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SYNOUPSLS

rhotoconductivity and photoelectric emission in
calcium oxide coated probe diodes have been investigated
in the near infra-red, visible uand near ultra-violet
regions of the spectrum (i.e. for incident photon energies
of from 1.4 to 5.2 eV). 'the experimentul evidence suggests
that the apparent photoconductivity current in the porous
cathode material is, in fact, a photoemissive effect
through the pores rather than & true volume or surface
photoconductive effect. The process is somewhat similar
to that observed in the high-temperature region of dark
conductivity determinations with cathodes coated with the
alkaline earth oxides. '‘his hypothesis has been confirmed
by experiments involving the comparison of the recovery of
photoemission and photoconductivity after oxygen poisoning,
and the comparison of the magnetoresistive effeot tbr dark
conductivity in the high-temperature region with that for
photoconductivity at room temperature.

The spectral sensitivity of photoelectric emission
and photoconductivity in calcium oxide cathodes shows a
general increase with increasing photon energy. A'r§pid
rise to about 2.2 eV is followed by & more gradual rise

to about 3.0 eV, with an indication of & slightly steeper



rise beyond 5.0 eV. In many cases some structure is
detected in the curve at about 2.6 eV. There is no |
correlation between the structure observed and thermal
activation energies obtained from studies of thermionic
emission and dark conductivity, but an arbitrary photo-
electric threshold (whioch has no relation to the opticsal
sctivation energy of the semiconducting cathode coating)
can be defined by considering a minimum measurable photo-
current, and this shows & rough correlation with the
Richardson thermionic work function of the cathode.

Preliminary results on optical absorption, photoelectric
emigsion and photoconductivity in thin films of calcium
oxide evaporated on to glass in vacuo are also reported.
The specotral sensitivity of optiocal absorption shows
structure which may be correlated tentatively with that
observed in photoeleotrié measurements of calcium oxide as
a cathode material. There is some evidence to suggest
that intense illumination of the film causes a modification
of its electrical properties, possibly due to changes in
the surface equilibrium. Photoelectric emission from
materials evaporated on to the anode of the experimental
diodes has also been studied.

Measurements of thermionic emission and dark conduot-

ivity in calocium oxide cathodes suggest the presence of an



impurity level about 1.4 eV below the bottom of the
conduction band and give a value of 0.8 eV for the
external work funotion. <these values are in reasonable
agreement with u recent determination in which the values
of 1.6 and 0.8 eV were quoted. Prelininary measurements

of the thermoelectric power of caloium oxide are reported.



CONTENTS

Part 1 page
Introduction 1
Chapter 1 the oxide-coated cathode: preparation
and general properties 4
1.1 Historical introduction 4
1.2 Preparation of the oxide cathode 6
1.3 Activation processes 9
1.4 Composition of the activated coating 11
1.5 Functional structure of a diode 13
1.6 Life of a cathode 15
Chapter £ the thermionic and electrical properties
of the oxide-coated cathode 17
2.1 Farly theories of emiseion 17
2.2 Semiconduotors; propertvies of an N-type
impurity semiconductor 19
2.3 Thermionic emission from an oxide~
coated cathode 24
2.4 Blectrical conduotivity of the cathode
coating b1
2.5 Deduotion of the energy level scheme
from emission and conductivity measure-
mentis 47



Chapter 2 (cont.)

2.6 thermal activation energies for calcium
oxide coated cathodes 49
Part 11

Chaptex 3 The effects of light on semiconductors 54

4.1 Introduction b4
J.8 Optical absorption B?
3.3 Internal photoeffeots 80
1. Photoconduoctivity 80
£, Photovoltaic effeot 65
3. Dember or photo-diffusion effect 66
4. Photoelectro-magnetic effect 67
3.4 EFxternal photoelectric emission 87
3.8 Luminescence ' 72
3.6 Exo-electron emission 73

Chapter 4 Previous work on photoeffects in the

alkaline earth oxides 5
4.1 Introduction 75
4.2 Photoelectric emission 76
4.3 Optical absorption and photoconductivity 88
4.4 Luminegocence 88
4.5 Optical energy level scheme for barium .

oxide ' 88



Chapter 4 (cont.)

4.6

4.7

rart 1il

Correlation of opuvical and thermal
information for barium oxide

Photoeffeocte in calcium oxide

Chapter o General experimental technigues
b.1 introductvion
5.8 The vacuum system
5.9 Prepuration of the experimental tubes
1. Congtruction of a probe diode tube
2. Cathode processing
b.% “easurement of cathode temperature
b.5 Fmission and conductivity measurements
5.6 Light sources and photoeleotric
measurements
Chapter 6 ‘thermionic emission and electrical
conductivity in calcium oxide
6.1 Introduction
6.2 Fxperimental methods
6.8 Results

1. Typical thermionic emission results:

Cal PC 5% and Cav PC 101
2., Typical eleotrical conduotivity
resulvs: Cal PC 6%

vl

v'7
v7
97
vy
10V
102
104

106

107

111
111
111
114

115

117



Chapter 6 (cont.)

8.3 3., Summary of work funciions and
aotivation energies from probe
diodes 11y
4. Contact povential difference
nmeagurements; anode work functions 121
£, ‘Yemperature coefficient of the
cathode work funotion 128
6. External work function 1256
6.4 ithermoeleotric power and electrical
conductivity 127
8.5 Discussion of results 131
Chapter 7 Photoelectric emigssion and photoconduct-
ivity in calcium oxide: preliminarxy-
results and discussion 134
7.1 Introduction 134
7.2 External photoelectyric emission 1356

1. Current - voltage characteristics 1386
2. Spectral gensitivity of photo-

emission 1386
3. Complete photoeleotric emisgsion 138

4. ‘“femperature variation of external

photoelectric emission 140

6. Energy distribution of photoelectrons 141



Chapter 7 (cont.)

7.3

Photoconductivity

1. Current - voltage characteristics

2. Spectral sensitivity of photo-
conductivity

J. Photoconductivity - intensity
ralaetionship

4. Temperature variation of photo-

conduotivity
7.4 Apparent photovoluwaic effect
7.5 Cathode coloration
7.6 Sunmary of results; preliminary
discussion
Chapter 8 liypothesis of pore photoconductivity
8.1 “he problem and hypothesis
8.2 Experimental investigation of the
hypothesis
1. HKecovery of external photoeleotrio
emission and photoconductivity after
oxygen poisoning
2. Nagnetoresistive effeots in dark
and illuminated conductivity
8.3 Discussion of r.pnltl
8.4 Pore photoconductivity in barium oxide

cathodes

148

148

149

1580

1682

1558

154

187

161

161

1656

185

168
1786

179

R kel



Chapter 9

anode surface effects; optical

#.1
v.2

9.9

Chapter 10U

absorption and photoconductivity in

evaporated films of calcium oxide

Introdugtion

Photoelectric enission {rom the anode

Photoeffects in thin evapoerated filme

0f calcium oxide on glass

5.

6.

Experimental tubes

Measurenents

Dark conductivity; variation of
conductivity with temperature
Photoconductivity

Photoelectric emission

Optical absorption

Discussion of results

Discugsion of results; suggestions for

0.1
10.2

1045

10.4

further work

Scope of the present worxrk

Thermal activation energies

Optical activation energies

1.
2.

uxperimental results

Theoretical predioctions and compar-

ison with experimental results

Suggestions for further work

181
181

181

186
1856

187

190

1956

197

200

210

210

2138

213

220
224

A N R T



~ppendix 1 'the effect of ultra-violet illumination
on the dark conductivity of barium oxide
cathodes 231
Al.l Introduction 231
Al.2 apparent modificavion of low-tvemperature
conducvivity by ultra-violet
illumination 231
Al.d Possibility of enhanced dark
conductivivy in calcium oxide 237
Appendix £ Lxperimental tubes 238
appendix $ Lxperimental exrors 240
Ad.1 Introduction 240
A8.2 vhermionic emission and electrical
conductivity measurements 240
A3.3 Photoelectric experiments 244
List of Symbols - 247
List of Figures ' 251
Bibliography . ’ 260
1, UGeneral Leferences : 260
€. Detailed References R61

Acknowledgments ooy



Introduction

Tho cotlivities of v rosewvrch group working in this
lsborstory under the general direction of 'rofessor
lesve VieK have been directed towards en understending of
the besic physics of the oxlde-costed cethode. Aimong the
probloms of genersl intereat is the rosuon why o miature of
the oxidos of beriuwsm, strontium and calcium should heve @
much grestor electron evmission than sny of the oxlides
singly - @ fect which was dlscovered eorly in the commercisl
development of radio valves. /n extension of this provlenm
is the inveutigution or the role plsyed by colceium oxido;
which itself hes & very u=mull electron emisslon. 7The
investigetions by the group heve teken the form of deter-
minstions of the thermionic emisslon snd electricel
conductivity of the single and mixed oxides, end the
formulotion of eneryy level schemes for each oxide in
scoordsence with ¢ semiconductor modol (835, a7, ug).

studies of the varlstion of photoconductivity end
pnotoblootrlo omisalon with photon onergy safford & means for
the dotorminstion of the opticel sotivation onorgioo'tbr o
gemiconductor. The present work was undortaken in en sttempt
to discovar tho opticel energy level schome for celcium

oxide, whose thormal energy scheme has only recently been



determined in this lebvorstory (uwd), end to compore the
opticel und thermal sctivetion energles. Technlquea for
these doterminstions nave previously beon developed by the
present suthor, using borium oxide a9 the substonce under
investigsetion (11¢), snd these mothod: are improved upon
in the course of the work. The literature on the photo-
effocts in Ba0 end (Babir)o cathodes shows certein difficultios
in interpretutlion if conventional solid-stete methods ere
spplied, snd those difficulties ere slso eppurent in the
prosent work on Ce0. Jo on sttempt to clorify the situstion,
¢ study of the physicel processes involved in the pasasge of
photoeiectrons through the oxide cathode matrix has been
undertsken, ond 88 s result of this work s hypothesis of
the photoeclectric processos is put forward which finde an
enology in the theory of electrical conductivity through the
metrix in the dark. Photoelectric emission from the snodos
of the oxperimentel tubes hss slao been lnvestiguted: in
moat ceses thoe thin eveporsted film of Cel 1s much more
photosensitive then the cathode. To extend the work on
eveporated films, photoconductivity end opticel asbsorption
ere also studied.

studies of the oxide csthode which give bhesic informetion
about ita procosses of oporatlbn ere of particulor interest

ot the prosont time. The direct conversion of heat into
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electricity utilising thermionic emlisslon, long recognisod
as being possible in theory (160), hes recently been
demonstrated in prectice LY s number of worsers (76, 146,
190). One type of trsnsducer utilises the oxide cathode aa
& source of electrons, snd tekes sdventege of material
evaporseted [(rom the csthode during operation to keep the
sncde work function low, & necesssry condition of efficlency.
The present work, and in perticulsr those sections which desl
with the properties of thin eveporsted films, hes sn obvious
epplicstion to this new technologicel developuent.

The riret part of this thesis gives ¢ general survey
of the preperstion snd properties of the oxide-costed cathode
and of theories of its operation. The second pert deals
with the ectlion of}light on semiconductors, end reviowsg the
litersture on photoeffects in the slkaline earth oxides,
The third pert describes the experimentel work attempted
snd discusses the results obtelned in the present investig-

etion.
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PanT I

Chapter 1 'he oxdlde-covted csthode: preperation end

peneresl propertics

1.1. Historicel introduction

In 190J vehnelt, who waa investigeting the potentisl
distrivbution in & ges discherge, observed that csthode rays
wore emitted strongly from certein aress of the plotinum
wire he wes using ss ¢ cuthode et much lower temporatures
than were to Le expected f{rom u knowledge of the thermionic
properties of pure pletinum. lie treced these aress of high
emission to lumpurities on the wire, end it seowed thet the
impurities might originete in metaslilic oxides from the grease
used on the stopcocks of his eystem. in investigetion of
the thermionic propertiﬁs of & large nuhber of oxides
followed. Although the values obtalned by vehnolt (188) end
his clleborstor Jentzsch (99) would mno longer Lo sccepted
quentitatively, on sccount of the very poor vacuum
oondlilons sttaineble st that time, thelr conclusion thet
the slkeline earth oxidoé provido o GOpkoun source of
thermionic electrons is not 1& disputo, Thus @ chence
discovery led to a development of oxtrina tdohnio.l and
commoercial importance: for the last rorty yonrs th» oxtdo-

coated casthode has beon usod in vecuum tuho- of all typon,
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end it 1s perheps true to say thet few recent sclentific
diascoveries have hed such @ direct impect on the genoral
public.

In spite of the Introduction of soild-stste devicoes
such as trensiators, it 1s expected that tubes employing
oxide-costed cethodes will continue to be used for many
yesrs in epplicstions where long life end stablility during
operation eve of lmportence. Cethodes showing these
properties Lo & remerkeble degree heve been developed by
the G.r.0. Hesearch station end ere uded in submerine
repeator stations in preferonce to trensistors. Another
technical applicstion of greet luportunce is the possibility
of the direoct converslon of heat to electiricity using
thermionic emission from sn oxide-costed cathode.

70 keop pace with the commerciel interest in vaecuunm
tubes using the oxlde cethode many investigetions of the
physics of the operstion of the cethode haeve been made, but
the mechanism i8 still not complintely undorstood.
Unfortunstely meny of the esrlier investigstions were
caerried out under inedequate vecuum conditions end without
s knowledge of the meny verisbles to be controlled, snd
the results were often misleading. Until the introductlion
ol the bend theory of solids no unified interpretation of
results could be mede.
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1.0 Preperation of the oxide cathode

jeslicalily the oxide-couted cethode consists of a
metal substrate wnich supports & thin (vb0 u) leyer of
one of the sikeline cvarth oxides, or of & mixture of tho
oxides. The opersting temperature of commercial cathodes
is sbout 1100 ©9K: the substrate cen be hested directly Ly
passing o current through it, or indirectly by an electrical
hester insulated from it. Directly hested tungaten or
pldetinum ceihodes heve largeldy been superseded by indireotly
heated nickel bases. Jiure nickel is soft, and an esrly
commerclial development was to use harder nickel slloys.

It was found that the eddition of certein reducing impurit-
ies to the nickel sssieted in the sotivation of the cathode
a8 well us in hardening the nickeld. The pro~treastment of
the metel cuthode baso, ¢.g. clesning by hydrogen furnscing,
has aiso been found to have importent offects on csthode
behsviour .

At the same temperature the oxides of barlﬁm, atrontium
and celciwnm show electron emission currents approximetely
in the ratio 100 : 10 : 1. It 48 elso found that greater
glectron emiosaion ot the seme temporature is obtained when
s mixed oxide is used instead of the single oxide. The
mixed oxide of barium and strontium will be designeted by
the formule (Besr)o: this represents not a mechenicsl
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mixture of the oxides, but ¢ mixed crystel in which both
Bpat’ end rt* fons are present in the sume crystal lattice.
A trace of culclum oxide incresses the omission further

end one commercisl cathode mixture hos & composition

HeO : 5rQ : Ce0 of 49 ; 44 : 7, vhy csloium dxiﬂe, with
its low olectron emission, should heve this enhencing
effact is still not inown, slthough it hes been suggested
that its inclusion affects the orystal size of the mixed
oxide, ¢ fsct which was domonstrgted by the X-ray diffrsct-
ion studies of Kewamure (101) end Ysmeka (198).

The elkaline osrth oxides are unstable in eir, forming
the hydroxides snd cerbvonates by the sction of etmospheric
water vapowr snd carbon dloxide. An oxide csthode must
thus be prepured in vacuo from more stable slkeline esrth
compounds. Although & number of compounds are sulitable,
the resction used slmost excluslively is the pyrolysis of
the cerbonste:

BeCOy = B8O + COyp
The carbon dioxide producoed must be pumped sway, but ise
unlikely to resct detrimentelly with the meterials used
in the construction of the wvelve, If & mixed oxide cathode
is reguired, mixed carbonate crystsls of the desired
proportions ere epplied to the cathode base: on breskdown
by hest, & mixed oxide of the ssme relstive concentrations



is obtaelined.

Yhe carbonete is ususlly sppiied to the cathode in
suspension in @ suiteble orgenic liquid, such es & mixture
of amyl ucetete snd wethyl elcohold. Hitrocediulose ls
trequently added to the suspension s o binder to promote
sdhoslion between the costing snd the base. .everal mathods
of application of the carbonste suspension to the bsse cun
be eumplioyed: the selection of eny purticulsr method depends
upon the type of cathode. pirectly heasted metsl ribbons or
wires cen be costed by dipping or dragging through the
suspension; indlirectly heasted cethodos ere most frequently
aprayed with the suspension. It i8 importent to note thst
theso methods, end in particular the wpreying method, where
the distance of tho spray gun from the csthode and the
proportion of alr in tho apray must be cerefully controlled,
lesd to cathodes of considorsble porosity whose density may
be ps little es Z0 ¢ of that of the bulk carbongte. This
porosity is often increased during the breskdown of the
carbonate by the evolutlion of ges in the coeting, end hes
¢ nmost famportent effect on the electricsl propertiecs of
the cethode. Umooth, less porous cathodes can be prepered
by the process of cataphoresis.

The carbonste-costed cuthode base snd the other

elevtrodes reguired by the design of the tube ere enclosed
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in ¢ gless envelope and sttuched to ¢ pumping system. The
carbonste is Lrokem down by raeislng the tLemporature of the
csthode to sbout 1100 Y., the carbon dioxlde and carbon
monoxide ftorwed by the resction of carbon dioxide with the
carbon of the binder being puaped eway os rapldly ss possible.
The possibllity of the adsorption of gus on to gless or
metal surfeces in the tube snd 1ts subsequent desorption
when the tube is seelied off demunds rigorous outgpssing
treatment, including beking of the gless end r.f. heating
of metel purts. The tube moy beoe sealed off after breakdown
and outgessing. Active barium is oveporated on to the

glows envelope from gettors Lo take up residusl ges.

1.0, ACtivation processes

A cathode prepsred in this wey, and subjected to no
further treatment then thermsl breakdown et 1100 Y, hes
en oxtremely low thermionic emission. Tho level of emission
cgn be incroessed by the applicetion of s treetment known es
sctivation, of which tho cssontisl effect is the formstion

of p atoichiometric eoxcess of barium in the corystel lattice.

sctivation methods in common wuse include:

1. Thermal sctivatlion

At o suffliciently high tempersture (~1300 °K) tho

raoducing lmpurities in thb nickel csthode base resct with
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the olialine eerth oxide to form the moetel. 7Thermal
ectivation muy, however, tske pluce to ¢ cortaeln extont
oven with lnert cethode bsses such &8 pleatinum, snd @
study of the mechanism of the theruwsl azctivetion proceas
hes boon initiated in this lsborstory. Jossaible roducing
gotions hsve been studied by Huber (Ui), Herrmann (uo2)
and Heinzo snd vagener (77).

2. sCtivation by drawing current

I ¢ potentiel is sepplied to the snode of a tube
conteining en unsctiveted oxide cethode, it is found that
the emisslion current, initially very smull, incresses over
¢ poriod of time, often by e factor s great es 10° or 1094,
it 1s supposed thst barium is produced by electrolysis of
the cesthode matrix by the iomlic component of the emisasion

curreont.

5. sctivetion by reduction with oxternel egents

» mothod more often owmployed in resesrch then in
commercisl menufacture is to hest the cathode in an stmos-
phere of @& reducing gaes, o.g. methene at & pressure of
100 wm Hg (7b, 190).

4. Activaetion by barium evaporation

The excess of berium required to sctivaste the csthode
way be evaporated on to the unsctivated cathode from

snother electrode (101, 134, 196). The efficacy of this
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method depends on the tempersture of tnhe cathode during
eveporation. At low cethode temperstures the bariuwm may
subsequantly re-evaporste from the cathode without any
activating effect veing sccomplished, but ot high cethode
tomperstures the berium diffuses into the pores of the

matrix (101).

A8 with so many other aspocts of the oxide-coptad
cathode, there 1s much more diffiounlty in explaining the
activation process then in cerrying it out.  Hittner (1562)
flves & comprehensive review of possible sctivetion resctions,
but Motson (120) suggests that neither the theories of
chomical reduction nor of eleoctrolysis sro sufficient to
axplsin the very consldersble increase in omission

produced by sctivetlion.

1.4. Composition of the sctivated coating

[ndirect evidence for thb preosence of excess berium
in the cathode costing ia presented by experiments which
show that, during operation, berium is evaporated rroh the
cathode. Hecker (Z0) observed the emission from o tungsten
ribbon pluced adjscent to o (Basr)o cethode during the
oporation of the cathode at @& high toiporatnfe, and round
temporal chengos in the thermionic emission from the off

tungaton very similer to those obnoriodvin the sctivation

A e A



of & .~-Re csthode. gehrts (67) found the linos of thae
berium cpectrum in o spectroscoplc examination of a green
glow appeuring between the cethode and anode of an
axperimentul tube.

iore direct evidence nes been glven by chemlcal
snplysals of the cethode coating. . considerable spread
of compositions hss been roported, but the bost of the
more recent determinestions, by doore, .ootem and lorrison
(124), gsve & velue of sbout 1 stom of excess Ba in 106
molecules of (Beir)o. The presence of a stoilchiometric
excess of borium is undoubtedly sssential for the sctive
atate of tho cethode, but it 1s surprising thet there does
not appoar to be & direct reletion Letwoen the guantity of
axcess berium snd the thermionic emission from the cathode.

The position of this excess barium wes a subject of
mach controversy in early studlias of the oxide cathode
(sec. Z2.1)s The modern theory of the nature of the solid
state suggests thet st lesst s proportion of the oxcoess
is built into the oxlide crystsl luttice. . study of the
lattice constents of the BaO lettlce suggests that the
introduction of excess barium in interatitisl positions
would cause & grestly strgined lsttice, snd it seoms very
probable thet the stoichiometric excess of barium is, in
fact, caused by oxygen vecencios, which would hsve all the
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alectricsl properties wscribed to interstitisl berium
without struining the lsttice.

The evolution of oxygen during activetion has been
confirmed by chomical mosns (96), by spectroscople
examingtion of sn electricsl discharge in the ges pumped
ewgy during the sctivetion process (4b) and by mess spectro-
weter experiwents (1s, 19, 47, 72, 169, 167, 184). Recker's
sarly work (x2) elso suggested the presence of oxygen, as
the emiseion from the subsldlory tungston ceShode wes

poisoned during the sctivation process of tho mein cathode.

1.5 Fuanctionsl structure of & diode

It 18 importent to realise that the properties of the
cathode costing itsell are seldom sepeérable from the
influence of the state of other regions of the tuﬁo in
which the cathode is mwounted. Ain ideslised diode is shown
in Pig. 1.1: the seven reglons shown there &re inter-
dependent, und the emission current obtained st eny temp-
erature end st eny spplied enode voltege 1s & function of
all those regions, rether than of the csthode costing alone.

A ragion of much lmportance during the sctivetion
process is the interface between tho cathode bese and the
porous c¢athode metrix. It is found that the emission from

an sctiveted cathode depends to & certein extent on the base
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mets L employed. It hes been suggested that this may bve
due to the formstion of interfsce compounds in competition
with the primery process of activetion by the reduction of
beriwm oxide to barium. These compounds not only reduce
the efficiency of sactivation, but may also have un electricel
resistence higher then thet of the matrix itself, end thus
heve & marked efrect on the electricel properties of the
combination of cathode base snd metrix. The formetion of
baorium orthosilicate, Bepiil,, ®8 en interface during the
uctivation of & cathode on ¢ basoe wetsl containing 6 5 51
nas been demonstrated by the X-ray diffrection studies of
Aooksby (163) snd Lisenstein (06), and the electricel
propertics of the interface have been studied by rinemen
end Elsonstein (63), bisenstein (b4) snd Mutter (131).
The combination of the caethode bewe, interface layer and
cathode motrix may act 88 s rectifier. jAccording to the
Mott blocking-layer theory (1£8), the flow of electrons
from the bsse to the coating will be impeded, an effect
often observed in prectice.

interfasce layers of this nature should not be formed
with cethodes based on chemically inert metuls, slthough
schottky (163) has shown on the basis of semiconductor
theory thet s rectifying effect would be expected between

s metal snd & semiconductor Lf the semiconductor contains
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loss than 1017 dofects or ifmpurity stoms per om® .

Metson (121) suggests thet during the proceus of
ectivation of sn oxlde cuthode supported on en inert bLsse
en interfece consisting of & thin film emitter of the
alzuline eurth oxide is formed. 4 considerstion of thie
hypothesis is best left to the general discussion of theories
of emission in Chapter Z.

1.6. Life of 8 cethode

4 considoerstion of the factors affecting the iife of
8 cethode illustrgtes the ilmportance of the concept of the
treatment of the diode #8 & whole. Metson (1Z1) haews
enalysed some of the cpuses of cothode feilure end suggoats
thet they include the effect of the pressure integral of
the reasidusl gas, tho growth of the interfesce leyer snd the
evaporation of berium from the coating. It would eppesr
thet the integral of the presaure of the residusl ges over
all stages of the processing of the tube is & life-limiting
fector rather then tLhe gbsolute velue of the ringl, steble
pressure iln the gettered tube, which msy be es low gs
10~7 ma ng. Although the ealksline eerth oxides evaporate
only slowly from & cathode &t normel opersting temperstures
(for Ba0 the rate of evaporation is sbout Z.6 x 10~19

g'om"2 sac=l st 1000 9K, end for $ro ond Ca0 the rate 1e
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much less) the free metal ie lost at ¢ much grestor rate.
The products of evaporstion of Be0d from & number of
metallic beses hsve been studied by Aldrich (1Z) oend by
sooten, Kuehle and loore (19Z), who found that for commerciasl
cathodes the eveporant conteined less than 2 7 of the
sligline carth oxides, the balance being the free metals.
These figures were found to be markedly dependent on the
metsl on to which the csathode meterlisl wes evaporsted, but
neither the megnitude of the emission current nor the
thermionic ectivity for individuel cethodes could be
correlsted to oveporation rstes. The third life-determining
factor is the formation of intarface compounds. As barium
orthosillcate is ltesell a semiconductor when sctivated by
excous berium (1562), the loss of berium by evaporation
ceusos gn incregse ln the resistance both of the interface

layer snd of the cgthode malrix.



Cheptor & 7ue thermionic gnd electricsl properties of

the oxide~-coatad csthode

Relde nsrly theories of emission

Prior to the introduction of the rowler-iilson theory
of semlconductors (66, 1689) und the recognition of the
oxide catnode 88 sn excess ilmpurity semiconductor, it was
nsturel thet en explenstion of thermionic emission from
the oxide cethode should be sought in an snalogy to the
mechsnism of emlission from metsls and from the thoristed
tungsten csthode. Hoth Bocker (Z0) end Lowry (113) supposed
that the electron emission wes due to a lowvering of the
surface work function of the base metel by & monolayer
of free slkaline esrth metsl. nbokor thought this lasyer
was at or near the cathode surfuce, while Lowry held the
view that the monoliayor wgs at the core~cathode interface.
The formoer thoory roquired the coating to be & good
electrical conductor, but on Lowry's theory the electrons
emitted at the bese metel diffused through the poorly-
conducting costing. Over a period of some yosrs, @
considersble quantity of evidence was built up in favour
of each theory. BRecker and Scars (£1) renoyod the coating
from o cethode in vacuo snd obeserved that tho emission
fell by four ordors of magnitude; bui the dopondonoo of

emisslon, to & certein extent, on the cholce of core metel
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fovoured Lowry's theory. nHlectron diffrsction experiments
by Derbyshire (40) end by Huber snd Wegenor (935) found no
ovidonce for the presence of ¢ surfece layer of bariam: in
fact, near the surfgce, s mixed oxide cathode waes found to
consist of nearly pure Lro.

Ordor-of-mognitude calculetions, using the values for
the concentration of excess He in the cathode coating
obtained by chemical enalysls, suggost that if the barium
oxists g8 8 surfece layer, as in Becker's theory, it would
heve a thickness of the order of 100 atomic leyers and
would not be & wonoleyer es the theory requires. A layer
p8 thick as this might be expected to hsve the properties
of bulk berium snd the vapowr presaure of barium st the
operating temperature of the cathode (about 10™% mm Hg)
ia too high for the layer to be atadble. If, inuatesd of
pssuming that the excess barium is locsted at the surfaece
of the cathode, it is supposed to cover the surfsces of
the c¢rystellites which form the porous cathode, then the
layer would be only & few atomic layers in thickness.

But both theso ostimates apposyr to allow the presence of
unrealistically large concentrations of barium on the

emltting surfsces of the cathode; the more modern theory
supposes that at least @ proportion of the atoichiometric

oxcess of metal is scoounted for in the orystel lettice of
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the orystailites by vecancios st oaygen sltes. The
crystailitos thus contein sn oxcess of the electropositive
constituent snd behsve ss typicel H-type lmpurity semi-

conductor crystels.

Zese vemiconductors; properties of en N-type impurity

semiconductor

i+ model of & solid muy be constructed by teczing a
collection of infinitely spuced stoms of the solid in
quastion snd plecing them et & number of regulsrly-spsced
lattice sites., Lech stom, on the quantwa theory, has a
saries of ullowed energy levels. "The effect of the inter-
sction of the levels of gll the stoms i8 to form bands of
closely spasced groups of levels, @s, by the Psuli exclusion
principle, more thsn two electrons cannot occupy the semo
stete. The bands of closely spsced but still diuacrete
lovels are sepersted by forblidden regions. In eddition,
there will be leovels due to excited stetes of higher
energy: these levels form the conduction band, and if the
energy gap between the top of the uppermost filled bend
and the conduction band is not too lerge, olecirons may
be thermally excited across the gap into the conduction
bend. The lerger the energy gep, the fewer the eloctrons

excited across the forbidden band for sny given temperature,
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ond thoe smeller will be the elioctricel conductivity of the
solid at thet tempersture. Jor & forbidden band width of
sbout 10 eV, tho solld is eifoctively an insulator ot
normel temporastures; but if the rorbldden bend width 1s
only ebout 1 eV, sufficient oxcitatlon to csusge wsssursble
conductivity may texo plece st temperatures of & few
hundred degrees above roowm tempereture, end the crystel
ie sald to bo &n intrinsic semiconductor. 4 most importent
cless of semlconductors, and the type which will be of wost
interest in the present applicetion, is one in which the
addition of impurity etems to the crystal cpuses the presence
of lmpurity levels in the forbldden band. 7The lupurity
levels mgy provide 8 very lerge contribution to the
conductivity of the crystel, e¢s the energy required for
excltation to the conductlon band is much less then that
required to excito electrons from the filled bend.

Two types of lmpurity semiconductor are possible.
one conteining an eaxcess of the electropositive constituent
(N=type) has lampurity levels xnown as donor levels in the
{orbldden zone just below the conduction bend, ond electrons
can be exclited into the conduction bund from these levels
Lo csuse electrical conductivity. A P-type semiconductor,
on the other hund, conteins an excess of the electronegative

constituent (or s deficliency of the electropositive
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constituent) end the impurity levels, located just above
the filled band, are called acoceptor levels. Thermal
excitaetion of electrons from the filled bend to these
lovels logves poaitive noles in the filled bend; the
motion of these holes undor sn epplied field agsin glves
rise to electrical conductivity.

The oxide cathode haes been shown to contain g stoichio-
metric excess of berium, the elecilropositive constituent
of the barium oxide lattice (Lec. 1.4). It might thus bde
expected to show the cherscteristics of sn N-type semi-~
conductor, !leasurements of the sign of the liall coefficient
by wright (196) snd Pormgn (64) heve shown thet it is
normslly en N-type semiconductor, slthough in some cases
impurities in the coeting have given e Hell coefficient
with & sign corresponding to P-type semiconduction.

"Mg. 2.1 shows an energy level scheme for an excess
impurity semiconductor. The electrostetic enorgy within
the crystel 18 taken as the zore of the potential scale:
the energy of an electron just outside the orystel is -ed .
The energy at the bottom of the conduction bend ie !y, end
the energy of the aingle lmpurity level shown is (B, -AH).
The chemical potentliel level m (called the Yermi level by
snology with the theory of aloctrons in motels) representa
the pertisl moler free energy of the electrons. It will
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lie between the impurity level snd the bottom of the
conductlion bend, its sctusl position depending on the
relative concentrations of evsilable electrons end impurity
levels.

it en eloctron is to be removed from the crystal into
vacuum, it must be given first of ell sufficient energy to
11t it into the conduction bend sgainst the difference in
potential ¢, and then sufficlent energy to surmount the
potentlegl borrier X et the surface of the semiconductor.
The total energy ¢ + X 18 known as the totel thermionic
work function ¢ ; C 18 the internal work function end ¥ 1
the surface work fuanction or electron affinity. 7The velue i
of ¢ deopends, of cowrse, on the position of the TFermi level,
which csn in turn be releted to the poasition of the impurity
level or lovels (G8).

Desling with the simple case for ¢ single sherp impurity
lovel, the following sscumptions are nude; ‘
1. 4t 0 9 the conduction band i ompty, end the impurity
levels, of denslty ny cmfa, are completely filled.
£. The seperation bLetween the top of the uppermoat filled
bend end tho bottom of the conduction band is sufficiently
lorge to neglect thormal trensitions from the filled band.
The seperstion AE of the impurity level from the conduction

bsnd 18 large compared with KkT.
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Jo ‘U'he pumber of impurities is constent, eénd does not
depend on tlemporature, time or space.
The location of the vermi ievel is given by

hihg }
w (27T m* kT) 32

ez By = G5+ BT foge | Rals
using the energy levels defined in ¥Fig. Z.1, &nd where k
is Boltzmenn's constent, T 1s the sbsolute temperature,
w ia the statisticel wolight of states in the conduction
bend end m+ 18 the effective mess of sn electron in the
conduction band.
If£ the numerator of the logarithmic term is small

compared with the denominator, the lest term in eqn. 2.1

is practically sero and

M = Lg = AE/&E , spproximetely;
LeBo g - p = Q= AL/ 2.2,
The density ng of electrons in the conduction band
will depend on the density of impurity levels n, end on

& Boltazmenn fector;

aTm*hT)Y
ng = w ny™* ( o W{-as/ﬁkf}

R.3.
The essumptions on which these genersl equations ore

based sro unlikely to hold in the case of the crystallites

in an oxide cathode coating. The processes of diffusion

ond lfonic conduction will certainly change the number of
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oxcess motal stoms, ond hence the concentration of
lmpurities, as g funoction of temperature, time of operstion
ond position in the cathode. The importance of the porous
structure of the cathode matrix cannot be included in this
simplo general trogtment, but will be discussed in s later

section (LeC. Z.4).

Lede ‘Thermionic emission from en oxide~costed cuthode

The combinstion of u semiconducting cryustal with e
motallilic contect (e.g. the simple cese where the oxide
cathode end bese is considered to be a single crystsl in
contact with o metal) cpuses the energy luvel disgrsm of
Mg, Z.1 to be slightly modified, ss shown in Mg. 2.2,
I'he simplest caso, where no interfsce coumpound is rormed,
is considerod.

