curves is higher than ocurve (2) but they do not

represent true stages in the activation of the cathode since the
(71)



surfaces of the orystallites may be modified by residual sulphur
or oxygen.

Curve (5) (fig. 6.9) was obtained after 170 hours operation
under emission activation conditions (Chapter 7). The incresse in
slope of the high temperature section iz mott noticeable. Table 12
gives the sctivation energles obtalred from the slopes of the owrves

Table 12
Curve 9 ) LS

0.23  0.72  0.49

0.25  0u72  0.47

0,20  0.76  0.56

W & Ww N

0.4 0.88 0.74

Again an increase in X on the basis of semiconductor theory is
indicated by these results for curves 4 and 5. This implies an
inorease in surface contamination during the 170 hours operation
which is difficult to account for,.
Cathode BaSr9.

The anode of this tube had been washed in the same way as that

of BaSr8 but during the carbonate-oxide conversion process the anode
of this tube was not eddy ocwrrent heated. When breakdown of the
carhonates was complete, eddy ocurrent heating the anode liberated a
large volume of gas.

The cathode was thermally activated at 800°C for 12 hours, after

which anode potentials up to 30 volts were applied. No decay in

emigsion was noted.
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Activation at Ea 24 volts was Lthen attempted. Tha inltial
current of 19 m/a gradually increesed to 26 m/a.

On applying 100v. to the anode a rapid decasy of emission from
140 to 30 m/a occurrede This Lype of deoay had been observed
previocusly when an emlssion was drawn from a sathode after themal
activatione Continued operation at 9CO°O. Ea 100 volis for 12 hours
overcame this polsoning and after firing the getters the tube was
sealed off. Activation was continued and after an hour at Ea 50
volts, the anode current was 80 m/a.

This cathode was required fer poisoning experiments in whish it
was desired to measure the conductivity in the low temperature region
in the poisoned state. Consequently, very careful mesasurements were
made st small teumperature intervals down to laboratory temperature.
The ourve obtained is shown in fige 6.11 curve (1).

It was found impossible to draw a continuous straight line through
the plotted points at temreratures below 600°K and so the final eon-
ductivity curve was represented by two straight line secticns in this
temperature range within the limite of experimental accuracye The
two straight lines intersected at a value of H corwesponding to
about. 400°K.

This effect was one which had never been encountered before,
either during previous néuurcmento or in the literature and so re-
me sgurenent of the conductivity ve temperature was made.

The temperature of the cathode was raised to 900°0 and 50 volts
applied to the anode. The original value of the emission, 80 m/a,

was obtained again. Tne temperature was then reduced and the cone-
(73)



ductivity measured both with temperature deoreasing and inoreasing,
allowing 15 minutes at each setting for the temperature to achieve
uniformity throughout the coating. A conductivity curve identical
with curve (1) was obtained.

A further investigation of this extra-low temperature con-
ductivity is described in the next section.

Subsequently this cathode was operated at 900°C, En 50v. for
170 hours. Conduotivity measurements gave curve 2 (fige 6.11), The

activation energies obtained from the two curves are given in the

table.
Table 13
Curve Q g 2
1 0,15 065  0.50 eV
2 0.17 0,71  0.54 eV

Curve 2 corresponds to a lower state of activation of the cathode
and therefore the inorease in A shown by this table is not incon-
sistent with a semiconductor interpretation.

Discussion of Results.

In this Chapter an attempt has been made to investigate some of
the changes which occur in an oxide-coated sathode during the process
of activation, This investigation has been complicated by poisoning
effects but the source of this polsoning was eventually located.

The general form of the conductivity curves is similar to that
obtained by Loosjes and Vink. The high temperature sestion of eash

ourve has a high slope similar to, but not identical with, the slope
(74)
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of & Richardson plot for the cat'iodes Followingz Loosjes and Vink the
upper section of this curve is interpreted as evidence for an electron
emisasion process in the pores of Lle coatinge The slope of the curve
is probably closely related to the thermionie work fumstion ¢ of the
internal erystal surfaces.

The lower section of the conductivity curve is assumed to re-
present the bulk conductivity of the crystallites. Assuming that this
is purely semiconduction then the slope of this lower section (Q)
should give the separation of tie Fermi level from the condustion band.
Fige 6.12 shows the energy dingrsm with ¢ and Q markeds The differ-
ence =Q is then the depth of the conduction band X .

One of the facts emerging from the experimental investigation
is that / appears to ohange during the activation of the cnthode.
This is in addition to a gradusl diminution in Q during activation.
Such a change is diffioult to explain on the basis of energy levels
as depicted in fig. 6.12. However fig. 6.13 illustrates the way in
which the effective value of X vig (X+8%X) may be modified due to
the presence on the surface of the crystals of eleotron accepting
elements. Oxygen is an example of this category for it will accept
eleotrons and form a dipole layer on the surfaces of the crystallites.
This inoreases the work function ¥ since the Ferml level adjusts
itself so that the free energy of electrons in the erystal and the
surface states s the same. The inorease in X l.e. X may be

found if ¢ and Q ean be measured. In practice only changes inX may
be determined by noting the changes in ¢ and Q. As oxygen is adsorbed
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the value of &% should increase and during desorption of oxygen,
e.ge during activation, a decressc in 8X would be expected.

These sorts of changes are nol obtained consistently in the
experiments described. For example the change from state (3) to
(4) in BaSrs is not accompanied by a change in X and in states 4,
5 and 6 in BaSr6 a pronounced increase in X oeours in that order
although the surves show that astivation has ocscurrede It must be
emphasised, however, that t¥ue changes in (x+8X ) are obtained in
this way only if semicondustor theory is applicsble, Several con-
siderations suggest that this is not the case. Firstly, there is
some doubt whether the function ¢ is the work function of the ery-
stallite surfaces. In any ocase it oan only represent an average
valus for all the orystallites. OCecondly, the condition that semi-
conductor theory is applicable to the conluction proscess i.e. that
A E > O.5eV is not suggested by the values of Q obtained from the

curves, However, the results on cathode BaSr9 indicate that the

values of Q do not represent the irue slope of this condusction process

but that the slope of the curve In thls temperature regions requires

correction in much the same way as the higher slope section is corree-

ted.to obtain a valw of .
The position, then, is rather unsatisfaetory with regard to
placing a semiconductor interpretstion on the results reported in this

chaptere.
Several other conclusions do emergx however in comneotion with

the poisoning phenomena ensountered in these experimentse It is clear
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that a cathode may be activated by elther operation at temperatures
above 800°C for several hours or by drawing an emission with 50 or

100 volts anode potential, agaln for several hours. During the
thermal activation procedure, much oxygen is liberated from the ca-
thode and some of this is adsorbed on the relatively cold ancde.

This oxygen is produced in tne reductlon of the oxide al the core-
coiting interface by reducing lmpurities, ee.ge silicon and magnesium,
in the '0' nickel core metal. This leads to the producticon of a
stoichiometric excess of barium and strontium in the lattice, glving
the requisite conditions for N-iype semieonduotion. The application
of a high anode potential (> 30v) after thermal activation results

in the removal of this oxygen on the anode by the energy of the
incident electrons and some of it returns to,and poisons the eathede.
It is impossible to avold high temperatures when completing the car-
bonate-oxlde converslion process and so even at this stage some thermal
activation has occurred and a poisoning effect is observed on applying

an anode potential.
Conductivity curves in such poisoned states exhibit very little

difference from these during stages of a thermal activation procedure;
e.ge figs. 6.1 and 6.8« In the lizht of the reversible nature of the
poisoning phevomena indicated by fige 6+7 and in a slightly different
way by fig. 6.10, it may be concluded that no significant difference
exists hetween a thermally nctivated cathode and an emission activated
onee This is true provided the anode is free from other conteaminants
and this is difficult to achieve unless elaborate precautions are
(77)



taken. Such precautions must luclude careful cleaning of the anode
to remove all traces of sodium chleride and the prevention of anode
contamination during breakdown of the carbonates. If sush precautions
are not cbserved then non-reversible poisoning may ocour. This is
probably the explanation of the large differensce between the 1nitial
thermally activated state cwve 1, fig. H.6 for BaSrl and the final
enmission sotivated state curve 5. lon-reversible polaoning of this
kind could arise fron chloriﬁe forning chloride ions in the oxide.
These are renoved over a lengtly pericd of time but their immediate
effeat ls deletericus to scathode operatlion.

The enhanced conductivity at temperatures below 400°X experienced
in cathode RaSrj 1s subjected to a mcre rigoroue lmentigatlonﬂin the

N-Ayee

next Chapter. It suggests however, that the present theory of semi-

conduction only, in the low teuperature regicn ,'111 have to ber revined.
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CHAPTER 7
SATTER

4} INVESTIGATION CF THi LOJ TEMi 5 ATURE CONDUCTIVITY EFFHCT

Conductivity vs. temperature wmeasurements oh cathode BaSr9 in
the Lemperature range 500° - 300°X revealed a break in the conduo-
tivity line at about 400°K with & lower slope sectlion attemperatures
below that value. It was not surprising that thls effect had not been
encountered previously, for measurcments of the conductance of the
ot hodes, deseribed in Chapter & had not been extended below 400°K.

