
• 

• 

• 
• 

L /1/ 

Deterioration of Oxide-Coated Cathodes under Low Duty-Factor Operation*t 

J. F . W ,WY01,1TIf , JI .l 
HUrDU/' l..dHwtJJory af FJu"f1f'Ik •• Mas'illllltJrllJ ',ulil"'/t of 7"ult"t>/"", C'Hflbridtr, M QJJQI;ltlisdlJ 

( RKei.·ed July 27, 1950) 

The bt-havior of oxide cathodes ~Itot on & nickel al1o), con\:liniulI:: a/lOUt 0 I ~1 ~hcon ha5 I~ 
in\'estigated under 100 I~ r(cnl and ~fO duly faCIO. operation. The or",ra.tion of Ihac (,uhodn at uro 
,Iuty factor ,,'U found 10 he highly (a\'(Ir.t.le In the dcvelopnltl'H ,,/ .. hi8h resistance in .. la)·c. of HaoSiO, 
located at 1M interface ''''''t"'eff) the mddt and tht cn~ . The laytr it,..l f 10"01.5 prr50enl nnt only in calhoo" 
that had ~td withnut c:lKlron t mi.!lion Irut had ue"f'lopcd ("ltrfKe rcsi5tal1l"c, hut .100 in cathodes thaI 
had agl:d " 'itll CIKlron c:nli»inn and h .. , nOl dc"clo"M inlurace rcsil'tanCt' t\ mo<ld is ,m'Rn led \0 aCXQUnl 
for the eJ.l'(·nmrntal oh,oervuiuns I-:~·i dl'nce i~ al .... preaented .... hich $ho .. ,s that an "active" nkke l alkw 
th;at don not lead to undue interface 11'51~lance rorm:oJiQfl may n is t. 

T. INTRODUCTION 

OXIDE la thodes C03tCtI on an adive·ni ~· k('I - ;dloy 
m rc§ often fail bdurt a thous.1nd-hours life ..... hen 

thty art opcraterl at a low duty factor, due to tht 
dtvdopment of a high internal resistanct. This failure 
has bn-n r~ni7.l~d to be a major diflicuhy by the 
sevcral groups now engaged in the construl·tion of 
computers. l Tubes similar to those that failed in com· 
puter service have been found to last thousands of 
hOUr:!! when thcy are operated ..... ith continuous tmissiOIl 
curnnt. 

The inttrnal cathOtlt resistance of tht failures could 
be: accoun ted for by the h)1lOthesis of an "interface 
resistanct." Tht phenomenon of inttrfact resisl.1nce 
has bttn investigated in con ntction ..... ith cathode spark­
ing by Eisenstein,U Danforth and Goldwater, I Mutter,1 
Wright,' and others. These workers found that in 
ca thodes coattd on cores containing impurity concen­
trations of several peretnt, a layer of an insulating 
compound was fonned at the inttrfact between the 
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oxide ann the fOrt, by dll'nlll'at reaclion Ilf't\\ct'l! rill' 
oxide and an impurity . 

The deptndenct: on flut y factor. douhtt'(l hy ,...,rtU'. 

wa.' a fundamental. fcaturt of tht deterioration Tha t 
could not IIC accounted for "" the basis of e\i~tinJo: 
knowltrlge oJ inttrfact resistance. Thtn' .... as nil ,ute· 
quatt data 10 determine .... hethcr Ihe ,Ielt' rimalion "'a~ 
also associatCl'1 with a loss of emission. a 'i \\'our.l IK' 
t:Xp«ted from the work of \\, ri~ht.· 

II. EXPBRIMBNTAL PROCEDURES 

The research performed may be: divided into I .... " 

upe:rimtnts. The first was a study of the btha\'ior of 
cathodts coatro on a commercial acti\'e-nickd alloy 
under high and low fluty -facto r operation; Ihe 5('i'ond 
was an investigation into the dependence: on the hi5tv~' 
of electron fl ow through the interface of the rt~istancr 
and "activ~tion energy" of an inttrface rtsislnnce on a 
high silicon nickel core. 