In equilibrium, the Formi level Wy of the buse metel
will coincideo with tho chemical potentisl of the semiw-

conducting oxide. ‘Yhus

g o=
The thermionic emission from such a metel-semiconductor
combination has been investigsted theoretically by’Sohottky
(162), who showed thet the emlssion current density jo is
given by an equation ana;ogoua td thet aorivvd hw

liicherdson (150) for emission frdm motals;



- 2b -
. 2 _
o= A(1-p) T exp§ -e$/T§ 2.4,
vhere A 18 & constant given LY
A ll-le*kzl-
%
P 4 1is the wesn refloction coefficlent for electrons

= 120 smp ocm” deg & Zebe

st the omitting surfece of the cethode, and
¢ 1s the total work function: (Fige 2.2)
substituting the value for g = P obteined from

uQue. Z.1, the Jowler omission equution (66) is obtained:

B1-p) M T oxp — fE* Af/z} 1

JG = LeBa
where 1B 18 snother constent given by
h., A0m *h
B - W h’/’- 2.7,

If it i8 essumod that $ snd X L/% are

independent of tempersture, § end X + AL/Z mey be

obtained by plotting, respectively, log, Jo/Tz vorsus
1/T (oqu. 2.4) and logg JO/TQ/4 varsus 1/7 (eqn. £.6).
The former greph is usually referred to as & [(icherdson
piot; the latter, es & Fowler plot (not to be confused |
with & PFowler plot for ﬁhotoeleotrlc emission (68), which g
will be discussed in tec. 3.4). In the case of messurements :

f
|
on oxide cathodes, except in the most cereful snd accurste |
|
detorminations, it is not prascticasble to sttempt to '

1

determine tho difference between ¢ snd X + AL/Z by @
i
1
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comperison of the gradients of the Kkichsrdson end Fowler
plots, ond most workers prefor to use the jidchardson plot,
es thoe compututionsl labour involved la rather loss,

Kot only cen & veliwe of -e¢/k be obtsined from the
gradient of & ficherdsom plot, but the intercept on the
vertical oxis gives log, A*» wherae A» = A(1l = p ). in
estimate of the velus of the trasnsmission coofficlent
(1 = p ) con be obtalned by combining eunission messurements
with approrimate values for n,, the concentrstion of
impurity Jlevels, in eqn. Z.6. hisenstein (1) has unsed the
detse of Prescott and Morrison (147) end of Wooten (191}
to show that wide varistions in (2 -~ P ) ere possibdle: if
ny = 1044 cm’ﬁ, (1 =p ) =0.08; but Lif ny, = 1018 omfa,
then (1 - ¢ ) = 0.be. GLven this wide renge in velues of
(1 = ¢ ) ie insufficient to socount for the very wide
veriation in the velues of A» which is obteined from
cathode to cethode: 8 A is theoreticaelly & univerasasl
constent, the verietion in the intercepts should only bhe
due to the variation in (1 - ¢ ). There is an sppsrent
relotion between ¢ end log A(1 =~ @ ) (183) and en
investigstion of this relstion hes recently been undertaken
in this lsboratory (48). An obvious source of error in the
csleculstion of A+« srises from the difficulty in sssessing
the effoctive emitting ores of the porous csthode.
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An alternstive wey of diupleying the discrepuncy
between theory end experimont is to sssume ressonsble
velues for ¢ , ny #nd (1 - P ), end to celculate the
emission currcent density to be expected ot any temperaturo.
This is usually found to be much greater then the velues
sotuslly obtslned under d.c. conditions, but vetter
egroomont with the predictod velues hus been obteined by
workers wuno have used wicrosecond pulse techniques (37, 171,
1wd).

It must be pointed out that ail the information
referred to wbove has been deduced on the sssumption thst
the totel thermionic work function is ilndependent of
temporature. If emiesion messurements sre msde over a
gufficiently wide renge of teamperature, it ls often
possible to dotect s curveture of the jiicherdson line, end
this curvature cen be relsted to the temperature Ooofrldiont
of the work function. 4 method which has been used to
determine the temperature coefficient is to assume the
value of the reflection coefficient P to be zero, and
to caloulate velues of ¢ for o series of temporstures
by substituting the emission current density &t those
tomperstures in eque. £.4 using the theoreticel value for
A (98); it i8 felt that this method is hardly satisfactory
beceuse of the doubts which sre still held &s to the
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significence of the constent .. )t has boen suygested
by dottlinghsem (U) thot jilcherdson plots for semiconductors
such as the oxide csthode ure most profitably used merely
o8 & mesns of demonstrsting the emissive properties of s
cuthodo under certein conditions, and the constante
obtuined from the intercept and gradient of the greph
ghould be considored us being more of empiricel thgn of
thooreticel velue. liowever, & suitable snulysis can be
appliod to these ompiricsl constants which may yleld the
theoreticel velues 1f corrections sre applied for the
deviations from tho essumptions on which the theory is
based: an eneslysls of the results obtained by lHung (94)
yielded a veiue for A of 11X samp om™% deg‘z, instead of
140 wmp T deg‘u, the theoretlicasl value. But only in
¢ few doterminations can the conditions bo defined suff-
jelently sccurstely to mako the necesssry corrections,
Hicnerdson work functlions will be dependent on the
state of the surface from which thermionic emlssion tskes
plece. It hss bLeen supposed by some workers (77, 94, 115)
thet the surfsce of the oxide cathode consists of a number
of petches of slightly differinyg work functions. The
variation in the distribution of patches of & given work
function over the surfece mey well be temporature-

dependent, ¢nd may explsin some of the discrepsncies
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ossocisted with the jiicherdson iLine method of messuroment.
Mahlaen (11b) showed that the photoelectric work funotion
varied by us wuch 88 U.< eV over the cethode surfsce, and
o similar type of verietion might be expected in the
thermionic work function. It hses been suggested by leinge
ond wagenor (77), who exsmined the suriasces of oxide
caéthodes with &n electron microscope, thst pstches of
different work function msy be due to differonces in the
slignment of individusl crystallites or groups of
erystesliitos. The fsces of & berium oxide crystal may
exhibit work runctions which differ by &s much vs 0.4 eV,
sn interfece lgyer bLotweon core and cethode modifies
the energy level schome ss shown in Plg. 2.8, 7Flg. 2.,5.8
shows that In the eguilibrium state, when no current is
flowing, the Permi levels of core und cathode ére, es
before, &t the same potentlisl, but the interfece produces
8 potentlal barrier over which the electrons muat be
oxcited thermslly. Uhen sn snode voltege Vg, 1s spplled,
current flow through the interface and costing produces
¢ potentiel drop Vig. The effect of drewing current is
also to distort the energy levels; the extent to which
this occurs depends on the electricsl properties of the
coating. Adthough the presence of an interface leyer

Al
will rdduce the emission current for s glven anode



potentiul, it should a0t alfect the suturated value unless
the lmpurity conceuntiration iup has been reduced by the
formation of the interiuce. <he possibility of rectific-
wllon by the interfauce luyer, or by « poteutiul barrier
due to the wmotal-sewiconductor contact even if un actual
interface couwpound is not Lorwed, has been mentioned in
ceg. 1.0

The fora of thermionic emisslon current versus aunode
voltage curves Lox different cathode temperatures may be
considered in detail. . typical family of curves is shown
iu ¥ig. 2.4, where the logaurithm of the emission current
density hus been plotted aguinst the anode voltage.

1t ie observed that in the retarding field region & |
gonniderable inorease in emission 1is obtained for only small;
increuses in the anode voltage. The only electrons which |
can reach the anode are those which have sufficient energy
to overcome the total potentlial barrier Letween cathode und.
anode, wsde up of the upplied retarding potential together
with any contact potential between the cathode and anode.
For a plane-parallel diodg, the current density Jy |

collected at the anode at a retarding potential V such that ‘

the barrier height is greater than ¢ is (4) |

jr= A(l-p) TR e {EBIT .. BB

where C is a factor to account for electrons which are J
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reflectod st the snode ond re-enter the cethode, snd ¢
is the snode work function.

4t low csthode temperatures the emission current

denaity is sufflclently low to negloct spsce~cherge effects
end the retsrding field choracteristic chenges sbruptly to
the accelersting rield charscteristic. Neheviour in thie
fange nos been investigsted Ly Lchottky (161) for emission
from & closn metal surface: the presence of en electric
field intensity I at the surface reduces the work function

by an omount A¢ given by

A¢ - Jei: 2.:’-
and the emission current denaity Jg obteined in this

rogion is given by

Ja = € exp [e”’f"“/ﬁ.r} _—

where ¢ 18 s constant.
At highor cathode temperatures, the spsce-charge-
limited region intervenes: emission in this range obeyas

the Lengmuir-Child lew (36, 107)
. %-

where /3 is 8 constant depending on the electrode srrange-

Zelle

ment snd V 18 the anode potentianl.

it is convenient to plot emission cherscteristics in
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the form of a graph of log J versus V. In the retarding
potential region the graph should be linesr, snd its
gradient moy be used to eveluste the cathode temperaturae.
If no space-cherge region intervenos, the greph should
suffor o sharp discontinuity at V = ¢, = ¢ snd become
nearly horisontal for low velues of the upplied electric
fleld.

sxperimentally, it is extremely difficult to satisfy
the theoretical conditions upon which these equations are
besed. Fan (59), indeed, found that the sctusl cathode
temperature agreod with that obtained from the gradient,
and glso that there wes s sharp breask between the retard-
ing and accelerating field cheracteristics: he deduced
from the sgreement with theory that the distribution of
thermionic electrons is iaxwellian., liowever, it is felt
thaet the particularly careful experimoents of lHung (94)
should be regarded ss having more weight, lung found that
the change from the retarding to the accelersting cherecter-
istic was not &8s sherp ss would be expected theoretically,
and interpreted this in terms of & deficiency of alow
olectrons. 7Thia defleciency cen be sccounted for in terms
of @& pstch theory of varying casthode work function, or of
2 high reflection coefficient.

In sn experimentasl oxamination of emission in the



o
chottky region (eqn. 2.10) log J is plotted ageinat vi,
Good sgreement is normslly found @s to the linesrity of
the plot, sithough the gradient is ususlly seversl times
thet predicted from the equstion. This discrepsnoy with
theory has been discussed by VYright and Woods (197), who
extended the theory of llorgulis (125) dealing with the
distortion of the energy levels st the cathode nntfaoo
by the spplied fleld. JFerliodic deviagtions hsve been
observed by Champelx (35) snd cen be explained in terms
of the wave mechsnicel trestment of the flow of electrons
over & potentisl barrier.

"or & determinastion of the Richerdson work function ¢
the zero-field current density J, mey be found either from
the point of intersection of reterding end sccelersting
rield chsrecteristica, or by extrapolating @ Schottky plot
to mero voltage.

it is often observed theat, for & fixed csthode
tempersture snd snode potentiel, the emission current
deceys with time. /At low temperatures the rste of decay
mey be extremely low, but it inoresses with increasing
tempersture. Theorles of the effect sre divided between
whother the fundamental process is & property of the
csthode or of the snode. Sproull (171) suggested that
the effect might be due to the electrolytic removel of
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berium from or the deposition of oxygen &t the cethode
surfaece; and Yright (19%), who found that the electrical
conductivity of the coating decays in the seme way ss8 the
emiasion, interpreted the process in terms of tho electro-
lytic flow of ions to the interfsce. Jther workers (42, 62)
suggest thet chenges in the snode work function, due to
materiel oveporated from the cathode, provide & sufficient
oxplanation. itetson (119) hes exemined the influence of
substences such as Bal, HBsCly snd HeuQy, evaporsted on to
the anode during the valve processing: as the enode potential
was incressed during curront sctivation, the omission current
showed decresses 2t pnode potentlels of about 6, 10 snd 16 V,
which may well corrospond with the dlssoclstion energies of
5.6, 10 and 16 eV of HeU, BeCly end Bal04 respooctively.
pvecompoaition of these substences by electron bombardment
mey cause poisoning of the cothode by the negstive ions
formad.

Hergsard (134) has proposed & theory in which a number
of the discrepsncies botweon theory and experiment in
thermionic emission may be gt least qualitatively resolved,
although 1t is felt that the theory has not yet been
sufficiently tested by oxperimont. Nergsard supposes that
the donors, which have been suggested by Plumlee (148) to

be OH” .8 rasdicels, ere wobile., ¥hen emission current is
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drgwn, the oquilibrium distribution of donors throughout
the cathode metrix is disturbed, and the donors electrolyse
towarde the core, leaving s leyer at the surface depleted
of donors, A process of beck diffusion pravents s tendency
for the donors to discharge st the metal core. The
mobility of the donors requires the position of the Ferml
level to be & function of the emission current. Un this
theory, emission decay 1s ssld to be due to chenges in

donor distribution.

2.4, bloctricel conductivity of the cathode coating

The electricel conductivity o0 of & semiconductor at
& glven tempersturo depends upon the number of electrons
ne in the conduction band (egqn. 2.3) and on their mean

mobility u: the relstion is

o= nfe w R.12.
¢ can also bhe exprossed in terms of the electron
moon free path 1, (assumed constsnt et 8 given temperature

r):

4nﬁlo et

3(2‘”-’7’“‘7)%. 2015.
end, substituting for ng in terms of ny, the density of

o =

impurity levels, snd the depth of tho ilmpurity level A5
(eqn. 2.3)

>
. 4, el - 7"“; -8k r
M S R My 7 (aim*&7) "erp | %r} 2.14.
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For velues of 7 auch thet A4iL/& >> kT, the
temperature varistion of ¢ will depend meinly on the
exponentisl rather then on the T° term. Thus, approxi-

metely,

T = 0y exp (‘a/“) 2.15.
whoere O, is practicslly independent of tempersture snd .

‘5,

the sotivetion energy, is given by

U= AL/R

Thus, if the oxide cethode is @ semiconductor of the
type under discussion, @ graph of loge 0 versus 1/7
should be lineer, with slope - Ai/2k. A linear conduct-
ivity plot is 8 necesssry but not surficient condition for
gsemiconductor behaviour; for ionic as well gs electronic
conductivity obeys sn exponentisl relestlionship of this
form.

A lerge number of workers have sttempted mossuromente
of the conductivity of the cethode costing ss 8 function
of tempersture; a graph showing the collected results of
early workers (up to 1939) is given in Pig. 2.0, Most of
those moesurements were restricted to the high-tempersture
region (T > 1000 °K) snd wost workers found @ lineer
relastion between log 0 end 1/T. Some found that the
results could best be represented by two linesr reglons
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of different grsdient meeting in & shoarp brosk, snd
.lsenstelin (1), who studied the high-temperature conduct-
ivity in deteil, observed thet in pll sctivetion states
the gradient above this bresk waes less then that below 1it.

In more recent years sttention has shifted from the
high-temparature region to lower tompoerastures. UDecker (22),
whose results sre displayed on Fig. Z.5 (curve 92), Vink
(148) ond Loosjes snd Vink (111) (Fig. Z2.6) found snother
bresk in the conductivity plot occurring et sbout 800 9k
for & mixed oxide csthode: the sctivaetion energies for
temperstures below the bresk are glwgys less then those
ghove the bresk. 4 theory sdvenced by Loosjes and Vink
to sccount for the form of this ourve suggests that two
conduction mechanlsms operste in peraellel, and is s diraect
conseguonce of the porous ngture of the cathode. If the
csthode metrix is consldered os on assembly of semiconducting
crystellites of the slksline eerth oxlide, seperated by
vegcuum interstices, conduction i8& possible first of all
by & true semiconductlion process through or over the
surfesce of the individusl crystellites and secondly by
thormionic emission scross the vaocuum pores. Although
the surface or bulk conductivity of s elngle orystallite
mpy well bo high, the totsl conduction current carried

ecros® the metrix by the first process will be limited
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by the sres of contsct of the crystellites. It low
temporaturas, the grester psrt of the conduction current
will he due to the true somiconduction component: the
lower nart of the conductivity plot, below the bresk, thus
rafara to true somiconduction, obveying s temperature

roletion of the form

o, « exp §-AE/2r} 2.16.

und the gradient may be relsted to the sctivetion energy
A./2. Aas the tempersture is incressed, the density of
the electron ges in the pores becomes grester snd the
pore emission component eventuslly masks the truo semi-
gonduction component. Vor g partlculer cethode msterigl
snd stete of sctivetion, the tempoersture st which the
break sppears will depend on the sreps of contsct between
orystallites, 1.e. on the porosity of the coating.

The process of conductivity in the pore conduction
(high—temperaturo) rogion hes been exsmined theoreticelly
by loosjes snd Vink (111), Hensley (73) end Formen (64).
The magnitude of the conductivity current for any applied
potential sand at sny cethode temperasture in this region
depends on the mesn free psth of the electrons and on the
average pore saize, the spsce charge in the pores, snd &

dchottky effect st the pore surfeces produced by the
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spplied field. 14 csn be shown that all three fectors
vary ea exp (1/7), snd the conductivity in this range,
noglecting any sollid semiconduction component, can be

reprosented by & relation-of the form

0p « exp - b/t } 2.17.
whora ¢, is s work function which, from tho similerity
of the process to externasl thermionic emission, hes been
identified by loosjes snd Vink as the liichardson work
function.

The combinetion of the tﬁo conduction mechenliaems in

parallel cen be represented by the equation

caugyrpO = yexpf-Vhr}sSepi-0Cmy
where & , A , ¥ end § are constents.

1f ¢, is teken es the Lichsrdson work function,

g, = X+ 8t ond thus d, > AEA
end ot low temporstures the second exponentisl term in
agn. 2.18, due to true semiconduction, will predominste.
A plot of loge O versus 1/T thus produces a curve which
cen be resolved into two linear portioms (¥ig. 2.7) the
gradients of which cen be relsted to ¢ emd AB/Z. It is
important to note thet the slope of the portion II of the

plot of Plg, 2.7 does not give the value of ¢ , but 1t
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must be corrected by allowing for the parsllel mechsnlem
I to give the line hb. ostrictly spesking, the grsdionts
of both high- snd low~temperature rogions should be corrected
for the mechsnlism ecting in psrallsl; in fect, the correction
of the high-temperature regilon is more important then that
of the low-temporsture reglon.

"ige. 2.7 8180 shows the high-temperature break in the
conductivity plot, between renges Il snd III, discussed by
Sigenstein (1) and observed in many subseguent determin-
gtions. On the Loosjes-Vink hypothesis, this csn be
explsined by considering the inhibiting effect of space-
charge on the conduction ocurrent at high conduction current
densitles.

Higginson (85) has observed & further chenge in the
gredient of the conductivity plot, taking place st
temperatures &s low as 400 %4, end yielding s value of
the order of C.1 eV for the esctivation energy of the
conduction proceas. ile suggests that conductivity in
this low-teupersture region masy be due to the movement
of Ba'' lons over crystellite faces. Metson (122),
however, suggests thot the effect mey be due to the
aigration of negetive ions of residusl ges: the type of
tube in which Higginson observed the effect was one in
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which the polisoning ef'fect of oxyien on the cathodo was
studied. Yhe low-toumporsture conductivity reglon of the
Loos jes-Vink hypothesis, however, may well be one in which
conductivity ia largely o surfsce phonomenon (122).

it is laportsnt to reallise that the form of conduct-
ivity plot obtained could formslly be expleined on tho
besis of a8 semiconductor model containing two, instead of
only one, impurity levels: the two reglons might be due to
the thermel excitetion of electrons from the different
lovels. 7This hypothesis may well ssenm gttractive,
particularly in view of the fact that photoelectric studies,
to bhe discussed in Chap. 4, have shown thet several impurity
levels do exiet in BeO. liowever, & corresponding bend
would be aexpocted to occeur in the lichardson line for
thermionic emission, and only Kestelyn-Loebenstein (102)
claims to have observed such & break.

A number of workers hsve carried out experimonta to
inveatigate the fundsmentsl sassumption of pore emisaion in
the Loosjes-Vink hypothesis. A considerstion of the
methods employed is of value, a8 & number of the prinociples
have been applied in the present work to determine the
processes operating in photoconductivity.

Loosjes and Vink (111) snd Nepkel, Inulshi end Tsunge
Che (132) heve reported that the velues of ¢ obtained



- 4L -

from the high-tempereture reglon of the conductivity plot
grroe with values of the i ichardson wori function ¢ for
tnermionic emission from the cgthode in the same sctivation
stgte. These raosults must be gsscssed somewhst critically:
lwonjes snd Vink measured the conductivity between two
similer oxide-costaed button cethodes, pressed into contsct,
and sepsrsted the cetnodes to insert an snode to which
emission cwrent was drewn. The process of seperstion
could herdly feil to modify the atate of the oxide costing.
The Japenese woriers did not, spparently, correct the high=-
temperature conductivity charnéteriutlo for the peresllel
low=-touperature wechunism, snd sgroement with the lichsrdson
work function can have little significence. iluny workers,
howovaer, have found rough sgreement botweon lilchsrdson
work functlons end the corrected high-tempersture sotivetion
gnergiesa to within sbout 20 #: in view of the fect that the
enitting ourfaces for the two precesses mey well be
different, this sgreement ie considered to be reasonable.
Tormen (64) snd liensley (78) have consldered thooret-
icelly the Hell e.m.f. and the thermoelectric power to be
expected in & porous semiconductor specimen. ‘hen ghe
effects ereo studied experimentally (64, 199) sgreeoment
with theory in the pore conduction raenge 1s good; hotw-oﬁ

this renge ond the low-temperature region, st temperatures
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roughly corresponding to the bresuk in the conductivity
plot, grapha of both Hell e.m.f. &nd thermoelectric power
sgainst /7 (Figa. 2.8, 2,9) show chenges in chseracter,
which cen bs relsted to s:chonge to orthodox somiconduction
in the low-temperature renge.

Associsted with inn Hell offact i8 s magnetoresistive
effect, which hns beon discussed ond investigated by
vormsn (64) end Matson (122), The epplication of o
megnetic field transverse to the direction of flow of
the conductivity current through the porous semiconductor
auperimpos2s a transverse drift velocity on the motion of
the conduction electirona. Un an elementsry pioture it
might be thought that the magnetic flield epplied would
have to be sufficiently strong to mske the redius of
curvature of the psth of the eloctron of the ssmo order
of magnitude va the dimensions of the pores, 8o thet the
oloctron setting out (rom one side of s pore could be
turned round in the pore without resching the other side,
on the magnetron principle. In fect the field required
to produce s transverse drift velocity sufficlent to
increase the longitudinsl resistsnce by oun eppreclioble
smount is much smeller then this. The ilmportent experi-
montal result obteined wes thut although e large magneto-
resiative ef'foct is obtained in the pore conduction region,
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end tho megnitude of the effect is within order-of-
meggnitude sgreemont with ‘ormen's theory, the magnetic
field has & negligible effect on the conductivity current
ot temperatures in the true semiconduction range.

snother method of investigation of the conduction
processes has been employed by Shepherd (166) end by
Higginson (84), who exsmined the recovery of the
conductivity current snd the externsl thermionic omiassion
current sfter poisoning sttecks by oxygen and sulphur,
st temperatures in the pore conduction renge, the
recovery of conductivity end thermionic emission followa
the spme pattern, but gt low temporstures recovery is
quite different: after em ettack thermionic emission
rocovers very graduslly, whlle conductivity continues
to decay.

ilensley (80) observed the effect of mechanical
preasure on two parallel plensr cathodes with an oxide
matrix ssndwiched between them. Aabove sbout 700 %X, i.e.
in the pore conductlon region, the conductance of the
syetem does not depond on physicel contsct between the
cathodes, direct evidence in favour of the Loosjes-Vink
hypothesis,

Again, Af tho Loosjes-Vink hypotheslis le correct,
it should be possible to suppress the pore emission
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component of the conductivity current by the intrcoduction
of an inert ges which would fill the pores and reduce the
direct omiscion current without influencing eny solid
conduction mechenisn. Honney, Mecnalr end “hite (75)
found that holium at a prossure of 1 stmosphere falled
to produce sny effect on the supposed pore conductivity
component, &nd hence regurded the Loosjes~-Vink hypothesis
ps dublous; but lLoosjes and Vink (111) point out thet at
this ges proessure the olectron mesn free path is still of
the order of the pore diemetor. Only et higher pressures,
end thus shorter mean free psths, would e suppressing
offect be expected. is proedicted, xonon at » pressure
of 2b etmospheres reduced the conductivity in the high-
temporature range.

Loosjes snd Vink also predicted & difrference in the
curvature of the conductivity current - voltege charsctor-
istics in the two temporsture renges, end this is observed
oxporimentelly in most d.o. determinstions. 7Tomlinson
(179) used an o,c. technique which sllowed & rapld deter-
wminstion of the complete current - voltage characteristioc
at eny temperature: in the high-temperature réglon no
curveture of the charscoteristic wes observed. Tomlinson's
rosults cen be gecounted for by & 8light modification of

the Loosjes-Vink theory.
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Hathor loss experimental evidence is aveilable on
the nature of the low=tempersture conduction mechanism.
sproull (172) end Dolloff (50) have messured the
electricel conductivity of singleo corystels of bsrium
oxide containing excess barium es & function of toemperasture,
It ia found that sctivation energies sare generslly greater
then those for the low-tempersture conductivity region of
o polycryetalline Ba0 csthode, and this suggests that the
cathode low-tempersture conductivity process may not be
one of solid semiconduction. #xperiments carried out by
letson snd Mecertney (122) can be interpreted in fevour
of s surfpce conduction process, in spite of the fact
thet there sre likely to be fer fewer excess la antoms lying
on pore surfaces then ere built into the lsttice of the
crystallites: letson suggests the figure of 1 surface
atom for every 10% atoms built. into the lettice.

There is thus smple exnerimentel evidence for the
sdoption of the view that the conductivity of the oxide
cethode matrix cen be considered to be due to two or more
conduction processes scting in pearsllel. In the temperasture
rango’grom about 700 92X upwerds, there is little doubt
that the predominsnt process is one of electron emisaion
across the pores of the matrix; below this temperature

there is more doubt 88 to the nature of the process, but
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it msy be due to solid semiconduction within the
crystellites, limited by grein houndaeries, or to surface
conduction. The fact that the charscteristic bresk in
the log ¢ versus 1/9 ocurve is obtgined with a veriety

of experimentel srrengements - button csthodes in contact
(80, 111, 122, 199), cylindricel cethodes with helicel
probes wound within the coating (166, 84, 85, 88, 116, 48)
snd retsrding potentipl wethods (170)-shows that the

ef fect cennot merely be the result of the choioce of one
perticuler method of messurement,

A theory due to !etson (122) suggests the existence
of 8 thin film of semiconducting Bal at the cathode base
gs the seet of omiscion, protected from contamination by
the porous cathodo metrix. Following loosjes asnd Vink,
two tempersture-depsndent conductivity processes are

possible.

2.6, Deduction of the energy level schems from emissgion

pnd _conductivity messurements

leasurements of the zero-fiold emission current

density J, ss » function of temperature csn be used to
‘bonetrnot @ ltichardson plot: the gradient of this graph
can be used to obtsin 2 velue of the total thermlionie
work function, ¢ .
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If the Loosjes-Vink hypothesis is accepted, 1%
should be possible to obtain enother velue of ¢ from
the gradient of tho high-tempersture region of the
conductivity plot, corrected for the low-tempersture
procass. It hes slready been pointed out (Hec. 2.4)
thet o conmperison of the liichsrdson end conductivity
velues seldom ylelds exsct sgreement, work functions
obtainod from conductivity messurements usuplly being
up to 20 » less thon those from emission mopsuroments.

The slope of the low-tomperature region of the
conductivity plot hss been interpretod es AL/2 (Sec., R.4),
which i® spproximetely the seperation of the Vermi level
from the conductlon band: the separation of the impurity
levol from the conduction bend is 485,

since ¢ =x X+ %82
the external wori function cen be obtained by direot
subtrection of AL/Z {rom ¢ obtained elther from the
nigh~tempersture region of the conductivity plot or from
@ idichardson plot. inother method which hes beon used
to obtain s velue of X is to combine messurements of
thermionic emisasion end conductivity. ¥row oqua. 2.8
ond £4.14,

Jo , 3(I-p)RT - ur 2419,
Lilse GJ‘f z } g

Q
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end & graph of log, J,/0 T versus 1/? should be linesar,
with slope - X/k, It is importent to note, however, thet
for the velue of X obteirnad in this menner to have any
significenco, messurements must bhe mede in the temperature
region in which eqn. 2,14 18 expected to be valid, 1.0. in
the low-tonmperature c¢onductivity region. In the pore
conductivity repglon the primsry conduction process 1is
one of thermioric emission, rather then of solid or surfsce
semioconduction, snd although there should certainly be
a relatlon between j, snd ¢ at sny given tomperature, it
cennot yield e significant value of X . This point would
gppoar to have been overlooked by some workere who heve
used the method (75, 87, 132).

In & typicel sctiveted barlum oxlde cethode, values
of ¢ might be expected to lie between sbout 1.0 snd 1.4
e¥. Values of AN/2, obtained from the low-tempersture
rogion of the conductivity plot, very from 0.2 to 0.4 eV,
X usuglly tskes values betwaen 0.5 snd 1.0 oV; @ vslue of

U.7 @V i8 often quoted.

2s6., Thormal sctivation energies for celcium oxide costed
cathodes
Although the genersl introduction to the electricel

properties of the oxide cathode given in the preceding
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soctions hse frequontly referred to mixed oxide or barium
oxide costed cathodes, most of the experimentsl work
corriad out in the yresent progremme of resesrch has
bveen on celeium oxide coepted cathodes. The previous
work caerried out on such csthodes will now be hrieflly
summarised.

Most of the esrly work on cslcium oxide wes in
connoction with its effect ne on edditive in mixed oxide
cethodes, but n number of detorminetlions were made of the
omission from pure Ca® coathodes, snd these yielded a wide
ronge of velues for the work function ¢ « The eerly

rosults are tebuleted in Tadble 2.1,

7eble Z.1. Thormionlc work function ¢ of Cpl

Dgto Yorker lathod Q G

192 Spenner (169)  ikicherdson line 2.4

1926 L8 pe (56) l\lichardson line 1.8

1938 Becher (23) ) llaview srticles: 3.2
) quotod g8 typlcel

1939 Blewett (29) ) vealues 1.9

1941 Huber (92) liatarding potentiel 2.4

peeinst electrode of
knovwn work function

Thero is no doubt thet this veristion in ¢ cen be
treced first of all to insdequate vacuum techniques, and

gecondly to difficulties inherent in the mepsurement of
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such small emission currents gs are obtsined with celoium
oxide cesthodaes.

‘he messurement of the electricsl conductivity of
colcium oxide is slso difficult, s8 the conductivity is
rmeh lass then thet of barium oxide: to obtaln messursdle
conductivity, eerly determinations were made st very high
tempervtures. In 1906 liorton (91) measured the conductivity
of 1ime in eir in the temperature renge 1000 - 10600 O,
,1lthough his results yleld & linear plot of log ¢ voersus
1/ with 8 gradient corresponding to sn sctivetion energy
of 1.7 eV (#7), thise hes little significence in comparison
with vacuum determinetions. The seme criticism must be
oppiled to the work of .ponner (169), who determined the
conductivity of compressed discs of the plkeline oarth
oxides in air over the temperature range 900 - 1300 9K,

Only threo recent determinastions under adequate
vecuwn conditions heove heen reported. 7"The first of these
wes by Glesccock snd Honaley (70), who sttempted to messure
the thermoelectric power and electricel power of & sample
of Cal compressed between planer nickel cethodes, 1ln en
orrgngemont very similsr to that used by Young (199) in
his moasurements on BeO and (Bebr)0o,., They were unsble,
due to current mepsuring difficulties, to do more then

deduce that cslcium oxide was 8 pore conductor et high
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temperstures by the qualitstive similarity of the curves
obteined with CeU to those obtsined with (Bebr)0, snd no
ectivption energlios or work functions were quoted.
Paulicch (142) included Co0 in investigations of the
high-tempersture conductivity of a number of oxides, the
samples beling in polycrystelline form, snd deduced thst
it wes 8 pore conductor in the hlgh-tempersture renge.
Hopkins end Vick (88) reported e much more
comprohensive study of the properties of the cslcium
oxlde coasted cethode. PFrobe diodes were used to messure
both thermionic emission ond electricel conductivity, end
1t was confirmed that the conduction process could agein
be explained by tho loosjes~Vink hypothesis. The meen
Richsrdson work function for the fully sctivated states
of five cethodes was 1.7 eV, githough unsctivated states
gave vplues as high es Z.4 eV (47). Conductivity plots
geve rether lower velues of the work function in the pore
emission renge, the average being sbout 1.3 eV. The meen
low-temperature sctivation enmergy, A L/2, wes sbout 0.8
eV. The energy level scheme deduced by liopkins (87) from
his results is reproduced in Fig. 2,.,10. The value of
4.1 oV for the seperstion of the filled bend from the
conduction band is besed on & csloulation by Wright (194)
of the energy required to 1ift en electron from the
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filled Zp band in the slkeline osrth oxides to vacuum:

for Cel, 1t is 4.8 eV,
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Chepter 3 Tho effeocts of llght on semiconductors

Gele dintroduction

in the most general terms, e beum of monochromatic
rodiotion incldent on the surface of ¢ semiconducting
crystal will be pertielly reflected epnd pertielly sbsorbed.
The frsctions refleocted end sbsorbed, v und a respectively,

sro relpted by the equation

''he frection of radistion gbsorbed mey intersct with
the electrona in the semiconductor to rasise them to
exclted stetes: if AL' 18 the excitestlion energy of sn
electron, the minimum photon energy required to rsise the
electron to ita excited state i8 hvs, where hv, = AL',
Por an intrineic semiconductor, electrons must be exclted
scross the forbidden zZone from the filled band to one of
the energy levels in the conduction bond. For s semi-
conductor with impurity levels in the forbidden zone,
slternative exclitetion processes pre possible: electrons
cen aleo be excited from sn impurity level to the conduction
bend, or from the filled bend to & vecant impurity level.
For & semiconductor model which sssumes the existence of
sharp impurity levela (the model employed in the

disoussion of the electricsl end thermionic properties
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ned one such level) esch excitgtion process will hove
pasocloted with 4t 8 sharp low-frequency threshold, v, ,
given by hvYe = AL'., 4 study of the thresholds corres-
ponding to the verlous possible excitetlions mapy leed to
o determinstion of the energy level scheme of the semi-
conductor.

An opticel energy level disgrem for the aimple cese
of & semiconductor with & single sharp lmpurity level is
given in Mg. 3.1. It is necosssry to distinguish ot this
stage between opticsl and thermal sctivation energles:
optical energles are merked with o prime. 7The diatinction
is due to the Franck-Condon principle. ‘‘hen an electron
is removed from en atom by & photon-absorptive process,
neighbouring ions do not have time to wmove during the
process, end thus the optical actlvaetion energy is the
energy required to remove the electron with the iona
stetionary. After absorption and removal of the electron,
the lettlice ions move to naw equilibrium positions,
loworing the energy of the corystel; the difference between
this finsl equilibrium energy stete and the initisl one
is the thermal scotivation energy. Thuse, in general, the
thermel sotivetion energy will be less them the optical

gotivetion energy.
Mott snd Gurney (8) heve mede oan estimete of the
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relation between opticel end thermel activetion energles
due to this principle. They sugpgest thst the ratio of
the thermsl to the opticsl activution energy 1is
spproximately the ratlo of the optical to the static

dielectric constant, i.2. 9%0 « “hus for samiconductors

which have € = ¢, , 0.g. olemontsry somiconductors (6, 7),

opticnl and thermal ectivatlion onergies are approximstely
tho seme; and in some csses where € #£ € , reasonable
sgreemont between thermsl esnd opticel informstion has
been obteined using the rstio %@a g8 a convarsion fsctor,
Thus Garlick (3) hes succesafully correlaeted opticel snd
thermsl results for cuprous oxide (Fig. 3.2): the
refractive index of Cuy,0 is sbout Z.7H, so the opticel
dielectric constant ¢ is sbout 2.75% = 7,56; the static
dielectric constant e, ia sbout 12, snd the retio “%o is
thus approximately U.6. 4 comperison of the transition
enorgiea In the thermsl send optical achemes shows thet
they ere epproximetely in this retio. This type of
comperison hgs not, however, been successful with all
oxide semiconductors: there is a discrepency in the case
of zinc oxide (3) which is still not completely resolved,
snd the cese of the slksline earth oxides will be
discussed in Jec. 4.6.

Later sections of this chspter will discuas the
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detagils of the various photon-absorptive processes in a
semiconductor, snd describe methods of detorminetion of

the opticel sctivstion energies.

3,2, upticel sbsorption

The absorption apectrum of o semiconducting crystel
in the region of intrinsic ebsorption will be conaildered.
That is, we consider fraquencies of rsdistion v wouch
that hv is of the order of L,"', the opticel forbidden
bendwidth, In thie region sbeorption is generally very
strong. In the gonersl case, the absorption spectrum
might consist of a series of one or more sharp lines lesd-
ing to a continuous spectrum st grester photon energles.
The discrete lines correspond to exciton sbsorption: an
exciton is on electron rgised to sn excited stete in the
field of the hole from which it came. Excitons can move
through the lattice and may combine with poasitive holes
vefore sufficient thermal energy hes boen gained from the
lattice to 1irt the electron into the conduction band.
Thus photoconductivity will not necoessarily be sssoclieted
with abasorption in the exciton bands, but if we consider
phsorption in the continuous spectrum at rather greaster
photon energies, electrons masy be oxcited directly into

the conduction band from the filled bend, lesving o
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positive hole in the filled band. Under the influence of
gn applied fleld, » photoconductivity current will flow
(900 3.3.1).