The measurement of logec (?I() VGe ' in this temperature range
was dependent upon falrly preclse ueasuremant of temperature and this
was first suspected 1o be umeliable at susch low temperatures. Extra-
polation of the higher slope sectlon revealed that an error of several
degrees In temperature measurement would be necessary to aceount for
the observed results in terms of a faulty temperature messuring tech-
nique. Reference to previous work by other memhers of this researsh
group revealed that a careful investlgatlion of the reliability of the
tungsten-nickel thermocouple of precisely the same dimensions and
materials as those used in the tubes desoribed here had been made by
Duskwerth (59) and this was in agreement with that given in the liter-
ature by Fan (27) who claimed a preoision of better than 1% (but see
lust paragraph on page 31)s It was concluded that the temperature
nmeasuring technique did not introduce a source of error of sufficient

dimensions to account Tor the non-llnearity of the log '/R vee T curves

below 600°K.
(79)
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Attention was then directed to the possibility of slectrieal
leakage over the caramis end pisces of the electrode assembly which
might shunt the probe-base conductance at low temperatures. This
effzat could not be lnvestigated immediately in BaSr9 sand so
measurements were made in the low temperstwure region on as many
cathodes as possible. TFigse 7.1 %o 7.7 show the results obtained,

In each case sareful measurement revealed a break in Lte condus-
tivity ourve. In the case of Paf ‘a discarded barim oxide eathode)
the extra-low temperature section lay below the renge of measurement
of the galvannmeter usually empleyedse A more sensitive instrument was
used for measurements on thls eathode. All the tubes had identical
electrode construction yet the extra low temperature section was
cbserved at different levels in conductivity but always below 400°K.
Thin seemed to rule out the posaihility of sonduction over the ceramic
end pleces.

It was slso noted that tlese measurements were performed on tubes
which contained oxygen and sulphﬁr filaments and some vhich contained
both of these, so that the effect dld not appear to be assoclated with
a particular type of polsoning filament.

This effect wnas observed in all the eathcdes which sould be
tested which suggested that it migit in faet be a new phenomenon and
not an extransous effect produced by faulty measuring technique.

A survey of the literature since 1949 revealed that no work had
been repcrted which included careful measurements of lew temperature
conduotivity. Following the repert of Loosjes and Vink (45) several
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authors extended conductivity measurements down to room temperature
but in every case only a few polnis 1n the low temperature region
were plotted and consequently Lie eflect reported here, if it
existed, was not observed.

Thecretlcal Curvese.

The log /& ve. /T curves cbialred in the last section revealed
that a correctlen must be applled to the experimental curve in the
range 500° to 1100%¢ in order io ciisin the activation energy of the
conduction process. Both the low temperature and extra-low temper-
ature conduction lines were linear to within experimental error and
80 by analogy with the bend in tle log /R v8« /T ourves at higher
temperatures (following LoosJjes and Vink), it was assumed that two
conduct ion processes were opernting in parallel in the low temperature

regicn.

The conductivity would then be glven by a relation of the form:-

_Fli = A exp (‘%‘ + Rexp (~Wl_'—f—\

Some theoretical ocwrves based on Lhls relation were constructed by

plotting

Loge F/BQ*P('%) + exp C‘%‘ﬂ vs. A

Values wore allotted to ), ¢, and /Bs and by trial and error curves

very similar {o those obtalned by meusurement were produced. Some of

these are shown in figs. (7.0 = 7¢11)« In each case the values of @,

fg and A/B are given together with the activation energiss cbtained
(81)
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directly from the curves.

The sum of two exponential Tunctions of this kind produces a
curve and not two linear sections. However, within the limits
imposed by the scale and the renge of temperature conserned, two
straight lines souldte drawn which in most cases gave a satisfactory
Pit to the points. It is interesting to note the extent to which
the gradients of these lines differ from the values of #; and s
used to construct them. This difference is most noticeable in the
higher temperature section. For example in fige 7.10, #; was 0440
whereas the value obtained from the graph was 0.17.

This observation is appliesble to the experimental situation
and implies that the measured value of the slope of the conductivity
curve in the temperature range 500° to 400°K must be converted so as
to allow for the parallel extra low temperature mechanism,

A method of applying a sinilar correction at higher temperatures
had been used =xtensively to obtain corrected values of ¢ in Chapter
5 and 6. In order to assertain the extent of the inascuracy produced
by this method (described en page 48) theoretical curves, based on the
above relationship, but with values of ;11 and 12 sinilar to those
obtained in Chapters 5 and 6 were construsted. One of these is shown
in fige 7.12. It was found to be very similar in shape to many of
the conductivity ocuwrves obtained by neasurement. The upper slope of
this ourve was connscted and found to agree to within 3% of the valus
of 1+ This seemed to justify this rarticular form of sorrection.

Accordingly the same method wee employed to correct the theeret-

ical curves in the lower temperature region. The corrected curve is
(82)



shown as a broken line on fige. 7410 and 7.11 and was found to agree
with ¢, to within Ske

Employing this method the experimental results shown in figs.
(7«1 to 7¢7) were correctede Tae broken line on these graphs indi-
cates the corrected value of Qs 7he following table lisis the values
of Q and L and the corrected values of Q for all the cathodes upon

which measurements were made.

Table 1
Cathode Q Gorrected Q L
BaSr4 0Js (§ 2 0.12 eV
5 0el7 0e23 Oul4 eV
6 0420 0e27 0.12 eV
7 Oelh Ge20 0.09 eV
9 0.18 0e22 0.12 eV

The average value of Q 1s 0.2% eV and of L, 0.12 eV although it is
doubtful if these average values have any real significance.

Long Term Activation Experiments.

The measurements reported in the last section were made upon
fully activated cathodes. isasurements were also made on oathode
BaSré which had undergone a iarge number of poisoning-recovery cycles
resulting in the cathode exhibiting a lower state of activity. Curve
(1) in fig. 7.6 shows the fully sctivated state reported as curve 4
in fig. 6.9. Curve (2) indicates the partially deactivated condition
of the oathode as a result of the poisoning experiments. This curve

exhibits a muoh steeper slope in the low temperature region but the
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extra low temperature section of slope L 1is clearly evident. The

measured and corrected values of the slopes are given in the following

table :~
Table 2
State @ Corrected ~ Q Corrected O _ L
1 0.76 0020 oV
2 0.90 De25 0.32 0el7 eV

The values of Q = 0,32 and L = 0.17 are larger than those listed in
table 1 and represent a catliode in a slightly deactivated condition.

This ¢ sthode had been reactivated for short pericds after
poisoning experiments and so in an attempt to Improve cathode astivity
it was mﬁ:,jecé:to a long period of operation under aotivst(ing con-
ditionz. A period of 170 hours at 900°C, Fa 50v. was allowed before
further conductivity measurements vere made. At bthe end of this period
curve (3) (fige 7.6) was obtained.

This curve showed a swprising effect in that it was quite linear
below the Loosjes-Vink bende The olope, 012 eV, of the low temper-
ature section corresponded with the value of L from the masurements
on other cathodes previcusly deseribed. This result suzgested that the
long term metivation procedure had so inoreased the effeative oross-
section of the extra-low temperature condustion process that this had
become the prcdaniuant sonduotion mechanism below 700°K.

It was deoided to investipste the possibility for such ochanges
oocurring in other cathodeése Accordingly cathodes Basrf, 6, 7 and 9
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were subjected to activation ireatment for 170 howr periods.s Con-
ductivity measurements were then nade which gave ocurve 2 oneach
graph (fig. 7.1 = 7+7)s The resunlis for each tube are discussed
below under separate headingse

BasrS.

Continuous operation of the cathode under sctivating cenditions
for 170 hours resulted in a state o lower condwtivity. Again no
bend in the conductivity curve weas notede The neotivation energy of
the low temperature section was found to be 0.16 eV a value somewhat
higher than that nreviously obtained for the lowermost part of the
curve. It is possible that a sisilar charge had cscwrred to that
which took place in cathode BaSr8. Long term activation had increased
the oross section of the extra-~low temperature conduwstion proocess so
that it becams the predominsnt mochanism below 700°K.

Basré. |

e b

This cathode did not sppesr to have been affected by the long
term activation procedure. The two condustivity lines (1) and (2)
ecolinoided.

Corrected Q = 0.27 eV L= 012 eV

BaSr7.

Again continuous operation resuited in a lower level of condus-

tivity, but this time the two sections of the curve were still evident.

The changes in activation energymay be seen from the table
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Curve Q Corrected Q L
1 0.15 0020 0009 aV
2 0.21 Qe 25 0s12 eV

The change to larger values of @ and L possibly indlcates that state

(1) represented an enhanced state of conductivity. The value 0.12 eV

is the average value of L in several cathodes.

BaSrg

A reduotion in conductivily occcwrred in this cathede after 170
hours operation under activating conditicns. The changes in acti-

vation eunergy were found to be slight and are recorded in the foldowing

table.

Curve Q Carrected Q L

1l Qe 17 0e22 Ce 12 eV
2 0.18  0.23 0,12 oV

It may be soncluded from the long lerm activation experiments that the
non linearity of the conductiviiy 1line below 700%K is a functiom of
the oathode itself, since this my disappear and the loge condustivity
ve reciproonl temperature become linear under certain conditions.

Thie change may be explained in terms of the variation of the effective
oross-section of one conduotlon process so that Lhe extra-low temper-
ature conduction mechanlsm beoomss the predominant condustion process
in the low temperature region.

Sumery of Resulls.

lieasurement of the variation of conductivity with temperature of
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deseribes the behaviowr of the condwtivity of an oxide ecathode in
the temperature range 500° — 2950°K. This equation implies the

presence of two conduction mechanisme operating ia parallel.

It was pointed out at the end of Chapler 4 that an N-type semi-
conductbn mechanism alone was not an adequate interpretation of the
conductivity v. temperature curves helow the knee or Loosjee-Vink
bend in the curvee This is particulsrly true when the observed
activation energy | has a value less than 0.25 eV (Chapter 2 page
16) which is the oase in all the measurements on fully activated
cathodes described in Chapter 6.