A. Experiment I 

Diodes similar in electrode structure to tht AST~f 
"Standard Diode"ll were chosen fo r the study of cathode 
behavior under high and low duty-factor optratio!\. 
since t"ese diodes could be: obta ined in the necessary 
quantities from the RaYlhton Manufacturing Com­
pany, who produced them under carefully cont rolled 
conditions. With the: exce:plion of the alumina-coatf'd 
tungsten heaters and the 699 nickel alloy cathode cores, 
all metallic para or the. diodes ustd were of 499 nickel 
a lloy. Typical analyses of the two alloys are as follows : •• 

699 Si, 0.095 percent; Fe, 0.072 i Mn , 0.085; 
Mg, 0.14; Cu, 0.006; Ti, 0.008 

499 Si, 0.008 percent; Fe. 0_033; Mn, 0.008- ; 
Mg, 0.009-; Cu, 0.009; Ti, 0.003. 

Forty diodes were: aged in four paneb of ten tubes 
each at a cathode temperature of ll00'"K . Diodes in 

It Deve&oped by A.aM:rkan Society of Tcst.ina: Material. Com· 
mittee B-4, on Odde CalbodCli. 
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Pant'l~ I and II were aged with an deUTOn emission of 
(,(1 rna pcr em', Tubes irf Panels III :Inll 1\" were aged 
without d«trnn emiss;un . Till' tubes of I'anel III had 
their annde5 cf)Onecl t't'\ to thdr .::athulie<;. while those 
of Panel IV had tlidr anodes ;at - 11 0 vol\ 5 ric with 
rCSpt.'t: t 10 their ("alhOOt's. 10 ~illlulaic lilt' !'fTeel r)f l ul­
off operation in a pcnlocie or tnude , 

Tht \uhl''; ..... ere tcsh:d perindic:tlly for de ('m;:.sion, 
Jlulsed t'mis.~ion , and inlerfa('f' re,j,t.Uh, I' , The II..; 
tmission m('asurcmcnl was made at a ('alh,w k h:mpCTa­
lun~ "I a.boUl 6flO"K, with an applied anoele IMltcntial 
IIf 4.5 vult s. The average emission ohlaint't'\ at lRrr) 

hours life .... a~ between thirty and fony 11111 ro.1.mpcre<;. 
The pulsed emission measurement wa" made at a 

cat.hode temperature of Q..J(fl\: hy applyin~ to the rHode 
a single one-millisecond JOO-\'olt pu lse fmm a thyratron 
pulser, and observing the emission by means of a 
s),nchn)5(;ope with a long-pcr.-islcnl·c screen. The avcr­
age pul:.rol cmission Qbtain('(1 al ?.ero hours life ..... as 
about (J'; ,Imp pt:r cm!. 

The inlt-rface resistance mcasuremcnt ..... as made by 
pulsing Ihl' Iliode at constant curtcn t space-charge­
limited in 2 ~ microsecond pulses and obse r.'ing Ihe 
voltage across the diode during the puoo ..... ith a syn­
chroscope tt I;nder these conditions, if the cathode has 
no inte rlace reSistance, the voltage pulse appearing 
across the diode is "square," and ~ual in height to the 
potential necessary to draw the constant pulse-cu rrent 
sl»oce-charge-limited, as shown in Fig. la. If the 
cathode ha5 an interface r6istance, a voltage builds up 
aaoa this resistance during the pube, as in Eq. ( I ) : 

v - ;R[ I - "p( - 1/ Re)). (I ) 

R and C &re the effective interface resi5t.a.nce &lld 
capaounce, respectively, and i is the constant pulJe­
current. Since the pul.!ie length is 2l microsttOnds and 
RC is of the order of a microsecond or les.s, V varies 
from zero to within a few pe:remt of iR during the pube. 

When the diode is pulsed at constant current .pace .. 
charge-limited, the potential difference between the 
IUrlace of the cathode and the anode must remain con-

tt A brief deIoc:ription oI1be OOI)ttanl-<urrent pulec:r .. liven. in 
Aw-w"i' I . 
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!iotanl during the pul~. Any change in the potential 
llifferencc across the cathode must"he compensated fo r 
by a change in the potential difference acro§s the tube . 
( 'onsc:quenl lr, i( the cathode has an interface r~istancC" • 
the voltage pulse across the diode is. no longer "squl\.fe,'· 
!Jut has the time ... ·ar)'in~ interface potential super­
imposed upon it. a.o; sho ..... n in Fig. lb. 

To simplify the id£'nlifu:ation of an int£'rface n'­
sistance, th e measurement \OI'as m:lIie at a n:duced 
mthode tempc.' rature (9-W°K ). Because of the high 
nel{ali"'e temperature coefficient!)f interface resistance. 
the resistance at 9..J(I°1\: is a factor of live or more 
I{rt'3ter than a t ti lt' normal Ol~r;ttil\~ t~'mperalun' of 
\05(f'K . 