It is thus appsront thet & determinstion of the
optical gbsorption spectrum in the intrinsic roglion gives
information about excliton levels end on ostimote of the
width of the forbidden zone, 35'. Although the exciton
levels should theorotically bo discrete, sherp ilines, they
maey well be brosdened by intergction with phonons (quente
of lettlice vibretions) end may be indistinguishsble from
the intrinsic absorption edge. A messurement of the
frequency corresponding to the absorption edge mpy not
give the exsct band seperation, es the selection rules
forbid opticel trensitions from the top of the filled
bend to the bottom of the conduction band. In feot, the
selection rules epply only to perfect orystels end in
most semiconductors strong intrineic sbsorption begins
gt hy = 58', the selection rulea belng violeted. It
should be noted that messurements in the intrinsio
ehsorption region often give information only of the
energy levels near the surfece of the crystal: sbsorption
i8 so strong that moat photons ere sbsorbed within a
short distence of the surface.

in intrinsic semiconductor mey show some structure in
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the long-wavelength tail cof the sbsorption, due to
sboorption by eny electrons which may be in the conduction
band. Although theorotlicelly the sbsorption of rsdistion
by coarriers moving in e perfectiy periodic fleld is
forbidden, the periodicity of the fleld may be impaired
by lattice vibretions end impurities, end sbsorption
results.

If now an impurity semiconductor is considered,
further structure on the long-wavelength slde of the
sbsorption edge would be expected, corresponding to the
axcitation of electronsg from and to the impurity levels,
ond photoconductivity should esccompany this sbsorption.

A theorotlcel trestment of the dependoence of the sbhsorption
coeflficient on the frequency of tho incident radiastion is
difficult: discussions hsve been given by Fen (61) snd by
Loster end s5later (104).

“or completeness, two further types of opticel
sbaorption should be mentioned. If an energy bend is
deganerste, opticel trensitions mey be possible between
individuel levela. Uecondly, in ionic crystals, structure
in the absorption spectrum st very long wavelengthas may be
gscrived to displacement of the ions due to lattloe
vibrations: this ebsorption is very strong in purely

ionic crystels, snd may salso ocour when the crystel is
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only peértly ionic in cherscter.

The practicsl correletion of structure in the
absorption spectrum to the energy level scheme ls diffiounlt
unless the nature of the trasnsitions sssociated with the
ghoorption is determined: trensitions from the filled
band or from impurity levels to the conduction band, or
from the filled bend to impurity levels, result in photo-
conductivity, snd opticel sbsorption end photoconductivity

aro frequently studied together.

3.3, Internsl photoeffects

In the present work, discussions of photoconductivity
and of the photovolteic effect (Jecs, 3.3.1 end 3.3.2)
will be of most importance. The remeining photoeffects
ore mentioned merely for completeneas, end sre only briefly

roeferred to in discussions of the results of the present

work.

Se8s3 i’hotoconductivity

Consider @ perfect crystal of s semiconductor mounted
between ohmic contascta snd connected to & bastteory via s
current messuring instrument (¥ig. 3.3). It is sssumed
thet the tempersture of the crystal is sufficiently low
for & negligible number of electrons to be thermslly
excited to the conduction band; the dark conductivity
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can thus be neglected. is described in Sec. 3.2,
illumination of the whole crystal by light of such a
fraguencyy that hy > bg' cpuseos excitation of electrons
to the conduction bsnd, leaving free holes in the filled
band, snd the cryetal becomes photoconducting, both
electrons snd holes contributing to the conduction
current. An long as the carriers remein free, g current
will flow; but immedistely the i{lluminstion is cut off
snd excitestion ceases, recombination processes (which sgre
elso operative in the illuminsted stete) reduce the carrier
density snd the current decays to zerc. If g constent
intensity of rsdietion is msintsined, the excitastion
ond recombination processes sdjust themselves to g state
of dynemic equilibrium.

A number of different recombination processes gre
possible. If direct recombination of holes end electrons
tekes place, so that electrons return to the filled band
from the conduction band, radiastion of frequency corres-
ponding to the forbidden band separation is emitted ("edge
emission"). Jlecombination can also take place due to the
presence of recombinetion centres with vecant levels in
the forbidden gep., If rgdistion is emitted it is of
lowar frequency than thet for edge emission, as the

trensition energies must plways be less; but photon
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omission does not slways result, the transition enorgy
beling transferred as phonons of lsttice vibration or
being used to excite snother free charge carrier in a
secondary proceas., Uentres at which carriers of one
sign sre removed sre known g8 traps.

The growth end decay of photocurrents in & crystel
when rediastion is applied end cut of'f' depend upon the
pumber snd position of the various recombingtion centres.
Gerlick (3) snd Wright (11) heve reviewed verious troat-
ments of the problem; iose (164, 166), Fan (60) snd other
workers heve discussed recombination processes in further
detell.

The varistion of photocurrent with exciting light
intensity depends upon the distribution of traps. For
exsmple, it can be shown (3) thet for deep trapping stetes
the photocurrent is directly proportional to the intensity
of irrsdietion J for wesk intensities, changing to @
proportionslity to J¥ st higher intensities, the break
point depending on the temperature of the specimen, Jor
¢ uniform distribution of traps to @& depth of abont‘l eV
below the conduction bend, the photocurrent ls again
proportional to J, but is insensitive to temperature. If
the distridbution is exponential below the conduotion
band, the photocurrent is proportional to J™ where
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Ve <« m < 1.0 below g certein tempersture; sbove that
temperature, m = V.5 (1b4). A study of the reletionship
between the photocurrent and the intensity of illuminsgtion
can thus provide some informetion on the distribution
of trepping stetes, although interpretation mesy well bo
difficult.

The tresatment thus far has deslt with e considerstion
of photoconductive effects to be expected in 8 single
semioconducting oryastal. In a lerge cless of photo-
conducting meterisls, the specimon consists of a number
of orystallites, sand trapping of cherge cerriers may teke
place at the barrler layera between the corystsllites eas
well a8 at trapping levels within them. This cless is
obviously of great importsnce in the present context.
ilectricel conductivity studies (Jec. 2.4) have shown
that the oxide cathode mey be consideroed 9 a porous
atructure of crystsllites, with the orystellite boundsries
playing en importont part in the limitation of the true
gemiconduction current.

The bsrrier modulstion theory of photoconductivity
hes been developed by Gibson (69) end by other workers
(1861, 165, 168) to apply to polyorystalline specimens.

The crystallite boundaries give rise to potentiel barriers
which may ceuse fluctuations in the impurity levels, end
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possibly even trensitions from ll= to JC~-type semiconduction.
such a8 potentisl barrier, rether like s double .‘chottky
barrier, 18 shown in Fig. 3.4. 7The absorption of light
nesr a barrier causes s sopasration of electron-hole peirs
s0 rapld that the effect of recombinstion is negligible.
The effective barrier height 18 lowered by thie separstion
effect and conduction scrosés the barrier is incressed.

On the other hend, in the interior of the crystellite
recombination may be repid and offectively limits the
photoconductivity., 7The varietion of photocurrent with
intensity on this medel is one of direct proportionelity,
snd thus in certein ceses there might be confusion with
the single-crystesl process previously described. The
procaesses cen be dlstinguished, however, by significent
differences between expressions for the response time aend
gquantum equivalence of the photocurrent derived for the
two models.

In some csses, the irrgdistion of a photoconducting
crystel with photons of high energy has been found to
enhsnce the sensitivity at longer wavelengths: this may
well be due to the excitatlon of carriers from the filled
bend to vacent, low-lying treps. The absorption of
rediation of lower energy 1s then sufficient to cause

excitatlion into the conduction band. The converse effect
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may elso be observed. Simultaneous irradiation of @
photoconductor with photons of sufficient energy to
produce photoconductivity end with infro-red redietion
may causae & quenching of the photocurrent. This process
can be represented by the liberation of positive holes,
trapped at recombination sites, by the low energy photons.
The holes then combine with trapped electrons, leaving o
number of empty treps avalilable to reduce the number of
froe charge carriers.

As mentioned in Sec. 3.2, the spectrsl aensitivity
of photoconductivity may be related to the opticsl
gbaorption spectrum to derive an optical energy level

scheme.,

3.5.2. VFhotovoltaic effect
If a semiconducting crystal is mounted between

motallic contscts and connected to s galvanometer (Pig.
3.5) uniform illumination of the whole orystasl produces

no effect. If, however, one electrode end its contact
with the crystgl sre illuminated, & ourrent will be
registered on the galvenometer: s photovoltslc e.m.f.

nes been set up. In genersl, it is found thet illuminstion
of 8 potential barrier produces s photo~e.m.f.; the
bvarrier may be sn externsl one, as in the hypothetioal
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axperiment described gbove, or &n internsl one, e.g. at
& orystallite boundary. <The photovoltage set up by the
illumination is effectively the difference in enorgy
between the Ferml level &t the illuminated barrier snd
thoe true Fermi level at a distent, unilluminsted part of
the apaecimen.

It can be shown thst the sign of the photovoltage
depends on the sign of the charge carriers which sreo
excited. The megnitude of the voltage, megsured under
open circult conditions, is directly proportional to the
sbsolute temperature end to lege (1 + % J) where J is

the exciting light intensity end /5 is e constent (3, 6).

$ 3.8 Dember or photo-dif on

An effect in which non-uniform illuminagtion of a
single semiconducting crystel may produce g photovoltage
without illuminstion of & potentisl bherrier wses first
observed by Dember (44) end has since been discussed by
Moss (7). If the surface of the corystel is illuminated
by radietion lying in a region of strong ebsorption, most
of the photons will be gbsorbed within s short distance
of the surfsce, end & high concentretion of electron-
hole peirs will be produced there. The concentration

gredient causes the carriers to diffuse awey from the
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surface of the specimen towsrds the unillumineted back
surface. Normslly the electrons will diffuse fester then
the holes; they reach the bsck surfece first, setting up
o negative chorge there, and the effect of the field due
to this charge 1s to sssist the diffusion of holes. In
equilibrium, a photodiffusion voltage may be messured
between the illuminsted and derik surfacos of the specimen.

3.3.4. I'hotoelectro-megnetic effect

Consider the aspplication of s megnetic field perp-
endicular to the directlion of diffusion of the electrona
and holes in the experiment described in the lest section.
UInder the influence of the magnetic field, electrons end
holes separate and travel towerds opposite ends of the
crystal. A voltage difference botween the ends of the
specimen builds up until it is sufficient to provent
current flow., The effect may be described ss the setting
up of a photodiffusion Hsll e.m.f., and has been discussed

by Moss (7) snd others.

J.4. 5Sxternsl photoslectric emission
The study of external photoelectric emission from a

semiconductor yields rather less fundsmentel information
then that of tho various internasl effects. liowever, it

hes been very widely wsed in investigetions on the oxide
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cothode and thus deserves attention gt this stapre.

The besic informastion which cen be obtsined from
the sapectrel senslitivity curve for photoelectric emisslion
i8 the energy required to 1lift electrons from the filled
bend snd from impurity levels to vacuum potentisl., The
curve should show & shsrp incresse st photon energles
corresponding to the separation hetween the filled band
end vecuum potentisl, end structure in the long-wavelength
teil may be due to emiasion from impurity levels, Becsuse
the electrons gro removed from the semiconductor,
recombination processes do not enter into the offect end
the photocurrent should be provortionsl to the light
intensity J over 8ll valuea of J, a fundamental relation
of photoeleoctric emission (83).

For excitation from gn impurity level st a dopth Aau*
pelow the conduction band, the photoelasctric work
function ¢‘5,. obteined from o atudy of the spectral
gonsitivity is (Pig. 3.2)

Bon = X' * OF
which must be distinguished from the total thermionic
work function ¢ (vec. 2.2):

¢~ X+ OB,

The interprotation of @pactrsl sensitivity information
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to yleld velues for ¢, 1s not essy, and suffers from the
logecy of methods which wero originaelly developed for the
determination of the photoelectric work function of
metols. For a metsl there is8 o sharp low-frequency ocut-
off, below which it 18 impoasible to obteln photocemission,
but a semiconductor at temporatures asbove sbsolute zero
will always have some electrons in the conduction band as
woll &8 those in impurity leveols and et leasst a very small
nhotealaectric current can be obteined for radiestion of
low frequency, corresnonding to excitstion from the
conductlon band. Thus there caen be no true photoelectric
threshold for semiconductors in the sonse that there is
for metals: it is often found, in fact, that g8 the
wovolength of incident radiation incresses, the photo-
current per unit incident intensity docrosses nearly
exponentislly (5ec. 4.2). Although » linear plot of
photocurrent versus photon energy indicates an apporent
threshold, this can be shifted to lower shoton energiles
morely by the use either of more intense redistion or of
n more sonsitive detector for the photocurrent. Under
fixed conditions of light intensity aend detector sensitivity
these clessical methoda cen be used to give & purely
erbitrary value of the photoelectric threshold which

may, howaever, be of use in defining the photosensitivity
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of the specilmen. A method commonly used for metsls, and
one which has been applied to the oxide cathode, is due
to Yowler (65) end involves the fitting of photoelectric
sensltivity results nesr the threshold to & general
theorotical curve. rig. 3.6 shows results for photo-
olectric emission from °d st & number of temporatures
fitted to the curve.

Carroll (33) has extended Fowler's theory by epplying
the mirror-image lowering of the work function to the
Fowler equation. For photoelectric emission from @
motal coused by monochromatic illumination of frequency v ,
the photoelectric current 1ph in an accelerating fleld

i is given by

1
c < bim ¢ Lh(v- )] + h(v-Y eEB 4, .
ph hd { L ( 0) ; Je.1.

where Y» is the photoelectric threshold. The equation is
vaelid st temperatures not very high ebove room temperature,
snd at froquencies Y e few tenths of sn eV ashove Y% , In
a plot of lpy versus 55, both the slope & = di/a5% and

the zero~field intercept ip ere proportional to the light
intonsity: by tsking the ratio of these two qusntities,

it is found that

. %
bfs = Sh (%) 3.2,

and thus s plot of {n/5 versus Y outs the v -axis st » .,
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Lpker, Teft end Dickey (1b) have suggested that en

empiricsl relation
. mesr2
ph < (A7 4) 3.3.

epplies to semiconductors, where ¢ 1s the work funotion
of the semiconductor snd m i8 & constsnt; Carroll hea
shown that his treatment will el80 spply to ¢ semi-
conductor which ocbeys this relstion.

inother method which has been epplied to & deter-
mination of the photoelectric work function is that of
complete photoelectric emlssion, derived independently
by Suhrmann (176) end Hoy (186), which involves & deter-
mingtion of the photoelectric emission obtained from the
gpacimen when illuminated by blackbody rediation at &
pumber of blackbody tomperstures. Horring end lichols
(81) point out that slthough the method nsy well give
rossonable values for the photoelectric work funotions
of metals, the thermodynsmicel sssumptions made in the
derivetion of the theory sre most unilikely to be even
gpproximately true in the case of semiconductoras,

In the cese where g definite pesk is obteined in
the apectrsl sensitivity owrve it is ocustomary to relste
the peak to en energy level at a distence below vacuum

potentiel corresponding to the photon energy et the peak
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(46)., lose (6), however, in the case of paakas or
platesux in apesctrsl sensitivity curves occurring ot
wevelength A , defines the threshold wavelength Ajes
the wesvelength whore the sensitivity has fgllen to half
the velue at the peak.

Weissler (10) end Hoss (7) have pointed out that
s study of the energy distribution of photoelectrona
enitted by s semiconductor on irrsdietion with photons
of known energy 1is roquired to complete the informastion
which can be geined ase to the location end distribution

of impurity levels.

3.6, L esgence

uxcltation of @ semiconductor by bombordment with
olectrons or ilons, or irrsdietion with X-rgys or the
ultra-violet, may lesd to the phenomenon of luminescenca,
g process by which the materiasl disasipates the energy it
nes absorbed snd returns to ite originsl state. The
effect includes the omission of radiestion during
irradistion or bombardment (edge emission hes been
montioned in Sec. 3.3.1), end a phosphorescent afterglow
which mey be observed after the oxcitetion has been
romoved. The effect is generslly sssociated with the

presence of impurity levels, and pnalysis of the



luminesocence spectra of the semiconductor cen yleld
informption csa to the position of the impurity levels.

it Aay be supposed thet sn electron excited from the
filled bend recombines with ¢ hole at an impurity centre
(or the impurity centre itself) end the excese onergy may
be rgdiated from the centre. This process doea not slways
tako the form of the omission of visible radiatlion; the
excoss enorgy may be dicposed of by being trensferred

to the thermel vibretions of surrounding estoms.

If 2 luminescent materisl 1ls oxcited by Airradlation
or bombardmont at s low temperature, and is subseguently
hosted at a steady regte, the cleoctrona trepped at the
vsrious trapping states by the initiel excitation will
be relepsed by thermal excitation to the conduction bend,
the electrons in shollow trape belng removed at lowaer
temporatures. The trensition mey be pcoompenied by the
enmisslion of visible redistion, and from the pepks
ocourring in the light emission versus temperature curve,
the distribution of trapping levels can be deduced (149).
The study of the thermel quenching of luminescence can
be used to correlaste opticel and thermal aottvatlon.

enorgies (3).

3.68. lixpo-olectron emission

An effect relsted to luminescence is that of exo~
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electron emiseion, firet observed by Kremer (106); the
subject hes recently been reviewed by Urunberg (73). The
phenomenon 1ls that of electron emission from substancoes
after a wide varioty of treastments, e.g. meohanioai
deformastion, Z-ray or ultra-violet irradistion, or
electron bombardment. It has been shown thst the emission
is dependent on the formetion of crystel imperfectlions,
end hence donor levels, by the various tregtments. Jtudies
of the simulteneous veristion of exo-electron emissjion
end luminescence with temperaturae sfter low-temperature
excltetion yield peaks @t corresponding temperstures (108),
showing & close parsllel between the processes,

A somewhat similar effect is obtained in photo-
conductivity, and hes been briefly mentioned in the
previous section. If the semlconductor is excited by
photons of s sultable energy at low temperstures, warming
the sample in the dark cepuses the releosse of trapped
elactrons, and & conduction current, which varies with
temperaturs in the sgme way 8 the luminescence carve,
may be observed due to thermal oxclitation of the eleotrons
into the conductlion band. The affect has beaen trosted

thooratically by Broser end lrosor-iarminsiky (50).



Chapter 4 “revious worx on photoeffects in the slkaline

garth oxides

4.1. Introdugtion

In this chapter a survey of some of the determinations
of the various photoeffects in barium oxide is given, with
a view to trscing the historicsl development of interest
in photo-induced offects in the oxlide csthode. Fot sll
the published results sre guoted: & full discussion heo
been given in a previous thesis by the present euthor (116),
snd here it ia only neccessary to quote some of the more
importent experiments ond discuss the way in which the
workers hove made deductions from their resulte., The way
in which en optiocsl enorgy level scheme for barium oxide
can be deduced from en amslgemstion of the results of
many workers 18 revliewed in Jec. 4.6, and the published

work on cglcium oxide is discussed in Jec. 4.7.

4.2. Photoslectric emission

dore studlies of photcelectric emission from the
oxlde-costed cathode heve beon reported than of the other
photoeffocts, and although less fundementsl informstion
cen be obteined from them, they will be considered first.

sany of the experiments cerried out before 1945 ere
of little quantitstive vslue: poor vecuum conditions led

to such veription in the stste of the csthode, and
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insensitive instrumentation led to insccurecy in the
mossurement of small photocurrents, producing doubtful
spactral sensitivity curves. Agein, before this dete
most interpretations of the photoelectric effect were
by enslogy with the theory of photoelectric emission
from metals (cf. Sec. 3.4) end thus figures quoted for
the work functions ere probsbly merely srbitrary, depending
on the intensity of the illumination and the sensitivity
of the instruments usod by the observer.

In 1921 Merritt (118) observed that commercisl oxide-
coated cathode tubes geve on incressed emission under
illumination, the photoelectric sensitivity incressing
towards the violet asnd ultra-vioclet. Curves of photo-
electric current versus snode potentiaesl were found to
saturste for potentials both positive snd negative with
raspect to the cathode, i.e. the anode was found to be
photosenaitive a8 well as the cethode. Although Cese
(34) could not detect any photoelectric emission when
gn oxide cethode was exposed to visible redistion, he
found that materisl evaporstod from the cathode on to
the snode wes photosensitive. A rough determination of
spectral sensitivities showed that evaporated Bas0 had a
moximum sensitivity in the light red end orenge, 5r0 in
the green end Ce0 in the far blue: but it should be noted
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thet theae results do not agree with lster and more
socurgte detorminstions. Fhotocurrents sgain showed
voltege saturgtion, and inoressed over three orders of
megnitude when the tempersture of the plste bearing the
evaporated materisl was incressed from 300 to 700 9k,
crevw (38) confirmed thst the photoelectric emission from
bsrium oxide coated fllsments wpes due to the oxide ratheor
then to the bese motal: oxide-costed and clean pletinum
and tungsten fllaments were irredisted with light from e
mercury src, and only the oxide-~costed filements gave an
gppreciable emission. Crew found thet the photocurrent -
voltepge cheracteristic did not ssturate but showed @
moximum ot an snode potential which spparently depended
opn the thickness of the oxide costing, but it hss been
gugreated that this effect might have been due to poor
vecuum conditions., A rough estimste of the threshold
wegvelength could be mede. Light of wavelength less then
3000 ® (photon energles grester thon 4.1 eV) waes most
effective in ceusing photoemission, but Crew suggested
thet longer wavelengths would also produce some photo-
emission, It will be obhserved thst laster messurements
do in facot show a pronounced incresse in photoemisaion
gt about 4.0 eV,

Newbury (135) end Newbury and Lemery (136) found that
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the photocurrent from barium oxide coanted flilements
saturated, the snode voltpge required for ssturation
depending on the thiciness of the coating: no evidence

wopez found for the meximum observed by Crew., The spectrel
gensitivity of photoemission waes determined for s number
of lines of tho mercury spectrum: & long-wavelength 1limit
to photoemission was oatimated st 4000 R (3.1 aV) with s
peak at 3400 @ (3.7 eV) and @ shsrp rise for wavelengths
less than 2500 & (6.0 eV). The structure nesr 3.7 ond

5.0 eV hes been observed by wore receont workers, and is
undoubtedly a festure of the apectral sensitivity ourve;
but the threshold at 3.1 eV i8, of course, quite arbitrory.
puxford (95) found that the spparent threshold frequency Vv
depended on the megnitude of the applied electric field

E: the relation is of the form

y = V.- bE% 4.1,
where Y, is the zero~field threshold frequency end b is @
constant. The effect mey be explesined in terms of @
sohottky lowering of the work funotion in an electric
field., liuxford quotes thresholds in the fer red aend
infra-red (~ 1.2 eV) for a Ba0 cethodo: he is one of
the fow esrly workers whose experiments were sensitive

enough to detect photoomission in what 18 now recognlised
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g8 the long-wevelength tell of the intrinsic region, but
the threshold figures he guotes have little quantitstive
asignificsance.

All the early determinstions described used d.c.
techniques, end meagsurements of the photoelectric current
gt temperasturea above 700 9K were slways doubtful, as the
thermionic current incressed rapidly sbove that temperature
ond tended to mask the photoelectric offect. [n 1931
Komadanoff (148) developed en s.c. tochnique which sllowed
the seperstion of thermionic and photoelectric currents.
The cathode is subjected to interrupted illuminstion: the
totsl snode current is now made up of & d.c. thermionic
component and an slternsting photoelectric component. Hy
feeding the anode current viae ¢ trensformeor-coupled
emplifier to an oscilloscope, only the true photoelectric
component is displayed. Ilismadanoff, however, confined his
experiments to an investigetion of the tempersture
veristion of photoelectric emisslon, of much less
fundsmental interest then the spectral sensitivity.

In more recent yesrs there has been considerable
interest in photoelectric emission from the oxide~coated
cathode snd in its interpretation in terms of » solid-
state model. luto and Yameshita (130) hsve gliven @

theoreticsl csloulation of the form of the spectral



Fig. 4.1 Spectral sensitivity curves

for photoelectric emission from BaO,

Sr0 and (BaSr)0 (Nisibori, Kawamura

and Hirano (137))
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gensltivity curve to be expected for & semiconductor with
one sharp impurity level, snd include the possibllity of
excitetion from the conduction band. It ia unfortunate
that their paper ia extremely condensed, and that an
smplified version including details of the calculation
end of ita gasumptions has not appoared. Luto end
Yemashita base their celculstlion on the experimental
results obtained by Nisibori, Kewemure snd liireno (137),
gsome of whose spectral sensitivity curves gre reproduced
in ¥ig. 4,1. The upper curves pre plots of the logerithm
of the photocurrent versus photon energy for two cathode
temperatures for Bal, Sr0 and (Babr)0 costed cothodes. It
i8 noted that, a8 discussed in sec, 3.4, the form of the
curve makes it difficult to sssign pny sensible value for
the threshold photon energy: the curves are nesrly linesr
st low photon energlies. However, the Japsnese workers
observe that for g carteln renge of photon energlos the
gurves obtained st the different temporstures are
coincident, end assume that this coincidence implies thet
over this rsnge a true photoslectric effect ie cbserved,
without thermal effects which dieplece the cherscteristic
at lower photon energies. They thus deduce s value for
the photoelectric threshold by extraspolesting the photo-

enmisalon chsracteristics in e linear plot of photoourrent
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versus photon enorgy (lower flgures: the verticsl axis is
lebelled "photosensibility” where "photosensitivity" would
be the more common western usage, and elthough no scale
is shown on this axls, it is clesr from the text that it
is an srbitrery linesr scslo). It i8 felt thst these
thresholds grae, in fsct, guite erbitrary, end the pssumption
thet a portion of the photoelectric spectrsl asensitivity
curve rom8ins unchanged Lby temperature is certainly not
borne out by more recent work (cf. Fig. 4.2.2) (46).
nisibori, Hewamura and lilrano relste the photoelectric
work function X + AL' to the jilcherdson work function
x + AQL/Z2 for barium oxide by taking X = 0.3 eV, & rasther
low value, snd by esssuming thet thermal snd opticel
gotivatlon energies are equsal, i.¢. by ignoring the renck-
Condon effect.

Hahlman (118) applied photoelectrio senaitivity
results to & Fowler plot (Hec. 3.4) snd found thet the
photoelectric work function obtseined by this method
depended on the applied fleld, in sgreoment with the
eurlier observations of iluxford (96). The zero-field
work function waes 1.8 eV, but it is felt that this hes
little significence on semiconductor theory; Mshlmen's
results were, in fact, & rather poor fit to @& curve

derived for photoemission from metals.
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A comprehensive investigation of photoeffects in
berium oxide conted cathodes by DeVore and Lewdney (46)
included the measurement of the spectral senaltivity of
photoemission et various temperstures and in various
states of cathode activation (¥Figse. 4.2.1, 2). Common
to 8ll cathode temperatures was sn increase in photo-
ocurrent in the reglon of 3.6 ~ 3.9 eV, which wes asssumed
by the authors to represent intrinsic photoemisasion.
slthough considerable differences in the form of the
gpectral sensitivity curve for photon energles less then
3.5 eV were observed in different sctivation states, the
Richardson work function changed only over s range of
1.87 = 1.07 eV ond it wes not possible to correlate
chenges in photoeleotric emission with changes in thnrnionio;
sctivity. DeVore and Dewdney observed that previous |
irradietion of the cathode by ultra-violet light enhenced
the photoelectric emission considerably end chenged the
character of the spectral sensitivity curve, & pronounced
peek sppearing et sbout 2.5 oV (Fig. 4.2.5). The
enhsnced emission decayed slowly at room tempersture,
btut more rapidly at‘highor temperatures. This enhanced
offect was first observed im 1922 (17, 68), but received
no attention until recent yegrs. Mclary (114) hes made
o deteiled atudy of the effect, showing that irradiation
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by light of visible &8 well ss ultra-violet wavelengtha
is effective in producing it, snd it hss elso been
investigated by Dickey end Taft (49), Nogs end Aswemure
(138) end Mee (118).

Hekomoto (168) confirmed the epectral sensitivity ‘i
curve obtained by DeVore end lewdney, but sssigned the
3.9 eV structure to photoemission from surfsce states. ¥
spker, Taft snd Dickey (16) extended the range of observ- |
stions further into the ultre-violet, messuring both

the spectral sensitivity and the energy distribution
of the photoelectrons by o reterding potentisl method
in spherically aymmetricel tubes. A sherp rise in the
photoelesctric yield was obsaerved at photon energles of
gbout 5.0 e¥, and in conjunction with optiosl absorption
astudies (Hec. 4.3) the filled bend wes deduced to be et
g doepth of 5.0 eV below vacuum potentisl, which does not
sgree with the interpretetion of DeVore and Dewdney. The
rosults of Dueker snd Hensley (52) ena Philipp (144),
vhe used o magnetic velocity enalyser to determine the
energy distribution of photoelectrons, confirm those of
Apker, Teft snd Dickey. Extending the meassurements to
low ps well ss high photon energles, Taft and Apker (174)
found donor states only 0.8 eV below vacuum potentiel,
Usrroll snd Coomos (B32) snd Caerroll (33) have applied
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the scgelersting-rield enslysis (sec. 3.4) to photo-
onlsglon from a barium oxide cathode. 7The value obtained
for the photoelaectric work function, 2.0 oV, presumably
indicates the depth of the principal impurity level below
vecuum potontisl. The method hse been applied by ltee (116)
to a number of Bal cethodesa: vaglues of 1.7, 2.0 and ZL.1 eV
were obtailned for three different cathodes.

A number of the earlier investigatlions have bveen
rapagted snd more modern theories applied to the rosulta.
Nerita (133), in @ series of experiments similsr to those
of Cese (34), evaeporated Be0 on to & clean metal plate,
gnd found that for very thin films the photoemission
current a3 g function of photon energy could be fitted
gocurately to & Fowler plot; for thicker films, sgreement
wes less good. The enhancing effect of pre-irrsdistion
by ultra-violet light wes found to depend on the proportion
of barium in the eveporasted lsyer. Deblesse and Champeix
(43) have slso reported on the photoseusitivity of
gvaporgted films of Bsu on the enode. Blguenet (26) hes
discussed photoemission from the snode in terms of @
thin surfece film 6f barium metal (the evaporated substence
undoubtedly conteins & high proportion of free barium)
which suffers photo-ionisation and thus osuses a

modification in the work function of the cathode surface.
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4.5, Opticsel sbsorption snd photoconductivity

Hother less informstion hss been published on the
opticel sbsorption of snd photocenductivity in berium
oxide copted csthodes. DeVore end Dewdney (46), uslng
probe diodes, found a large incresse in photoconductivity
et about 3.7 eV (Fig. 4.3). Opticsl sbsorption could be
studied by shining monochromstic rediation on to the
cathode surfece end compering the reluative intensities
of the incident snd reflected light; & pronounced decrease
in reflectivity, showing sn lncresse in sbsorption, was
gleso found at 3.7 eV, A lster determination by DeVore
(47) investigsted the effect of sctivation of the cathode
by studying the development of the long-wavelength tail
of the photoconductivity curve. DeVore deduced the
presence of two photoconductivity thresholds, at 2.3 and
1.4 oV, although his method of determination (bLy linear
extrapolstion of & plot of photoconductivity current
versus photon enoergy) is open to oriticism. Ortusi (141),
in o theoretical discusaion of the neture of the donor
contrea in the oxide cathode, suggests thet the 2.3 eV
threshold is due to oxygen vacencies, while the 1.4 eV
level may be due to colloidal barium. Sakemoto (188)
confirmed the spectral sensitivity curve of DeVore snd
Dowdney snd found thst irradiation with the ultre-violet
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produced sn enhgnced photoconductivity current et 2.4 oV,
similer to the enhancement found in externel photoelectric
emission. Additional structure at 2.0 eV wes found by
Hee (116).

Following the successful production of single crystals
of barium oxide (173) a number of determinations of photo-
conductivity end optical absorption in single crystals, ss
gompared with the porous polycrystalline structure of the
csthode, have been made. Tyler (180) and Tyler and Sproull
(182) found an inoresse in opticel absorption st about
3.8 eV, sccompenied by photoconductivity; this structure
was ettridbuted to excliton formatlion. A further incroease
in absorption sterts at about 4.8 eV, Daesh (41) atudied
the effects in the visible end near infra-red, snd found
that ebsorption structure, accompanlied by photoconduotivity,
can be induced at 0.8, 1.4, 2.0 gnd 2.6 aV by ultre-violet
or X-ray irrvadiotion or by sdditive colorastion with excess
berium. Kene (100) found & temperaturs-dependent
absorption with s meximum et 2.4 eV in deep red orystals
of Ba0, end attributed the level to interstitial barium
or to oxygen vacencies, GSproull, Hever end Libowitz (174)
heve observed the diffusion of colour centres in Ba0
oryatsla, end their work suggests thet the 2.0 eV band

observed by Desh is due to oxygen vacsnclies.
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i number of doterminstions of opticel ebsorptlon
in films of barium oxide eveporated on to gloss or querts
have been reported. Although the structure end composition
of evsporsted films sre very different from those of the
cathode or single crystals of Bal, the absorption spectrs
obtained show certein similsrities to those previocusly
discussed. Tyler (181) found & strong sbsorption threshold
at 3.8 aV; Takasgewa and Tomotiks (178) found the threshold
to be st a slightly higher photon energy, 3.9 eV, s&nd
observed ¢ second rapid rise in ebsorption st sbout 5.0 eV,
with two bends at 4.2 gnd 4.5 aV., In the presence of
oxygen, the film becomes transpsrent for photon energies
under 5.0 eV, Okumurse (14C) genereglly confirmed these
results, finding thsat absorption dbands begin at 4.0 eV
sand 5.0 eV, with poeke et 4.1 snd 4,4 oV distinguiashable
in the first band. Zollwaeg (200) investigated the optical
gbsorption of s barium oxide film st temperatures betwoeen
15 and 650 °K., Helow 60 9K four pesks could be resolved
betweon 3.8 snd 4.5 eV, and the strongest ones were
thought to be due to exciton absorption. Marther
mepsurements (201) extended the wegsurements to sbout
6 eV, In the reglon of lower photon energies, lMee (116)
found pesks in the gbsorption spectrum ot 2.0 and 2.6 oV

for sn avpporated film of BaO, snd & peok st 2.0 eV for a
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ileu cethode, megsiured by the reflectivity method.

4.4, ‘uminescence

Few moasurements of the luminescence spectra of
barium oxide are reported, ond correletion with other
opticsl information ia not ossy.

An early investigetion was by liwlea (57), who found
peaks at 2.1, 2.3 snd 2,7 eV, Stout (175) bomdberded a
cathode semple, which could bhe meinteined in vacuo et
temperstures above snd below room tempersture, with
electrons of 1.5 keV energy, ond found luminescent bands
in cathodes of verying stetes of gotivetion at photon
enorgies of 3.6, 3.0, 2.7, 2.3, 2.1, 1.9 end 1.8 eV,
stout suggestas that the 3.6 eV band may be due to donor
levels st 3.6 eV gbove the filled band, while the 2.7 eV
bend may srise from acceptor levels pt 2.7 eV below the
conduction band; the other bgnds remain unsllocated.
Noge ond Nekemure (139) bomberded Bel semples with
260 volt electrons, end observed csthodoluminescent
bands st 2.7, 2.8, 2.2, 2.1 end 1.9 oV, in genersl

ggreoment with some of the bends found by Stout.

PMg. 4.4 shows the collected results of the

detorninations reviewed in the previous sections. The:
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nwanbers reopresent the references, end gro placed at points
on the verticsl enorgy scele corresponding to the structure
found. In 2ach of the three classes of determirstion -~
photoemission, photoconductivity end opticel cbuorption -
the results gre sllocuted to groups depending on the
notureo of the beriun oxide sgmple, [Fhotoelectric emission
results quoted refer to def'inite structure in the epectral
sensltivity curve, end srbltrery thresholds egro omitted.

vinco the results are for such e wlde verlety of
gamples in quite different states of uactivation sand
impurity concentrgtion, exsct asgreoment bhetween levels in
any cless for results from cethodes, aingle cryastsle and
gvaporated films would not be expected. In fact, for
cortaeln levels gyreement ls surprisingly good. 4 genersl
correspondonce between levels for photoconductivity end
opticsl absorption is expected theoreticslly [(-ec. 3.2)
snd ls obsorved in preaotice.

inother peint of correspondence is between photo-
emission and photoconductlion levela. DeVore and Dewdney
(46), comparing the structure st sbout 2.7 eV for photo~
emission with that for photoconductlivity and reflectivity,
found thet the thresholds hed the ssme temperature
coefficient end differed by only about U.05 oV over g
range of tomperatures from 300 to 700 %k (Fig. 4.5). The
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arnhanced peak at sbout 2.5 @V which can be induced by
altra-violet irruadistion occurs in both photoemission
gud photoconductivity (1858). <Jhis genersl similerlity
vetweon the levels led Saxsmoto (168) to supposa that
the externgl work funotion‘l' must be pregctically zero,
on the basis of this sasumption he put forwerd su anargy
level scheme (¥ig. 4.6) showing the main energy levela
found by other workers., 1ne scheme is not entirely satis-
fectory, for .gRemoto sssumes that the 3.7 eV pesx is
due to cathode surfesce stetes, suggosting that it is
found only in cethodes and not in single orystels: he
must, however, have overiooked the results of Uyler end
sproull (182).

snother disgrem hss been prepared by lensley (79)
(Yige. 4.7). Ue appears to have neglected the similerity
botweon photoelectric emlssion snd photoconductivity levels
gnd gssunes e value of 0.6 eV for X' . The Justificetion
for thig is not obvious, and it seems poassible that
lHensley has merely used g velue commonly deduced from
thermionic emlusion end derk oconductivity studlea (lec.
2.8) .