An explanation of these low observed values of Q and the extra
low temperature seotion of slope L must be sought in temms of another
condugtion meghanisme It is not improbable that ionic condustion
might play some part In the conduation process at such low temper-
atures. Conductivity measurements would nct distinguish such a
process from one of electronic conductions Very little information is
uvailable with regard to ionlc mchlilities in the oxide cathode but
some work has been done on the diffusion of barium in single orystals
of barium oxide by Reddington (58)s He found that a charge trans-
porting diffusion process of setivetion energy 0.3 2 0,05 eV was
present but more important still tle surface diffusion constant for
barium on barium oxide was found tc have a temperature dependeme of
0e16 £ 0.03 eVe The [wous multi-crystelline oxide osthode has a large
swface to volume ratio and hence the cross sestion for a surface
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barium-strontiua oxide cathodes in the range 600% — 300%% has
revealed that a simple relation of the form
o= orenp (i
does not describe t.l‘;u varistions cboerved.
A curve of log:'/R vBe A oxnibite Lwo 1inear seetions inter-
secting at appraxinately 500°R,

Theoretical curves based on the relatlicn
~-Q -
- Rece(iF) « Ranp(Cir)

Pl=

were obtained by plotting
A i ~——3) =Y '/'*
e Proene (Y e (] -

in the range 500 > T > 300°%, choosing values of # and f, similar to

the values ofﬁ ard L observed cxperimentally. Curves very similar {o

the experimental omes were obtainede A method of correcting the upper

section of the cwve so as to cbiuin the trus valwe of @ gave values

in falrly good agreement (10%) wiibh the value wsed in construsting the

swrveds The same nethod was employsd to correct the experimental

ourves. The activation energy Q al higher temreratures was found to

be in the range 0.22 = 0427 eVe 7Tid sctivation energy at temperatures

below 400%°K (L) was found to be in the range 0.05 — 0.14 eV,

Conslusionse.

The agreenment obtained belween the theoretically sonstructed
curves for loge '/g vse /t and the cbserved temperature dependence of
the sonducstivity suggest that the equation

o = RMPC%\* B“PCEL?
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charge transporting mechanism is highe This implies that condue-
tivity over the surfaces of the cirysial grains by the movement of
barius ions is highly prdbable. The results oblLained indicate that

this process becomes the predouminant conductivity mechanism at

temperatures below 400°Ke

In order to test the hypollesis that surface dondustion over

the total grains by movemsnt of barium lons was important in the low
temperature region some experimenls were performed in which barium

was Ceposited onto the catnodee 1hese are described in the next

Cbnpter.
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GHAPTER 8

e

BARTUM DEPOSITION EXPRRIMENTS

During the course of activalling some of the eathodes deseribed
in the preceeding Chapters by spplylng an anode potential of 100
volis when the esthode temrerature wss 900°C a green glow in the
anode-cathode space w+s noteds This ocowrred only when an anode
had become red het under the {nfluence of the bombarding electrons.

This green glow was assocluted with the ionmdsation of bariwm
which is known to be evaporated {rom the cathode during normal
operation. Doubtless under the conditions stated this barium was
vapourised from the ancde. The questlion arocse as tco whether this
berium would have an effect on the cathcde and ascordingly the
phenomenon was investigated. Tube DaSrll was selected for this pur-
poses The cathode of this tube led been emission activated at 150
volts until anode current of 150 m/e was obtainede The anode poten-
tial was then redyced to 50 volis to prevemt overheating until
enission saturated at 70 m/a , Fuission and conductivity were then
measured.

The sonductivity ve temperature curve is shown in fig. 8.1 owrve
(1)e This was found to have very low slopes in the low temperature
region. . It was difficult to dlstinguish between the two sections
of this curve and 8o no correctlon was applied to the upper parte A
Richardson plot from emission measurements gave curve A in fige (8.2).
The cathode temperature was raised to 800°C and 50 volts applied.’

I, was 60 m/a. 100 volte was then applied. The initial ourremt was
(90)
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160 m/a increasing slightly - 165 m/a as the anode bescame red hat
(20 Beconas). ‘When tne anode had attained a red heat the green dis-
charge occuwrred. This was allowed to continue for 40 sscondses The
anode potential was then removed and the eathode coded over a period
of 15 wminutes by gradunlly reducing the heater current until the
temperature was about 500°K. Conduetivity and enission measurements
were then made. Curve (2) fige (8e.1) was obtained showing a consider-
able increase in the overall level of Lhe conductivity and each section
of the curve exhibiting a lower slope than ourve (1)s The emission
characteristios were used to plot a Richardson line - curve (B) of fig.
(8.2)s This was found to have a slope of the same value as ewrve (A).
However, the curve indicsted a hi-her level of emission than curve (A)
sugeesting that the work funetion @ of the eathode had not ochanged
appreciebly, but that the number of donors n, had inoreasede

At the eonolusion of these neasurements the temperature of the
enthode was raised to 900° for 15 minutes without the applioation of
an anode potential. Subsequent coxiuctivity measurements gave curve
(3) ané a Richarason rlot from emission measurements gave eurve (C)
fize (Be2)e These ouwrves lay below those obtained previcusly and showed
that the cathode had been redmsed to o Jower state of activity by re-
evaporation of the barium deposited mtthlly.l

Tie barium deposition was repested by again operating the cathode
at 800°C with 100 volts anode pctential for 60 seconds. A conductivity
curve almost identieal with curve (2) fig. (8.1) was obtained and a

Richardson plot (eurve D, fig. B8.2) showed that again the emission had

(91)
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inoreased without a ohange in work function.

It was decided Lo extend this barium deposition technique to a
cathode in which the two sections of the low temperature conductivity
curve were more Jistinguishablee BaSr) was seleoted for thls purpose.
Precisely the same technique was used; the green dlscharge beling passed
for 1.0 minutes Fige. (8.%) shows Luc change in conductivity and Pig.
(8+4) the change in emission. In tiis instance the change in emission
was quite suall whereas the change in conductivity was appreciabile.
However, it was possible to correct Ll cvondustion curves tec account
for the extra-low temperature conduchivity. The broken lines on fig.
(843) give the slopes of the ocorrected lines and these were found to be
alwost identicale This is signiflcant since it suggests that the barium
deposition affects the extra low tez:zmrz;tm mechanism predominantlye.

The activation energles obtalned are

Low Temp
Q Correched Q  Extra Low @ Richardson
Before ba depe 0.17 0e25 0.13 lel eV
After Ba dep. 0.4 Oe24 0.10 lel eV

Discussion of Results.

The inorease in emission evidenced from the Richardson lines fig.
(8.4) i5 very anall. This syggests that If the number of donor centres
has been incrensed then thie inerease is quite smalle This would
explain the almost negligible differcnce in the corrected values of Q.

The inorease in condustivity exhiblted by the curves nust then be

accounted for by the decrease in the slope of the lower temperature
(92)
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gecticne

On the basis of a change of slope from 0.13 to 0.10 eV the cal-
culated change in loge l/R assuming n simple exponentisl relationship
1s 0.5 at 300%K. The actual ehange in /R et 300°K is 0.56. The
difference might be explained by an incresse in the value of A in the
expression

I —__l_"_._.
E = Hexp ( kT)

for the condustivity in this region.

It would seem therefore that the deposition of bariwm fronm the
anode onto the cathode mnder the influwonce of the electron strean
affects the cathode in two ways. The maber of donor eentres is
increased slightly, gziving slightly imsreased emission without change
in the work function, but the larger change osours in the extra low
temperature conduction mechanism. If the extra-low temperature con-
duction were due to some kind of moverment of barium ions on the sur-
faces of the internal orystal grains Lthen additional barium should
assist suwh a condustion mechanisze 4 deorease in the measured acti-
vation energy for this surface mochanimm would be expected since with
additional barium present more current would be earried by the surface
fonse This slight reduction in I does in fast ocowr and so the barim
deposition experiments constitute evidence for conduntion over the
erystel surfaces by ion movement. Tf sufficient barlum were evaporated
onto the eathode, conduction in a filnm of barimm as postulated from
time to time (49) might actmally ccowr. FHowever, experiments on BaSrll
indicate that an excess of barium is rapidly evapomtod’gm the oathode

(93)



returns to its initial level of cenductlvity when allowed to operate
at 90C°C fpr a time.

The experimental evidense su;p=sts, therefore, that the extra-low
temperature mechanism is one of movencut of barium ions over the
surfuces of the internmal gralns of Lle oxlde in parallel with whatever

'bulk' conduetivity there may happen to be.

(94)
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SECTION 3

AN INVESTIGATION OF TR EFFLCT CF OXYGEN AND SULPHUR

ON THE OXIDE-COATTD CATHOIR®

CHAPTTR 9

PREVIOUS WORXK

The BEffect of Oxygen on Rlestron Ealsslon

The deleterious effect of oxygen ou the emission from fully acti-

vated oxide cathodes has been studiec by many workers. Fige(J.1) shows
o v}}“-‘.‘ My

r »' \
the change in Richardson line obtained ty Xoller (60) after emitiing

oxygen at 1077 ma.ig. It was also noted that the cathode sould be re-

actlivated by pumping away the gas evelved as the calhode was operated

at norumal temperatures (near 1000°%).

Kawamwra (51) from the results of oxygen polsoning dedused the

followlng empirical relationshlp between the partial pressure of oxygen

P and the saturation current 1

L
L= Kp

K and 2 are constants.
This relationship was verifled by drizumi and Narita (62) who alse

studied ths recovery of the catliode from attack by oxygene It was con-

oluded that, only the surface was polsoned and that during recovery excess
bariun ¢iffused from the body of the coating to the surface layers and
80 increased the number of donorte

letson (63) has made an extenslve study of the reversible nature
of oxygen poisoning. A heater wire coated with barium peroxide 'ai used

88 an oxygen source placed close to the oathode in the experimental tube.
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A well activated cathode was poisoned to 107 of its initial erisnion
by admitting oxygen and the resovery was recarded continuously. Fven
after several repetitions, complete recovery was cbtained.