An slternative energy level scheme based on the main
results is given in Fig. 4.8, It is gssumed, following

sekamoto, thet X is very emell. luch of the structure
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et high photon energies hss been nscribed to exciton-
induced abhsorption: thus g series of exciton levels
atasrting at 3.8 oV sghove the top of tho filled bend is
introduced, the totsl depth of the top of the filled

bend below vecuum potentisl being sbout 5.0 eV. as X

is smsll, exociton-induced photoomisaslon can take place
from the spme levels pa exclton-induced photoconductivity.
It must be pointed out that this dlegrom merely ropresents
g combingtion of informstion from verious sources, end it
will appeer from later work (Chsp. 8) that photo-

conductivity results must be critically re-sssessed.

4.6. Correlastion of da.t ormat
borium oxide

Although the Frgnok-Condon principle forbids, in
general, the direct equivelonco of thormal snd optical
sotivgtion enorgios, » coertain similarity would be
expected between the two schemes, sudbject to 2 scaling
fagctor., In the csse of the energy level schemes for
berium oxide, two difficultles ere encountered. The first,
end moat obvionsa, rolates to the externel work function.
On the thermel scheme it is customsrily supposed to lle
bvetween 0.5 gnd 1.0 eV, ond, indeed, muat be of this

order of megnitude unless the interpretstion of



conductivity and emission results is inoorrect. On
tho othor hagnd, fsirly strong exparimentel svidence
suggests that it must be asmall, certainly lesa thon
0.1 a¥, in the opticel case. The reassoning of LHakZemoto
(158) is not easy to follow, but it appesra that heo may
offer an oxplsnation of the fact that the externsl work
function is very amell in the opticel case, Ie points
out that if sn spprecisble portion of the spparent
photoconductivity current is carried by photoelectrons
which travel through the pores of the coating, rather
then by true photoconductivity electrons which psss through
the crystallites themselves, the appareat photoconductivity
current will be, in reslity, & photoemission current in
the poren of the mstrix. Thus the spectral sensitivity
curves for photoconductivity snd photoemisalon in a
cathode should be very similar in structure, Ho exper-~
imentel proof of this hypothesis was offered. |
This extension of the Loosjes-Vink hypothesis of
dark conductivity to photoconductive effects is
investigated in grester detell, with speclel reference
to celcium oxide coated csthodes, in the course of the
prosent work. It should be pointed out thet Sgkamoto .
does not consider all the evidence availedble from single

oryctel measurements, snd the pgreoment betwean single
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crystel snd csthode experiments is not emphesised by him,
Although the experimental work cerried out in the course

of the present work is in fevour of the Sakamoto hypothesis,
the foastures of agroement between results obtsined with
porous cathodes snd non-porous single orystals of bearium
oxide suggest thet both e pore end a solid photoconductivity
process masy operate in parsllel.

The second difficulty relptes to the Franck-Condon
sceling faotor. Aslthough & number of the early workers,
perticulurly in the field of photoelectric emission, used
their erbitrary thresholds (tsken ss being equal to X + AE)
to attempt & direct correlestion with the thermionic work
funotion (X + ARE/2), such agreement as was obtained osn
only bve, at the boest, fortultous. But gttempts to
reconcile the opticsl snd thermal information Ly means
of the Mott smd Ourney spproximste scsling feotor &
are not very successful. ¥For Bal, the refractive indox
is ebout 2.0 (74), so the opticel dleloctric constant
is gbout 2.0% = 4. Two quite different values hove been
gquoted for the etatic dieloctric constant, 14 (4) ond
34 (£5). The value of 14 wgs found by extrapolation
from velues obtained for the other alksline ogrth oxides
(86), ond i1t has beeon suggested (25) thet these values
may be unrelisble: thus the extrapolated velue is
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likely to have little significence. The velue of 34
wes obtained by meossurement in sn experimentasl errange-
moent in which preceutions were taken ageinst the
conversion of oxide to hydroxide: readings were taken
over & frequency range from 60 to 6 x 107 c.p.8. In
this case, too, extrapolotion wpose used to find the stetic
dielectric conastent, ond there was evidence thet the vslue
of the dielectric constaent might be grester thsn 34 at
low frequencies, Thus the two possible vaplues of ¢ load
to velues of %, of sbout 0.29 snd 0.12. If we take the
meximuam depth of the top of the filled band below vacuum
potentisl a8 5.0 eV, for which there is strong experimentsl
ovidence from photoelectric informstion, using the two
Frenck~Condon sceling fectors the corresponding depths
on the thormsl scele would be 1.4 and 0.6 eV, The fsot
thet Hicherdson work functions for thermionic emission
from unsctiveted Ba0 csthodes ere often greater then
1.4 eV shows that o direot correlotion between opticsl
end thermel inf'ormeation, using the Mott end Gurney
ppproximetion, is impossible: the impurity level from
which thermionic emission originates cannot be fitted
into the theoreticsl forbidden energy =zone.

Hepsons for this discrepancy may be exemined. It
is possible that the structure st 5.0 oV observed in the
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optical sbsorption and photoenission spectra of HaoO does
not represent the onset of intrinaic absorption, but may
be morely snother excliton level, intrinsic sbsorption
ocourring st even highar photon energles. The exporiments
of Zollweg (201) would suggest that this is most unlikely.
The uncerteinty in the value of ¢, allows the conversion
factor to take two quite different wvelues: but for ¢, to
be lerge enough to make p sensible correlation &, would
heve to be rather less than 14, the less favoured vslue
of € quoted in the litersture. The discrepancy may well
lie in the use of the rather simplified model used ty

ilott snd (Gurney.

It is customery to invoke the idea of surface energy
astates to explpin apperently porsdoxical results obtained
with the oxide cathode. In this cese, although photo-
elootric emission from and opticasl absorption in surfece
levels of the oxide crystallites may well be quite
different from the effects in the oxide in bulk, the
fect that some degree of agreement is obteined betwoeen
results from oxide samples prepared in widely differing
ways - the porous oxide cathode coating, for exemple,
yields similsr photoconductivity results to single crystals
of the oxide, despite the considersble difference in the

surface to volume ratios of the two systems - suggesata that
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the maln opticel festures discuesed sre probsbly properties

of the bulk oxide rether than of the surface.

4.7. Fhotoof{fects in calcocium oxide

It hss boen necessery to devote some time to a
discussion of the photoelectric properties of berium
oxide, for cslocium oxide hes not recoeived the same
sttontion sa the other elkeline earth oxides in invest~
igations of photoslectric effeots.

A detarminetion by Berger (Z4) of photoemission from
@ number of oxides included celcium oxide, but no results
wore quoted es diffioulty was found in obteining
reproducibility. liopkins (87) observed s pronounced
photoconductivity current when s Ca0 cathode wes exposed
to bright sunlight, with a further enhancement when
irrsdigted with ultre-violet light. No messurement of
the spectrel sensitivity wes attempted. A blue colorstion
of the cathode was slso observed after use, gnd it was
suggestod that this may show the presence of colowr centres
snalogous to F-centres in the alkeli helides,

4/ number of determinstions snd theoreticel discussions
of the luminescence spectrs of pure cglcium oxide end of
celcium oxide gotiveted with verious impurities have bveen
roported (67, 58, 167). Interpretation in terms of the

energy level scheme is difficult, es with berium oxide,
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Chapter 6 (eneral experimentsl techniquea

Hele Introduction

Although seversl different effects in cslclum oxide
coatod csthodes have been etudled in the prosent work,
ond different designs of experimentsl tube have been
necessary, & number of techniques hsve been common to
oll of them. Thus most tubes gre subjected to the some
schedule of vgouum processing, snd the techniques for
studying the eloctrical and photoelectric properties are
similer from tube to tube. The genergl techniques are
discussed in thia chapter.

$.2. The vecuum system

It hss sirepdy boen mentioned thet poor vecuum
conditions medo much of the esrly work, both inm thermionic
gnd photoelectric studies, of doubtful vaglue. The vaouum
system employed in the present work wss designed so s8
to remove as quickly es posslible the laerge volume of gas
evolved during the breskdown end activation processes end
to sttoin e low ultimate pressure, less than 106 am Hg,

The herd-gless system is illustrated in Figs. 65.1.1
and 5.1.2. The Edwaerds Speedivec Type Z two-stage rotary
beoking pump ie connected vis s 5-litre reservoir end o
phosphorus pentoxide drying tube to s single-stsge meroury



- 98 -

diffusion pump, with s pumping speed of the order of

1 1 sec ~1. Connected to this pump sre two liquid sir
trops in series; between them is the 20 wmm bore main tap.
"he central tube of the second trap pssses through sn
ssbostos tableo to the pumping manifold, which beara an
ionisstion gouge snd » stem for the experimentsl tube.

The conneoting tubes are ss short snd gs wide 8s possible,

The glasswere 1s securely clesmped to & tubular steel
freme which corries at one end the ssbestos table ond, st
the other, power-packs and other equipment used in the
processing of the tubes. A counterpoised oven, whose
tempersture is controlled by @ Sunvic unit, mey be lowered
over the tube whon it is gttached to the menifold.

The ionisation geuge is of the Penning (143) type
(Pige. 6.2.1). It consists of two psrsllel circulsr
nickel pletes separsted by & distesnce of gbout 1 om
forming the csthode, end & ring esnode between the plates,
s magnetic field of asbout 600 oarsted is epplied between
the plates and perpendiculer to them by & smell
permenent mognet. A potentisl difference of 2 kV ia
epplied between the anode end cathode: a discherge results,
end the electrons move in long helicel paths to the anode,
end may oscillate about it., There is thus e falrly high
probability of ionisstion of the gas in the gauge by
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collision, @ measursble ionisation current being produced
even ot low pressures. A celibrgtion curve for such @
gauge ie given in Fig. 6.2.24. IJlon currents ere measured
gpproximately ﬁith 8 0 - BOO paA meter fitted on the power-
peck, end more sccurately with a Tinsley multi-range
microammeter,

It should be noted that the geuge used in the system
hes not been cslibrated sgeinst s Mecleod or other type of
stendard geuge. Its use here is more to indicste orders

of magnitude than to give @ precise messurement of pressure.

5.3, Freparotion of the experimentsl tubes
A lerge proportion of the tubes constructed for the

present work were of the probe diode type, end e
description of the method of construction of the standsrd
type of tube will be given in this section. lodifications
necessary to carrxy out psrtioular experiments are discussed
in the relevent experimental chapters.

It ie importent that all components of @ tube ghould
be a8 clesn a8 possaible at eall s8teges of sssembly.
Initielly, motal perts sre clesned by heating to redness
in 8 stresm of hydrogen, snd the gless envelope of the
tube is cleaned with chromic ascid snd distilled water.
hen the tube is attached to the vecuum system, it is
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beked out st 400 °C to remove ges sdsorbed on to the
gless; beking 1s repeated after the carbonste has been
broken down to oxide. The snode snd other metsl psrts
inside the tubo not provided with electricsl heaters are
outgassed by heating to redneas with en r.f. heaster.
derium getters, fired immoedlietely after sesling off the
tube from the pumps, ere glso cerefully outgassed. Hefore
scaling off, the gless stem is hested gently with e
luminous flome. Tubea gre not normally sealed off until
the indicsted pressure is less than 10~6 mm Hgs Firing
the gettera after scal-off should reduce the pressure

considersbly.

D.0.1, Construction of a probe diode tube
The cethode bsse of & probe diode is s 68 mm long

'Q'=-nickel tube of Z.5 mm extornegl dismeter. This tube
has g 0.0956 mm tungston wire welded to 1t internally to
form the hot junction of s thermocouple for the megsure-
ment of cathode temperstures. 7he tube bears 24 swg
nickel supports at top esnd bottom, together with four
thin nickel tapes which serve to hold the cersmic probe
supports securely to the base. The cathode heater
consists of two halrpin hegters of (.18 mm dlasmeter

tungsten wire, insulated by twin hole ceramic tubes,
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connected in paraliel. 7The cathode base i8 hydrogen
farnaced before the flrst leyer of corionste suspaension
is sprayed on, using e rotating Jjig end mesks to confine
tho sprayed portion to the centrel 2 cm length of the
cathode bsne. The thickness of the first layer can be
checked by sn opticel projection mothod, snd is ususlly
shout 60 p. The probe supports sre 3 om long, 1 mm
externsl dismeter cersmic tubes: sfter the first apray,
a 32 swg niockel wire is ppssed down the centre of easch
@20 a8 to project slightly over the coated eres of the
cethode, snd the other end of the wire is welded to @
nickel teg on the ceramic support. The probe consists
of from 6 to 10 turns of 0.0005 " dlameter '0O'-nickel
wire, wound closely over the coating snd welded to the
wire supports st esch end. 4 further layer of carbonate
suspension ie aprayed over the probe so that before
breakdown the thickness 1is sbout 100 n,

The cathode sssenbly is now attached to & gless
freme, shown in Pig. 5.3. Conneotions are masde to nickel
togs bent round the freame. The upper cethode support
slides in o nickel tube to ellow for thermel expansion
effects when opersting. The cylindricsl snode of '0'-
nickel sheet, prepered in two hslves, in one of which is
plerced @& small eirculsr window, is hydrogen furnsced
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end atteched to the gleus frame.

The gless frame is attached to & commercisl 1 10
soven leoad pinch, using 24 swg nickel wire to meke
connections from the pins to the metal tegs on the freme.
Two barium getters ere attached to the frame in positions
convenient for r.f. hesting. A C U gless envelope is
drop~-sesled to the pinch, snd the tube is agttached to
the puaping stem on the vacuum asystem.

The pinches and envelopes were supplied by the

sliemens-kdison~Swen Co., Ltd.

H.3.2. Cothode proces

Aftor attachment of the tube to the vaecuum system,
it i8 basked out st 400 °C for et lesst 4 hours. Ges
from the glaas envelope nay have been adsorbed on to
the metal parts: to remove it, thoy pre r.f. heasted to
redness while the gless is etill hot (~ 100 °C),

In order to convert the celolum carbonate completely
to oxide, the temperature of the cathode must be raised to
sbout 1100 °4. This cen be done by slowly inoreesing the
voltaoge supplied to the heater, but great care and pstience
must be exercised. Too rapid heating of the cathode
csuses rapid evolution of ges in the thick cathode costing,
which in the extreme cese maey creck or flake awey from
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the bsse. legter supplies are obtained from s Variac
trenaformer, connected to the primary of e 20 : 1 atep~-
down trensformer, giving O - 12 V a,c. The Vpriac is
driven through reduction geering by a d.c. electric motor,
whose speed may be controlled by the input voltage. Vhen
the motor is run et 100 V to give its meximum speed, the
cathodo temperspture ¢en be raised from sbout 900 to 1100 %k
in sbout 6 hours; et 24 V, it takes sbout 48 hours.

The breskdown procedure is s8 follows. The cathode
temperature cen be increesed felrly repidly to about
700 °C by turning the Veriec by hand. A further incresse
to about 900 %K, where evolution of gss commences, should
be made less repidly, over s period of about 2 hopra.
The power drive is now engaged end the final incroesse,
to about 1100 °K, is arrenged to take place over s perioed
which deponds on the type of cathode, probe dlodes
requiring the longest. The temperature is held constent
et 1100 X until the pressure in the system decreases to
between 10'5 and 1078 mm Hg, when the tempersture can be
reduced, either slowly by hend or by the power drive.
hen the cathode has cooled, the tube 18 rebaked. This
is followed by further r.f. heating of the enode, to
romove adsorbed oarbon dioxide. During this process the
cathode is also reised to red heat.
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The tube may now be sealed off &nd the getters fired,
but it is often convenlent to et lesst commence the
process of pctivetion while the tube is atill being
pumped. Iin the present work the sctivetion process
‘edopted is that of drawing emission current (Jec. 1.3).
The cathode temperature is held comstsnt at sbout 1000 ©K
end en enode potential of 100 V 1e spplied. HNormally the
emisasion current suffers en initial fall end then incressos

until it resches a steady veslue.

6.4, epsurement of cathode tempersture
The c¢sthode temperature is messured by detormining

the thermoelectric e.m.f. developed between the hot and
cold junctions of the tungsten-nickel thermocouple
provided st the cathode bese. The hot junction is the
internal weld between the tungsten wire and the nickel
cathode base: the cold junction is formed outside the
tube, and mey, for certoin determinations, be meintained
gt 0 °C by en loe - water mixture. In meny ceses the
cold junction is merely exposed to room temperature. The
e.m.f. 18 messured with a Croydon Precision Instrument
Conpsny thermocouple potentiometer, reading to 0.01 mV
up to 21 mV and to 0.06 nV gbove this.

During the course of the present work doubts were
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folt a8 Lo the reproducibility of temperatures moassured
with different ¥-H1 thormocouples. Twelve tubes were
constructed in which the e.m.f. sot up between o hot and
g cold junction wss messured on & tungsten-nickel gnd s
chromel-slumol thermocouple, the s.m.l.-tempersture
ralationship of which is known (74). There is some
ovidence thst the e.m.f. dependa on the state of the
wald gt the Jjunction snd whaether it haa been subjected
to hydrogen furnacing. The calibration curve given
(Fig. H.6) is the mesn of the twelve comparstive deter-
minstlons with the chromel-slumel couple. The thermocouple
zlves the temperasture of the nickel cathode bsse, snd not
the celclum oxide costing; there i1s evidence from
electrical conductivity snd thermoelectric power messure-
menta that there may be & temperature drop of the order of
10 9K gcross the coating st cethode temperstures of

sbout 1000 %K (Seos. 6.3.2, 6.4).

. lmission gnd conductivit g gsure
A9 has been pointed out previously, even in @
thermionically sctive state cagloium oxide hss o low
thermlonic emisslon end electricsl conductivity compered
with the other alkaline esrth oxides, and at & given

temperature currents ere at lesst two orders of magnitude
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smoaller then with bsriuvm oxide. 7The electrometer
constructed by liopkins (87) to moasure currents down
to 10-12 4 hgs been used in the preaent work, “he
circult (Mig. H.4.1) wes designed eround s lerrsnti
3D 10 double beam tetrode, using helf of tho velve ss
o reforence circuit. A smpll current passing through
one of the input reelstors of 106, 108 or 109 ohms causes
e chonge in the control grid voltage, this produces an
out-of-balence current between the two halves of tho
valve, which i8 registered on the senoitive gslvanometer
d« The gelvenometer used in conjunction with the
electrometer is a CGambrell instrument, of current
sensitivity 1.07 x 1098 amp em~! at 1 metre, snd resistence
1126 ohms, which can be used with a univorsal shunt.
54 calibration curve for the electromaeter ia given in
ig. D.4.2.

¥or purposes of screening, the experimental tube ia
normelly pleéced in a heavy steel box, the leads to which
aro made as rigld as posslible end are carefully acreened.
lHoster suppliea aere obtsined from the s.c. Variasc supply
already descridbed, or from betteries. Thermionic
enission measurements are made by aepplying d.c. voltsges
from a potentiometer unit with cosrse snd fine controls

end measuring the enode current; potentials are measured
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with @ Crompton unliverssl 1ndicetor, fitted with @
suitsble multiplier. Tho circuit (Fig. 5.5) is srranged
s0 that the voltmeter is removed from the circuit before
the potentisl is spplied to the anode.

or conductivity messurements, it ie normel to
apply potentisls up to = 100 wV between the probe and
cothode base, but occeslonglly & greater voltage 18 uased.
’rovision is mede in the screened box for reversing the

polarity of the applied potentisl.

H.6es Light sources and photoelectric messurements

4 240 volt, H0U watt tungsten filemont lsmp, mounted
in a metel lsmp-house with sn electric blower unit to
pravent over-heating, is used as @ source of white light.
in @ome applicetlons, a Z50 watt high-pressure mercury
arc le used.

lonochromstlc illuminetion in the wavelength range
9000 - 4000 £ (1.4 - 3.1 @V) 18 obtained using o Hilger
constent deviation apeotrometer, liodel D.186, es
monochromator in conjunction with the tungsten filoment
source. The narrowest possible exit slit is normelly
used, which passes s band of wavelongths of the order

of 80 2 at 5900 2: in order to obtsin sufficient illumi-

nation of the specimen, » rather wide entrence slit must
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pe used, normslly O.35 mm. This incresses the totgl
dicpersion to about - 0.02 aV at 1.40 eV and sbout

- v.03 eV 8t 3.10 V. ‘fhe proportion of scattered 1light
ot any wavelength hss not been estimanted. ‘aevelengths
are read directly from the drum on the instrument, after
the position of the prism tasble huas been adjusted with

s lino of known wavelength from & mercury lamp.

In order to produce curves of spectral sensitivity
per unit Ilncident intensity, the intensity of illumination
ot each wavelength must be found. This mey be done by
sllowing the light from the monochromgtor to fall on the
cathode of s Mullard 83 CV photocell: the frequency
rosponae of this vacuum photocell, with an Ag-0-Cs
cathode, is known (¥ig. 5.7) (122), snd hss been confirmed
over a range of wagvelengths by compsrison with s Cambridge
instrument Compeny rasdiastion thermopile. 7The cell is
opersted st an anoda potentisl of 650 V, and photocurrents
gre messured with the eloctrometer. The photocurrent
obtained at any wavolength is divided by the relative
sensitivity of the cell st that wavelength, obtained
tfrom Fig. 6.7,. to give the reletive intensity of the
light incident on the cell.

Jhotoelectric messurements were made with the

srrangement of apparstus given in Ffig. 5.8. The
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aoxperimental tube in its screened box is pleced near
the exit slit of the monochromator snd its position
sdjusted until the oxit slit snd snode window aore in
elignmont end maximum illuminetion of the cathode is
obteined. Ainode or probe potentiasls can be applled
with the potentiometer unit, currents being measured
with the electrometer. In order to obtoin spectral
gensitivity curves the photocurrent (either externsl
photoenission, to or from the snode, or photoconductivity,
to or from the probe) is divided by the intensity of
illuminntion at the relevant wavelength to give a value
for the photocurrent per unit incident energy at that
wavelength. Photocurrents are messured by observing
the differsnce in electromotor readings when the shutter
ut the entrance slit 18 closed and when it is open. An
average of theo resdings obteined in several exposures
is teken end the spread of these roadings gives s messure
of the probable error in each case. The process is
repested over g renge of wavelengths.

It i8 normsl to correct the intensity of illumination
values for sbsorption in the envelope of the experimental
tube: the sbsorption mey chsnge from tube to tube on
sccount of different guantities of evaporsted materials

on the envelopes. This may be done by taking two seta
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of 1llumination reedings with the photocell, one with
g direct beam from the monochromator and snother sfter
the beam has passed through two thicknesses of the
snvelope of the experimental tube near the snode window.
Light striking the énthode passes through only one thiock-
nans, 80 an approximate vaelue for tho intensity of
illuninstion striking the cathode 18 obtsined by taking
the sversge of the two photocell resdings end dividing
this by the relstive sensitivity of tho cell at the
relevent wavelength.

The use of the monochromastor represents s considerable
improvement over the technlques employed in work
described In & previous thesis (116), where optical
filters were used. The disperslon, slthough still
large, hss been conslderadbly reduced. In the previous
work, photocurrents were large enough to measure with
the galvenometer slone: in the present case, the
intensity of illumination i1s much less gnd the photo-
currents, correspondingly smaller, must be mogsured

with the electrometer.



Chepter 6 Thermionjic emisasion snd electricsl conductivity

in cploium oxide

6,1. Introduction

flthough the mein object of the present work has
been to study photoelectric processes in cslcium oxide
coated cathodes, conventionsl thermionic messurements
have been mede on all tubes. It has been thought
desirsble to gather the results together into s seperate
chapter, where thoy cen be discussed independently of
photoelaectric resulta; they are of interest in s comparison

with the results of iopkine (87), described in Sec. 2.8,

8.6, lLxperimental methods

The pgenorsl experimentsl srrengement for the messure-
ment of thermlionic emission and electricel conductivity
hae been descrided in Sec. bH.D.

Emission charscteristics sre determined by applylng
reterding snd sccelerating anode potentials up to 4.8 V
from tho potentiometer unit. If only low snode potentiasls
ore employed, polsoning effects end instability due to
high~energy electron bombardment of materials evaporated
on to the snode are avolded. #Hy extrapolsting the
reterding snd accelersting field charscteristics, the
sero~field emission current 10 gnd the contesct potential

difference between the enode and cathode, vy, cen be
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obteined. Imission charsctoeristics ere obtained over
e ronge of cagthode temperastures T snd e iilchardson
plot con be obtained by plotting logo 1,/T° versus /T,
The Hichsrdson work function ¢ cen be deduced from the
gradient of the graph.

"or sppllications where information on contact
potentlial difference snd its variastion with temperature
is not required, & quick form of iilchardson plot cen be
made Ly using the emlsslion current 1, at & given volue
of anode voltsge instead of the sero~field velue i,: thus
the doterminstion consists merely of one emission current
roading at each temperature. <The iilchardson work
function as determined by this gneslysis differs very
little from thet obteined ln the more detailed method,
provided that measuremonts pre made in the sgturstion
region (59).

Conductivity messurements sre wmsde by applying a
gories of small potentisl differences bLetween the probe
and cathode bese and determining the corresponding
conductivity currents. As will be seen in Sec. 6.3.2,
the current - voltage characteristice thus obteined sre
not elways linear, snd the apperent conductivity is
obtained from the slope of the characteristic nesr the
origin. The specific conductivity & of the cathode
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material is related to the apparent conductivity ¢ by
the equation

cosh™ Ya
oo
0s = (ol 7L Bele

where & is the radius end 1 the length of the probe

wire, snd ¢t is8 the thiciness of oxide boetween probe

snd basse; the relation holds Af ¢ %> ¢, In this type

of probe tube, t i&8 greaster then a by s factor of about
10. llowever, no adventoge is to be gained by caloulsting
the value of the specific conductivity: es 0g <0, the
sradiont of the conductivity plot of log, 6 versus 1/7
is unchunged whether log, 0s or logg o is plotted.

It 48 also possible, if the conductivity current -
voltoge charscteristics are nesrly linsar, to determine
the conductivity from two vslues of the applied potentiel
inatead of from o number of veglues. Thus, the difference
between eloctrometer resdings when £ 10 mV is gpplied
betwoen the probe sad cathode base ususlly gives e value
for the conductivity very close to that obtained from the
gradient of the cherscteristic at tho origin, and this
procedure very mnch reduces the number of current readings
which require to be taken.

The fact that a tempeorature gradient exists across

the coating at tomperastures above room tomperature ias
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gpparent from the conductivity churacteristics, which
do not pass through the origin at high temperatures
(0fe Fig. Geded)s The thermovelectric e.u.f. due to the
difference in temperature between the prove und cathode
vase is given by the negative intercept on the voltage
axis. Vwhen the electrometer is used to determine the
conductivity characteristiocs, it is normal to balance
off this thermoelectric e.n.f. by means of the coarse

and fine controls on the electrometer.

6.9, Hesults

Kleven ocalcium oxide probe diodes of the type
desoribed in Sec. 5.3.1 and six probe diodes employing
a smeller cathode area (Sec. 8.2.2) have been constructed.
ot all have ylelded measurements of both emission and
conductivity: it ie not uncommon for the fine probe wire
to become discontinuous during processing, and in &
nunber of cases the cathode heater has burnt out during
aotivation. A number of other types of tube have been
designed whioch yield emission or conductivity results,
and these will also be considered.

The method of nomenclature adopted for tubes
constructed during the course of the work is as follows:

the cathode materiul is designated first, followed by a
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combination of letters showing the type of tube and a
number giving its order in the series. . superscript
number gives the activation state of the cathode. Thus
Cad PC 32 represents the second activation state of the
fifth Cal probe diode in the presont programme. Tubes
CaO PC 1 - 4 were coated with a calcium cardonate
suspension supplied by G.E.C., Ltd. and used by lopkins
(87); the remainder were couted with a suspension from
Felialie, Ltd., with the following specification:
630 g caloium carbonate (inalak)
760 ml necololdine soln & /. in butyl acetate
H00 ml butyl ascetate
420 ml amyl scetate (inalalk)
140 ml ethyl oxalate.
The various types of experimental tube used are
listed in .ppendix 11I.
It 18 unnecessary to review results from all the
tubes in detall: the more important points are discussed,

specimen curves given, and aotivation energies and

work functions tabulated.

6.8.1. Typical thermionic emission results - Ca0 PC BZ

Thermionic emission characteristics covering the

range of cathode temperatures T from 860 to 940 O are
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given in Fige 6.1.1. The maximum anode voltage applied
was 4.8 V. ‘he characteristics show good saturation in
the accelerating field region, and can be extrapolated
to find by intersection with the retarding field
characteristic the zero-field current and the c.p.d. for
each temperature.

1t is observed that there is an apparent change of
c.p.d. with temperature, the c¢c.p.d. becoming smaller as
temperatures increase. This variation ie displayed in
Fige 6.1.2, and is seen to be approximately 11neaf.

The mero-field emission current i, is used to prepare

1% versus 109/T (Fige 6.1.%).

@ iichardson plot of logip i,/
The graph is approximately linear (but see 5ec. 6.3.5)

with &4 slope corresponding to a Richardson work function
of 1.4  0.02 eV, the error being calculated by a least-

squares analysis of the experimental points.

cad PC 10l

Hichardson plots prepared by using the saturated
instead of the zero-field emission currents (Sec. 6.2)
reduce the labour of determining thermionic work functions.
Such & ourve for & constant voltage of 4.8 V applied to
the anode of Cal PO 10} yields an approximately linear

plot (Fig. 6.2) with & gradient corresponding to a
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thermionic work function of 1.41 £ C.01 ev.

B.de.2. Typicul clectrical conductivity results -

ca0 PC 62

current - voltage characteristice for poteoantiale
of up to + 100 mV applied between the probe and cathode
page are given in ¥Flg. 6.¢.1 for cathode temperatures
between 590 and 86U °K. The electrometer was used to
detect the current: characteristiocs have been shifted
80 as to paes through the origin, the thermoelectric
e.m.f. being balanced off.

At low temperatures the characteristiocs are nearly
linearxr: at higher temperatures they are curved. the
apperent conductivity & of the coating is given by the
gradient of the characteristic at the origin, and the
logarithm of the apparent conductivity is plotted agaoinst
reciprocal temperature to give the characteristic
conductivity plot of Fig. 6.5.%, showing two approx-
imately linear regions interseoting at adbout 670 °K.

A8 shown in Sec. £.4, the high-temperature region must
be corrected for the parallel low-temperature mechanism
by the following analysis: the low-temperature line is
extrapolated towards higher temperatures, and the

conductivity determined from this extrapolated line at
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a number of values of 1,/7. These values are subtracted
from the corresponding values of the apparent high-
temperature conductivity, to give the corrected high-
temperature consuctivity. fThe logarithm of the corrected
conductivity, plotted against reociprocal temperature,
always yields a line of steeper gradient than the
uncorrected portion of the plot. In the present case,
following the interpretation of Loosjes and Vink, the
sotivation energy A41k/2 of the low-temperature region
is U.85 ¥ 0.U2 eV; the upper portion yilelds an apparent
gradient corresponding to 1.51 2 0.04 eV, and the corrected
value of X + AL/2 is 1.61 % 0.10 eV,

10 find the true form of the current - voltage
characteristic in the high-temperature range, the linear
component due to the low-temperature mechaniegm must be
subtracted from it (111). IThis can again be done by
extrapolating the low-temperature line to find the value
of the low-temperature component (assumed to be linear)
at the temperatures at which the characteristics were
obtained. Corrected characteristiocs are shown in Fig.
6.5.3: the correction makes most difference at temperatures
noar the break between high- and low-temperature regione.

Fig. 6.5.4 shows characteristios obtained with Cav
rc 6% gor temporatures between 800 and 900 °k using the



(1)
cav rc 64
pc 73 1.74
rc 81 1.77
rc 91  1.52
p¢ 9% 2.16
Pc 9°  2.52
rc 9%  2.40
rc 101 1.4
u st 2.00
¥ 6% 1.66
Averages 1.8
Hopkins (87) 1.7

(2)

ES

» B ®

L3

i+

+ B B »

+O8
.04
.01
06
02
04
.01
U1
01

-4

All energies are expressed in eV.

Table 6.1 gcontinnnd)

(8)

0.4
9% |
0.5
2.7
4.4
4.1
2.3
1.Y

(4)
1.21 %
1.57

1.68
2.26 %
2.39 2

1.65 ¢
1.58 %
1.50 %
i.5 2
1.1

01
02

02
-Ug

.02

02
U4
.04
4

(8)

1.29 .06

1.77

2.55

1.85
1.71
1.78
1.6
1.3

x

i+ H W

[

«20

07

056
.12
«10
-]

(6)
0.82 £ .03
0.57 £ .04
1.356 £ .02
1.19 £ .01
0.59 * .02
0.68 £ .01
R
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gaulvanometer ulone to measure the conductivity current.
The negative intercepis on the voltage axis represent
the thermoelectric e.m.f. due to the difference in

temperature between the probe and cathode base.

6.0.0.  Summary of work functions and activation energies

from probhe diodes

Table 6.1 (opposite) shows the thermal activation
energles and work functions for the calcium oxide probe
diodes constructed in the course of the present work. 4
comparison with the results of Hopkins (867) (see Table
6.1) for the fully activated states of five cathodes
shows that the results obtained in the present work are
in reasonable agreement, taking into account the fact
that liopkins' values would be expected to be lower as
they deal with the most active states. In Table 6.1, 1t
is doubtful whether an average for the activetion energies
over all states of activation can have much significance;
on the other hand, the selection of any activation state
in & given tuvbe as being the fully activated state must
also be dubious.

The value of logig A" quoted in the table represents
the intercept of each hichardson plot on the logjo 1,/t%

axis, with a constant factor to account for the emitting
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~ 12U =

ares 0of the cathode: values of o+ are in units of cm"2

0y=2, .. considerasble spread of values is obeerved,
extending over ten orders of magnitude in ..*; and there
is some evidence to suggest that there is a linear relation
between logjy ~* and ¢$ . . graph of logy, «* versus ¢
is given in Pig. 6.4, und although the scatter of the
points is very large, there at least appears to be u
tendency for high values of log .* t0 be associuted with
high work funcvions. ‘lhe slope of the least-squures line
ig wbout 7.

it is oveserved that rather low iHichardson work
functions have been obtained in the present work: for
instance, in ite most active state Cav PC 5§ yielded a
value of 1.V eV. Values us low as this were not reported
by Hopkins; the possibility that the difference was due to
the different ocathode suspensions used (Sec. 6.3) could
not be dismissed. 7To compare the suspensions a double
diode, Cal U 1, consisting of & box cathode coated on
opposite sides with the ¢.k.C. and B.d.l. suspensions,
and with two similar planar anodes, was constructed.
tach ouathode, being on & common base, was thus subjected
to exaotly the same breakdown and activation schedules,

and emission meusurements could be compared at the same

cathode temperature. In two activation states the



riG. 6.5. COMPARISON OF THERMIONIC PROPERTIES OF OXIDES PREPARED
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itichardson work functions obtained were the same, within
experimentul error (Fig. 6.5 and Table 6.2) and the two
suspensions are apparently the same thermionically. The
difference in the absolute magnitudes of the emission
currents is probably due to a differxence in the effective

emitting area of the cathodes.

Comparison of (G.5.0. and B.U.H. CaCO3 auanenaiéne

sotivation Richardson work function ¢ , eV
state
SC&O D 12 G.B.C B.D.H.
1 1.62 & ,082 1.63 £ ,08
2 1.29 2 ,0% 1.28 £ .08

6.5.4. Contact potential difference measurements; anocde

work functions

The contact potential differesce (c.p.d.) between
the anode and cathode can be found from the point of
intersection between the retarding and accelerating field

characteristics, and since (4)

Oop-d. = ¢‘ = ¢‘ 6.8,
where ¢, and §. are the anode and cathode work funotions
respectively, the anode work function can be determined,

ag ¢ 18 known from the Richardson plot. fThis indirect
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method of studying the anode properties is open to
critiocism, butv Hopkins (8Y) has compared this method
with one in which the c.p.d. between the anode and &
clean gold film, of known work function, is determined.
slthough results differed by as much as 15 /., the method
ot least gives a roasonable estimate of the anode work
function.

in a2 number of activation states of the tubes employed
in the present work, thermionic emission characteristics
have been obtained and c.p.d. neasurements made. Table
6.3 (opposite) gives & summary of the anode work functions
obtained in this way: it must be noted that the values of
the c.pe.d.’'s quoted are averages over the ranges of
temperatures at which emigsion ohsrnotoristiol are
determined.

There is insufficient experimental evidence to
substantiate the observation of lopkins (8%) that
activation with low anode potentisls (4 V) causes an

increase in the anode work funotion.

6.5.5. ‘temperature coefficient of the cathode work

function

Cloger examination of the emission oﬁatnotoriatio-
(Pig. €6.1.1) shows a definite relation between the c.p.d.
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and temperature: as the temperature increases, the c.p.d.
dqecreases (fig. 6.1.2). <=his variation with temperature
is displayed for a number of diodes in Fig. 6.6, and
apparently follows an approximately linear relation.
The average value for the temperature cgoefficient of
the Ceped. i8 -~ 2.5 x 107° v %=1 over the temperature
range from 650 to ¥50 °K, but values 28 low as - 1.0 x 109
v °¢~! and as high a8 - 5.6 x 10™° V °k~1 have been
recorded. The average value is in approximate agree-
ment with a result guoted by lopkinse (87), who found
the temperature coefficient of the o.p.d. for one diode
in the tvemperature range 600 - 1000 °K to be = 1.1 x 1079
v °c-1,

If it is assumed that the anode work function remaing
constant, the change in the c¢.p.d. with temperature
suggests that the éathodo work function must also be
temperature~dependent. Although the Richardson plots
have hitherto been treated as linear, the lines should
in fact display a curvature if the work function varies
with temperature. In the various aoctivation states of
Ca0 PC 6, not only has a linear regression line been
fitted to the results, but also an equation of the
gecond degree, and a Richardson work function can be

defined at any temperature by the gradient of the tangent

-
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to thies ocurve. VFige. 6.7.1, £ and 3 show the emission
charaocteristios for Cal PC 54, the first order Hichardson
line caloulated from the results, and the temperature
variation of the oc.p.d., respectively. Fig. 6.7.4
compares the second and first order Richardson lines, and
table 6.4 (below) gives the cathode work functions
caleculated from the gradient of the second order curve
at the experimental points. ¢, and ¢, are the cathode
work funetions obtained by the first and second orderxr

analyses, respectively.

fable 6.4

rirst and second order Richardson line analysis: Ca0 PC g4
p, %k 208/x, %%l fu, oV fy, oV guped, V oy eV

827 1.209 2.06 1.79 1.21 5.87
800 1.8560 1.96 1,30 3.28
773 1.294 1.90 1.48 3.38
736 1.389 1,79 1.58 5451
700 1.429 1,66 1.68 3.54
667 1,499 1,53 1.70 3.28

It should be notved that the calculation gives an
approximately constant value for the anode work function
¢ , and this suggests that the temperature variation of

the c.p.d. may be completely accounted for by a corres-
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ponding temperature variation in the cathode work
funcotion, the anode work function remaining constant.

Although the calcoculation gives a linear variation
of ¢, with 1/T, the varistion of ¢, with T is practically
linear over the comparatively small range of temperatures
employed (¥Fig. 6.7.5). The temperature ccefficient of the
gathode work function in the temperature range from 65U
to 860 %% is thus 3.3 £ ,1 wV °x~1, the numerical value
of the temperature coefficient of the c.p.d.

This analysis has been repeated for all activation
states of Ca0 PC 6, and in each case the anode work
function is found to be sensibly constant. Over all
the diode determinations, the average temperature

coefficlent of the cathode work function is £.5 x 10~°

v °k™1 over the temperature range 650 - 950 °f,

Below 650 °X Hopkins (87), using & Kelvin o.p.d.
method, found that & Cal cathode showed a negative
temperature coefficient of the cathode work function.
In the present case, emission measurements could not be

made at sufficlently low temperatures %o verify this

observation.
B.0.06¢ Exter WOY ion

The external work function X can be determined by
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Table 6.5

External work function X

Tube and

aotivation X, eV: (1) (2) (3)

state

Ca0 PC 52 0.83 0.81 0.66
PC B 1.08 1.10 0.85
rc 54 1.28 1.18 1.00
rc 89 0.62 0.66 0.55
pe 8° 0.51 0.58 0.45
pc 6% 0.56 u, 78 0.49
PC 69 0.93 0.83 0.99
pc 71 1.17 1.20 V.91
pc 9% 0.81 1.00 0.65
Pc 101 0.22 0.66 V.21
u 5t 1.41 1.12 1.09
u 6° 0,97 0.91 0.72

Averages v.g ¥ .5 v.9 % .2 0.7 £ .3

The above values of X have been obtained in three wayg:

(1) From the lkichardson and low-temperature conductivigy
plots;

(2) Prom the corrected high- and low-temperature
conductivity plots;

(3) From eqn. 2.19.
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a number of different methods: by direot subtraction
of the activation enexgy AL/2 obvained from the slope
of the low-temperature portion of the conductivity plot
from the itichardson work funetion, or from the value of
X + AL/2 obtained from the corrected high-temperature
gradient of the conductivity plot. It can also be
obtained from & Hichurdson-type plot of log Jo/ 0T
varsus 1/7 (Sec. 2.5, eqn. 2.19), provided the conduct~-
ivity 0 is measured in the low-temperature region. Ais
emigsion weasurements can only seldom be obtained at
such low temperatures with Ca® diodes, values for X have
been calculated using a linear extrapolation of the
Kichardson line to find the thermionic emission. ¥Fig.
6.8 shows a plot of log;, i,/ 0 7 versus 103/T for Cav
PC 5%, the gradient yielding & value of 0.66 eV for X .
Table 6.5 (opposite) gives the values of X calculated
in these three ways.

ione of these methods ocan be sald to give & ‘true’
external work function. That obtained using the Richardson
work function suffers from the doubts already expressed
us to the validity of the Richardson analysis; that from
the wwo slopes of the conductivisy plot probadbly refers
to surfaces which are not the same as those studied in

thermionic emisasion; and the caloulation based on semi-
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gonductor theory has in most cases relied on an extra-
polation of the emission measurements to lower
temperatures.

lecause of the wide spread of results, there is no
gignificant difierence between the average values of
found by the three methods, although in any partioular
activation etate the three values may vary considerably.
.n overall average for X is v.8 % .§ eV. ‘lhere is no
evidence to suggest that for any parsicular cathode x
renains consstant during activation: although this result
was suggested by lopkine (87) the deduction must be
treated with reserve as, in using eqn. £.19, he used
values from the high- instead of from the low-temperature

conductivity regiomn.

6.4. Thermoelectric power and electrical conductivity

4 number of tubes, originally designed to observe
photoconductive effeots, have been employed in the
measurenent of thermoelectric power in caloium oxide.
they consist, in general, of two calcium oxide ocoated
cathodes in contact, the temperature of each cathode
being measured by a tungsten-niockel thermocouple, and
the heaters being connected independently so that a

temperature gradient can be maintained across the oxide
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sample. .ue type of cathode varieg from tube to tube:
gmall bution cuthodes, of area 1.6 mmz, fitted with
commercial heaters and pregsed into contact with springy
tungstven rods or strips, larger button cathodes of area
40 mw®, and box cathodes crossed £0 a8 to have & common
area of about 8 mm® have been employed. as tubes to
study photoconductivity they were unsuccessful, mainly
due to diffioculties in the illumination of a sample of
Cau only 100 p taick, but preliminary results of some
interest have been obtained when the tubes were used
fcr determinationg of thermoelectric power and electrical
conductivity.

‘he carbonute 18 broken down to oxide in the usual
way, and the sawmple is activated by applying a potential
of 4 V botween the cathodes with frequent reversals of
polarity. . pronounced polarisation effect is noted in
the early stages of activation.

The elecirical conductivity of the sample is measured
by applying potentisls of £ 100 mV between the cathodes
and observing the conductivity current, the heaters
having been previously adjusted so that the temperatures
of the cathodes, as indicated by the thermocouples, are
approximately the same. The thermoeleotric power of the

oxide at any temperature is determined by setting the
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FIG. 692. THERMOELECTRIC POWER AND ELECTRICAL COMDUCTIVITY AS

FUNCTIONS OF TEMPERATURE — GRAPHS OF AV/AT AND
log ¢ VERSUS VT — Ce0 TC 2!
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cathodes at temperatures which differx by amounts up to
40 °Z, waintaining & constant average temperature und
measuring the thermoelectric e.m.f. between the cathodes
using a kuirhead Type D 72 i potentiometer with the
Gambrell galvanometer as a ourrent indicator. iHeasgure-
ments of the thermoelectiric e.m.f. AV and temperature
difference A 7T are repeated over a4 range of values and
Lraphs of AV versus AT have gradients which correspond
to the thermoelectric power AV, AT of the saumple at
the relevant average temperature. Fig. 6f9.1 shows &
numbey of thermoelectric e.m.f. characteristics obtained
from Cau 2C 21. 4ll are linear, but do not pass through
+he origin. This may be due to differences between the
@.mef. = tomperature characteristvics of the two tungsten-
nickel thermocouples; that thies is possible at high
temperatures has been mentioned in Jec. 5.4. Thus
values of the thermoelectiric power obtained from these
results may well be in error. In Fig. 6.9.2 the thermo~
electric power A V/A 1T is plotted against 103/'r, and a
subsequent determination of the electriocal conductivity
of the specimen is aleo digplayed in the figure.
sogording to the theoretical work of llensley (78) (Sec.
£.4), the gradients of a graph of the thermoelectric

power versgus reciprocal temperature for & porous semi-
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conductor should give the activation energies X + AR/2
and A:s/2 of the semiconductor, in the same way as they
may be obtained from a graph of log O versus 1/7. The
electrical conductivity of CaU is eo small, however, that
measurements could not, in this case, bde extended helow
840 9%: the smaller the conductivity, the more sensitive
the indicator required for the potentiometer. In the
small temperature range covered both thermoelectrio
power and conductivity plots are linear, and their
gradients (2.52 % 0.14 eV and 2.06 % 0,14 eV, uncorrected)
are in fair agreement; but as the low-temperature
conductivity region could not be reached, it was not
possible to correct the conductivity gradient for the
parallel low-temperature mechanism. The effect of the
correction 1s to increase the apparent aotivasion energy,
normally by the order of C.1 eV; this might improve the
agreement, but can merely be conjecture.

If conductivity plots obtained from this type of
tube are extended to lower temperatures - see, for
example, ¥ig. 6.9.3 for Cau 20 41 - the charaoteristio
two~component pattern is produced. Activation energies
obtained from this series of diodes are summarised below
in Table 6.6,

Values obtained are in general sgreement with those
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Table 6.0

as0tivation enecrgies in Cal "sandwich" diodes

Tube and Condugtivity plot gradients
activation ligh temp. Hi tenp. Low_temp.
gtate UngorY., eV QOYT . = AV/8, eV
= X ¢ AL,/Q‘L eV
cau 1¢ 1t g.0d £ 08
e 12 1.96 & .04
¢ gl 2.06 £ .14
e 2% 1.54 ¥ .08
pe 8l 0.93 £ ,08 1.27 & .10 0.72 T 08
7¢ ¢l 0.91 2 ,08 1.01 & ,08 0.61 & .02
l'c 51 1."5 * 008

observed in probe diodes (¥able 6.1). Low-temperature
ectivation energies can only be queted in two cases, due
t0 difficulty in geining reproducibility of conduction
currents at low temperatures: this is thought to be due

to mechanical forces caused by thermal expansion of the
sprung cathode arrangement, which cause: considerable
changes in the contact area of the crystellite. Thie
would be expected to affect the low-temperature
conductivity to a greater extent than the high-temperature

mechanism.

6.5, Discussion of results

There is general agreement between the average values
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of the Richardson work function ¢ and the activation
energy AX/2 obtained in the present work and those given
by Hopkins (87), although on occasion low Richardsen work
functions, of the oxder of 1.0 eV, have been obtained.
It has been established that these are not due to a
difference in the thermionio properties cf the cathode
spray employed coumpared with that used by Hopkins.

The question of the interpretation of Richardson
plots is a vexed one. The gradient has been taken by
a number of authors (4, Y) to represent the work function
determined by an extrapolation to abpolute zero, assuming
the work function t0 be a linear function of temperature
over the entire range. In the present work the deduction
of 'work functions' by taking the gradient of the second
¢.uey Hichardson curve at & number of temperatures may
net be theorevically sound, ag here the work functions
axre & lineaxr function of reciproosl temperature; but the
fact thatv the temperature coefficient of the c.p.d.,
whigh, assuuing the anode work function to be constant,
wust numericully give the teumperature coefficient of the
cathode work fuanction, is found to agree with the
epproximate temperature coefficient obtaeined from the
second order curve argues in favour of the method.

The measurements on therumoeleotric power, although

i

SbliShsimaaho g . .
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hampered by the low electirical conductivity of the oxide,
have been more successful than those reported by
¢Glascock and liensley (7v), and sugzest a field for

further investigation.



Chaptexr 7 Fhotoeleciric emission and photoconductivity in

calcium oxide: preliminary results and

discussion

7.1. Introduotion

Preliminury measurements reported in a previous
thesis (116) suggested that, for ocomparsble illumination,
aotivated BavU and Cavu cathodes yield photoelectric
emission and photoconductivity currentg of about the
gane order of magnitude. Bal, however, is thermionically
wucgh more wactive: Thermionio emission currents from Hao
and Ca0 cathodes &t the same temperature might be in the
ratio of about 100 : 1. With respect to measurenents of
its photoelectric properties, the very low thermionio
emission and electrical conductivity of Ca0 are not
disadvantageous; dark emiseion and conductivity ocurrents,
whick in Ba0 must be sllowed for even at room temperature
(116), are of little consequence in Cad up to about
6uvu K, und below thic temperature photoelectric measure-
mente can be made relatively easily.

A nuaber of designs of tube have been employed in
the course of the present study of the photeeleotrio
properties of calcium oxide. Although the geometry of
the probe diode is excellent for photoelectric c;%oqign

measurements when a small ancde window is provided, 1t
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ig not 80 suituble for weusurements of photoconductivity
between the probe and cathode bupe. ‘The electrcdes and
sumple are bound to0 be unevenly illuminated, the probe
always receiving a greater intensity of illumination
than the base. In spite of this, the relative case of
sonstruction of the prove diode has made it the most
valuable type of tube used in the present work. lefore
the oxide sample in a sandwich-type dicde (described in
50C. 6.4) can be made thiock onough to be adequately
illuminated, the dark oconductivity will become too small
to measure except &% high temperatures, and comparison
with the dark electirical properties is imposnible. Tubes
in which evaporated filwmo of the oxide are doposited
petween electrodes on & non-conducting surface have also
peen counmtructed; as thelr electrical and photoelectric
propertvies are rather different from those of the bulk

oxide cathode, they are discussed separately in Chap. 9.

7.2, Lxternal photoelectric emisgion

7.2.1. Current - voltage characteristios

the normal procedure has beon to determine the
current - voltage characterigtic for oxternal photo-
enission for white-light illumination by the tungsten

f£ilament lamp for cach activation state oY cach ocathode.

oyl LRl SRS
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FIG. 70.  PHOTQELECTRIC EMISSION FROM Ca0 : WHITE-LIGHT
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‘he magnitude of the ocurrents gives s rough gulde as to
the photosensitivity of the cathode. . typicul curve
is given in rFig. 7.1 for Jal PC 5b at room temperature.
it is observed that both cathode and anode are photo-
censitive. In this case the unode is very much more
photogensitive than the cuthode, as not ounly is the
photocurrent frow the unode greater than that from the
cathode by a factor of about 10, but the illumination
of the unode ise much less; it can only receive light by
reflection from the cuthode surface. Photoourrents
gaturate in each direction.

Jig.e 7.1 illustrates another general phenomenon:
u photocurrent way be observed for zero applied potential.
rlectrons are drawn from the cathode (or anode) under the

influence of the c.p.d. between the elecirodes.

7.2.2. Spectral sensitivity of photoemission

In many cuses the magnitude of the white-light
photoemisgion from the cuthode is not sufficient vo
allow the devermination of the epectral sensitivity of
the effect with the electrometer available. In ocases
where the saturuted white-light emission is sufficiently
large (~ 10~7 4 with the 500 watt source) the sensitivity

ig determined using the method descoribed in Sec. 5.6,
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FIG. 72. SPECTRAL SENSITIVITY OF PHOTOELECTRIC EMISSION FROM Ce0 — Ce0 PC 6°
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the avsorption of the envelope of the tube being allowed
for. A typical calibration curve for the relative
intensity of illumination reaching the cathode surface
ae a function of wavelength ie given in FPig. 7.2.1 for
ca0 PC 6“. the intensity, by the nature of the tungsten
filament source, ieg strongest in the red and near infra-
red, and is rather weak in the blue and violet regions
of the gpectrum. Lxperiment shows, however, that the
photosengitivity of calcium oxide is least in the red
and increases towards the violet, so that the photo-
currents obtained by illuminating a cathode with the
combination of tungsten filament lamp and monochromator
do not change by more than two orders of magnitude over
a considerable wavelength range. ‘The aotual photo-
current at any wavelength for an anode potential
pufficient to cause saturation is divided by the relative
intensity of illumination at that wavelength to give the
photoourrent per unit incident intensity; repeated over
the whole wavelength range, a spectral sensitivity ourve
may be traced. The curve for Cal PC 6% 1s given in
linear and logarithmic forme in Figs. 7.2.2 and 7.2.3.
the photocurrent per unit incident nnorgy.at & given
wavelength is given in arbitrary units in all cases,
but for the typiocal case of Ca0 PC 6° the photoourrent
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FIG. 74.  SPECTRAL SENSITIVITY OF PHOTOELECTRIC EMISSION FROM Ce0
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for light of an incident wavelength of 5600 £ (2.28 eV)
and incident power about 106 watts was about 10711 4,

dimilar curves are given in ¥Pigs. 7.5.1 and 7.3.8
for the spectral sensitivity of photoemission from the
cathode in activation states 2 - § inclusive of Ca0 PC B,
and in Figs. 7.4.1, £ and 3 for a number of activation
states of different cathodes. 7The struoture of the curves
will be discussed in detail in Sec. 7.5, but it can be
noted at this stage that the characteristics approach
the photon energy axies approximately exponentially, as
gshown by the nearly linear portions of the logaritshmio
curves at lower photon energies, and that some structure
is apparent at about 2.6 eV in all cathodes. The
structure is more obvious in the curves drawn against
linear scales, and may take the form of a definite peak
(6.8 Oav PC 6%, Ca0 X 1), but is more often merely &

point of inflexion.

7T+2.8. Couplete photoelectric emission

“he method of complete photoelectric emission (300.'

5.4) has been used to obtain the photoelectric work
function of & number of cathodes. the considerable
doubt attached vo the theory of the method (81) suggests
that the values obtained oannoi be treated as more th‘a
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an arbitrary measure of the photosensitivity.

The method employed has been described more fully
in a previous thesis (116) and is given here in an out-
line form. It is assumed that the spectral distribution
of wavelengths from a tungsten filament lamp at
temperature T is egquivalent to that from a black-body
ot & corxrresponding colour temperature 19+ The temperature
T of the filament of the 500 watt lamp is deduced from
its resistance, and the appropriate values of I, are
obtained from tables (13). At various temperatures of
the source filament, the input voltage of which is
controlled by means of a Variac transformer, the photo-
curreat i, is determined as @ function of anode voltage
Vge “"Schottky® plots of logjg iy, versus va* for various
values of tho filament colour temperature are linear and
their intercepts on the vertical axis give the zero-field
emission, is. A "Richardson" plot of logip 1°/T°2 versus
1/7¢ has & gradient from which the photoelectric work
function may be deduced.

Figs. 7.5.1 and £ show the "Schottky" and "Richard-
gon" plots for complete photoemission from Cal »C 1! at
300 °Z. The arbitrary photoeleotric work function
obtained from the gradient of the latter curve is
1.98 I 0.10 eV; a determination at a cathode temperature

S
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of 425 Y% gave a value of 1.85 % 0.03 eV. This reduotion
in the photoelectric work function with increasing
cathode temperature has also been noted with barium
oxide cathodes (116); in the present case the experimental
error is so large that the reduction may not be eignif-
icant.

The method is slow and involves congiderable
computation; thus, it is not employed regularly as a

measure of photosensitivity in all cathode states.

7.2.4. Temperature variation of external photoelectric

emission

The temperature variation of photoelectric emission
due to white-light illumination can be determined by
observing the saturated photocurrent as the cathode
temperature is 1noteased, making allowance for thermionio
emission.

Results obtained for Ca0 PC 5° are shown in Fig., 7.6:
a slow increase of photoemission with temperature is
observed up to about 600 °K, where a more rapid rise
is noted. Above about 800 °X photocurrents are small
compared with thermionic emission, and accurate results

cannot be obtained.
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7.2.5. Energy distrivution of photoelectrouns

Attempis have been made to measure the enerygy
distribution of photoelectrons emitted from Cau cuthodes
in two ways. 7The first used the method of magnetic
velooity anulysis, the second a retarding potential
method; but in each case the photocurrents under mono-
chromatic illumination were too small to measure with
sufficient accuracy to obtain the energy distribution,
and this section must represent an account of the
preliminary development of the two methods.

The magnetic velocity analysis tube (Cav X 2) follows
the design employed by Philipp (144) in his work on
varium oxide and is shown diagrammatically in Fig. 7.7.
The tantalum box anode A bears in its upper face two
1 mm wide slits, 53 und Sy, separated by 2.5 em. Behind
8p ie mounted the button cathode X, coated with the usual
calcium carbonate suspeusion and provided with a
commercial heater. A collector C is mounted behind
8y: & partition in the box prevonts‘tho direct transition
of electrons from X to C. The normal evacuation and
breakdown procedure is carried out.

The tube is placed 80 that the plane oéntaining the
glits is vertical between two hbrisbntal Hoi-holfn coils,

each of 50U turns and mean diameter 30.4 om, lopuritod
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by & vertical disvance oI 10 cm. 'The coils are connected
in series with u £4 V vatvery through a rheostat,
reversing switch and an ammeter; the direction of
current rlow is norwmally such that the megnetvic field
produced by the coils reinrorces the vertical component
of the carth's field. If the current [ in the coils is
measured in amps, the total vertvical magnetic field at

the poinv midway between the cells is given by

H. = * 27,72 1 + Vg oersted Taks
where the sign of the first term depends on the direction
of current flow and V, is the vertical component of the
earth's magnetic field. (he magnetic elements at the
position of the lielmholiz coils were obtained by a
pubsidiary experiment using a deflection and vibration
nagnetometver and a dip cirxcle: the vertical component
Ve was found to be V.E857 oersted, and was undoubtedly
influenced by the propinguity of a quantivy of magnetic
materials and of o mass-spectromever magnet, which,
however, wus running at the same current throughout
the determinations.

The principle of the method is as follows. fhe
cathode is irradiated with monochromatic illumination

and the anode and oolléotor potentiale are rixod dt a
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suitable value (e.z. 6 V each, independently connected).
Photoelectrons are attracted towards the box &node and
some puss through the slit. Under the influence of the
magnetic field M., perpendicular to their direction of
motion (the tube is placed so that the slits lie in the

game + —  line), they move in semicircular paths of

radius r glven vy

V = ﬁ&e/m)rzﬂTz 7.8
where V 1ig the energy of the electron. The experimental
arrangement fixes the radius r at 1.25 cm, assuming thav
all electrons pass through the slits normally, and
electrons of any energy V may be selected and collected
at the collector by applying the corresponding value of
H, B0 that the electirons move in the semicircular path
defined by the line Jjolining the two slits as diameter.
ixpressing V in volts and H, in terms of the ourrent 1

in the coils, from eqn. 7.1

V o= 0.187 ( 27.72 I + 0.257 )% 7.8,
The collector current, ig, is & measure of the number
of electrons of energy V corresponding to the field

produced by the magnet current I.

4 typleal curxve showing the energy untributéon
of thermionic electrons from the cathode at 1200 K

RS AR



FIG. 7.8. ENERGY DISTRIBUTION OF THERMIONIC ELECTRONS — Ca0 X 2
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and at an anode potential of 6 V is shown in Fig. 7.8.
The peak current, 2.2 X 10~7 A, 18 rather less than
0.1 % of the anode current, U.£6 mA, and occurs at
approximately 6 eV. According to theory (144) the
peak should appear at an energy of (Vg + ki), negleoting
any c.p.d. between collector and cathode: at & ocathode
temperature of 1200 °K and an anode voltage of 6 V the
value of (Vg + k%) is about 6.1 eV. %he spread of
energies ie apparently very considerable, and includes
gome electrons which appear 1o have negative energles.
it is suggested that this may in part be due s0 the faot
that the design of tube does not ensure that the electrons
pass through the slit normally, and thus the radius of
curvature of the electron path may take values Soth
greater and less than 1.256 cm, tending to extend the
high- and low-energy tails of the distridbution. The
ingertion of an additional slit to define the semi-~
gcircular path would probably reduce the fraction of the
total anode ourrent reaching the collector even further.
Fleotrons with "negative energies" were also observed by
Philipp (144) and were ascribed by him to the finite
resolution of the velocity analyser.

Iven after continued activation, photoelectric
currents from the cathode are small: the white-light
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photoemission to the unode is of the orxder of 10'7 A
(the same order of magnitude us is found with probe
dicdes), and thus the currents reaching the collector
would be expected to be of the order of 1u~12 to 10-11 4,
it is not, in fact, possible to use the electrometer to
measure these small currents; the tube cannot be soreened
and the electrometer currents are very unstable. If
monochromatic illumination was employed, the intensity
of the radiation would be reduced and the photocurrente
would be expected to be less by a factor of about 102,
if opticul filters were used, or 104 if the monochromator
was used to provide the illumination. Thus, with the
present design of tube and the methods available for the
measurement of small currents, the energy distribution
of photoelectrons cannot be obtained.

the second method attempted employs the principle
of finding the energy of the photoeclectrons by applying
a retarding potvential to the anode just sufficient to
prevent electrons frow the cathode from reaching it.
The distribution of energies is obtained by different-
iating the retarding potential characteristic. 0Oaly the
normal component of the electron velocity is affected by
the retarding field, and to ensure that the photoelectrong

gtrike the anode normally, it is necessary to carry out
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the investigetions in tubes of spherical symumetry, with
a small cathode at the centre of a large spherical anode.
It is also advigable to choose & system where photo-
electrons are not likely to be emitted from the anode,
to aveld carrying out a correction for & component of
the retarding field ocurrent due to electrons travelling
from the anode to the cathode. The spurious results
which can arise from & neglect of these faotors have
been discusged by llughes and buBridge (5). Although
retarding potential characteristics are easily obtained
from the probe diode type of tube, they would not yield
the true energy distribution.

Accordingly two retarding-potential subes (Cal R
series) have been constructed embodying a different
diode geometry. Instead of employing spherical symmetry,
an arrangement of some practical difficulty, & hemi-
spherical anode formed by the inner surface of the end
of the standard envelope, coated with a conducting layer,
is used, with a small button cathode 7.5 mm in diameter
at the centre of the sphere of which the hemisphere forms
part. The oathode is provided with a heater and ip
coated with the usuzl carbonate susgpension. The hemi-
gspherical arrangement (Fig. 7.9) ensures that eleotrons
striking the anode d0 80 normally. 7Yhe conducting
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of the characterisvic accurately; either due to the
instability of the electrometer over the periods of
time involved, ur to temporal changes in photoocurrents
L 116 ), the electrometer readings fluctuate too much
for any welight vo be placed on the results. Particular
care 1ls needed in the determination of the character-
istice, e the energies are to be obtained by different-
iation and a slight error in the forw of the curve

would involve a large error in the energy distribution.

7 o3 rhotooconductivity

7edels Current - voltuge characteristics

Current - voltage characteristics for photo-
conductivity induced by white-light illuminetion are
determined by illuminating the cathode with light from
the B0V watt tungsien {ilament lamp, applying potentials
of up to * 10 V between the probe and cathode base, and
determining the corresponding photocurrents with the
galvanometer or electrometer. Durk conductivity currents
need not be allowed for at temporatures up to about 5V z.

Typical churucteristvics are shown in Figs. 7.10.1
and 2 for Cav PC B%. Probe potentials of up to £ 10 v,
very much greater than in dark conductivity measurements,

are eumployed to display the marked saturation effecot in
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pach direction (rig. 7.1CU.1,: later work will suggest
that it 1is the saturated photoconductivity currents
which are of importance in defining the photoconductivity
¢f the cathode rather than, for instance, the slope of
the charuacteristic near the origin (lig. 7.10.2).

“imilar characteristics are obtained when mono-
chromatic illumination is provided. Fige. 7.10.3 shows
the curve for Cu. °C 6%, illuminated with light of
wavelength 4850 b4 (£.6 eV), using a Kodak Vratten

Piltexr lo. 75 with the tungsten filament lamp.

7.5.82. Cpectral sensitivity of photoconductivity

The spectral sensitivity of photoconductivity
currents is determined in exactly the same way as for
extexrnal photoelectiric emission. In some cupes (¢«ge
Yige 7.1U.1) the photoconductivity current is very much
greater in one direction than in the other, and it nmay
only be possible to determine the spectral sensitivity
of the current iu one direction. Figs. 7.11.1 and 2
gshow the spectral sensitivity curves for saturated
positive and negative photoconductivity currents in

cav pc 9t.

The logarithmic plot shows that the negative
current differs from the positive by an approximately

constant multiplying factor throughout the photon energy
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range, and there 1s no reuson to suppose thut there
should be any serious discrepancy between the characterist-
108 1in cases where only one could be determined.

rurther curves are given 1in iigs. 7.12.1 and £ for
four uctivatvion states of Cal PC B. In all cases the
saturation photoconductivity currents, for 10 V applied
betwecen prcbe and cathode base, are measured.

it should bv¢ noted that practically all the plots

on lineuar peales show some structure at about 2.8 eV.

7.3,%8., Photoconductivity - intensity relationship

‘he relation between the mugnitude of the photo-
conductivity currents and the intensity of illumination
nas been investigated by moving the tungsten filament
lump so that it stands at different distances from the
tube under investigation in the screened box and
measuring the photoconductivity currents as a function
of distance and hence of intensity of illumination. The
intensity calibration ies carried out using the 63 CV
photocell in place oI the tube, using a neutral filter
10 reduce the intensity falling on the photocathode.
‘hie procedure is to be preferred %O an inverse-square
calculatien, which faile at small distances as the

vungetven filament can no longer be regarded as a point
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Fige 7.13.1 (for Cul °C 5%) shows the logurithm of
the salurated positive und negative photoconductivity
currents plotted agulnst the iogurithm of the intensity
0of illuminatlion, which wus varled over nearly two orders
of wagnitude. 1n cach cuse 4 line of gradient unity,
within exper.iuental error, is obtained: thus the saturated
phiotocurrents are directly proportionul to the exclving
light intensivy. In Fig. 7.15.2 the photoconductivity
is weasured by the gradient g of the current - voltage
churacteristio unear the origin (of. rig. 7.10.2), and
vhe logarivhm of the graudient 1s plotted ugainst the
logurithe of the light intensity. In this case, a line
of gradient U.67 * C.0% is obtuined, and when the
experiment is repeated at higher temperatures, the
gradient is round 10 take « number of non-reproducidble
values all less than unity. The non-reproducibility
way, in part, be atiributed to the difficulty of
obtaining the charucteristic und ivs gradient at elevated
temperatures, but it wmay alsv be taken as an indication
that the method of defining the photoconductivity by the
gradient is not of fundamental significance. On the
other hand, the direct proportionality between saturated

photoconductivity currente and intensity is apparently
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seneral for &ll cathodes.

7.5.40 Temperature varicticn of photoconductivity

Fhrotoconductivity and durk conductivity ocurrent -
voltage characterietics cun be determined over a range
of temperaturee from 300 to Buu YK. Below 500 Y%, dark
conductivity is negligible, even for potentials of 1U V
applied to the probe; avove Buu YX, the approximately
linear dark conductivity characteristic must be
subtvracted from the illuminated characteristic to obtain
the current due to illumination alone. Aibove 800 °K, the
dark conductivity ocurrent becomes very large compared
with that dus to illumination alone.

{ypical characteristics foxr CaL PO 59 are given in
#ig. 7.14.1, and the temperature variations of the
gaturated positive and negative photoconductivity
ourrents are given in vig. 7.14.2. In the former figure
the currents due to the thermoeleotric e.m.f. and to
the apparent photovoltaic effect (Seo. 7.4) have been
balanced out. Tﬁe two temperature variations are
gimilar in nature, with only slight increases in photo-
conductivity for large changes in temperature nf low
temperatures, and ot higher temperatures showing a more

rapid rise., “Yhe temperature at which the rapid rise
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coummencee is about 6uu 9 for the positive photo-
current (i.c. photoelectrone from the cathode base to
the probe) and about 66u °X for the negative photocurrent
{i.e. photoelectrons f{rom the probe to the cathode buse).
rnis suggeats thut there ma2y ve a4 rather large tempoer-
ature drop acrose the cuthode coating, assuming that
the processes of positive und negative photoconductivity

are the same.

7.4. wpparent photovoltaic effect

the photoconductivity ourrent - voltage character-
istice of Fig. 7.11.2 ghow thut a photocurrent may flow
on illumination for zero applied potential between the
probe and cuthode buse. lhis effect is guite general,
having been observed in all cathodes in which photo-
conductivity ourrents could be measured, and the
analogous effect in barium oxide cathodes has been
described in ua previous thesis (116). There it was
pointed ocut that conditions in cathodes with the probe
diode geometry are favourable for the observation of a
photovoltaic efrect; the electrodes and sample are
unevenly illuminated, and it seems possible that the
zero-field current cbserved may be due to u photovoltaioc

c.m.fs set up Letween the brightly illuminated probe and
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the lcss brightly illuminated (due to absorption in the
cathode matrix) cathode base. It might alec be possible
to explain the current by invoking the Dember photo-
diffusion effect (fac. J.<.¢), but as the effect is
observed in regions of not very strong optical absorption,
the conditiong are not strictly thoee under which the
l'esber effect would be expccted to appear.

‘he tempersture variction of the zero-field current

e

1ze been deterumined Loxr a number of cathodes, allowing
for any zerc-~-field cdark current due to the thermoelectric
c.Leses acrces the cuthode couting. Fige. 7.15.1 and 2
ghow the temperature variation for Cal PC 5% and 5%, It
is iwmportant to note that there is little similarity
vetween the curves for different activation states of

the sume cathode apart from the fuot that over a certain
temperature range the current has changed direction.

The significance of these observations is discussed in

Cec. 7.6.

7.5. Cathode coloration

After measurcments had been coumpleted on the
activated cathodes the tubes were stored in a dark
drawer. On cxamination after a period of weeks, the

cathodes were found to have developed a marked bluish
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coloration. This was noted only in cethodes which had
undergone the full processing and activation procedure;
cathodes whose heaters had failed during breakdown,
stored under the seme conditions, remeined whitve. ILhe
coloration is completely removed by heating the cathode,
but returns when the coathode is again left in the cold
for a period of some dayes. Lf the tube is opened to
atmospheric pressurc, the coloration disappears
immediately and permanently. a4 similar effect was
observed by tHopkine (87) (Sec. 4.7).

rigs. 7.16.1 and £ show curves of the optical
absorption of such & cathode (Ce0 PC 1) before and after
removael of the blue coloration by warming. “he curves
were obtained by the photographic method desoribed in &
previous thesis (116). Light from the tungsten filament
lemp ie fooused on the cathode, which is placed in a
vertical poeition in front of the slit of the speoctrometer
(now fitted with the Hilger D.72 camera) so that light
reflected by the cathode is focused by & second lens on
to the slitv. 4 photographic record of the spectrum of
reflected light is compared with the spectrum of light
which has pussed directly through the envelope without
reflection by means of a simple photoelectric micro-

photometer, Zo calibrate the spectra for wavelength, a
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mercury lamp is also focused on the 8lit by means of a
lens and a small prism to give the lines of the mercury
spectrum alongslide each continuous spectrum. The micro-
photometer readings can be used to give the fraotion of
light reflected by the cathode sample at each wavelength.
The method is slow, as a number of trial exposures must
be made to obtain a suitable density on the photOgrabhio
plate, and has only been uged in the present work in the
study of the optical absorption of this partioulér
cathode. The method has been modified to improve the
gpeed of determinations: & description of the new
technique is given in Sec. 9.3.06.