In & further experiment tte ancde veoltage was applied in the
reverse clrectlon for periods during Lie reccovery operaticne Fige (9.2)
shows the result obtainede WUhile current wus drawn, recovery was rapld
but became much slower during the tive wben the anode was negative with
respect to the cathode. This -was explalned by assuming that oxygen
atoms or molecules have entered the couting whare they beccme negatively
ionisede The presence of an emlssion current assists the e jection of
these lons. Metson polnted out that cuch assistance is not essantiel
for a osthode will recover by heat treatuent alone. i

Shepherd (84) has confirmed tle complete reversibillty of oxygen
poisoning observed by previous auvthcrs and has shown conclusively that
oxygen ions 0;6 are evolved during rscovery which was suggested by
Metson's cxperimenté. A mass specirometer was employed which enabled
the energy distribution of the enitled lons to be measureds This
showed that oxygen polsoning was nol only a surface phenocmencn since
sone of the ions possessed evergirs which indicated that they were
evolved froam the interior of the coatinge

The iffect of Oxyzen on the Conductiviiy.
Hannsy and his coworkers (58) found that when a cethode at a

temperature of 1100°% was desctivated by oxygen, a linear relationship

was mairtained during polsoning between the emlssion and the condus-
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tivity, suggesting that the body ol the coating, and not merely
the surface, wus affecteds Tie mbthod conslsted of introducing

- mueHge for 1-2 minutes.

oxygen into the tuve at & pressure of 2 x 107
When & similar procedure was acopled al rcom temperatuwre, aud the
temperature of the cathede quickly ralsed to 1000%K for measureusnt ,
it was found that the emlsslon wes poisoned, without a corresponding
reduction in conductivitye. It was concluded that at high temperatures
oxygen could diffuse into the ccating, reducing both conductivity and
eulssion, bub at low temperature 1liitle diffusion ccowrred resulting
in a reduction of emission only, due to a lowering of the Fermi level
near the surface.

Shepherd has also studied the efieot of oxygen on the condue-
tivity and electrou emission, using vrobe diodes. inlike the work of
Hannay el al, measwrements were mede over a wide temperature range
500-1000%ks It was found thai at temperatures below 700°K the con-
dwtivity wes poisoned and underwent recovery in the same way as did
the thermionic emissione This cbservation lends additicnal suppert to
the pore condustion theory of lLoosjes and Vinke

The method used by Hanmay et el was later employed by Young (42)
in an attempt to decide between Lhe {wo current theories for the low
temperatwe conduotion meohanisme Oxygen was admitted Lo the sathode
at room temperature and the change in conduotivity was notede The
temperature of the cathode was tien ralsed gradually and the conduo=-
tivity noted at intervals. Al approxisately 800°K the condustivity

decreased rapidly and on returning to room temperature a gonsiderable

(97)



decrease in conductivity was founu tc have ocourred. It was con=
sluded that the low temperature conductivity could vwot be mainly
in a surface barius £ilm since 1i il were the considerable decrease
in eonductivity would osccur at room temperaturee This experiment
thus supports tie Locsjes Vink lypuilesis of semigondustor condue-
tion below 500%Ke

Both Shepherd and Young repori thet some peisoning of condus-
tivity occurs in the low temperatwe regione Shepherd found that
this was to a suall extent -80f of initia) velue at 500°K while
Young found that 664 polsoning ocowred at room temperature at only
10"'7 mieHge pressure of oxygen. 3Since oxygen is not thought to
diffuse very rapidly into ths lattice at low temperatures, causing a
reduction in condustivity by cecupying donor sites; the possibility
of conduction over orystal swrfsces cannot be entirely negleoteds
Purther poisoning experiwents in the low temperature region may help
to show to what extent each meehanism plays a part in the conduwotion

processe

The Rffect of Sulphur on the Flectrical Properties of Oxide Cathodes.

There is little published work soncerned with the effect of
sulphur on the oxide-coated cathodes In primeiple it is to be expected
thal an clectron accepting element such as sulphur would diminish the
emisaion from a oathode if adsorued on its surface in much the same
way as oxygen doese

Stahl (65) has investigated the effeoct of leaving oathodes in
the sarbomte state in the atnmosphere Bor varying periodse After the

carbonate-oxide conversion susch cathodes had poor emission properties
(98)



This wes attributed to the presence of sulphur in the oxide lattice
surface suvsequently detected by X-Ray ciffraction techniques.

Flumlee (0b) mentions Simi kaiheson hus studied the effect of
sulphur vapow at pressures ~ 10‘.‘3 e Hge on Lhe emission from oxide
cathodes. He found thal the efiect wos slight, but that the effects
produced by impurities in the sulphur were large and'varled from
beneficisl to deleterious'. The precise nmethod employed by iltheson
s not described.

Nothing is kncw of the effect of sulphwe on the conductivity of
oxide cathodess Comparatlve reasurewents employing sulphwr and
oxygen as alternate poisoning ugenis wmiglt be a wseful way of
distingulshing between a surface as epposed to a 'bulk' conduction
process in the low temperature reglons. Sulphur has a larger ion size
than oxygen and hence 1f the polsoning ions dlffuse through the lattiee
to cccupy donor sites and so reduce the conduotivity; sulphur,
diffusing less rapidly than cxygen, should reduce the conductivity more
slowly.

A source of ambiguity arises however in that sulphwr my, under
certain conditions, react with the barium oxide lattice, displaecing
oxygen and giving rise to a permanent poisoning effect such as that
observed by Stahl. Plurlee in discussing the lmpurity oconcentrations
in the oxide oasthode gives thermodynumical data for the reastion

RaO + 1S, = Rad + 102

at 1000°%C A G for this reactioun 1s +7.7 K oals./mole
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This gives a value of =1.7 foar the logarith of the equiibrium
constant, Calculation then shows that the partis) pressure of
sulphur must be at leest 1000 x t1:t of oxygen for this reaction to
proceed at 10009, At lower temeretsmes the reaction will Ye even

lJess likely to oceur.

In the following Chapters » sim;le technique is desoribed which
wa:;'?g produce sulphur within the veenum tube. This introduced
limitnations in that the amount of sulphur admitted to the ocnthede
could not be measureds The resulis chtnined could thus only %e

qualit=tive but this wac not thourht to be a Jdisadvantsge at this

preliminary stage cof investigation.
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CHAPTER 10

EXPERIMENT AL RUSULTS

Introduction.

In this Chapter some preliminary measurements of the effect of
oxygen on the conduotivity and emisslon of barium oxide cathodes are
first desoribed. Attention is then directed to poisoning experiments
on (BaSr)0 cathodes in the low temperature region. Later sulphur and
oxygen poisoning is introduced as a means of investigating the low
temperature conduction process; some results are desoribed and
general conclusions drawn.

Preliminary Experiments.

In all the poisoning experiments described below, oxygen was
produced in the immedlate vicinity of the anode by heating a tungsten
wire coated with barium peroxide. A longitudinal slit of dimensions
0.2 x 2.0 oms. was provided in the anocde in line with the csthode and
the oxygen filament in order that oxygen could be admitted rapidly to
the cathode. The procedure employed in the polsoning experiments was
as follows:- The oathode temperature was set and with +4 volts applied
to the anode the saturated anode ocwrrent was notedes The initial con-
ductivity was measured by applying ¥ 100mV between the probe and the
onthode base and noting the current which flowed. The emission was
then reduced to 10% of its initial value by heating the oxygen pro-
ducing filament and, after cut-off of the gas flow, both the emission

and conductivity were recorded over a period of 10 minutes. After

each poisoning experiment recovery was accelerated by raising the
(101)
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temperature of the oathode to 9oo°c and applying 50 volts to the anode,

until the emission attained a steady value, wually in 10-15 minutes.
Cat hode Bah.

The points on the condustivity line at which poisoning experiments
were made are indicated in fige. 10.1l. The recovery charscteristics at
850°K and 760°K are shown in figs. 10,2 and 10,3. The sondustivity
is found to recover in a way very similar to the emission (I, ) and both
enission and conductivity are poisoned to a similar extent. This kind
of behaviour in the high temperature region was reported by Shepherd
(64) who employed mixed oxide (BaSr)0 cathodes. It was mocounted to be
additicnal evidence in f vour of the Loosjes and Vink theory of pore
conduction, for, if the high temperature condustion process is due to
electron emisasion in the pores of the coating it should behave in a
manner olosely analogous to the emission from the cathode surface, when

oxygen is admitted.
Pige 10.4 shows the recovery of condustivity and emission at 700%

on the bend of the conductivity v. temperature curve. Recovery is much
less rapid at this temperature and the condustivity is not poisoned to
the same extent as the emission. At 600°K fig. 10.5 the emission does
not recover appreciably, implying that at this temperature oxygen is not
ejected from the coating. The condustivity gradually decreases from 50
to 258 of its initial value -uggéatlng that the low temperature condus-
tivity process is poisoned more slowly than the emission process ar

that oxygen gradumlly diffuses into the coating.

(102)
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Cathode Ba5.
At higher temperatures this cathode shows behaviowr similar to

Bab (figs. 10.6 and 10.7). At lower temperatures the emission does

not recover and the conductivity continues to decrease after the oxygen
supply has been out off (figs. 10.8 and 10.9). The points at which
poisoning experiments were made all lle on the high temperature sestion
of the curve (fig. 10.1) and so it is diffieult to draw conclusions
about the low temperature conduction process from these experiments,
However, in the case of the polsoning experiment at 620°K (fig. 10.9)
the low temperature condustivity contributes about 50% to the total
conductivity and hence the curve fige 10,9 is fairly indicative of low
tenmperature behaviour.