The main feature of interest in the curves is the
pronounced peak at about 2.10 eV observed in the optical
absorption spectrum for the 'blue' cathode. This ﬁcak
ie absent in the curve for the white cathode; the curve
shows very little resolvable structure in the whole of
the visible region. Both curves shdw an 1n9r§aeovin~
absorption at higher photon energioo; starting at ahbﬁi
5.2 eV. The abaorption peak at 2. 1ﬁvev Lueans that the
blue cathode absorbs strongly in the red and yollow ’)
regions of the spectrum, and thus whon 111un1natod by
white light the reflooted light will be r.lativnly utrongor

in the green and blue regions of tho -pootru-, and hence
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the cathode appears to be blue.

It is worth remarking that & similar general
coloration has not been observed for Bayu cathodes,
although on ococusion & green or greenish-blue tinge
is found. All activated Cal cathodes appear Lo go
blue on standing; only a very few Ba0 cathodes show

a oolour effect and this is by no means as reproducible.

7.6, Summary of results; preliminary discussion

It 18 oleur from the form of both the external
photoelectric emission and photoconductivity spectral
sensitivity curves that significant photoelectric work
functions cannot be defined by determining the ocut-off
photon energy, i.e. the photon energy at which the
characteristic meets the axis: the curves are approx-
imately exponential at low photon energies. The
logarithmic curve does not resemble the theoretical
#owler curve (‘ecs. 5.4, 9.2) to a sufficient degree
for & reasonable fit to be obtained, even assuming that
the fitting of semiconductor data to an equation
derived for photoewission from a wmetal is valid. The
technique used by Nisibori, Kawamura ard Hirano (1357)
of extrapolating the linear portion of the photoemission

plots on linear scales and ignoring the oiponontial tail



Table 7.1

Arbitrarxy thresholds for photoemission

fube and : eV Richardson AX+A8 . eV from
activation Z ; eV kichardson and
state cond. plota
Ca0 PC 5% 1.73 1.54 2.85

pC 59 2.01 1.71 £.54

pc B4 1.95 1.79 2,30

po 8O <1.%9 1.01 1.40

faple 7.8

Arbitrary thresholds for photoconductivity

Tube and Powpe _, oV AE/2, eV

aoctivation

gtate

cav pC 62 1.95 0.71
pc 59 1.84 0.68
pe 54 1.79 0.51

pc &° 1.61 0.539
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could, indeed, be applied, as most of the spectral
gensitivity curves do show an approximately linear
region, but it is not felt that this troutment yields
results of any theoretical significance (Sec. $.4). It
is possible to define u completely arbitrary photoelectric
tnreshold, $'as , which is probably merely a measure of
the state of activation of the cathode, by traversing
the wavelength range towards decreasing photon energies
until the photocurrent has fallen to un arbitrary small
value (about 10712 L),  the photon energy at which this
'leagt meagurable photocurrent' ccocurs defines the
arbitrary threshold, but it must be pointed out that
it is entirely arbitrary and depends on the conditions
of illumination and measurement of current employed. If
« more intense gource had been used, the arbitrary
threshcld would have been at & lower photon energy.
Table 7.1 (opposite) shows how the arbitrary threshold
varies for the diffcrent activation states of Cal PC 5,
and how it compares with the hicharxrdson work function
for thermionic emiseion. A similar arbitrary threshold
can be defined for photoconductivity: in Table 7.2
(opposite) it is compared with values of AL/2 from the
low-temperature slope of the dark conductivity plot.

It would appear from Tables 7.1 and £ that there is
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a very rough correlation between the thermionic work
funoction ¢ and activation energy AL/ and the arbitrary
thresholds of photoemission and photoconductivity: high
thermal activation energies are associated with high
arbitrary thresholds. ‘he use of arbitrary thresholds
can only be as < guide to the state of activation of the
cathode; no deduction of energy levels can be made.

At this stage attention can be drawn to the general
similarity between the spectral semsitivity gurves for
photoelectiric emission and photoconductivity. The linear
plots of both effects show some structure at about £.6
eV, and the logarithwic curves are of similar shape and
can be upproximately superimposed merely by & vertical
translation; any horizontal translation required is nos
more than 0.1 eV (cf. Fig. 7.17 for the curves for Cal
PC 6°). tThis similarity is general in all activation.
states, and leads to the deduction made by Sakamoto (158)
in the case of barium oxide cathodes (Sec.4.5) that the
optical externul work function X must be swall, of the
ordexr of 0.1 eV. 7This result is unexpected, in view of
the fact that the thermal external work function is
about 0.8 eV (Sec. 6.8.8).

General similarity is also observed between the

temperature variations of externzl photoemission and
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photoconductivity, and also between the current - voltage
characteristics for photoemission and photoconductivity:
both show marked saturation in both directions. Fhoto-
conductivity current - intensity experiments suggest that
the saturated photoconductivity current is of primary
impertance in defining the photoqonduotivity of the
cathode sample.

A further unexpected result is obtained in the
temperature variation of the current ascribed to & photo-
voltaic e.m.f. according to theory (Bec. 3.3.2) the
photovoltage should be directly proportional to the
ebsolute temperature, and thus the current set up by the
voltage should vary in & way which depends on the absolute
temperature and on the electrical conductivity under dark
and illuminated conditions. The temperature variations
of dark and illuminated conductivity are known, and do
not suggest that the photovoltaic curfont‘lhould change
ite direction as teumperature is increased, as 1§ observed
by experiment. Thus, although the conditions undpr
which the current is mset up suggest that it may be due
to @ photovoltaio e.m.f., the “emperature variation of

the current is not compatible with this assumption.



Chapter O llypothesis of pore photoconductivity

$.1. The problem and hypothesis

‘he preliuinary discussion of the photoelectric
results (Cec. 7.6) showed that an explanation of the
gimilarity between photoclectric emission and photo-
sonductivity spectral sensitivity dﬁrves could bve obtained
by supposing thoet the opticul external work function |
wa8 not greater than 0.1 eV. This assumption, which
ig hardly acceptable by comparison with the thermal enérgy
level scheme, does nothing to expiain the further siﬁilar-
ities Letween the current - voltage characteristics aﬁd
the photogurrent - temperature variation for photoemiéaion
and photoconductivity, nor can 1iv expiain the 6rigin.6t
the zerq-;ield photoconductivity current. o g

rakagoto (158) merely indicated a poséiﬁle solution
of the problem in *he cagse of the photoef!aots in bariun
oxide by supposing that a proportion of the photo-‘
conductivity current was carried through the poros of |
the cathode matrix, instead oif by & true photooonductiva
process. Lo further discussion or exporimental test was
offered. 1o this chapter sone 1mplioationa ot the
hypothesls axe disoussed together with tho ranultl ot a
nunber of experiments apooifioally designed to tect 1t.

If it 18 assumed that the groator propcrtion ot ths

2
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photoconductivity current is ocarried in the pores of the
cathode by & purely photoemissive processe - one which will
be called 'pore photoconductivity' in comntradistinction to
true photoconductivity - the similarity between the
gpectral sensitiviuty curves of photoemisslon and photo-
conductivity ic immediately explained. ihe external work
function is uppurently zero because the processes are
effectively the same: photoconductivity is werely photo-
electric emission through the cathode pores (o an anode,
the probe, embedded in the matrix. lhere may, in faot,
be slight differences in the sensitivity curves for the
game sctivation state -~ differences whioh way be large
enough to appear in the linear plote but which are hardly
apparent in the logerithmic plots - because the external
photoemission is bound to be affected by the ocutermost
layers of the cathode outside the probe, which have no
effect on photocleoctric measurements between the cathode
pase and the prove. The situation is analogous to one
experimentally observed in dark conductivity: the
corrected high-temperature gradient of the conductivity
plot is seldom exactly equal to that of the Richardson
plot for the same cuathode, and the explanation usually
advanced is thatv the emitting surfaces are different.

vhe egquivalence between the photoelectiric prooesses



- 168 -
also explains the muarked similarivy between the form of
the current - voltage characteristics, with their
pronounced saturation. If the hypothesis of pore photo-
conductivity is correct, the relation between the
gsaturated photoconductivity ourrents and light intensity
should be one of direct proportviomality, one of the
fundamental properties of phovoelectric emigsion, and
this is found experimentally. It does not, however,
exclude the possibility that the process is one of true
photoconductivity. <The gradient of the characterietic
at the origin has no such fundamenval significance, and
the variation of the gradient of the log g versus log J
curve found with temperature (Sec. 7.3.3) could be
explained by supposing the form of the characteristic
near the origin to be temperature-dependent. Zthat this
may be 80 ip suggested by the temperature variation of
the gero-field photocenductivity current ('photovoltaic
current'), which on the pore photoconductivity hypothesis
is merely equivalent to the szero-field current frequently
observed in external phovoemission (cf. Fig. 7.1). In
the external case, the characteristic way not pass through
the origin becsuse of two inter-related factors: the
c.p.d. existing between the cathode and the anode and
the possibility of photoemigsion from the anode to the
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cathode. On the pore photoconductivity mcdel the photo-
voltaic current merely represents the same zero-field
photoemissive currentv, aanc its magnitude and direction
will depend on the same factors. <1he aotual temperature
variation is difficulv to predicv, as the vewperature
variation of c.p.d. beuween the probe and cathode base
ies unknown, but the slope of the curreni - voltage
characteristic is so steep in the reglon beiween the two
gaturated conditions vhut only & slight change in c.p.d.
would be required to make a large difference in the zero-
field current and, poesibly, change the direction of the
surrent.

It mighv at firsv appear thatv the pore photoconductivity
process should follow the same sort of temperature
dependence as does dark conductivity, and the fact that
photoconductivity is apparently a pore phenomenon at room
temperatures but thav dark conductivity does not become
one below temperatures of ubout 60V %K may seem curious.
iowever, the analogy between dark and photon-induced
gonductivity must not be taken too far, and there is no
reason to suppose that the two processes should follow
the same temperature dependence; when it is realised that
external photoemission gives readily measurable currents
at room temperature, but thut measurable thermionic
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emission currents ure not obtained below about 60V CK, the

appurent discrepancy disappears.

8.2. xperimental investizpation of the hypothesis

cethods used Lo testy the hypothewsis include techniques
pimiluar to those enployed in estublishing the pore nature

of durk conductivity (er. “ec. £2.4).

8.2.1. IPecovery of external photoeleotric emission and

photoconductivity after oxypen poisoning

xperiments in which the recovery of thermionic
emission and electrical conductivity for Bau and S5r0
cathodes after oxygen poisoning was studied have been
reported (83, 166; Seo. 2.4). above about 700 °K, it
wae found that emission and conductivity recovered in
the same way; below this temperature, the temporal changes
were quite different. It was thus deduced that the process
of conductivity above Y0V %/ was essentially cne of
thermionic emission in the pores of the cathode.

Three of the calcium oxide probe diodes from which
results have already been quoted were specifiocally
designed to study the effect of oxygen poisoning on photo-~
currents, and contained in addition to the normal electrode
arrangement & U.12 mm diameter alumina-insulated tungsten

filament, coated with & paste of barium peroxide in
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collodion and ethyl acetate. 7The filament is outgassed
during the processing of the tube by paesslng & current
through itv; this treatmeunt removes the oxides of carbon
from the breakdown of the organic binders. when &
poisoning experiment is carxried out, the cutgassed
filament is healed to red heat and the peroxide breaks
down to barium oxide and oxygen. Yhe Tilament is mounted
adjacent to the anode window.

Jessurements are made by illuminating the cathode
with white light from the tungsten filawent lawmp and
monitoring the photogurrent (either phosoelectrie
emission or photoconductivity for fixed anode or probe
potentials) as & funotion of time after the poisoning
filament has been heated to redness for & few seoonds
0 releame & burst ol oxygen. Hesults obtained frou
gav PC 7% are shown in Mg, 8.1.1, and from Cal PC p2
‘and 99 in Pige. 6.1.2 and J. The time scale is meapured
from the time the poisoning filament ourrent (derived
from the Variac transformer unit) is ewitched off, and
the vertical scale represents the value of the photo-
gurrent at any given time expressed as & perxcentage of
the initial unpoisoned photocurrent. It is noted that - .
in all cases the recovery of photoconductivity follows

very much the same sort of gurve &s the recovery of
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photoemission, although the actual percentage changes
that the photocurrents experience may not be exactly the
gume. It i8 observed that the form of the »ecovery curve
diffexrs from omne determination to the next, and may
possibly depend on the pressure of oxygen, as the poisoning
rilament was heated for & different arbitrary length of
time in emch case. In one case (CaU PC 99) the effect of
the oxygen attack 1s apparently to increase the photo-
gensitivity of the cathode, the final photocurrents being
greatey than the unpoisoned values.

This type of behaviour is not gemerally observed in
the case of oxygen attacks on thermionic emission and
dark conductivity, where the recovery curves are &ll of
a charaoteristic form and an activating effect has not
been reported. <The effects of oxygen on the photo-
peneitivity of Cal cathodes have not been studied t0 a
gsufficient extent in the present work for any definite
explanation to ve offered, but it secems possible that
photoemiseion, being & phenomenon which is extremely
sensitive to the state of the caleium oxide surface, may
be very dependent on the degree of coverage of the
crystallite surfaces and on the surface diffusion processes

MVOIVOO. ; il e S et i “
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B8.2.2. wapnetoresistive effects in darxk and illuminated

conductivity

The work of Forwan (64) and wetson (122) on the
magnetoresistive effect in varium oxide cathodes in the
darkx has been discussed in Jec. 2.4: large magneto-
reaistive effects were obtuined at temperatures in the
pore conductivity region, but no measurable effect was
found at lower teuwperatures.

Similur exp-riments have been carried out in the
gourse of the present work. <The preobe diode geometry,
with its cylindrical symmetry, is less sulted to a study
of the effect than the plansr arrangement used by the
earlier workers. he experiment relies on the deflection
of electrons into curved paths by a combination of
magnetic and electric filelds; only in one orientation
of the cathode, where ites uaxis lies in the direction of
the wagnetic field, will the magnetic field be normal
to the plane of the radial electric field between the
probe and cathode base, and measurements are always
carried out with the cathode in this position.

kagnetic fields have been derived from a Newport
Type i Clarendon design electromagnet. The smallest
pole-pilece separation employed was 6.5 cm, for which a

calibration curve of magnetic field versus magnet current
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is given in rig. 8.2.1; at this separation fields were
reasonably uniform over the whole area of the pole-pieces,
a rough determination of the direction of the lines of
force having been wade with a plotting compass. ‘[he
magnetlic field calibration was obtained using a search
coil and fluxmeter. <1ubes of the Cal W series are probe
diodes with a shorter cathode base (33U mm) and cathode
gouted length (15 mm) than the PC series. ‘he diode
in ite glass frame 1s wounted horizontally in the
envelope, instead of vertically, so that the cathode
cun be orientated parallel to the direction of the magnetio
£ield without using rather large pole separations.
rxperiments have, in fact, been carried out using tubes
of the ?C series, in which case a pole-piece separation
of 21 cm 1s required, the pole-pieces being withdrawn a
short distance into the energising coils. The magnet
calibration curve for the 21 om gap is given in Fig. 8.2.8:
the large separation means that much smaller field strengthe
are obtained for the same current, and the field is less
unifoxm.

ieasurements of the magnetoresistive effect in the
dark are made as follows. The tube is placed between the
pole-pleces of the electromugnet so that the axis of the

cathode base lies along the direction of the lines of force
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rhe temperature of the cathode base is adjusted to the
desired value and a potential of 10u mV, derived Irom the
potentiometer unit, is applied between the probe and the
cathode base. .n approximate value for the conductivity
in zero magnetic field, o, , is obtained by reversing the
polarity of the potvential and observing the difference in
the galvanometer or electrometer reading of the conductivity
gurrent. U.c¢. voltages from a 10U V reotifier supply or
fyom 24 V batteries are applied to the electromagnet
through a rheostat, the current being adjusted to the
value required to give the desired field. <The conductivity
in the magnetic field I, ¢, , is obtained by the same
procedure, and when the energising current is removed
the zero-field conductivity is redetermined. The procedure
is repeated for a series of values of H and a graph of the
fractional change in conductivity A%. , where Arseq -0y
is plotted against H. Decause the tube cannot be soreened
in this series of experiments, considerable care had to be
taken with the arrangement of apparatus. The electrometer
and galvanometer were placed some 3 metres away from the
electromagnet, and all connections were made with coaxial
cable, held as rigidly in position as possible.

fuch a curve is shown in Pig. 8.3.1 for Cal M 5% at

gsv %%, and is in agreement with the type of curve
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obtained by Porman (64) (rig. 8.3.%). In the experimente
ceseribed by setson f(R) *48% wus plotted against i, and
& linear relation was ovtained for values of I greater
than 2.0 koersted (/ig. 6.5.4). 1In the present case, a
graph of 0%% versus H (fig. 8.3.2) yields a line slightly

0y, no change in the

curved in the opposite sense. .t 65U
conductivity on application of a magnetic field wus
deteotuble: the break point in the conductivity plot was
at 780 YF in this aetivation state. Cpurious resulis
reported by ietson with nickel cathode bases below 633 °K
(the Curie point for nickel) were not observed in the
present case, possibly because the probe wire is kept
rigid against the uction of maugnetic forces by the matrix
gprayed around it.

The variation of the magnetvoresietive effect with
temperature may be conveniently studlied by determining
the ratio A%;, for a fixed value of H (normally 1 koersted)
at & number of temperatures. 4 curve obtained for Cav

‘! 1s given in Fig. 8.4.1, with the conventional

PC 6
conductivity plot. It is noted that AV&, is markedly
temperature-dependent, showing a pronounced peak at a
temperature sbout 1Uu °X above the conductivity line break
point. Delow the break point it falls to very low values

o
and at temperatures more than about 100 X bLelow it ie
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senslbly zero. VFig. 8.4.2 shows a similar curve for
Cav ¥ 5%, where & large number of pointe were obtained
in the high-temperature conductivity region. .8 the
galvanometer alcne was used to measure conductivity
currents, measurements could not be extended to the low-
temperature region. The form of the temperature variationis
similar to that obsorved by kKetson for barium oxide
sanples sandwiched between planar cathodes (Fig. 8.4.3).

fince the conductivity has been determined by
applying a fixed potential toc the probe, conductivity
currents have varied over gseveral orders of magnitude
over the range of tewperatures studied. The possibility
exists that the form of the A9, versus 1,/0 curve is due
to the fact that A0/ is 4 funoction of the conductivity
current. This has been investigated by varying the
applied potentials at & number of temperatures and
deternining AV, as a function of current. Fig. 8.4.4
(for Cav PC 65) shows that the value of Aq&, is independent
of the conductivity current and also confirms that at
temperatures below the Loosjes-Vink break the value of
Av/y, 1is sensibly zexo.

Experiments on the ecffect of the magnetic field on
the photoconductivity current may be carried out in a

similar way. The cathode, set up between the pole-pleces
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of the magnet, is illuminated with light from a high-
pressure meroury arc, and the saturated positive and
negative photoconductivity currents are desermined in
Lhe absence and presence of magnetio fielde of different
magnitudes. If ipog @nd lpjgy wre the velues of the
currente without and with the magnesic field H, and
Ai = ipog = ipey » OYipe, can be plotted versus H. ¥Fig.
B.0.1 shows the curve obtained for the saturated positive
photoconductivity current in Cav M 5~ at 290 °K, and it
is obseyved that its form is very similar to that
cbserved with the dark magnesoresistive effect in the pore
conduction region (Cf., Fig. 8.56.1). ‘“The scatter of points
is greater because the photoconductivity ocurrent at
gou %K is less than the dark conductivity current at
960 °K by @ factor of more shan 10Y: ourrents were
meapured with the electrometer, which wae somewhat unstable
beocauge the tube could not be screened. Himilar ourves
are given in Fige. 8.0.0 and 4 for positive and negative
photoconductivity currents in Cau PC 6. dhe 21 om gap
was used, and magnevic fields were correspondingly
emaller. Curves are similar in form, but the magnitude
of the fraction 6‘5/6/,‘. at any partioular value of H
differs for the positive and negative photocurrents;
this difference is thought to be due to the geometry of
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the system. Heasurements ure normally made at room
temperature, as the introduction of heater supplies
increases the instability of the electrometer and makes
gurrent measurement even more difficults.

4 different sample yeometry was employed in Cav M 7.
The cathode base was a fused magnesia tube, 5.5 mm in
diameter, wiith & £ nm bore. 4 flat was filled at the
centre of the tube 10 accommodate two nickel tags,
gaparated by a gap of about 1 mm: the fiat was sprayed
with calcium carbonate suspension so as to cover the nickel
electrodes and the gap between them evenly. The ceramic
tube could be heated in the usual way by an insulated
tungsten hairpin heater. 7The breakdown procedure was
as usual, but activation on the ceramio base was oxfronoly
glow. Although thermionic¢ emission currents to & semi-
cylindricai anode were very small, a measurable photo-
aonduqtivity current was obtained between the nickel
electrodes when illuminated with the tungsteh riianoﬁt"'
lamp. The effect of the magnetic field (aoting nornally
to the direction of the electric field betwccn thc
electrodes) on photooonduotivity 1- shown in Pig. 8 6 8-
the geometry approximates to that onployoa by Pornnn, anl
the curve saturates in exactly the same way thut ho found

the magnetoresistive ettcct in dark conduottvity in the
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high~temperature region to sauturate (Fig. 8.5.3).

8.3, usiscussion of resultis

Joth poisoning and magnetvoresistive measurementis on
photoconductivity currents show a marked similarity to
the eficcts in dark conductivity in the pore conductivity
region. Thus, previous work has shown th&t both electrical
gonauctivity and thermionic emission recover in the same
way after oxygen attaoks at tewperatures in the pore
conduction region; the present work showe that botﬁ.photo-
conductivity and photoelecuric emiasioﬁ recover in tho
same way. <The fact that difierent typﬁa of reooveiy.curvo
are obhserved, possibly depending on the oxygen pressure,
makes the similarity between photoemiasion and phofé-
conductivity more marked, and the oconclusion is that
photoconductivity ie a photoemissive phenomenon af room
temperature. | N

i‘he geometry of the probe diode makes a quahti£at1ve
calculation of the magnetoresistive effect oxtidﬁéiy
diffioult, and it is felt that at'this at@éé a qﬁaiitativo
explanation of the effect is all that 10 requirad. Thie
has been givon for the Bimple case of planar aymnotry by
rorman (64) and by Hetnon (122), and dopends on thc

setting up of a transverse arifs vclooity of tho

L
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conductivity electrong &nd a reduction in the electron
mean free path. In the cuse of the temperature variation
of tne dark wmagnetoresistive efrect, the results obtained
in the present work are very siailar to those of setson
witvh barium oxide, and this agreement helps to confirm
the Loosjes-Tink theory ol conductvion in Cal cathodes.
again, the fact that the sume gsort of magnevoresistive
efrfecet 1o observed roxr photoconductivity as for dark
conductivity in a region where the electrons are travelling
freely in the pores suggests that the photoconductive
process is wleo one of free sleotron flight through the
pores.

The pogeibility exists that what has been considered
10 be & photoconductivity currentv between the cathode basge
and the probe embedded in the cathode matrix may be a
photoemigsive current to the probe supports (the exposed
porvions of fine nickel wire projecting from ceramic
insulators sbove the cathode surface, to which the probe
itself is connected). That this is very unlikely is
shown by the following information:
1. ‘he existence of & negative photoconductivity
current, which, on the hypothesis of photoemigsion to the
probe supports, would have to originate in the photo-

enission of electrone from the probe supports to the
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cathode surfuce. Ilube Ca0 & ¢ was specially constructed
with this point in mind with the electrode structure
shown in rig. 8.6. (he probe supports P are on the side
of the cathode remote frowm the incident light, which
passes down the collimator tube T to strike the front
half of the cuthode C. A semiocylindrical anode A is
provided, again at the front half of the cathode; thus
illumination of the probe esupports by reflection from the
cathode and anode can only be slight. Both positive and
negative phovoconductivity currents are still observed,
nowever.
2. Photoconductivity currents are also observed in
Cav i 7, a design of tube (Sec. 8.2.2) which dispensed
with the probe and probe supports. The leads to the
embedded nickel electrodes are again on the side of the
cathode base remote from the illumination.
3. Tubes in which the probe has become discontinuous
at the probe supports (e.g. Ca0 PC 1) do not yield
measurable "photocondustivity” currents when potentials
are applied to the probe supports under conditions of
aorwal illumination through the anode window, the
experimental arrangement usually adopted. Small photo-
curreits to the probe supports may, however, be observed

if the aresa imwediately below the support is illuminated
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intensecly.

thus, under normal illumination conditions through:
the anode window, 1t seems that any component 0f the
photoconductivity current which travels by direot photo-
emission to the probe supports must be negligivle
compared with that paesing to the probe ivself.

It might also be suggested that the magnetoresistive
effect observed in illuminated conductivity is related to
a true solid-state photoelectro-magnetic effect, as
described in Sec. J.0.4. The extreme similarity between
the dark end illuminated magnetoresistive effects, however,
and the fact that similar magnetic fields produce effects
of &« similar order of mugnitude, argue against one effect
veing due to the free flight of electrons through the
porous cathode, and the other to & true solid-state proocess.

Throughout the work on the pore photoconductivity
hypothesie the argument has been by analogy. We haver
gaid that the ourrent - voltage oharaotariaéios for photo~-
conductivity are similar to those for photoemiession; that
the spectral sensitivity ocurves are similar; tﬁat both
recover from oxygen poisoning in the same wdy; and that
photooonductivity currents are affected by a lﬂéh&fio
field in the same way as are dark oonduotivity ourronts

in a temperature region where the electrons are known to
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travel through the pores, and from 2ll these points of
cimilarity a connection between the processesg has been
deduced. To rely on any one of tnese arguments by
analogy or siwilariiy would be dangerous, but in eseveral
very different typee of experiment the similarity appears
to be too close to be fortuitous. It is thue conoluded
that at room teumperature a large fruction of the apparent
phovoconductivity current in cualcium oxide cathodes 1is,
in fact, due to photoemission ucross the pores of the

cathode matrix.

Hexe OrYe phnotogconductivity in barium oxide cathodes

“here is no reason to suppose that the pore photo-
conductivity meachanism obeserved in calcium oxide coauted
cathodees should not ualeo apply te the other slkaline
carth oxides: the possibility of the existence of such &
procees wus, of course, suggested by Sakuwoto (158) from
the evidence of the spectral sensitivity curves for the
effeots in bariuwm oxide.

n confirmatory experiment has been attempted in the
present work. 5a0 &k 1 was constructed so as to be
exactly similur in diode geometry to the Cal ¥ series,
but the cathode wus sprayed with & barium carbonate

suspension. In an investigatvion of the effect of the
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megnevic rield on dark conductivity,‘3W@u depenaed on
temperature in just the sume way as was found with
culcium oxice (rig. 8.7.1). . similar reduction in the
illuminated conductivity wus observed on application of
the magnetic field (Fig. 8.7.2).

Baorium oxide cathodes thus behave in an exactly
similary manner to calecium oxide samples, although dark
conductivity and magnetoresistive measurements are

congiderably ensier as the currents are larger.



chaptor U anode surfaece effects; opticul absorption

wnd phnovoconductivity in evauporated films

cf calcium oxide

vele Introduction

.he curliest studies on photvoelectric emission from
sarium oxide cathodes (. ec. 4.2) estublished that the
anode of the experimental dicde was fregquently more
photvosensitive than the cathode. Iihe photoemission was
attributed to a thin layer of the alkaline earth oxide
evaporated on 1o the anode. (he present work has
egtablished the existence of « siamilar effect in ocalcium
oxide diodes (cf. Cec. 7.2.1). In this chaptur a
preliwminary investigation of the effect is reported,
topether with experiments on photoeffects in filus of

calcium oxide evaporated on to glass.

3.2. rhotoelectric cmission from the anode

Piotoewission frow the anode has been & marked
feature in all of the tubes which have yielded information
on cathode photoemission. Fig. 7.1 showed that the
photocurrent from the anode is normally considerably
greater than that from the cathode. Taking into account
the lower level of illumination at the anode, the anode

photosensitivity muet often be greater than that of the
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cathode by « fucvor of ivE or wore. ihe photoemission
has been uscrivea to a layer of calclium-rich calcium oxide
evaporuted from the cathode during processing, activation
and operation of the diode. .8 the photoelectric work
function of pure nickel is about H eV (31) white-light
illuminavion would not be expected to give any measurable
phetocurrent from the clean anode, although liopkins (90)
has suggested that clean "U"-nickel may, in fact, show
photoewinsion when illuminated in the visible region.
In the presentv work, however, photoemission has only been
obgerved from the anodes of tubes where there was the
possibility of evaporation from the cathode.

cypical curves for the spectral sensivivity of photo-
slectric c¢mission frow the anode are given in rFig. 9.1
for Cud PC 52 and PC 7). 7These should be compared with
the curves for photoemission from the cathode (Figs. 7.2,
S and 4); the logarithumic curves show & general similariuvy,
but the linear plots do not show the struoture at about
2.6 eV chuaracverigtically found in the cathode photo-
emission curves.

Following the suggestion of Harita (133) an attempt
has been made to fit the anode photoemission results to
Fowler plots. A graph of the Fowler functiion F(hy/ki)

versug hy/ki (b) is given as the left-hand continuous
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curve in Fig. 9.2.1: the right-hand dashed ocurve is &
plot of log;, iph/w3 versus hv/k1 where iph is the
photoelectric emission current from the snode of Cal
o0 5%, ¢ is the anode temperature and .¥ is the frequency
of the exciting illumination. <The curves show soue
similarity in form: 1f the Lfowler theory of photoemission
from metals ie to apply to thin evaporated films of
calcium oxide, the curves should be brought intc
coincidence by vertical and horizontal translations of
the right-hand curve. 'The photoelectric work function )
can be obtained from the magnitude of the horizontal
shift, hy, /kr. ihe open points ubout the continuous
Fowler curve show the effect of attempting the horizontal
translation; the vertical translation, of no fundamental
significance, hus already been made in the preparation of
this curve. Complete sgrcement cannot be obtained, but
the discrepancies in this cuse are no greater than those
observed by larita for evaporated barium oxide. In the
case of Cau PC 52, the horizontal shift corresponds to
a Fowler photoelectric work funotion of 2.14 % 0.07 eV,
the experimental error quoted being obtained from the
mean deviation of the points about the theoretical curve.
Fig. 9.2.2 shows & case where agreement between the

experimental points and the theoretical curve is. much
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less good (CalU PO 5%). summary of the Fowler work
functions ¢; obtained, cowpared with arbitrary photo-
electric work functions for anode photoemission defined
in the same way «8 in Uec. 7.5, and anode work funotionse
obtained frow thermionic and c¢.p.d. information, is gilven

in table Y9.1.

rable Y.1

wnode photoewission: Fowler work functions and arbitrary

thresholds
Jube and rowler we.f., Arvitrary anode wefo,
aotivation Y threshold, i, @V
gtate but , o
cav PC 5% 2.1 % .1 2.01 2.2 * .1
PG 6= 1.9 * .1 1.95 2.8 % .1
PG B 2.0 % .1 1.74 3.3 & ¢
pe 50 1.7 & ,8 1.389 1.3 % .1
PG 8™ 1.6 * .2 1,39 1.6 £ .2
pe 7L 1.7 £ .1 1.56 2.8 £ ,4
pC 82 1.4 * ,1 1.39
pC 104 1.6 * .1 1.4%

Iv is observed that in all except a few cases the
Ffowler photoelectric work funotion agrees reasonably well
with the arbitrary threshold. This cun hardly be held
out as evidence in favour of giving theoretical signif-

icance to the arbitrary threshold, for the theoretiocal -

\
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foundation of the Fowler treatmenyv for photoemission from
thin evaporated films of « semiconductor has not been
established; it can nerely bLe taken as confirmation that
the meithods used to express the photosensitivity of the
gurfaces are reasonably consistent.

there is some evidence in favour of Larita's
observation that thin evaporated films appear to obey the
‘owler relation rather betier than thick films. “Yhus, in
Cau PC b, photoemigsion from the anode in state £ gives
a reasonable fit with theory; after a considerable period
of activation and operation, which might be expected to
increase the thickness of the evaporated material on the
anode, the photoemission in state & is only a poor fit.
In the present work, however, it was not possible to
study a possible correlution with thickness of deposit
in detall.

There appears %o be litvle correlation between the
photosensitivity of the anode and the anode work function

a8 determined from thermionic emission and c.p.d.

measurements.

Y.d. Photoeffects in thin svaporated films of calcium

oxide on pglass

Y.3.1. Experimental tubes

‘he information obtainable from photoelectric studies
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of the unode of the probe diode is limited. Photo-
conductivity etudies are not possible, and although the
optiocal absorption of the evaporated film could be deter-
mined by studying ochanges in the reflectivity of the
nickel anode, the geometry of the diode makes this
extromely difficult.

Accordingly, a meries of tubes (the Cal F series)
was constructed in which the evaporated film could be
deposited on to a glass substrate. UVor simplicity, the
inner surface of the envelope of the tube was employed
as the substrate: the oylindrical nickel cathode, coated
over its entire length with carbonate suspension, was
placed near the envelope, and shielded by & rotating
nickel shutter so that evaporation ocould de controlled.
Two Agquadag electrodes, separated by about 3 mm, were
painted on to the envelope and contact was made to them
by nickel strip springs, to one of which a tungetehé
nickel thermocouple was attaohed. Tho‘oohenatio arrange-
ment of the tube is shown in Fig. 9.9. .

The cathode is subjected to'thc same broakdown 4]
gchedule as usual, the shutter beins ololed to prcvont
any evaporation tetween the nquadas olcotrode. during ‘
this process. It is round that the tnng'tcn hoator- ot

this type of tube are particularly prono to bnrn out.
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‘his is atvtributed to the fact thaf calcoiun carbenate,
covering the whole of tne nickel cathode base, is likely
tu coniaminatve the expused portions of the vungsten. This
contamination has been shown to cause failure of the
tungsten in a subsidiary experiment in whioh two tungsten
filaments were mounted in the same envelope. Une was
covered with calcium carbonate suspension, the other was
clean, as a control: on heating the filaments to white
heat, the one covered with the carbonate suspension very
guickly burnt out. JThis may well be due to the formation
of tungsten carbonyl through reaction of the tungsten with
carbon monoxide from the suspension binder. Asfter break-
down, the tube is sealed off and the getters, placed in a

position remote from the aAquadag electrodes, are fired.

g.,3.2. Heasurements

deagurements of the dark and illuminated conduct-
ivivies and of any photoemission from the electrode region
are made before any evaporation is carried out. Dark
conductivities are measured by applying potentials between
the .iquadag electrodes and measuring the corresponding
conductivity currents; the illuminated oonductivity'io'
obtained by illuminating the area between the eleotrodes

with light from the tungeten filament lamp and messuring
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the conductivity as before. Fhotoemission currentvs from
vhe electrode area arye measured to the nickel shutter,
which is used us an anode. In all cases, provided that
the glass envelope and aAquadayg electrodes have been
thoroughly outgassed by the baking procedure, conductivity
currents and photoelectric emisslon measured frowm the
electrode srea before fllme are evaporated are extremely
small and can be neglected in comparison with the
corresponding currents in the evaporated films.

Calcium oxide wmay be evaporated from the cathode on
to the glaes substrate by heating the cathode to about
110u 9 and opening the nickel shutter with an external
magnet for an arbitirary period. [t is normally found
that evaporations of the order of 10 minutes at 110V Ox
deposit sufficient material between the electrodes to make
a marked change in the electrical and photoelectric
preperties of the sample; the effect of continued evapor-
ations 1s usually investigated. Ivaporation by stages is
continued until the film just becomes visible as a dark
brown deposit.

In addition to mesasureuents of dark and illuminated
conductivivy and of photoemission from the film, it is
possible t6 measure the variation of dark conductivity

with temperature. aslthough no heater for the evaporated
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nample is provided in the tube, its temperature may be
varied by immersing the tube in & ligquid bath whose
temperature can be controlled; the tvemperature of the
sample is measured by the tungsten-nickel thermocouple
at the niockel contact to the ..quadag electrode. A
temperature range of from JUU 1o 44UV % may be provided
by using two liquid baths: one of methyl alcohel (m.p.
176 %), cooled in liquid air to about 20V °K, contained
in & wide-uwouthed Lewar flask and allowed to warm up
pradually to rocm tewperature, and one of paraffin, warmed
to about 40 °I and sllowed to cool to room temperature.
The tube is immersed in the liguid, which ie thoroughly
gtirred; the rate of change of temperature is quite slow
enough lor conductivity measurements to be made at &
definive temperature. The itemperature calibration of the
tungsten-nickel thermocouple is extended downwards by
comparing the e.m.f. produced with that from a chromel-
aluwel couple whose junction is atv the same temperature;
& calibration curve is given in Pig. Y.4.

in both dark and illuminated conductivity measure-
ments potentials of * 10U mV are applied between the
electrodes from the potentviometer unit. Currents are
normally large eanough to be measured with the galvanometer

alone. Both methyl alcohol and paraffin have a very low
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galoctrical conductivity, «und the aark conductivity currents
obtained uare sufficiently large to be sure that the
gonductivivy bevween the sgquudag eclectrodes, und not that
petween the pins in the pinch in the liquid bath, is being
measured.

‘hie photosensitivity of the film 1is detvermined by the
method of complete photoelectixric emission, potentials of
up %o 240 V peing applied to the uncde. Ihotocurrents are
measured with the galvanometver when the film is irradiated
with light from the tungsten filawment lamp, run at various

input voliuges.

Yeded. Uark conductivity; variation of conductivity with

Lemperaiule

“ig. ¥Y.0 shows the room-temperature current - voltage
characteristics for Cal) F 3 and the variation of
conductivity with an increasing smount of cvaporated
meterial. C(haracteristics are linear in every case, and
the linearity cxtends at least up to potentials of 10 V
applied between the electrodes. ‘he slope of these plote
define the conductivity ¢ of the film. In each case, as
expected, the evaporation of a further quantity of material
increases the conductivity of the film. “he evaporation

periods were arbitrary, and no attempt to obtain a
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corralution between the time of evaporation and resistance
vas nade.

“ig. ¥.6.1 shows plots of logy, ¢ versus 1/1 for the
five evaporations of Cuu ¥ 3. Iv is observed that the
plots are linear for u considerable range of reciprocal
temperature: the gradient of the graphs has been used to
define activation energies for the conductivity process,
and these ure quoted by each line. [t 1s dubious if these
activation energies have any significance on the simple
semiconductor theory quoted in Tece. 2.2 and 2.4, since
it was aesumed there that the separation of the impurity
levels from the conduction band, A}, was large compared
with ki. At room temperature, ki = 0.020 eV; in the
present case the activation energies A l/2 are apparently
of the same order of magnitude, at least for the last three
evaporations. ‘There is apparently some correlation
between the apparent activation energy and the room-
temperature resgistance of the evaporauted film, as the
linear plot of log R versus log A ji/2 showe (Fig. 9.6.2);
thus not only does further evaporation decrease the
resistance of the film, butv it also decreases the apparent
activation energy for conductivity in the film. Although
the f£ilm probably containes a large proportion of free

caloiuw, the behaviour of the conductivity of the film as
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g function of temperature is charaoveristic of a semi-
conductor rather than of a metal; pure csalcium has a
pogitive temperature coefficient of resistance, whereus
the resistunce of the film decreases with inoreasing

temperature.

9.3.4. rhotoconductivity

it is found that photoconductivity currents,
particularly those resulting from intense illumination
cf the evaporated film, are ungtadble and change with time
in a characterlistic fashion, as shown in Flg. 9.7.1

for Ca0 ¥ £°, ihe initvial dark resistence of the sample

is 36 x 1.

ohme: on intense illumination with the H0V
watt tungsten filament spource the resistance quickly drppl
to 5 x 109 ohams, but continued illumination serves %o
increase the illuminated resistance to about 12 x 106
ohms. on removing the illumination, the resistance of the
sample increases rapldly; the final equilibrium value of

6

the dark resistance was 163 x 10° ohuws, an increase by a

factor of more than 4 over the original dark resistance.
‘his type of behaviour has been observed in all

evaporation states of the tubes constructed in this series.

Pig. 9.7.2 shows the relation between the photoconductivity

current and time for 0a0 F 3°: in this case an initial
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period of illuminstion of less than 10 minutes is
required to increase the illuminated resistance to above
ite initial value in the dark.

In aadition to any photon-induced effects, the
illumination will cerxrtainly have the effect of warming the
film, and the increaseé in teumperature should cause an
inoreage in the dark conductivity of the film. Fig. 9.7.3
ghows the resulte of an experiment (with Cal F 52) in
which conductivity and temperature were simultaneously
monitored. 1he continucus upper curve is the total
conductivity ourrent for 10U mV applied between the
electrodes: 1t shows the ususl increase and decrease on
illumination, &nd when the illumination ie cut off, it
falls to & value less than the original dark conductivity
current. J1he lower continuous curve showe the variation
in the temperature of the film with time, as measured
with the tungsten-nickel thermocouple. Assuming that the
effect of the illumination is only to warm the film, the
expected dark conductivity can be calculated from these
temperatures and from the information of Fig. 9.6.1.

This is represented by the dashed upper curve, the error
bars resulting from the experimental error in the deter-
mination of the conductivity plot. lormally, the illumin-
ated conductivity would be expected to be greater than the
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durk conductivity. The interesting result revealed by
this experiment shows that this is only so for the first
few minutves of illumination, and after thie the illuminated
conductivity is less than the calculated dark conductivity.
This behuaviour sugpests that the effect of intense
irradiation ie to wodify the propervice of the evaporated
¥ilm, and this hypothesis has been invesviguted by
redevermining the relution between conductivity and
temperature after periods of intense illumination. ¥Fig.
4.7.4 shows corductivity plots for Ca0 ¥ 3% after periods
of intense illuminavion of 15 and 6¢ minutes' duration.
ihe gradient of the plots increases with increasing
irradiation and the magnitude of the conductivity current
at room teumperature decreases. It is thus apparent that
intenge illumination has an important effect on the
electrical properties of the film.

Less invenge illumination leads to greater stabllity
in photvoconductvivity currents. Fig. 9.8 shows & current -
voltage characveristic for dark and illuminated conduct-
ivity in Ca0 ¥ 2% illuminated by the 500 watt tungsten
filament source used in conjunction with & U mm thickness
of Chance UN 19 glass, which removes the infra-red

component of the light. Stable ocurrents are obtained, and

it ie apparent that illuminated end durxk conduotivity both
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fellow an ohmic relationship. Ghis result is in striking
contrast to the behaviour of the porous calcium oxide
coated cathode.

deasurements of the gpectral sensitivity of photo-
conductivity were net found to be practicable. The rather
weak illumination obtained from the wonochromator provides
only a very swall increase in the already considerable
dark conductivity, and it is not possible to balance off
this large daxk conductivity with the electrometer and

measure only the photoconductivity.

9.%.5, pPhotoelectric emission

1o a lesser extent, photoelectric emission from the
gvaporated fllm 1s unstable under intense illumination.
“ig. 9.9 shows the variation of photeoelectric emission
with time for Ca0 ¥ 25: the initial peried of illumination
nauses a reduction in the photoourrent by a factor of 3.
after a period of 30 minutes in the dark, the photocurrent
apparently recovers slightly on further illumination.

This ingtability makes the detvermination of photo-
alectric work functions by the method of complete photo-
elootric emlission, undertaken as a measure of the photo-
sensltivity, unreliable at the most intense illuminations.

Locordingly, to avoid the time spent in tracing "Schottky"
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nlotvs for each value of the wungsten filament temperature,
the photoemission current for Vg = 24U V is taken instead
of the zero-ficld photocurrent in the "Hichardson" plot of
10g, , iph/4™ versus 1/4 - u procedure similar vo that
corricd out in certain thermionic emission determinations
{(Cece. 6.2). 'the "Hichardson" plot for the firsv
evaporation in Cal ¥ 2 is given in Fig. Y.10. 4Yhe photo-
electric work functions deduced from the gradients of
such plots gencerally decrease with an increaeing‘quanfity
of materiel evaporated. ‘lable v.2 (below) gives the

work functions for five evaporations in Cad F K.

fable U.2
rhosoelectric work funotions of eveporated films of
caloiuwm oxide by complete photoemission -~ Cau ¥ 8
svaporation ﬂ& L

: 3 2.8 & .1

e 2.1 2 .1

3 2.0 % .1

4 1.4 = ,28

b Lo & B oune

is the apparent photoelectric work function deoresses,
the ingtability of the photocurvent becomes greater and the
error in she glope increases. “Yhe values obtained . . .

A e h g e et e S LY 1
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probubly have very little absolute significance. ileasure~
wents of the spectiral sensivivity of photoemission were

not attewmpted.

Y.o.6. Upticul absorption in evaporated films of calcium

In & previous thesis (116) the optical absorption of
evaporated films of berium oxide waus studied by a photo-
graphic technique. [ilms were prepared by evaporation
from & conventional cylindrical cathode situated along
the axis of & 1¢ mm diameter glass tube: the tube was
placed in front of the entrance slit of the speotrometer,
and a photegraphic record of the spectrum of light from
the tungsten filament lamp which had passed through the
tube with itvs evaporated film was obtained. <This spectrum
wae compared with one taken using a clean glass tube in
place of the absorption wube in the same way as has been
described for a reflectivity study in the present work
(fec. 7.%), where the disadvantages of the method were
pointed out.

‘the method has been modified in the present work.
The principle of comparing the intensities of spectra

obtained for light which has passed through an evaporated

film of caleium oxide with light which has not is retained,

oL e 2
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but the compuriacﬁ is carried out direotly by comparing
the photocurrents produced in the 53 CV photocell placed
at the exiv slit of the spectrometver; the cell, mountved
in & cork, tekes the place of the eyepiece.

All absorption tube is ghown diesgrammatically in Fig.
Y.1i.1. Similar in construction to those used for barium
oxide studies, it consiste of the normul cathode base
provided with » heuter and coated along its entire length
with calcium carbonste suspension, and sealed into a
12 mm dismeter Pyrex tube. The tube is attached to the
pumping system by the stem, and the normal breakdown
procedure is eépplied. Afver baking ouv, the vube is
sealed off and the getter, which ig shielded to prevent
depositvion in the part of the tube near the cathode, is
fired. Layers of calcium oxide are evaporated on to the
glauss tube by ralsing the temperature of the cathode
%o about 11vu YK until a visible darkening of the glass
appears.

Absorption readings are taken as follows. The
absorption wube is placed in & vertvical position in
front of the entrance slit of the spectrometer, as shown
in Fig. 9.11.2. Light from the tungsten filament lamp is
focused on the absorption tube; a black paper mask with a

glit 2 mme wide cut in it and wrapped round the tube definesg
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the area of illuminstion; &« second lens focuses the light
which passes through the absorption tube on to the slit of
the spectrometer. Using the narrowest possible exit slit,
readings of the current produced in the photocell are
obtained with the electrometer for the range of wavelengths

€ and 3800 ¥ at intervals of 50 R at the

between YuUuv
violet end and 25U £ &t the red end of the spectrum. The
experiment is then repeated using a piece of clean 12 um
dismeter !yrex tube in place of the absorption tube. If

9, and 6. are the deflections obtained at any glven
wavelength with the absorption and contrel tubes respective-

ly, then t, the fraoction of light transmitted by the film

at that wavelength, is given by
T . eb/o‘ Dele

Since g8 + t = 1 v.2.

where & is the fraction absorbed by the film, the varlation
of optical avbscorption with photon energy can be studied by
drawing @ graph of 1 - t versus hY , where ¥ 1is the
frequency of the incident radiation.

“he results obtained for Cal F 7 are displayed in
Fig. 9.12.2. It must be pointed out that the scale of
the fraction transmitted axis is much enlarged; the

variavions in optical absorption between 1.3 and 2.7 eV,
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with peaks at about 1.7 and 2.5 eV, are small compared
with those that would be expecrved in the range of intrinsie
absorption. It is, however, possible that the inorease
in optical absorption (i.e. the decrease in the fraction
transmitted) at photon energies greater than 6.0 eV may
represent the onsei of intrineic absorption in the film.

Fvaporated films ou the envelopes of probe diodes
have alsc been studied by this method, alshough there is
a poesibility that the film may contain & proportion of
evaporated nickel from the cxpoaed'portione of the cathode
vage; in the tubes designed for absorption studies the
whole length of the nickel cathode base ie covered with
carbonate suspension. Curves for three probe diode
envelopes are given in Figs. 9.12.1 and 3. 4ll three
curves are rather similar, with barely resolvable structure
at about 1.7 eV, peaks at about £.0 and 2,6 eV, and &
general rise beyond 5.1 eV, although the relative heights

of the peaks differ from envelope to ecnvelope.

v.4., DLiscussion of results

It must be emphasised that the work presented in this
chapter is of a preliminary nature only and that any inter-
pretation of results can only be tentative. It is for thie

reason that the results will be discussed sepaiai.ly and
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nev comwbined with the information obtained by experiments
on cathodes.

ihe electrxical properties of the films are evidently
souewhav different from those of cathodes. For the filme,
conduotivivy ocurrent - voltage characteristics are
accurately linear up to potentials of at least 10 V applied
between the electrodes. The varistvion of electrical
conductivity with temperature yields linear plotvs of
log ¢ versus 1/x, with gradiente which are too low to ¢
inverpret on the simple theory at ﬁxcsont advanced.
slthough the composivion of material evaporated from
oxide cathodes on to glass hae not been investigated,
work on evaporation of the alkaline earth oxides on to
metvallic anodes (12, 192) suggests that the evaporated
subgtance will contain & high propoxtion of the free
alkaline earth meval. ‘thus, in the present case, the =
film under investigavion probably consists of a4 layer of
calcium oxide with a4 high proportion of free ocaloium, in
a state of aggregation which may be difficult to define.
iv is poseible that the gradients of the conduotivity
plovs may be related to the activation energies for the
diffusion of calcium ions cver the surface of the film,
and it is %o be expected that the more calcium present

bewween the electrodes; the lower the activation energy
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will be. ilowever, no experimental test of this suggestion
can as yet te offered.

an important effect of illiuminution on the film 1is
10 cause an appsrently permunent change in its eleotrical
properties: the resistance of the film is increased, and
the activation energy, as deduced from the gradient of the
conductivity plot, is also increased. 7Three explanations
may be put forward. Yhe firet depends upon & modification
of the seuiconducting properties of the film by the infra-
red component of the white light illuminastion. Illumination
by photong of low encrgy liberates positive holes, trapped
at recombination sites in the lattice of the orysvallites
making up the film: thege holes recombine with trapped
electrons, leaving & number of eupty traps which are now
available to reduce the number of charge carriers. i1he
experimental foct that photoconductivity currents induced
by white-light illumination without the infra-red
component are stable is & point in favour of this
explanation, but is, of course, far from being proof.

A second explanation recognizes'thut the conductivity
processe in the film 1is almost certainly a surface effect
and that & small change in the surface conditions induced
by illumination may have a marked effect on the electrical

conductivity. <Jhe use of illumination to disturb the



- 208 -

surfuce equiliovrium conditions is & standard teochnigue
in surface physics (L27), and rather similar effects to
those observed in the present work have been reported by
Jobayishl and Kuwaji (105) fox evaporuted films of ginc
gulphide. ‘he experimental tube containing the evaporated
£ilm wae connected to & prepsure guuge, and & plot of
pregsure in the tube versus time shows & reduction when
illuminatvion ise applied to the specimen, followed by &n
increazve in prescure if ililumination is continued. Vhen
the illumination is cut off the pressure rises again, dbut
net to the original dark value. Similar changes can be
followed in the work function of the film. 7The changes
were attributed to the photo~enhanced adporption of
oxygen on 1o the film. #elnick (117) found e similar
effect in films of ginc oxide: light causeg & reversible -
deserpvion of oxygen f{rom the film, with & re-adsorption
which is linear with the logarithm of the time when the
light ie extinguished. Levinstein (10%) reported an
increase in the resistance of Fdile films due to strong
illumination.

in the present case a film of csleium-rich caleium.
oxide would be expected to be particularly susceptible
to attack by oxygen. OUxidation of & proportion of the

metallic constituent due te & photon-~induced adsorption
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would reduce the elecirxicul conduotlvity, and the reduction
vof the proportion of L. Lo faw in the {ilm would tend to
ingrease the uctivation eusrgy of the conductlion process.
third explanation is posuible. Infra-red iilumin-

wtion of thin evuporated wetallic films may cause a kind
of 'annouling', producing irreversible structure changes
in the stute of sygregution of the orysvalliites of the
f1lm. 1€ changes depend Lo o certuein extent on the state
of the subsirate, for exumple lte temperuture during
eveporation and suriace condition. It is possible fhut
thiis type of process may also apply to evaporated filme
of calciuws ovxide.

rhe hypothesis of changes in the surface equilibrium,
in particuler leading to the adsorption or desorption of
oxygen under ihe influence of illumination, is suscepiible
1o experimentul lnvestigution. .ccordingly, a tube (Cal
i 6) was constructed which employed the usual electrode
giructure, but the envelope bore & side-arm connected to
an inverved lonisation gauge of the Bayard-ilpert type
(14). ‘he guuge consists of & tungstven filament cathode,
“ cylindricaul molybdenum grid and a fine etched tungsten
collector mountved along the axic of the grid. +Yhe gauge
was constructed using the standard FX 10 pinch and

envelope., Ailthough the gauge cun be used s a pump in
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ultra-high vacuum applications, it8 use here is merely as
a pressure indicator. “The tungsten cathode filament is
heated from the a.c. Varisc supply, the grid veing maln-~
tained at + 100 7V with respect to the gathode; the
gollector is maintuined at - HU V with respect to the
cathode. 'The positive lon current reaching the collector
for o fixed electron current to the grid wmay be taken as
a measure of the pressure in the gauge.

The carbonate is broken down to oxide in the usual
way and aflter outgassing and sealing off the tube and
gauge a f£ilm of calcoium oxide is evaporated between the
Aguadag eleetrodes. The pressure gauge attached to the
tube allows the pressure 0 be monitored as the 1lluminated
conductivity current is studied as a function of time.
Preliminary results are shown in Pig. 9.15.  The upper
curve represents the time variation of the photoconduetivity
current with 1V V applied betwcen the Agquadag electrodes,
and follows the familiar behaviour (of. Fig. 9.7). %he
lower curve showe the variation of the positive don . =
current with time. whe pressure in the systeu before
illumination was about 107° mm Hg. On illumination, ‘@&
definite decrease in positive ion current, and hence in -
the pressure in the system, is observed. A4s illumination

is continued, the pressure shows & tendency to rige again,



- 806 -
and when illumination is removed, the rise in pressure is
more rapid. <Lhe oh&ngea in positive lion current are
considerably greater than those due to random fluoctuations
in the pressure in the system and the general slow decrease
in ion current due to the pumping action of the gauge.
The changes cannot be due to photoeffeots in the gauge
itself, as the illumination ig directed only on to the
film and the gauge 1is soreened from external 111unination
(the collector and grid of the gauge are subjected %o a
steady illumination from the cathode of the gauge).

The results are rather similar to those obtained
with other semiconductors which have been discussed
previously. 1t seems ressonable to infer that the
reduction in the pressure in the tube on illumination of
the calcium oxide film ie due to the photo-enhanced
adgorption of residual gae on to the film, and that the
ingrease in pressure when the illumination is cut off ie
due to the desorption of thie gas. It is tempting to
suggest that this residual gas is oxygen which affects
the electrical properties of the film in suoch & way as
to increase the resistance of the film and t0 lncrease
the activation energy of the conduoction process, but this
cannot be regarded a8 preved. 4 closer examination of

the conditions under which the ourves of Fig. 9.13 were
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obtained reveals further difficulties. The pressure of
residual gas in the system was about 10~° mm Hg: if the
partial pressure of oxygen was of this order of magnitude,
there would be no question of there being any free calcium
in the film, a8 it would &ll have been oxlidised prior to
any illumination effect. It is possible that the residual
gas in the system might be a mixture of carbon dioxide and
carbon monoxide from an lmperfectly broken-down cathode,
released during the evaporation process. These gases
would not be taken up by the barium getter in the same
way that oxygen would be, and it is probable that they
would not have a poisoning effect on the film. The
pressure changes obeexved on illumination may thus be
due to the adsorption and desorption of any or all of
the residual gases in the tube, and as the gauge cannot
disceriminate between gages the changes in the electrical
properties of the film cannot be correlated to the effects
of any particular goas.

The photoelectric emission results gquoted for the
films evaporated on to glass are of little guantitative
significance: work functions quoted are the arvitrary ones
defined by the complete photoemission method, and serve
merely to show an increase in photosensitivity with

increasing evaporation. The Fowler photoelectric work
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functions obtained for photoemission from the anode are
again probably only arbitrary, although for the thinner

films agreement with the form of the theoretical Fowler

curve is good. Arxbitrary photoelectric thresholds, defined

by a oconsideration of the least measursble photocurrent,
are clearly correlated with the Fowler work functions.

4 number of different values have been quoted for the
photoeleotric work funotvion of bulk calcium - 2.4 (164),
2,7 (87) and 3.2 eV (110) - but it seems likely that the
work functions of filams of calcium oxide evaporated on
40 nickel (the Fowler work functions vary between 1.4 and
2.1 eV) do not tend 1o the value for the bulk metal, in
spite of the fact that the film probably ocontains a high
proportion of the free metal.

A comparxison of the optical absorption curves for
shin f£ilms of caloium oxide evaporated on to glass in
two types of tube, one in which only calcium oxide can
be evaporated and the other in which there is the
possibility of the evaporation of nickel from exposed
portions of the cathode base, suggests that the siructure
at about 1.7 and 2.0 eV, common to both types of tube,
may be a feature of the calcium oxide film. The 2.0 eV
peak is cbserved only in the latter class of tube and

may possibly bLe due to nickel impurities in the film.
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In spite of the considerable difference between the
electrical properties of the films and the cathodes, it
is temptiing to suggest that the £.0 eV gtructure may be
related 10 structure observed at 2.5 - £.6 eV in photo-
esleotric emission and photoconductivity in cathodes.
“his tentative suggestion must be tempered with the
obserxvation that the 1.7 eV avsorption structure is not
generally apparxent in photoelectric astudies on cathodes.
by analogy with determinations on barium oxide, however,
gome general resemblance between structure in the
spectral sensitivity curves for cathodes and for evaporated

f£ilms might be expected.



Chapter iv Discussion of results; suggestions for

further work

10.1. Scope of the present work

In the present work an attempt has been nmade to
investigate the photoelectric and photoconductive
properties of calecium oxide coated cathodes and to relate
these properties, if possible, to the thermionic and
electrical properties. A secondary aim has been to
collect as much information as possible on the thermal
activation energies for the purpose of comparison with
previously published results.

it muet be pointed out that the oxide cathode is an
extremely complicated system, and to specify the state of
& cothode the values of many variables must be defined.
s#hus the preparation of a number of cathodes to have
exactly similar properties is difficult unless the most
rigorous control is exercised in all stages of the
preparation and activetion of & tube. This difficulty
je reflected in the considerable spread of results
obtained in this and other investigations (83, 87, 116)

of the thermal activation energies of oxide cathodes.

;0.2. Thermal activation energies

thermionio work functions ¢ , obtained from Richard-
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gon plots of emission us & function of temperature, have
peen summarised in table 6.1. It has been pointed out
that the average Hichardson work function, 1.8 eV, is
4n reesonable agreement with the value of 1.7 eV quoted
py Hopkins (87).

The values of A* obtained from the intercept of the
fichardson line on the log 10/1'2 axis show & considerable
gariation, ranging from approximately 10™Y to 105. Values
of A* greater than i, the theoretical oconstant (4 = 120
smp cm~2 %°K2)  cannov be explained merely by supposing
ghat A* = 4 (1 - ¢ ), where p is the reflection
coefficient for electrons at the cathode surface, as in
4his case P would require to be negative. GSome adjustment
40 the values of A* could certainly be made to account for
gzhe fact that the emitving area of the porous cathode is
cgonsiderably greatver than the geometrical area of the
oylindrical cathode customarily employed, and an increase
4n the emitting area would decrease the value of ar,
pewsberry (48) has found a similar variation in values
of A" obtained from Hichardson plots of emission from
parium oxide cathodes, and in one case & value of A* as
pigh as 10¥ was obtained. the slopes of the log A* versus
4 ourves given by Dewsberry are about 6 and 6; the

plope of the line in Fig. 6.4 was about 7, in reasonable
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agreament.

Conductivity plots of log ¢ versus 1/1 show the
characteristic form of two linear portions meeting at a
sharp break. The average values of the gradients of the
low-temperature and corrected high-temperature portions,
0.7 and 1.6 eV respectively, are in reasonable agreement
with those obtained by Hopkins (v.8 and 1.3 eV respeoct-
ively). The fact that & strong magnetoresistive effeot
is observed at high temperatures and that no effect is
observed in the low-temperature region (Sec. 8.2.2)
suggests that the conduction mechanism ie different in
the two regions and lends weight to the adoption of the
Loosjes-Vink interpretation of the form of the conductivity
plot. There seems to be no doubt that conduoction in the
high-temperature region is through the electron gas in the
pores of the cathode, and that at low temperatures it is
by & semiconducting process, more probably a surface than
& volume effect, by analogy with current theories of
conductivity in barium oxide cathodes. On the Loosjes-
Vvink interpretation, the slope of the low-temperature
conductivity plot represents AL/2, the depth of the
Fermi level below the conduction band (the impurity level
is at & depth of Al below the conduction dand). un the

basis of the present work, the average value of AL is
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about 1.4 eV. In Bec. 6.5.6 the average value of the
external work function X was shown to be about V.8 eV,
using sthree different methods of calculation, and is
agein in agreement with the result quoted by Hopkins
(0.7 eV; but this value was obtained by & method unlikely
to yield the true external work function). The top of
the filled band is placed, rather tentatively, at &
depth of 4.0 eV below the conduction band, following the
calculations of ¥Wright (194) for a number of semiconductors
and insuwlators. VWright carried out the calculation at a
time (1948) when there was very little acourate knowledge
of optical and thermal activation energies in the
alkaline earth oxides and made recourse to a number of
approximations and assumptions which might well be
modified in the light of morxe recent work. <The energy
level scheme deduced fLrom the thermionic emission and
electrical conductivity measurements is displayed in
Pig. 10.1 and differs little from that of Hopkins (Fig.

2.10).

10.3. Optical activation energies

10.8.1. Experimental results
In the range of photon energies studied (1.4 to 3.1

eV) a certain amount of structure is deteotable in the
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gpectral sensitivity curves of photoemission and photo-
conductivity. lepresentation of the results by plots
against logarithmic rather than linear axes is probably
more realistic, as this procedure displays the form of
the ourve at lower photon energles, where in fact most
of the change in photeosensitivity takes place. A study
of the logarithmic curves (e.g. Figs. 7.2.3, 7.3.2, 7.4.2,
7,11.2 and 7.12.2) shows that the photocurrent per unit
inoident intensity usually increases by up to two orders
of magnitude bvetween 1.4 and 2.2 eV; between 2.2 and 2.9
eV the logarithmic curves show only a slight increase with
inereaging photon energy and above 2.9 eV there are
indications of a slightly more rapid rise. The linear
curves (e.g. Pigs. 7.2.,2, 7.5.1, 7.4.1, 7.11.1 and 7.12.1)
are of interest in the region above 2.2 ¢V, where the
logarithnic curves show comparatively little change.
They display structure at about 2.6 eV, which may take
the form of a definite peak or a point of inflexion in
the spectral sensitivity curve.

In Chapter 8 atvtention has been drawn to the close
gsimilarity of photoelectric emission and photoconductivity
effects, both in their spectiral sensitivities and
temperature variations. %wo interpretations were

discussed there: the poseibility that the photoeleotric
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external work function X should be zZexo, oxr nearly so,
which would not be expected from a comparigon with the
thernal activation energles, and the possibility that
the photoconductivity current may really be due to photo-
eleotric emiesion in the pores of the cathode. The
latter hypotheslis was investigated by a number of means,
all of which yielded results in support of it. On the
ptrength of this agreement the disoussion will proceed
on the assumption that results obtained from photo-
gconductivity and photoelectric emission spectral sensitivity
curves are effectively indistinguishable, both arising
from the process of photoemission.

- The general increase in photosensitivity with
increasing photon energy cannot be associated with photo-
emission from any particular impurity level, the transition
from the rapid to the less xapld rise being too gradual
even to use Hoss's A 4 method of defining photoelectric
thresholds (Sec. 3.4). The structure at 2.6 eV may,
however, be due to the presence of an impurity level at
this depth below vacuum potential. This is the only
optical activation energy which can be deduced as a
result of the present experimental work, as the adoption
of the hypothesis of pore photoconductivity of necessity

precludes a deduotion of the activation energies relative
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to the conduction band from photoconductivity results.

Without any other photoeleetric information available,
it might Le suggested that the rapid rise in photosensit-
ivity at low photon energies over two orders of magnitude
might represent the onset of intrineic photoemission.
However, & similar riee is obtained in the same range of
photon energies in the spectral sensitivity curves for
barium oxide (of. Figs. 4.2.2, 4.3) and intrineic photo-
emisgion is probavly not observed with barium oxide until
the values of the incident photon energy reach about b eV.
Yhe deciding factor lies in the spectral sensitivity ocurve
for optical absorption, which will show & rapid increase
to very strong absorption at photon energies corresponding
to intrinsic transitions. 7The single determination of
optical absorption in the cathode by the reflectivity
method (8ec. 7.5) did not show such an increase at low
photon energies, and a common-pense argument shows that
the optical avsorption cannot change very rapidly in the
vigible region (about ;.6 %0 3.0 eV) as the cathode is
normally uncoloured, neglecting for the moment the blue
cathodes referred to in Hec. 7.56. Thus there can be no
question of the optical absorption undergoing a change
from impurity to intrinsic absorption over the visible
region, although there may well be some less marked
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gstructure in the optical absorpuvion curve corresponding
to absorption by impurivy levels in this region. CSuch
gtructure has, in fact, been observed with films of
calcium oxide evaporated on to glass (Sec. ¥.3.6). Peaks
which represented only « comparatively small chaenge in
the optical absorption, and hence could not be due to
intrinsic absorption, were observed at about 1.7 and
£.5 eV. A tentative correlation between the £2.f eV
gtructure and the structure observed at sbout £.6 eV in
phovoelectiric emission and photoconductivity curves has
alreudy been puv Iorward, bﬁt iv is felt that this should
pet be pursued too far until the relatvion between the two
very diirerent systeme of porous cathode matrix and
evaporatved film can be investigaved further.

The blue cathode coloration commonly observed in
activared calcium oxide cathodes is of considerable
interest in a discussion of the photoelectric propertiee
of the cathodes. lHopkins (87) has suggested that the
coloration may be due to the formation of F-centres such
as those invoked by Pohl (146) to explsin the properties
of additively coloured alkali halide crystals. The
golour centres in alkali halides are associated with a
stoichiocmetric excess of the alkali metal, and may be

desoribed in verms of an alkali atom adjacent to a vacant
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negative lattice site, or alternatively as an electron
gshared between the six metal ions surrounding a vacant
negative ion site (¥ig. 1VU.2.1). Although the activated
caloium oxide cathode also containe & stoichiometrio
excess 0f the electropositive constituent and the absorption
gpectrum of the coloured calcium oxide cathode shows a
peak very similar to those observed in coloured alkali
nalide crystals (Fig. 10.2.,2) there is no definite
evidence to suggest that the blue coloration is actually
due to the presence of E-oehtres. An argument against
the F-centre hypothesis is that while the stoichiometric
excess of caloium in the cathode is produced during the
aosivation process the blue coloration does not appear
for a period of days or even weeks after prolonged use.
if the coloration was related to the excess of metal in
the cathode, iv might be expected to appear as soon as
the cathode cooled down after activation. Ho difference
vesween the thermionic and electrical properties of
coloured and white cathodes is, of course, detectable, as
the cathode must be heated to make the measurements and
ﬁoating causes dispersal of the coloration. Photoeleotric
measurements have been made on the blue cathodes at room
temperature, but no detectable difference in the shape of

photoelectiric emission or photoconductivity characteristics
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can be observed between blue and white cathodes.

An alternative explanation of the blue ceoloration
to the FP-centre hypothesie can be found in terms of a
purface layer of some subsptance, ocondensing slowly on
the cool cathode. Carbon from the organie binder of the
suspension is frequently blamed for & grevish coloration
oeccanionally observed during the early stages of operation
ef both barium oxide and calcium oxide cathodes, but the
blue coloration is unlikely to arise from the binder, as
after aotivation and operation the binder compounds should
2ll have been burnt off, and ae the blue coloration is due
to & material whioch oxidizes spontaneouesly on exposure to
air to form a white compound. It may be possible that
calcium-rich caloium oxide, evaporatéd on to the anode
when the cathode is hot, returns to the cold cathode by
gome unspecified process. This is, however, unlikely,
as lopkins (89) has shown that the electropositive
constituent of the evaporated material reaching the enode
(i.e. free calocium) is much more tightly bound to the
anode than is the electronegative oxygen. Netson (123)
has suggestod that the coloration night bo‘dﬁo to lodinl,
obtained by evaporation from 1apur11103 1n thc ooralio
insulators, but no convineing proof has yet boen put

forward. If neroly due to sodinn ovapotttton, tho of!cct
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is presumably & function of time and of teuperature of
operation, and would not depend in the first instance on
vhe ocathode materxial. although calcium oxide cathodes
certainly require conslderably longer activation periods
than barium oxide cathodes, the effect would be expected
40 appear regularxly in well-activated barxium oxide cathodes,

but the same blue coloration is not observed.

10.3.2. Theoretical predictions and comparison with

oxperimental results

No attempt has so far been made to correlate thermal
and optical activation energies. The possible effects of
the Pranck-Condon principle will now be considered.

In Sec. 3.1 the Mott and Gurney approximate calculat-
ion of the effect was discussed, and it was stated that the
ratio of the thermal to the optical activation energies is
given, approximately, by the ratio of the optical dielectric
constant to the static dielectrio oonntdnt. The refractive
index of calcium oxide is about 1.84 (74), 80 thé optical
© dielectric constant ¢ is about 1.842 = 3.4. fﬁo value
quoted by udjendahl~(86)‘for the sfatio dioiootrio
constant ¢, is 11 8 and has been oritioised (25) on the
grounds that 1nadoquato prooautions worc takon to dry the

liquido used, the immersion method boins onployod.’ There



- 221 -
is thus the possibility of the value quoted being the
dielectric constant of the hydroxide rather than of the
oxide. Heglecting this criticism, for the time being,
the ratio of €/, is roughly 0.3.

How the presence of an impurity level at a depth of
gbout £.£ eV below vacuum potential in the thermal
activation energy scheme has been established by measure-
ments of thermionic emission and electrical conductivity.
There is no evidence from conductivity information for
levels at much lower energies (i.e. nearexr the conduction
band): the lowest value for AE/2 given in radble 6.1 wae
0.4 eV, which, using the average value of X , would place
the impurity level at a depth of 1.6 eV below vacuum
potential, and this seeme to be about the lower limit.
Using the Mottt end Curney approximation, the level on the
optical scheme corresponding to the average thermal level
would be nearly ¥ eV below vacuum potential. There is no
experimental evidence to show that there should not be an
cptical level at this depth, but the present work suggests
thaet there is a much lower level; and this scale seems
unreasonably large for the optical scheme. Working dack
from the optical result of an impurity level at 2.6 eV
below vacuum potential, the corresponding thermal level

would be at about 0.8 eV below vacuum, the position
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assigned to the conduction band rather than to the impurity
level.

It would thus appear that a correlation between
thermal and optical energy level schemes using this
conversion factor yields unrealistic results. +there is,
of course, no & priori reason to suppose that the optical
level found in the present work should be associated with
the thermal level and 1t is for this reason that a
conversion factor cannot be deduced from the ratio 2.2/2.6,
pay. It should also be pointed out that the 2.6 eV
photoelectric structure remains practically unchanged in
position over & considerable range of thermionic activation
energles. For example, in the various activation states
of Ca0 PC 6, the Richardson work funotion tekes values
between £.0 and 1.0 eV, while the position, although not
the detailed form, of the £.6 eV astructure remaine
sensibly constant.

It is also woxth pointing out that in & period when
the study of the oxide cathode was of a less critical
nature the rather approximate agreement of arbitrary
photoelectric work funotions with values of X + AF
deduced from thermionic emission and conductivity messure-
ments would be greeted with some satisfaction. But it

must be emphasised that although the Mott and Gurney
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approximation obviously does not give a satisfactory
gscaling factor to account for the Franck-Condon effect,
there is no evidence atv all which would suggest that the
effect should be entirely neglected, or thatv work funotions
deduced in the arbitvrary methods described can have any
significance on semiconductor theory.