Cathode Bab.
Oxygen poisoning experiments were made on a third barium oxide

cathode at the points shown in fig. 1C.1l. No recovery was cbserved
after poisoning at 800°K (fige 10.11) which is surprising in view of
the results previously obtained. At present this cannot be explained.
At lower temperatures 630°K, fig. 10.10 and 640°K, fig. 10,12 the
behaviour is very similar to that reparted for Bad, a gradual decrease
in conduotivity occcurring and no recovery in emission being observed.

Discussion of Preliminary Resultse

tb results obtained at temperature above the bend in the condus-

tivity vé. temperature curves, with one exception, are in complete
agreemont with those reported by Shepherd (64) and Metson (32)e The
latter was the first to show that oxygen polsoning was a reversible

phenomena at higher temperatures. The results reported here suppert
(103)



this since recovery could always be obtained if the eathode temperature
was raised to 9oo°c and an anode poterntial of 50 volts appliede
Shepherd extended the poisoning technique to a study of the bahaviowr
of cathode eonductivity. Similar results to those reported were
obtained at high temperatures and were adjudged to be evidence in
favour of the Loosjes and Vink theory of pore conduction. At lower
temperatures Shepherd did not observe the kind of behaviowr reported
here. Usually in his measurements the conduoctivity was polsoned to
about 67§ of its inmitial value and the characteristioc showed a steady
level of conductance after a slight initial decrease.

The polsoning characteristics cbtained indicate a gradual redue-
tion of the conductivity at lower temperatures due to the presence of
oxygen in the coating. There is imsufficient evidence from these
preliminary experiments to account for this gradual redwtion. However,
it is a phenomenon worthy of further investigation for it may lead to
an explanation of the way in which oxygen impairs the low temperature
condustion process and subsequently to a better understanding of the
nature of that process.

Further experiments are desoribed below in which the effect of
oxygen on the low temperature conduction proocess is investigsted more
dosely. One of the difficulties encountered in the prelbminary
measurements was the inability to perform poisoning experiments at
sufficiently low temperatures to ensure that only the low temperature

process was operating. The limit was set by the sensitivity of the

galvanometer employed to measure the emission. An attempt was made to
(104)
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overcome this by employing mixed oxide cathodes in sibsequent measure-
ments sime these have better emission properties than Ba0 eathodes
and hence give a measurable emission at lower temperatures.

Further Oxyzen Polsoning Experimonts.

Cathode BaSré.
Fige 10.14 gives the conductivity line for BaSrd and indicates the

points at which poisoning experiments were made. The iuproved emission
properties of this mixed oxide eathode over those of barium oxide
cathodes enable measurements to be made at a temperature where the
contribution from the high temperature condustion process was negligable.

Pige 10.15 shows the polsoning charasteristic at 580%K well below
the bend on the conduotivity line. No recovery in emission was observed
and the conductivity continued to decrease over a period of ten minutes
after the poisoning source had been cut-off.

Similar behaviour was observed at 700°K and 790%K, (figse 10,16
and 10,17) although the extent of pocisoning was greater in each case.
These measurements tended to confirm the effect noted in the preliminary
experiments; that the conductivity at low temperatures is dlowly
poisoned by oxygen. This slow rate of polsoning may arise in several
waye depending upon the precise nature of the condustivity mechanism in
that temperature range. For example if the condustivity is mainly a
surface effect on the internal erystal grains, then the rate at whieh
oxygen will diffuse into the interstlces of the oxide layer will deter-
mine the rate of reduction of the condustivity. If, however, N-type

semiconduction is tne predominant condustion process, oxygen eould
(105)



redusce the condustivity by diffusing into the erystal lattice and so
depleting the number of donor centres. Under these circumstances the
rate at which oxygen could diffuse into the oxide lattice would 1limit
the rate of redustion of the conductivity. Yet one further possibility
exists, for oxygen could diffuse into the gaps between orystals in
addition to diffusion over the surfaces. This could lead to a deepening
of eleotron traps between the crystals and hence a redustion in low
temperature conductivity.

The gradual reduction in oconductivity after the polisoning source
has been cut-off suggests that oxyzen diffuses into the interior of
the coating and, in one ¢f the ways cutlined above, reduces the con-
ductivitye The diffusion of oxygen into the crystal lattice may bhe
one of these ways although the characteristics indicate a rather rapid
initial deocay in conductivity not indicative of a bulk diffusion process,
One method of ascertaining whether a bulk diffusion process occurs is
to employ a larger poisoning specles, which might be expected to diffuse
less radily. Sulphur was chosen for this pnrpose since chemically it
is very like oxygen and possesses a larger ion size.

Sulplur Poisoning Experiments.
Ir addition to the reason outlined in the preceeding paragraph,

sulphur was chosen as a second polsoning species because it could be
generated in situ in a similar manner toapgen by warming a filament
coated with molybdenum disulphide (MoSg)

The best quality molybdenum disulphide, supplied by Yessrs. Hopkin
and Willlans Ltde., was employed. This was mixed to a paste with amyl

acetate and a little collodion and applied to an alumina coated tungsten
(106)
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wire mounted in the vacuum tube in just the same manner as the oxygen

filament described above. A preliminary experimernt was made to nscer-

tain at what temperature the filament would produce small quantities
of sulphur vapours This was found to be 350°C and accordingly the
baking schedule of vaduum tubes gontaining sulphur poisoning filaments
was adjusted so thsat baking at 250% for at least 24 hours could be
arranged in order to ensure adequate degasasing of the glass.

A further preliminary experiment was arranged to ascertain if
the emission would recover after admitting sulphur vapow to the
oanthode. Recovery at an elevated temperature -900°cns found to occour
after poisoning the emission to 10f of its initial value. On applying
50ve to the anode during this recovery a deep blue glow was observed
in the anode-cathode space which was interpreted to be due to the
ionisation of the liberated sulphur, This glow diminished and dige
"appeared as the activity of the vathode inoreased, presumably due to
the astion of the barium getter deposit within the tube. Several
weeks after seal-off and gettering and a seore of poisoning experiments
the tube was still quite ‘'hard' indicat ing that the low temperature

bake at 250°C was satisfactory.

Cathode BaSrbf.

The effeot of admitting sulphur to the cathode was investigated
in precisely the same manner as thai recorded above for oxygen. At
920°K (f£ige 10.20) the condwtivity wns extensively poisoned by sulphur
but both emission and sondustivity recovered onse the poisoning source

(107)
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was eut-off., Four poisoning exreriments were made at lower temper-
atures as indicated in fige 10.19s Only one of these (at 500°K3 wns
actually on the low temperature section of the conduotivity ve temper-
sture line. However the contribution from the low temperatwe process
to the total conductivity is recorded by a broken line on each
poisoning charasteristic. This s obtalned from fig. 10.19 by pro-
ducing low temperature section of Lhe ourve towards the ordinate axis
(shown 8 a broken 1lins). The contribution of the low temperature

process may then be obtained at each lemperature at which a polsoning

experiment was performed.

The results obtained are shown in figs. 10.21 = 24, Behaviour
very aimilar to that exhibited by a cathode poisoned by oxygen was
observeds Again a gradual decrease of conductivity after poisoning
was noiede These results were encouraging in that no pronounced differ-
ence from oxygen poisoning-like cehaviour was observed indicating that
sulphur behaved in a similar way to oxygen when adnitted to a oathode.
Complete recovery from each poisoning experiment was obtained by
increasing the cathode temperature to 900°C and applying 50ve to the
anode, suggesting that no permanent change in the emitting surface of
the cathode had ocoocurred.

Sulphur and Oxygen Polsoning Comparative Measurements.

In this section the resulte of oxygen and sulphur poisoning experi-
ments on three cathodes are desecribeds The experimental tubes each
contained an oxygen and a subphur producing filament, mounted so that

(108)
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both "viewed" the cathede through ths snode slit but did not view

eash other. This was to prevent mterial from being evaporated from

one filament to the other.

Cathode BaSry.
FPige 10.25 shows the conductivity line and the points at which

oxygen and sulphur poisoning attacks were made. At high temperatures
£ige 10.26 recovery of both emission and condustivity oscurs in agree-
ment with previous results. Sulphur appears to poison the cathode to
a greater extent than oxygen and is not liberated so rapldly during
recoverye

In the low temperature regicn figse 10.27 and «28 an initial
deorease during poisoning occcurs so tint in the case of oxygen poison-
ing the characteristics become horizontal after a few minutes. The
sulphur poisoning characteristics however indicate a continued poison-
ing effect after the imitial deerease in condustivity during poisoning.
These results seemed to indlcate that most of the poisoning ocourred
during the time in which the emission was reduced to 10f as oxygen or
sulphur was admitted. Conductivity measurements could not be made
during the actual polisoning period (usually a minute or so),

Cathode BaSr8.
Oxygen and sulphur poisoning measuremenits were made on this

cathode as before but the teohnique was varied slightly. Instead of
admitting oxygen or sulplr slowly to the eathode, the emission was
reduced very rapidly to 10§ of ite initial value. This enabled the

initial portion of the poisoning characteristic to be observed, howbeit

(109)
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under slightly different conditlons of oxygen or sulphur pressure

than hitherto.
Fige 10.29 shows the conductivity line and Pigs. 10,30 - o33

the poisoning characteristics. It is interesting to note that the

extent of redustion in conduclivity is much greater than at sorres-
ponding temperatures for cathode Basr7e Again sulphur appears to haye
a greater effect upon the conductivity than does oxygen. The rapid
initial deorease in conductivity cbserved does not argue for a bulk
diffusion process but rather suggests that a surfage conduotivity

process is lmpaired by admission of oxygen or sulphur,

Cathode BaSr9.
Oxygen and sulphur poisoning experiments made on this ecathode

gave results which, in general, were in agreement with those obtained
previously. Polsoning at a fairly slow rate was employed; the emission
being reduced to 107 of its initlal value in approximstely ) mimte by
the controlled aduission of oxygen or sulphur to the cathode. Plg.
10434 shows the conductlvity line and the points at which polsoning
experiments were made. At 910°C (fig. 10.35) the conduwotivity was
excessively poisoned by both oxygen and sulphur and reoovery was very

slow. However the emission showed e rapid recovery characteristig,
At lower temperatures (figse 10436 = 10.39) the greater poisong effect
of sulphur is olearly evidente Again there are indications in aly
these ourves of a rapid initlal polsoning of the low temperature con-

duotivity, the inltial level of whish iz indieated on the eurves by the

borken (-.=.) 1line. This was obtained by extrapolating the loy temper-
(110)
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ature section of the condustivity line as explained above.

Discussion of Results of Oxygen-Sulphur Poisoning Experiments.

The results obtained from measuwrements on tubes BaSr? - BaSr9
are not sufficiently reprodusible to warrant further experiments of

this kind. FHowever some qualitative evidence is afforded by these

experiments and this is discussed belaw.
The general effect noted in nearly all the poisoning experiments

made in or near to the low temperature region of the conductivity 1ine
is the rapid decresse in conductivity at the onset of poisonings This
is most readily interpreted in terms of the redustion of a surface
conduotivity process over the erystallites by oxygen or sulphure Sush
an interpretation is in agreement with the results reported in Sestion
2 of this work which suggested that the movemsnt of barium lons over

the orystallite surfaces might be a contributory low temperature gon-

duostion process.
No obvious difference emsrges from these results between the oon-

dustivity characteristiecs for sulphw and oxygen polsoning, If a bulk

diffusion process does ocour and the condustivity is due to a depletion

of the number of donor cenitres by the polsoning species, this is not

indicated by the shape of the chracteristics. The difference in ion

sises: O 1.3 K 8,12 amounting to 29% of the oxygen fom sise
might be expected to show up in a slower rate of diffusion of sulphar
Yet all the evidence points to a more rapid initial diffusion of
sulphur if the oonductivity charscteristics are Interpreted on a

diffusion basis.
(111)



In all the polsoning experiments sulphur appears to poison the
cathode to a greater extent than cxyzens This is explsined by the
fast that more sulphur is present in the region of the csthode in
gulphur polsoning than oxygen in the case of oxygen poisoninge
Poisoning the emission to 107 by either sulphur or oxyzen involves
{noreasing the average work function of the cathode by a definite
amount, given by the equation:-

AP = uw Mz

where M is the average dipole moment of the adsorbed ions

3 is the surface density of the ions
The dipole moment of the ion will be proportional to its electren
attrsoting power. Pauling (67) lists the relative attracting powers
of oxygen and mulphur as 3.5 and Z5 respectively. On this hasls
more sulphur than oxyzen will be required to change @ by the same
amountes In the polsoning experiments this Implles that a larger
quantity of sulphur is evaporated from the filament than oxygen fronm
the oxygen filament. Supposing that the same fraction attacks the
surface of the cathode in each kind of poisoning then a larger number
of sulphur molecules than oxygon molecules should penotrate into the
oxide layer.

In conclusion, therefore, the results of oxygen and sulphur
poisoning experiments indlcate the complete reversibility of sulphur
and oxygen poisoning in the high temperature region. In addition the
poisoning charadteristics strongly suggest that a surfase conduction
mechanism is operating which is impaired on admitting oxygen er sulphur

(112)



to the cathode. MNo evidence las heen found to suggest that during
poisoning oxygen or sulphur diffuses into the erystallites of the

oxlde layere

(113)
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CHAPTER 11

Introdustion.

The experiments desoribed in the last Chapter suggest that the
poisoning of the low temperature conduction process is a suwrfance 8s
opposed to & bulk phencmenon. Tie measurements described in Section
JI of this thesis revealed that the conduction process at teuvperatures
below 600°K consisted of two mechanisms operating in parallel. Evidence
was provided which suggested that the movement of barlum ions over the
surfaces of the internal erystal grains of the oxide layer was ome of
these processes and was the predominant condustion process at the lower-
most temperatures. The movement of barium ions might well be impeded
by the presence of oxygen on the cathode surface, and so lead to a
diminution in conductivity.

In this chapter some oxygen poisoning experiments are desor!b;d
which enable the temperature dependence of the eathode sonductiivity to
be measured in the poisoned state.

Experiments on Cathode BaSrll.

Two oxygen poisoning experiments were performed on this cathode in
order to observe the general effect of polsoning on the econductamce
line. Flge 1llel curve 1 represents the state of the cathode before
poisoning. Oxygen was admitted Lo the sathode, maintained at 5000K
in the manner described in Chapter 10, until the emission was reduced
to 10 of its initial valus. When the econductivity had decreased to
a constant value, after a pericd of 15 minutes, the temperature was
rpdmd and conductivity vs. temperature measwuremsnts made down te

(114)



laboratory temperature. The cwve obtained is shown as cwrve 2,
fige 1lel.

The changes in the activation energies of the two sections of
the curves are given in table l. The slope of the upper portion of
the surve Q was corrected in the manmer desaeribed in Chapler 7.
However, the slopes Q and L were found to be very similar Iln each

case and 30 the corrected values are only approximate.

Table 1
Curve State Q corrected eV L eV
1 Unpoisoned  Oel4 0.097
2 Poisoned 0615(5) 0,107
with O,

This cathode was later sub jected Lo a bariun deposition experiment as
desoribed in Chapter 8 at the conclusion of which the cathodé exhibited
an enhanced conductivity shoan by curve 3 fige. 1l.l. Ancther oxygen
polsoning experiment wae performed at 500°K as desoribed aboves The
condustivity in the polsoned state is represented by curve 4. Trble
2 gives the valwa of the actlivation energiss obtained from the slopes

of the curves.

Table 2

_Curve State Q corrected eV L eV
3 Unpoisoned 0.12(5) 0.066

4 Poisoned 013 0.075

These two experiments do not lead to any significant results but do
show that both L and Q are inoreased as a result of poisoning.
(115)
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Unfortunately the slopes of t'r two sections of ench curve were very
similar and 80 no oconlusions msy be drawn from the magnitude of the

changes involved.

Pxperiments on Cathode BaSr8.

BaSr8 was chosen for these Iwiher experiments since it exhibited
the unusunl effects noted in Chapter 7 page 84 and shown in fig. 11,2
ocurve Be The conduwtivity curve al tenperatures below 600% Pailed
to show two linear sectioms. This was assumed to be due to the pre-
dominance of the extra-low temperature condustion mechanism at all
temperatures in this range.

Three oxygen poisoning experirents were perforumed with this
cathodes The emission was polsoned to a different extent in each case,
but the temyerature and the Initial values of the condustivity ard
emicsion were the same in each experiments On the basis of the theery
outlined on page 112 Chapter 10 this implied that different qumntities
of oxygen were admitted to the cathode in each experiment although
it cannot be maintuined that the amouni was exactly proportional teo
the change in emission. |

The three curves By B, and 35 obtained in these experiments are
shown in fig. 11.2 and table } gives the values of the activation

energles.

(116)



Table 5

f i
i Poisoned to Astivation Rnergles
Expte | % initiel I L Corrected Q
i Aotivated
B i - | 02 - eV
| )
:l B, 66 ! 0e15 0.26 eV
B, 30 i 0e18 0s27 eV
35 10 !| 019 0. 34 eV

In these experiments the chnges were more obvious than in tihe case
of the experiments with BaSrlle. loreover, due to the greater differ-
ence in the slopes of each section, greater reliability in the correc-
ted values of ( was ensured.

Two lmportant indications may be found in this table. Firstly,
the extra-low temperature conduction mechmnism is affected by small
quantities of oxygen, but additional quantities do not produwce corres-
pondingly larger inoreases in the value of L. Secondly, tle low
temperature process with temperature dependence Q, 1s nol affeclied by
small quantities of oxygene This is deduwsed from the fact that Q
undergoes only a slight change from 0«26 to 0.27 when the quantity of
oxygen added is approximately doubléde However, larger quantities of
oxygen produce a greater change in Q muggesting that this conduction
process is affected by oxygene

The change from the linear cwve B to the curves with two linear

sections By - B, on polsoning with oxygen lends suppm‘t tothe explae

nation given in Chapter 7 page 84 10 account for the linearity of
(117)



of the conductivity curve of BaSr8 after 170 hours operation: This
was to the effect that the eross sestion of the ionle condustion
process was 80 high in this cathode that at all temperatures below
600°x icnic sondwtion was predominante. The fact thit U does not
change appreciahly for small additions of oxygen suggests that the
value of Q given in the tables is the aogivation enargy of the low
temperature condustlon proesss in this cathode« This waould be in
agreemont with the values obtained after correstion for several other
cathodee as desoribed in Chapter 7.

Conslusionds.

The results of polsoning experimenis desoribed in this Chapter
support the suggestion that oxygzen poisoning is partly a surface
phenomenon at temperatures below 500°X. The value of the temperature
dependsnse of the extra low temparature process was found to inorease
appreciably on admitting even s all quantities of oxygen to the
oathode. This acocords with the suggestion that condustivity in this
temperature region is partly dus to the movement of barium ions over
the surfaces of the orystal grains, for the presence of oxygen on suwh
surfaces would impede the movemsrt of the barium ions.

However, the admission of larger quantities of oxygen to the
oathode affects the value of ) sugzesting that the second low temper-
ature conduotion process is impaired by oxygen, but not so readily as
the surface prooess.

It is interesting to speculate on the nature of the second con-
dustivity meohanism and so to see how this might then be affected by

(118)



oxygene If excess (N-type) semlconductlon in the predeminant process
oxygen could reduce the conductivity 1in two ways; either by entering
the srystal laktice and osoupying donor sites (on the ascumption that
these are oxygen ion vacancies) or Ly diffusing into the arecks
between orystals thus forming a harrier to erystal to-erystal condue-
tion. This latter process cculd still be the mechanism of exygen
polsoning even if the bulk conduction process in the orystal grains

were not N-type excess semiconduction.