The conclusion arrived at is one which has also been
found in a study of photoelectric effects in barium oxide
cathodes (Sec. 4.6): in the present state of knowledge, no
correlation between thermal and optical energy levels can
be made. although this statement may appesar to be some-
what disappointing, it would have been optimistio to hope
that the present work could produce & complete solution of
optical and thermal activation energies for ocalcium oxide,
about which very little is known, when the energies of a
large number of workers have for u number of years failed
to uncover the solution for barium oxide, about which
rather more is known. The present work has succeeded in
showing that the process of photoconductivity through the
cathode matrix induced by photons whose energies lie in
the visible region is reully one of photoemission within
the pores, and the photoeleotric aotivation energy lying
within this range has been obtained. The secondary ainm
of the work, to confirm the previously published thermal



- 224 -
activation energies for calcium oxide, has also been

satisfactorily completed.

10.4. Suggestions for further work

Before discussing a number of interesting secondary
effects worthy of further investigation the continuation
of the main work will be considered. It is obvious that
a great deal of useful information could be obtained 1if
the determinations could be extended to higher photon
energles so as to detect the onset of intrinsio photo-
electric emission and photoconductivity. Darium oxide
gshows intrinsic photoemission at about 5.0 eV (2500 R);
calcocium oxide might be expected to show it at even higher
photon energies, from the calculations of Wright (193).
Thus & quartz optical system and ultra-violet light source
will be required in place of the glass monochrowmator and
tungsten filament lamp. In the intrinsic region, the
photosensitivity will be high and although the intensity
of illumination may be small the photocurrents should be
measurable with the present electrioal instruments.

Further fundamental information on the energy level
scheme could be obtained from a determination of the
enérgy distribution of photoelectrons over a rango'ofr

values of incident photon energy. Unfortunately the two
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methods attempted in the present work (Sec. 7.2.6) proved
unsucceassful, but this was entirely due to difficulties
in the measurement of small photocurrents. slthough it
is probably lese accurate than the magnetvic method, the
retarding-potential technigue involves the measurement

of rather larger currents and may possibly prove more
fruitful. The currents tvo be measured are of the order
of 1u~1% A, but it will be possible to0 screen the tube,

a precaution which cannot be taken in the magnetic method.
The fact that true photoconducvivity has not been
observed in calcium oxide cathodes in the case of illumin-

ation by visible radiatvion makes it tempting to seek a
system under which 1t might be obmerved. There is little
reason to suppose that an increase in photon energy to
regions of intrineic absorption should cause a change in
the character of the photoconductive process in the
cathode matrix, unlike the changes in the dark conductivity
mechanism observed in the high- and low-temperature ranges.
woxrk which would undoubtedly be of considerable interest
poth in electrical and photoelectric studies of the oxide
would be the investigation of the properties of single
crystals of calcium oxide. Techniques for the preparasion
of single crystals of barium oxide have been desoribed

(173), but the procedure is one of considerable practical
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difficulty, and the preparation of calcium oxide crystals
of reasonuable dimensions (say 6 x 1 x 1 mm) would be a
major undertaking. Once such crystals could be made
available, a considerable amount of information on the
dark and illuminated conductivities and on optical
absorption under conditions of controlled impurity content
could be obtained.

The preliminary results on photoeffects in evaporated
£ilms of calcium oxide (Chap. 9) suggest that a programme
of investigations under more controlled conditions of the
electrical and photoelectric properties of these films,
and of films of barium oxide, might be of considerable
value. “The recent interest in the practical aspects of
the direct conversion of heat to electricity by thermionio
emission (76, 126, 19U) has led to the development of a
number of new types of diode. In its simplest form, such
o diode consists of a hot thermionic emitter as cathode,
with a cold collector or ancde, insulated from each other
and mounted in & vaocuum envelope. Provided that the c.p.d.
between the colleotor and cathode is of the correct
polarity, electrons will flow from the cathode to the
colleotor without the necessity of applying any external
potential difference to the eleotrodes; the heat supplied

to the cathode has been converted to electricity. UNearly
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all the tubes constructed in the present work show a

measurable thermionic current to the anode at zero applied

potential (e.g. Fig. 6.1.1) and are thus operating as
direct converters (albeit of low efiiciency) of the heat
supplied to the cathode to eleotricity. Fig. 10.3 (187)
shows the potential diagram for such a diode: electron
energies have been measured upwards in this diagram. If
sufficient thermal energy is imparted to the electrons in
the cathode, they can surmount the potential barrier e ¢
caused by the work function §. of the cathode. fThe peak
in the relation between energy and distance between the
cathode and anode is due to the influence of space-charge.
Once the space-charge barrier has been overcome the
electrons fall down the anode work function barrier, e¢..

There will normally be a difference in energy of eVp

between the final and initvisl energy states of the eleotron:

if the polarity of V, ies as shown in the diagram, this

energy is available to do external work. It is obvious

that the value of eV,, apart from space-charge modifications,

will depend on the difference between cathode and anode
work functions, ¢ -@. . OUne method which has been
applied using conventional oxide cathode materials is to
coat both cathode and anode with the mixed oxide (BaSr)o

(186). Since the oxide has a positive temperature
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coefficient of work function (cf. Sec. 6.3.5 for results
on calcium oxide) the hot gcathode has a higher work
function than the coolor anode, and the reguirement that
¢, > ¢~ ig automatically satisfied. The evaporation of
sotive material from the cathode on to the anode during
operation actually tends to depress the anode work function
gtill further. liowever, although a low anode work function
is essential for the operation of the converter, it also
introduces secondary effects which may tend to reduce the
efficiency of the process. <Thus, unless the cathode work
function is also extremely low, the cathode must bde
opersted at reasonably high temperatures, at least at
red heat, and a certain amount of illumination of the
anode by the hot cashode cannot be aveoided in most
experimental arrangements. Photoemission from the low
work function anode takes place, and the photoelectrons
will make a contribution to the space-charge effect and
tend to cause an increase in the height of the space-
charge barrier. 4 study of the photoelectric properties
of the alkaline carth oxides in the form of evaporated
filme on various anode materials may thus assist in the
development of an important class of energy transducers,
and it is hoped to continue this work.

Further interesting preliminary resulte are those on
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the therumoelectric powexr of calcium oxide. The low-
teuperature region might be expected to be of particular
interest in this work. tlensley (78) has proved theoretiocally
that the gradient of the thermoelectric power versus
reciprocal temperature curve at low temperatures (below
the break in the conductivity plot) should be equal to the
sotivation energy for the low-temperature conductivity
process; however, results obtained by Young (199) with
barium oxide and the mixed oxide (BaSr)u do not support
this hypothesis and suggest the posslibility of an alter-
native conduction mechanism. 4An investigation of thie
texperature range with & third oxide might be of sone
value. “The difficulties encountered in the present work
were due, first of all, to the difficulty of detecting the
very small out-of-balance potentiometer currents and,
secondly, to the problem of allowing for thermal expansion
of the diode structure without modifying the state of the
cathode matrix. A method employed by Lovett (112) might
well prove more suitable than the sandwich diode used in
the present work in reducing the mechanical forces on the
cathode material. Miss Lovett used a normal cylindrical
gprayed cathode, with a probe which consisted of a thermo-
junction, so that the hot junction of a thermocouple was,

in effect, embedded in the cathode. The temperature of
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the buse was meusured by & secend lnermooouple. A
tempercture giradient wus set up between the base snd a
subsidiary heater tupe embedded in the couting. Keasure-
ments were made ¢if the ciflierence in temperature between
the probe and cathode base ana ol the thermcelectric e.m.f.

produced a8 a comscquence of thia temperature gradient.
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Appendix 1 The effect of ultra-violet illumination on

the dark conductivity of barium oxide cathodes

Al.l. intrxocduction

In a previous thesis (116) it was observed that curves
of iog ¢ versus 1/¢ for burium oxide cathodes obtained
after ulira-violet lrradiation of the cathode differed very
gonsiderably from those obtalned before irradiation,
ghowing two linear portions in she Iormer low-tomperature
region, one of gstvecper gradient between about 200 and 400 Ox
and one of more shallow gradient between 40U °X and the
aormal break temperature of about 400 %x. lursher
investigations of this efrfect have been carried out, but
because they deal with barium oxide rather than with

calcium oxide cathodes, they are digcussed in this appendix

to the wmain body of the work.

41.2. Apparent modification of low-temporature conductivity

by ultra~violet illumination

Tubes used during thia section of the work were
normal probe diodes coated with bariun carbonate suspension.
Pig. 4Al1.1.1 showe the normal dark conductivity plot of
log ¢ versus 1/T for Bal PC 1, with the characteristio
form of two linear ﬁortibnn. The conductivity of abt1§atod

pbarium oxide cathodes is S0 much greater than that of
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calcium oxide cathodes that the determinations can be
taken right down to room temperature (103/T = 3.4 °K"1)
without any difficulty in measuring the current. In the
case illustrated conductivities were determined by
applying £ 20 mV between probe and cathode base, and
currents were large enough to measure with the galvanometer
alone. ‘The activation energy ALE/2 of the low-temperature
portion is 0.23 eV: the uncorrected gradient of the high-
temperature region is apparently about V.58 eV, but this
is by no means certain as readings were not extended to
sufficiently high temperatures. <tThe actual magnitude of
the high-temperature gradient is, in any case, immaterial
in this pertiocular investigation.

The cathode was irradiated with the total output of a
high-pressure mercury arc, containing a high proportion of
ultra-violet light, for 1 hour, and the conductivity was
redetermined, starting at room temperature and heating the
cathode. The log o versus 1/1 curve is given in Fig.
Al.1.2: the upper line represents the points obtained on
heating the cathode. The initiel room temperature
conductivity is nearly twice what it was before irradiation,
and as the temperature is inoreased the gradient of the

conductivity plot is found to be somewhat greater, 0.26 oV

as compared with C0.23 eV. At a temperature of about
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40U °K the plot showe what is apparently another linear
region, of gradient corresponding to an uctivation energy
of 0.11 eV, and at about 6Uu °K the conductivity is now
very much the same value as before irradiation. Above
6V0 °K the temperature variation is almost exactly what
it was before irradiavion. On cooling the ocathode,
conductivity measurements are continued, giving the lower
line, which is in exact agreement with the plot obtained
vefore irradiation. The curves- confirm the form of those
discussed in the earlier investigation.

Subsequent determinations show that althotgh the same
general form of curve ie obteined the gradients of the new
low~teaperature regions are not reproducible, depending on
a number of factors such &8 the length of ultra-violet
irradiation, the period between the end of irradiation and
the beginning of conductivity measurements, and the rate of
heating of the cathode.

The variatvion of the dark conductivity at room
temperature with time after the end of ultra-violet
illumination has been investigated by maintaining a oconstant
posivive potenticl of 20 mV between the probe and cathode
base and measuring the conductivity current as & function
of time over a period of 28 days. '"The results for Ba0 PC 1

after ultra-violet illumination for 90 minutes are displayed
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in ¥Fig. 41.2. The conductivity & ie seen to increase by
a factor of about 15 over & period of 10 days. That the
effect is notv merely due to the activating effect of
passing ocurrent through the coating is shown by the fact
that the current passes Lhrough a maximum and falls, in
the course of a further 186 duays, to & value about 4 times
greater then the initial value. The upper points show the
variation of room temperature 1 during the later stages of
the determination. Although © varies through about 3 °C
end fluctustions in * are reflected in the conductivity
curve, the variations in 1 are quite insuificient to account
for the total change in conductiviuvy.

It has been suggested th.ot the enhancing effect of
the ultra-violet irradiation on dark conductivity,
unreported in the oxide cathode literature, is very similar
to thermoluminescent effeots in phosphors (116; 30C).
Ixcitation of the semiconducting cathode material by
photons whose energies lie in the ultra-violet region may
cause the excitation of electrons from the filled band and
a number of these electrons may be trapped at vacant levels
in the forvidden sone. Warming the cathode in the dark
in the ococurse of conductivity determinations causes the
thermal release of these trapped electrons, which pass

through the conduction band causing an enhanced conductivity
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current. This explanation may account for the form of the
log 0 versus 1/1 plots after ultra-violet illumination.
the room temperature variation of conductivity after ultra-
viclet illunination can be explained Ly supposing the
trapped electrone to0 be released slowly by thermal
transitions at room temperature.

Pig. 41.3.1 shows & determination of log ¢ versus 1/7
for Bal PC 1 140 hours after a further 90 minutes'
illumination with light from the mercury arc. kany more
points were taken during the warming of the cathode in an
attenpt t0 determine the form of the curve more acourately,
and an attempt was made to keep the rate of heating
constant. ¢his was not, however, possible, and two
different rates of heating, about 0.6 °K/min between
290 and 560 °K and 8.7 °Kk/min between 400 and 750 °K were
obtained from the graph of temperature versus time (Fig.
Al.3.2). The conductivity results obtained on warming the
cathode from room temperature (upper ourve) are compared
with those obtained on cooling (lower curve). On the
hypothesis of the thermal release of trapped eleotrons,
assuming that all the trapped eleotrons are released by
warming to 760 °K, the conductivity due to the thermal
release at any particular temperature can be deduced by

subtracting the lower curve from the upper. This has been
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done in Fig. Al.6.8, and although very little reliance can
be placed on the exact form of the ourve it does serve to
show that most of the trapped electrons have been released
by the time the cathode has reached a temperature of about
500 °%. 1he type of curve is very similar to those
obtained for thermoluminescent glow curves for phosphors
(e.g. 108, 71) and it has been suggested (30) that a study
of the form of the relation between conductivity and
temperature can give information as to the location of
trapping levels, although the theory has only been worked
out for steady-state conditions and is, even in this case,
extremely complicated.

An interesting parallelism between exo-electron
emission and thermoluminescence has been pointed out by
Grunberg (73) in a review article. Some of the trapped
electrons, which on thermal release serve to enhance the
conductivity ocurrent, might also be expected to be emitted
from the surface of the specimen. This exo-electron
emission has been detectved in simultaneous determinations
with the thermoluminescent effect (108) and the temperature
variations of thermoluminescence and exo-electron emission
can be correlated. Exo-electron emission, however,
generally ylelds small currente which are measurable only

with the assistance of an electron multiplier (105). fZhe
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poseibility uf such emission taking place with irradiated

barium oxide cathodes may well be worthy of investigation.

sl.d. Possibility of enhanced dark conductivity in

©galclium oxide

A similar effect has not yet been observed in ocalcium
oxide cathodes after irradiation with the ultra-violet.
sefore dark conducvivity becomes measurable with the present
electrometer, even an activated calcium oxide cathode must
be heated to about 5UU °K. At this temperature it is
probable that most of any electrons trapped would already
have been released, but @ definite statement on this

suggestion depends, of course, on the distribution of

trapping levels.






Fig. »2.1 (opposite) ‘lypical tube of the Cav PC series

(Cav_PC 7)

The diode assembly, mounted in its glass frame, 1is
placed vertically in the tube. The ceramic probe support
tubes can be seen attached to the right-hand side of the
nickel cathode base. 4 poisoning filament covered with
a paste of barium peroxide is visible just in front of
the anode window. In Cal PC 7,8 and ¥ the tungsten
thermocouple lead leaves the envelope via a tungsten

geal at the top of the tube.

Fig. A2.2 (oppusite) 4dypical tube of the Cal M series

QCuU M 42

the diode assembly is mounted perpendicular to the

axis of the envelope. A later tube in this series
(Ca0 ¥ 6) has & modified anode assembly to reduce

illumination of the probe supports (Sec. 8.3).
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Pig. 4A2.3 (oppusitve) ‘typical tube of the Cau 4C series

(CaL 2C &)

The caloium oxide sample is situated between the two
nickel button cathodes at the centre of the tube. Fach
cathode 1is provided with an independent heater and thermo-
gouple, and the upper cathode can slide in vertical guides,

being spring-loaded in contact with the lower cathode.

Pig. 42.4 (opposite) Evaporated film tube with pressure
gauge (Cav F 62

the evaporated film tube (right) and Bayard-ilpert

pressure gauge arxe connected by side-arms to & common
punping manifold, just visible in the background of the
photograph. In the experimental tube the nickel shutter
is open and the ocsleoium oxide coated ocathode is partly
visible through the gap between the Aquadag eleoctrodes

on the envelope. In the pressure gauge, the collector

is a'tine tungsten wire connected to a tungsten seal at
the top of the envelope and mounted along the axies of the
oylindrical molybdenum grid. The tungsten filament whioh
acts as a cathode is Just visible in front of the grid.



appendix 2 [Experimental tubes

The various types of experimental tube constructed
for use in the present programme of research are listed
in this Appendix. The nomenclature adopted has been

referred to in Sec. 6.3.

Jerles iype Leference Hemarks
(1) 525 (3) (4)
Ca0 PC 1 - 11 Probe diode Seo. 6.9.1 Cathode base
along axie of
envelope. 7,8,9
include oxygen
filament
Ca M 1 - 6 Probe diode Sec. 8.2.2 fhort cathode,
perpendicular to
axis of envelope
CaO M 7 Magneto- Sec. 8.2.2 Ceramic based
resistive conductivity
tube tube
Ca0 €€ 1 - 6 Sandwich Sec. 6.4 For measurements
diode of thermoeleoctric
power and
electrical oond-
uctivity
Cav D 1 Double Sec. 6.3.5 For comparison of
diode caleium carbonate
suspensions
Ca0 X 1 Thermlionic Similar to PC
diode series, but
without probe
CaL X 8 Magnetic Sec. 7.3.4
velocity

analyser



(1)

CaD R1 -2
Caw ¥ 1 - 8
Cal F 7 - 8
Bau PC 1

Bad M 1

P-N1i T 1 - 128

- 23y -

()
Retarxrding
potential
tube

Lvaporated
film tube

ivaporated
film tube
Probe diode
Probe diode
Thermocouple

comparison
tube

(8) (4)

Bec. 7.5.4

Jec. 9.5.1 For measurements
of electrical
conductivity snd
photoconductivity.
6 includes
pressure gauge

bSec. ¥.4.6 For measurements

of optvical
absorption
AppP. 1
Sec. 8.4
Sec. 6.4

fhe B.D.li. calcium carbonate suspension was used for

a2ll calcium oxide coated cathodes except Cau PC 1 - 4, for

which the ¢.E.C. suspension was used (Sec. 6.3.3).




Appendix 3 IExperimental errorse

Ade.1. Introduction

It ie &8ll too common in the oxide cathode literature
%0 find results for work functions and activation energies
quoted without any mention of the probable error in the
determination. In & subject where many investigatione
take thae form of the determination and ocomparison of
activation energies from & number of cathodes in similar
activation states, such & neglect is reprehensible. In
thigs Appendix the probable errors in the more important
thermionic, electrical and photoelectric experiments carried

out in the present work are discussed.

£5.2. ‘dhermionic emission and electrical conductivity

experiments

kvery determination of & lichardson line or of a
conductivity plot has been accompanied by the calculation
of a least-squares line, and the error in the gradi.nt‘ot
thie line is computed from the deviations of the experi-
mental points from the line. Factors which may oombino‘to
oaqu the scatter of the points about the line include the
instability of currentis in the experimental tube and the
instability of the current-measuring instrument. “The

former factor 18 minimised as far as poesible by studying
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thermionic emission in the region of low anode voltages
to reduce poisoning effects due to the bombardment of the
anode. The latter factor can be reduced by running the
cleotrometer continuously; the instability and sero drift
of the instrument is always greatest during the period
immediately after swivching on.

There exists the poesibility of what may appear to be
an important systematic error in the measurement of cathode
temperature. ‘fhe comparison of & numder of tungsten-niokel
thermocouples with chromel-clumel couples hag been referred
to in fec. B.4. It was found in this comparison that the
tungsten-nickel calibration curve is not strictly
reproducible from couple vo couple, the calibration ocurve
of ¥ig. 5.6 representing the mean of twelve determinations.
ubviously, if there is doubt in the value of the cathode
temperature Y as devermined by the thermocouple, the
iiohardson and conductivity plots will also be in error.
Table A3.1 (p. £42) shows the mean deviations of the
temperatures obtained from the twelve comparison thermo-
couples at a number of temperatures, and shows how these
deviations are likely to affect tho values of 1logi0 io/'r2
and 103/t employed in the Richardson plots.

Although the mean deviation rises consideradly with

increasing indicated temperature, the corresponding
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Table AJ.1

peviations in Richardson plot quantities urising from

deviations in cathode temperature measurements

Thermo- Hean Mean logg1a 1£T2 103/T, og-1
gL, bemg.l deviation

" ¥ g T OK

U.b 300 1 B.046 £ .003 $.33 £ .01
5.1 400 4 5.796 * ,009 2.50 = .08
6.3 B5UY 7 §.602 012 2.00 % .03

¥.5 800 8 6.444 < 012 1.67 ¥ .02
12.8 700 10 5.310 &+ ,013 1.43 & .02
16.7 800 13 8.194 £ .014 1.5 < .02
21.1 900 15 g.092 £ .018 1.11 2 .08
26.1 1000 18 8.000 £ ,018 1.00 £ .08

deviatvions in log 1/&2 and 103/T are nearly constant

over the whole of the range of interest (the limite of

most determinations in the present work are 5u0 and 1000 °g),
In fact, the error in 103/1 will be considerably more
imporvant than the error in log 1/12, &8 the temperature
variation of the logarithm of the emission current is very
much greater than that of log 1/w2. For a thermocouple
which reads consistently high or low, the constancy of the
error in 109/% means that the llichardson or conductivity

plot merely suffers & translation in the direction of the
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105/T axis, and the gradients of the plote will only bve
affected to a very small extent.

A further systematic error may become apparent at
high temperatures. Due to the fall of teuperature across
the cathode coating, the thermocouple does not indicate
the true tewperature of the oxide but & higher temperature.
Pig. 6.8.4 shows that at 900 °X in a typical cathode the
thermoelectric e.n.f. between probe and cathode base 1is
about 10 wV: for a thermoelectric power of 2.5 mV Ox~1
(Se¢. 6.4) thieg represents a teuperature drop of about
4 °K. At higher temperaturecs, the e.m.f. beoomes greater,
often rising to am much as 20 mV at 1000 °K. At higher
temperatures the thermoelectric power is less, and this
e.m.f. would represent & temperature drop of about 10 9K.
the probable error due to this fall of temperature is thus
practically negligible at temperatures up to about 8850 g,
but the fairly rapid inorease in the temperature drop above
900 %K means that the error in 103/T is not constant over
the range of 103/T, and may cause & slight curvature in
Hichardson lines and conductivity plots at temperatures
above 8bu 9X. is the actual temperature is always less
than the indicated temperature (the tomporaturd used in
calculations) the caloulated values of 105/7 are less than
they should be and the ocurve will show & slight upwards
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concavity at high temperatures. ©Such a curvature is often
observed both in lichardson and in conductivity plotvs, and
has been ascrlibed to the space-charge effect in the cathode
pores (Sec. 2.4)(48); but 1t would appear that the fall of
temperature across the cathode coating and the corresponding
error in tvemperature measurement may at least be a

contridbutory factor.

[t should be noted that the curvature due to this

error is in the opposite gense t0 that discuseed in the

calculation of the second-order Richardson plot (8ec. 6.3.5).

Thie second-order curvature, ascribed to & temperature-
dependent change in the cathode work function, cannot be

diemissed as being due to errore in the measurement of

temperature.

AB.3. Photoelectric experiments

vf particular interest in this discussion is the
probable error in the determination of individual pointe
in speotral gensitivity curves. ‘

Due to the dispersion of the optical system (Sec. 5.8)
a band of photon energies about 0.V4 eV wide at the red end
of the spectrum and about 0.06 eV wide at the violet énd is
transmitted at ecach indicated photon energy. <this, of

necessity, reduces the resolution of the method.
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Further errors may arise in the measurement of photo-
electrio emission and photoconductivity ourrenta. As in the
case of thermionic emission, these may originate either in
the experimental tube or in the eleotrometer. It appears
that fluctuating photoocurrents are of much less importance
than instability in the electrometer, and in order to ocheck
the rate of zero drift and give an estimate of the probable
erroy, several measurements of the photocurrent are taken
at each photon energy. W¥ith small photocurrxents (~ 1012 4)
the probable error in an individual photocurrent reading
is lees than 6 %; for larger photocurrents, the provable
erroxr is considerably less.

TYhe process of calibrating the envelope of the
experimental tube for absorption due to evaporated materiale
mgy introduce an error in the determination of the relative
intensity of illumination versus wavelength curve, but as
the 53 CV photocell is used photocurrents are much larger
(ranging from about 10711 to 1078 4) and errors will be
relatively small.

The important error in photoelectric determinations
is thus in the actual measurement of the photocurreant. The
estimated total probable error is about & % of the
sensitivity per unit inoident intensity at each wavelength

for a weakly photosensitive cathode and is rather less for
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the more photosensitive cathodes. The diapersion of the
system leads t0 an average error of about Z % of the photon
energy at euch experimental point. There is thus little
deubt that the structure obgerved at about 2.8 eV in
gpectral scnsitivity curves is & regl feature of the

photoelectric behaviour of calcium oxide coated cathodees.
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List of Oymbols

fraotion of incident radiation absorbved

* 1';
Richardson emigsion constant = 3ﬂ%ﬁfﬁ“
= 120 amp cm™& deg‘i

Fmpirical hichardson smission constant

2iTm* k

rowler emission constant = W’¢ -5

electronic charge

eélectric field intensity

peparation of conduction dvand from filled band
on thermal energy scheme

separation of conduction band from filled bvand
on optical energy scheme

energy of bottom of conduetion band

depth of impurity level below conduction band
on thermal energy scheme

depth of impurity level below conduction band
on optical energy scheme

Planck's constant

magnetioc field

thermionioc emission current

thermionic emission ocurrent in aoccelerating
field; anode current

sero~field thermionic emission current
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ipe photoconductivity current

ipc0 photoconductivity current in zerc magnetic field

ipey photoconductivity current in magnetic field H

Ipe photoconductivity ocurrent per unit incident
intensity

iph external photoeleotric emission current

iph, gero-field external photoelectric emission
current

Iph external photoelectric emission current per

unit incident intensity

J thermionic emipsion current density
Jo zero-field thermionic emission current density
Jr thermionic emission current density in

roetarding field region

Ja thermionic emission current density in
acoelerating field region

Jep thermionic emission ocurrent density in space-

charge limited region

J intensity of illumination
k Boltzmann's constant

le electron mean free path
m*. effective mase of electron

ny density of impurity levels
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density of electrons in conduction band
invernal work function
fraction of incident radiation refleoted
fraction of incident radiation transmitted
absolute temperature
colour temperature
mean electron velocity
voltage; potential
anode potential
vertical component of earth's magnetic field
potential drop through cathode coating and
interface
thermoelectric power
statistical weight of states in the conduction
band
Fermi level
optical dielectric constant
static dielectric constant
wavelength of radiation
threshold wavelength (koss's oriserion)
chemical potential (commonly called Fermi level)
of semiconductor
mean reflection coefficient for electrons at

emitting surface
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g electrical conductivity
0o true semiconduction component of conductivity
of cathode coating
7 p pore conduction component of conductivity of

cathode coating

[ specific conductivity

g0 conductivity in zero magnetioc field

oy conductivity in magnetic field H

Yy frequency of radiation

Yo photoelectric threshold frequency for photo-

emission from metals

¢ total thermionic work function

é. anode work function

$o cathode work function

¢°1 cathode work function by first order Richardson
analysis

oo cathode work function by second order

iichardson analysis
¢ph photoeleotric work function
P arbitrary photoelectric threshold
¢Qrbpo arbltrary threshold for photoconductivity
4"3 Fowler photoelectric work funotion
X external work function or eleoctron affinity
X optical external work function
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2.7

2.8

2.10
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Lisv of PFPigures

Functional struoture of a diode

Energy level diagram for an excess impurity
seniconductor

inergy level diagram for an interfacecless
oxide cathode coating

Energy level diagram for an interface type
cathode (after Eisenstein (1))

Emission current density as a function of anode
voltage (after Herrmann and ¥Wagener (4))
Farly conductivity determinatione (after
Friedenstein, Martin and Mundey (2))
Conductivity plots, showing the Loosjes-Vink
break (after Loosjes and Vink (111))
Theoretical conductivity plot (after
Hottingham (¥)

Hall coefficient of the oxide cathode as a
function of 1/¢ (after Forman (64))
Thermoelectric power and conductivity plots
(after Young (199))

Energy level scheme for calcium oxide,
according to Hopkins (87)

Optical energy level diagram for an excess

impurity semiconductor
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5.3

S.4

3.6

5.6

4.1

4.2

4.3

4.4

4.5

4.6
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Ynergy band scheme for cuprous oxide (after
Garlick (3))
Schematic experimental arrangement for measure-
ment of photoconductivity (after Garlick (3))
Potential barrier between two N-type
crystallites (after Carlick (3))
Hypothetical experiment to detect a photo-
voltaioc e.n.f.
Photoeleotric emission from Pd fitted to a
Fowler curve (after Weissler (10))
Spectral sensitivity curves for photoeleotrio
emission from BaU, SrU and (BaSr)u (after
Nisibori, Kawamura and Hirano (137))
Photoelectric emission from barium oxide
(after DeVore and Dewdney (46))
Photoconductivity in barium oxide coated
cathodes (after DeVore and Dewdney (46))
Uptical activation energies for Bal0 -
collected results
Temperature dependence of threshold energies
(aftor DeVore and Dewdney (46))
Energy level diagram for barium oxide as
prepared by Hensley (79) (after Nottingham (9))
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6.1
5.2.1
5.2.2
5.3
6.4.1
5.4.2
5.5
5.6
5.7

5.8

601.1

6.1.2

601’3

6.2

68.5.1

6.5.8
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knergy level diagram for barium oxide as
prepared by Sakamoto (1858)
Alternative optical energy level scheme for
barium oxide
The vacuum systen
Penning gauge
Penning gauge calibration ocurve
Probe diode assembly
Xleotromaeter cirouitv
Electrometer calibration
Potentiometer unit oircuit
Tungsten-nickel thermocouple calibration curve
Spectral response curve for Mullaxd 53 CV
photocell (129)
Optical system for photoelectric measurements
Thermionic emission characteristics - Cal PC 5%
Temporature variation of o.p.d. - Ca0 PC B2
Richardson plot for thermionic emission -
cao PC 5%
liodified Richardson plot for thermionic
emission - Cav »¢ 10!
Current -~ voltage characteristics for dark
conduoctivity - Cal »C 62
Conductivity plot - CaQ PC 62
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6.5

6.6,

6.7.1

8.7.2

6.7.3

6.7.4

6.?05

6.8
6.9.1

€.9.3
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Corrected ourrent - voltage charaoteristics
for dark condustivity - Ca0 PC 62
Dark conductivity ourrent - voltage character-
istics showing thermoelectric e.m.f. - Ca0 pc g4
ielation between log A* and ¢
Comparison of G.E.C. and B.D.!. carbonave
suspensions
feuperature variation of c.p.d. for Ca0 diodes
‘hermionic emiseion characteristics - Ca0 PC §¢
richardson plot for thermionic emission -
ca0 PC 5%
femperature variation of c¢.p.d. - Ca0 PC 5é
#irst and second order Richardson plots -
cav pc b4
Temperature variation of the cathode work
function - Ca0 PC 5%
Externel work function - Ca0 PC 5%
Thermoelectric e.m.f. versue temperature
difference characteristiocs - Ca0 ¥C 2!
Thermoeleotric power and electriocal
conductivity - Cav 1C 21
flectricul conductivity in sandwich diodes -
ca0 70 41
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".5

7.6

7.7

7.8

7.9

7.20.1,2,3

7‘11.1’2
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Photoelectric emission from Cau: white light
current - voltage characteristic - Cav PC o
Intensity of illumination as a funotion of
wavelength - Cav PC 6%
Spectral sensitivity of photoeleoctrio
emission from Cav - Cal PC 6°
Spectral sensitivity of photoelectric
emission from Cal - Ca0 pge~®
Spectral sensitivity of photoelectrio
emission from Cav - Ca0 PC 8%, 94, 101; x 1
Photoelectric work function by ocomplete
photoemission ~ Cav PC 11
Temperature variation of photoemission - Cav
PO 5%
Schematic arrangement of magnetio velooity
analysis sube
Inergy distribution of thermionioc eleotrons -
Ca0 X 2
Sochematic arrangement of retarding potential
tube
Photooonductivity in Ca0 cathodes: curreant -
voltage characteristios
Spectral sensitivity of positive and negative

photoconductivity currents - Ca0 PC gt



7.18.1’2

7.13.1,2

7.14.1,2

7.1601’2

7.16.1,8

7.17

8.1.1,2,3

8.2.1,2

8.3.1,2

8.5.3,4

8.4.1,2

8.4.3
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Spectral sensitivity of photoconductivity in
Cav - CaL PC 58-5
Photocurrent - illumination relationship for
photoconductivity currente - Cal PC 5e
Temperature variation of photoconduotivivy

currents - Cal PC 53

Temperature variation of current due to apparent

photovoltaio ¢.m.T - Cavu PC 63, 8

Ca0 cathode coloration: optical absorption of
blue and white ocathodep -~ Ca0 PC 1

Relation between photoeleotric emipsion and

photoconduotivity - Ca0 PC 5%

Recovery of photoemission and photoconductivity

after oxygen poisoning - Ca0 PC 71, 9%, 99
Electromagnets: relation between magnet current
and magnetic field - 6.5 om and 21 om gaps
Magnetoresistive effeot in dark oconductivity -
Ca0 ¥ &2

Magnetoresistive effect in dark conductivity
after Forman (64) and Metson (128)

Temperature variation of the dark magneto-
resistive effect - Cav PO 67, M 5‘
Temperature variation of the dark magneto-
resistive effect in Bal (after Metson (122))
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89.4.4

8.6

8.7.1

8‘.’.2

9.1.1,2

902.1'2

9.5.1,2,3

v.4

9.5

9.6.1,2

9.7.1,2,8
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Dark magnetoresistive effeot and current
density - Cau »C 6%
Magnetoresistive effect in photoconducsivity -
cao u 6%, 7; 2c 57
Schematioc arrangenment of electrodes of CaQ M 6
Temperature variation of the dark magneto-
resistive effect in Bal - Bal M 1 !
Magnetoregistive effoot in photoconductivity - i
Bav 4 1 |
Speotral sensitivity of photoelectric emigsion
from the anode - Ca0 PO 5%, 71 5
Fowler plots for photoemission from the anode - |
cay PC 5% - 85 |
Schematic arrangement of evaporated film
conductivity tube
Calibration curve for tungsten-niockel thermo-
couples: 2uu - 4uu K

Current - voltage characteristics for clootriul.F

conduotivity of evaporated films - Ca0 P 318
Conductivity plots for evaporated films - Cal

o TpT—— e

p 31-5

Time variation of illuminated conduotivity - ‘
cav P 29, 3%, 3% :




9.7.4

9.8

9.11.1

9.11.2

9.12.1,2,3

.13

10.1

10.8.1

10.2.2

10.3
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Effeot of illumination on dark conductivity -
ca0 ¥ 3%
Current - voltage ocharaocteristics for weak
illumination - Ca0 p 24
Time variation of photoelectric emigsion -
cao ¥ 20
Photoelectric work function of evaporated
films by complete photoemission - Ca0 ¥ gl
Schematic arrangement of optical absorption
tube
Optical system for absorption measurements
Uptiocal absorption of evaporated films of Ca0 -
CaO PC 5, 10, 11; P 7
Change of pressure on illumination of an
evaporuted film - Cal F 6
Proposed energy level scheme for Cayu from
thermionic emission and eleotrical conduotivity
deteruinations
Two ways of describing an F-centre (after
ottt and Gurney (8))
Absorption bands of colour mentres in the
alkali halides (after Mott and Ourney (8))
Fleotron eunergy diagram for a vacuum thermionic

energy converter (after Webster (187))
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A1.1.2

A\.102

A1.3.1,2,98
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Conductivity plot - Ba0 PC 1
Lffect of ultra-violet illumination on the
temperature variation of dark conductivisy -
Bav PC 1
Time variution of room temperature dark
conductivity after ultra-viclev illumination -
Bal »C 1
liypothesis of thermal release of trapped
electrons
Typical tube of the Cal PC series (Cau PC 7)
Typical tube of the Cal M series (Cav k 4)
lypical tube of the Cal 4C series (Cal 1C §)
ivaporated film tube with pressure gauge

(Cad ¥ 8)
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