(119)



CHAPTER 12

- e i s

NI SCUSSTON OF RASULIS

Tatroductione

in this Chapter the information svailable from conductivity
measurements and polsoning experiments desecribed in the preceeding
sections is collated. This leads Lo a clearer understanding of the
conductivity processes which ocour in oxide coated cathodes in the
temperature rangs 290 - 1000%. sSome suggestions for further oxperi-
mental work are also includede

The work of Loosjes and Vink (45) demonstrated that the condus-
tivity could be expressed as the sum of two exponential terms thus,

o= ovexp(H) + ot wp(GR)

implying that two conduction mechanisms operate in parallel. Ones of
these was the predominant process above sbout 700°K, ths other was
predominant below that temperatures A discussion of the results
obtalned in the lnvestigations reporfied in sections 2 and 3 of this
thesis can then be divided conveniently into two sections; behaviour
of the oxide sathode above ™ 700°K and behaviour below that temperature.

le Behaviowr of the oxide-cathode in the high temperature region.
The sondustivity measurements mnde on samples of barium oxide and

barium strontium (BaSr)0 cathodes give results very similar to those

desoribed by LoosJjes and Vink (fise 4e3) and several other authors.

At temperstures shove about 7009 Locejes and Vink found that the

slope of the conductivity line wes very aimilar to the work function

of the cathode determined from a R;ohard-on plot of emission measure-
(120)



memts. This led %o the conolusisn that sbove shout 700°K the pre-
dominant conduation mechanis®m was one 9f thermionic emission in the
pores of the oxide coating (por: conduction). =Rvidense for pore
conduction has heen afforded more recently by measwements of the
Hall effect (47) and thermoslectric effact (42) in oxide cathodes.
The sgreement between the astivation energy of the conduation process
and the work funotlon of ths catihocla, whioh was obtained by Loosjes
and Vink, was nct observed hy other suthors. This is alaso the cese
in the measurements veported in Clanters 5 and 6. However, little
importance 18 snittached to this disagreemsnt, for the measurement of
the work funotion, whieh is temperature dopendent, ean only be made
over a ranze cf temperature not coincident with that over which the
hirh temperature condustivity is measursds In the resulis reported
i{n these Chapters, therefore, no deductions are made from evideme
afforded by Richaordson pnlota.

The oxygen and sulphur pelsoning sxpariments desaribed in Sestion
3 provided additional support {6 the pore condustion theorys At higher
temparstures, in these experimenis, the conduvetivity is reduced to an
extent siriler to, or greater than, the redustion of the emission,
when oxyzen g2s or sulphn vapowr ls adwmitted to the cathode« In
eddition, during the period imsediately after poisoning, the ocondus-
tivity shows a recavery characteristic very similar to that of the
emission in agreement with the vesulis of Shepherd (64).

The sulphur poisoning expsriemhs are of additional interest in
that they show that a cathode, poisoned by small quantities of sulphur,

will recover completely at temperatures above about 800°K. This
(12Y)



guggents that small quantities of sulphr vepowr arising from impuri-
tics in the motal or lnsulatling materlels of ccmmercial valves, should
not prove deleterious to the oxide cat'ode under normal operating
conditionse.

Marther evidence for Lhe pore condustion theory is provided by
mensurenents of conductivity nt elevated tenmperatures. Above 1000%
the slope of the conduetiviir line relwrns to a lower velue. Ocoasion-
ally this phenomanan nay he ohserved at lover Lemeratures sage fige
(5.14) and Pig. (5.5) where L upper hond 1s evident. This is inter-
prated to be dus %o aatwration of the electron enmisslon in the pores
and probably explains the transitlions fron one slape to amother at
~ 10009 observad by Hannay et al (58).

Thus it is well established that sore couduction is the predom-
inanmt conduction mechanism in onxlde soated onthodes at temperatwres
above 700%% and the rasults reccrdad in this work are in gond agreement
with thils theory.

2. The Bahavioilr of the Oxide Cathicde at temperaturss below 700°K,

Mo detailed lmvestizaticn of 4 condustivity of the oxide layer
at tewperatures below 700%k has Leen reporteds LoosJas and Vink
suggested that in the low temperalure reglon the predominant ocondue-
tion process would be gondustion trrough the orystal grains 1linited by
barrier layers at ths erystal surfsces. Thia "bulk” sondustion, in
prineipal, aould he either by wovevent of lons or eleotrona and it
would be difficult to distingulsh between these two qarriors. But
other processes may contribute to the conduction mechanisz such us

(122)



fon movement over the surfacee of Lle c¢rystel grains or electron
movement in surface energy statecs.

From time to time (12)(49) evidence has heen afforded which
suggests that conductiecn ocouwrs in s Film of barium, though this has
never been widely nmccepteds It iz possible that this prosess could
operate inm parallel with another eonuuction process, eege electronie
conduction through the crystal grains or in surface erergy states,

An investigation of the low temperature condustion prcoess is
thus complicated by the possibility of so many contributory mechanisms
and a systematic imvestigation would prove to te very difficults The
measurements reported in Sections 2 and 3 of this work do not purpert
to be even an altempt at such an investigation but some additional
informstion has emerged from these experiments which assiste in an
understanding of the condustion process at low temperatures. This is
discussed below.

In Seotlon 2 oconductivity messwrements are deseribed which indi-
cate that at least two conduction processes are operating at 500°%,

a temperature at which the contribution from the high temperature pore
conduotion mechanism is very sligit. One of these processes appears

to be the predomimant condustion process at temperatwres below 400°K.
Experiments ehow that this prosess is adversely affected by the presence
of oxygen on the surfaces of the orystal grains bul 1s considerably
enhanced by the presence of bariuase The average value of the acti-

vation energy (L) of this exira low temperature condustion process is
found to be 0.12eV although it is observed to be muwh less then this

when barium is present in excessive quantit les.
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experiments to suggest this either. The shape of the polsoning
characteristics does not give an indication that oxygen or sulphar
diffuses into the oxide grains and reduses the conducstivity by
occupying vacant lattice (donor) sites.

The admission of oxygen or sulphwr to a eathode inoreases the
slope of both sections of the conduntivity ve temperature line,
implying that both condustivity processes are ilmpaired by oxygen.
This can be explained in terms of barriers between the orystallites.
A bulk condustion process will depend upon the nature of the contast
between adJjacent orystals in addition to the actual mechanism of
eleoctron transfer in the crystdl s Oxygen or sulphur in a poisoning
attack can diffuse into and become lodged in orystal-orystal contacts
and thus reduce the conductivity by trapping electrons. The recovery
of the cathode at elevated temperatures with negative ion emission
tends to support this view. It is not necessary, therefore, to intro-
duce a semiconductor theory to account for the results obtained in
poisoning a cathode at low temperatures.

The problem of interpreting the low value of Q still remains
tierefore. It cannot be concluded on the evidence presented in this
work that semiconduction does not occcur as a contributory condustion
process., However, the low value of Q argues for some other mechanism.
It is interesting to follow up the suggestion of Plumlee (65) that
OH:e centres are responsible for the semiconducting proporttcn of
oxide eathodes. Movement of donors then occurs by proton transfer
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An interpretation of this eonduction process in terms of the
novewent of barium iens on or nesr to the surfaces of tle grystal
grains is irn mgreement with the sxperirentzl evidence, 274 with a
valus of 0e16 % 0.0%3eV obtained by Dedington (£8) for the astivetion
energy of diffusion of barium on the zurface cof barium aridee.

There hes heen a tendercy in the lltersture (47)(47) to
futerpret the lower sectlon of t.i_ua-'iog conauctivity ve rec;iprocal
temperature curve in terns of Ynermo 1’ semlconduction. It i reason~
sble to suppose thal Lhe oxlide lv vi envcess H-type semiconduoter
since un excees cf barlum iu vecessary for normal operat!on 6f the
ocxide ep on electron emitier, zlttweozh ne correlstion hpe been found
betwecen excees barium content rnd ticraienic endsslon (16),  However,
the very omsll vulves of activation energy (Q) of the low temperature
conduction process obtained in Lle aorswenents decoribed in seotion 2,
do not puppert such an interprebatlan. It has Leen obscrved in Chapter
2 that if Q is found to he leos tisn Co256V the simple theery of N-
type excess semlconductors canaot Le wsed Lo sceount for the slope of

the conductivity line.

The values of ) oblained fron Lhe experiments described in Seotion
2 aftor correctlien for the axtra~low Lenperatue conducllion process
lie very close %o 0e2jeVe Thly valus was oblalned in all the oathodo.l
employed and may be regarded as a Lyrleel value Zor well activated
miyed oxide (BaSr)O coatingse It caunch be sonselided therefore that
the other low temperatwe conduction provess is N-type ¢xcess pemi-
condustion. Again there is no ovidence from low temperalure poisoning
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from one oxygen atom to another. The activation energy of suwsha
process would be very low e.g. in water the transition H,0 —> Hy0 4
requires 0.25eV. Could the low value of Q be explained by proton
transfer within the orystals? It would be difficult to show this
experimentally.

Further Work.

It would be of immediate advantage to extend these condustivity
measurements to further samples of barium oxide cathodes. The indi-
ocations from fige. 7.1 are that a similar extra~low temperature sonduc-
tion progess occurs in barium oxide. Comparison of the value of Q
(ocorrected) with values of Q obtained from work on single corystals of
Ba0 would then at least indicate the magnitude of the differences
involved.

Measurement of the conductivity of the oxide layer by a different
method would also be of value in confirming the effects cbserved by
the author using probe-tubes. One sush method, employing two 'button'
cathodes with the oxide layer between themwould also peramit the
measurement of the thermoeleciric effeet provided the temperature
difference between the two buttons could be maintained with suffiocient
precision,

A method which permits the mechanical pressure on the oxide layer
to be altered would also be uwseful in investigating the importance of
the area of contact between the crystallites. An apparatus which this
effect could be studied has been described by Hensley ( 71)e One
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wik

button coated, oxide was mounted so thmt its position relatiw to a
similarly coated button could be adjusted outside the vacuum tube by
means of tonbag bellows. FRxtensive rmeasurements in the low temper-
ature range were not made by Hensley since the apparatus was designed
to test the pore conduction theory with the cathodes first toushing
and then separated by a small gape

It is theught that the measurements made on the poisoning effect
of sulphur and oxygen are not sufficiently quantitative. Improvements
in this respect might be made by admitting known quantitlies of gas into
the vacuum tube from small sealed-off tubese The behaviowr of the
cathode at known pressures of oxygen or sulphur vapour could then be
studied particularly in the low temperature regions |

The barium deposition experiments and oxygen and sulphwr poisoning
experiments could be }nproved and rendered less ambiguous if a mass-
speotrometer technique were used to admit ions of known mass to the
cathode. Such a method gives fg; greater control over the exmrheMal
conditions than is obtained in the experiments desoribed in this work
and should lead to more precise conclusions. A mass spootrontir. with
these capabilities, is under the course of construstion in this

laboratory.
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APPENDIX 1

AN A.Ce TECHNLQUE FOR THE MEASURING OF PROBE

CURRENT-VOLTAGE CHARACTERISTICS

Introduction.

The curvature of the probe I-V characteristics of partially
activated cathodes was reported in Chapter 5, but this effect was
not investigated any further at tint stage. In the following para=-
graphs a technique is desoribed which enables the curvature to be
studled in greater detail.

Fige 5.1 and fig. 5.5 show that the curvature is most pronounced
in the positive region. It is difficult to interpret suwsh curvature
without further information, particularly in view of the assymmetrical
field which exists between the helical probe wire and the cylinmirical
nickel core. The application of larger probe potenmtials might assist
in showing whether curvature also occurs in the negative region.
However, during the times newessary for D.C. measurement= to be made,
with larger probe potentials, the probe or the oxide layer could
become overheated and give rise to extraneous effects. This difficulty
may be overcome by the use of an alternating probe potential which is
applied only for a short time. During this time the I-V characteristic
is displayed on a C.R.8. and photographeds Tomlinson (41) has
pointed out that this method has the added advantage that a "sero=-

time" oharacteristic is thus obtained.
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Experimental

The experimental arrangements was designed around an Emitron
4 EP1 oathode ray tube. This tube has a flat screen and a phosphor
suitable for photographing.

Two similar amplifiers were desigmed to prove push-pull deflection
at each pair of deflector plates. In addition a preamplifier was used
to anplify the current waveform hefore it was applied to the Y amplifier.
Fige Al shows the circuits in detalls In order to iq:;rovo the signal-
to-noise ratio in the first stage of the pre-amplifier both the EF9)
heater and anode potentials were derived from batteries. The rest of
the equipment operated with conventional atnb;ilised power supplies.

The source of an altermting voltage used in these measurements
was an Alrmec Signal Cenerator type 702, This provided a signal of
ad justable amplitude between O and 20 volts peak to peak, and of
ad Jjustanle frequency from 30 to 30,000 eps. The output from this umit
was monitored by a Solartron OD 568 ‘oscilloscope and all voltage and
current measurements were referred to the internal meter in this instru-
ment. This was claimed by the manufacturers to have an acouracy of
better than 5% which was adequate for the work undertaken.

The control unit contained a switch 8, which selected the size
of the resistance R in series with the cathode under test. The
potential developed across R wss proportioml. to the cathode resistance
and this was fed to the preamplifier and thence to the Y amplifier and
CeRaTe At the same time the nese 8lignal was applied to the input of
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the X amplifier. In this way a voltage current characteristic was
displayed on the screen of ths CeReTe The value of R was selected

in conjunction with the a.c. voltage and the settings of the amplifier
attenuatcrs, so as to give a trace about 2" in lengthe The switch 82
in the control unit provided a means whereby the X and Y axes and the
charasteristics could be displayed separately. The axes were used for
calibration purposes; a fraction of the a.c. voltage (Tc%&"‘) being fed
into the Y amplifier through the preamplifier and the total voltage
being fed to the X amplifier. This made it unecessary to calibrate the
attenuators and amplifiers since tle calibration axes could be included
in esch photograph taken. Only the value of R had to be known acowrately
and so each resistor was measured against a standard, using a Muirhead
potentiometer.

A Cossor oscilloscope camera type 1428 was used to photograph the
trace on I1ford 5B52 Recording Filme An exposure time of sbout &
second was found to be adequate with 2000 volts on the P.D.A. electrode
of the cathode ray tube.

Preliminary Experiments.

In order to ensure that non linearity was not introduced by the
amplifiers and their associated circultry a preliminary experiment was
performed using a 15K 0 resistance to simulate the probe-base resis-
tance of an oxide coated csthodes Pige APl shows the results obtained
with different values of R, the owrent sampling resistamse. The
characteristics are linear showing that non-linearity is not intre-
duced by the amplifiers, eoto.
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Probe-Base 1-V Characteristics.

The 15K 5L resistance was replaced by the probe-base resistance
of cathode BaSr8. It was necessary tc employ DeCe on the heater of
this cathode in order to prevent a.ce pick-up and consequent broaden-
ing of the trace on the C.R.Te 4 few of the I-V olv;moteristioa are
given in fig. AP2, The m.c. voltage applied and the current sampling
resistance together with the temperature are given with each charae-
teristic.

The non-linearity of probe I-V characteristics for large applied
voltages is clearly illustrated by these preliminary measurements. At
a9o°x even with only 1.0 volt applied ourvature is evident. With 10
volte the curvature is most pronounced but 'phase’ loops make obsecure
the true charscteristic.

At 740°K just within the high temperature region the curvature
with an unput of 1.0 volts is not very pronounced. Ifo“nr. with 10
volts applied an I-V characteristic very similar to that reported by
Toml.imon (41) is obtaimsde This shows linearity at extreme positive
and nezative potentials but exhibits a higher slope sestion near te
the origine Tomlinson explained this behaviour in terms of satura-
tion of the jjore conduction meohanism at higher applied potentials and
suggested a new conduction model for the tube which is desoribed in
Chapter 2.

At lower temperatures 610°K and 485°K the I-V oharacteristics
with 10 volts input are not limear but exhibit slight curvature to-
wards the ourrent axis in the positive region. This effeot has been

noted by King (69) who employed a slightly different method. MHe was
(131)
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not sble to explaln this but suggested that it might arise due to
transitional resistamces between Lhe crystal grains or increased
electron mobllity at high field strengths.

Further Measurements.
A series of measurements were made on cathode BaSr6 throughout

the low temperature range in order to construst a log'/R vSe Al curve
which might then be compared with the curves obtained by dec. measure-
mentse Some of the charaoteristics are shown in fig. AP3, Pig AP4
shows the conductivity line constructed from these measwurements. The
agreement with the d.o. measurements (£ige 7.4)is very good although
the preeision is limited by the broadening of ths displayed charac-
teristic at lower temperatures. However, the extra-low temperature
seotion with slope of 0.13eV is ohtained in agreement with the value
of 0.12 eV obtained from the dece measurements.

The limit of sensitivity of this method at an input potential ef
10 volts lies very close to that of the dece method with an input of
0.1 volts. Without very careful screening of the tube under test and
all its assoclated circuitry it would not be possible to improve upon
this figure.

Measwrement 8 on BaSrlQO.

Some measurements were attempted on this cathode before it was
fully sctivated. These are given in fig. AP5. An input of 20 volts
was used since this was found to show up the curvatures In the high
temperature region the charsoteristios are ourved mear the origin but
exhBbit linearity at higher positive and negative potentials, again
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in agreement with Tomlinson. However, these characteristics are those
of a partielly activated cathodee !Under d.c. conditions considerable
curvature of the characteristics wos chtained in agreement with
results on nearly all the probe tube messurements desoribed in Seotion
2 of this worke. These results tend to confirm the suggestion made in
Chapter 5 that temperature saturation of the pore sonduction mechanism
occurs at lower potentials when the aothode 18 partially mctivated.
Cathode RaSrl0 was evertually fully rctivated and the I-V charactere
istioce obtained in this state are shown in fig,. Afﬁ. The survature

at higher temperature is less than in the umotlvatled states At the
lowermost temperatures 20 volts input was employed. This revmled a
curvature of the characteristics towards the I-axis as obtalned in

the measurements on BaSr8.

£ ecnductivity curve (fige. AP7) was constructed from these measure-
mentss This exhibited a bend at ~ 400°K in agreemert with previous
uusﬁronnta.

Discussion.

The a«ce technique appears to be a useful method of measuring
probe I-V characteristios although it has a limited sensitivity at
lower temperatures (high cathode resistance) due to extraneous pioke
up affecting the displayed characteristlc.

Very little may be deduced from the shape of the I-V charaster-

istics. However, the n-ulta reported by Tomlinson and King have been

reproduced in these measurementse
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A completdy satisfactory explanation of the curvature of the
I-V characteristiecs when the ocathode is poorly activated has not
emerged from these mpasurements. This problem would be investigated
more readily if a symmetrical field scross the oxide layer ocould be
obtained e.g. by employing two button cathodes. This a.c. technique
would then prove to be of great value in obtaining "gzero time"
characteristios and the shape of the curves would be more amenable
to theoretical treatment since the geometry of the electrodes would
be well defined. This is not the case with probe tubes so that the

measuremsnts at the best can only have a qualitative value.
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