:-..'ole Ihat a voltage. puiS(' :.illliLu 10 that sho ..... n in 
Fig. Ib ..... ould he Obser.·l'll under the (ullflitions Olf till' 
interfacc rcsi~tanu' me.L~u rt'me!1t if the (.Lthode nf Ihe 
lube under lesl had no intl'rfau " rI_'S i~t:Lnl'e, llU l II" 
emission \OI'ere dectC'LslO~ with t ime durlllg the pul"",. 
To eliminate this ulHenainl),. the pul5('(1 emi~sion was 
measu r(."d lLt the S-'Lme leml~rature as the interface re­
SIstance, and thc variati!)n uf the cmbsiun with lime 
\OIas d irect l), uhser.·t,<1 with the synchm!iCope. Si nce no 
tu!>es e\'er shu\\c.-I any dt'I&(ahle ,It'("fc,l!>i' ill emission 
\\ith till1c up to ten miunselonds, \OIt.Lgt· pulses h~\lin~ 
tht' ~hapl' shu\\11 in Fig. Ib could l.oe u'o(, .. 1 a~C\'iden(e 
for Ih(' preSol"IICe of interface r~i"lamt' . 

Htsults of F.xpuimtll / l 

Tht, resullS, of the de alltl pulsed emi~illlL measure­
ments are shown in Figs. 2 and .;, rcsl~l·tively . ,Each 
point reprcsents the average emission ffllm the tutJt.'S of 
thfO panel of ten, normaliud to the average l'mi-.sion of 
the s.."\me tubes at M.'fI) hours life. :-\utiu' th.!t , up to 
..lJ 16 hours life, tht're is no slgni!ilan! difference III 

l.oehavior among th£' four panels as f(1f a!> emis~iol1 is 
concerned . 

The results of thc interfaLe re:.istance mt';LSurt'ments, 
sho\\'n in Fig . 4 in the form of a survival curve, s.how a 
striking difference in behavior between tubes agtd at 
7oCro duty factor and tubes aged at 100 percent dUIY­
facto r. Only one tube from Panels I and II fai led, \\'hile 
a ll but three from Panels TIl and IV had fa iled at 4.116 
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FIe 4. Survival &&;t.Jnlt intt'rr .. cc rMtanCl!' . 

hours. The cri terion for failure used in plauing Fig. " 
was the p~ncc of any detectable interrace r6istancc. 
The resistances of failur« from l~ane1s II{ and 1\' 
ranged from forty 10 about a thou'sand oh ms. Thcn~ was 
no diffe~nce bet ..... ttn Pa nds III and IV. 

At the conclusion of the aging program , x-ray diffrac­
tion anrl spectroche mical :lna lyses were performed. For 
the identification of the interface compound by x-ray 
diffraction, samples were prepared by molding together 
( ..... ith Duca cement) scrapings from the int erfaces of 
three cathodes whose coatings had been remov«l .U 
One sample was prep.l red from ca thodes with interface 
resistance from lUbes of Panels III and 1\', and another 
from cathodes without interfac~ resistanc~ from tubes 
of Pan~ts I and 11. The layer of in terface compound was 
visible in all of these cathod~s as a grayish di5("oloration 
of th~ core ; no difT~renc~ between th~ two cat~gories 
could be detected in the layer by visual ~Jtamination. 

Prints mad~ from th~ patterns ohtained from the 
two samples ar~ shown in Fig. 5. Th~y are qujt~ similar; 
in ~ach patt~rn, th~ heavy lines are caused by nick~l • • 
whil~ the rme lines at low angle are du~ to IlatSiO,. In 
each case, Ba,siO. is a major ClJnstitu~nt of the 
scrapings from the interfares. From this evidence, it 
may be concluded that a layer of Ba-:-c.;iO. is present at 
the interface, no t on ly in ca!.hodes tha t have aged with · 
ou t electron ~mis.sion and have developed interface 
resistance, but also in cathodes that have aged with 
el«tron emission and have not developed interface 
resistance. 
Thr~ categories were chosen for spect rochemical 

analysis: 

;\. Tubes without interface resista nce (Panels I and 
II) ; 

B. Tubes ..... ith interface resistance ( Panels III and 
IV ); . 

C. Tubes without interface resistance (Panels III 
and IV). 

Four samples were obtained from each of these cate-

U "Jlw, iuentiflUuon or the in tcorface mmpounu .... ~ attempted 
hom pattcotnS taken u~n/l; the t:tItire 00", (wi th coaling removed) 
u a .. mplt: . Ho ... e~·er. the layer of interface ("ompound was 100 
(run to IIVt dtt«t.a blco lines OIl I.ht patttrns. 

L 1/ I 

.-. '- ' - - - '---
("'lMItI'r <:OnCntnr.tI .... ID % 

Group s.mplo, • ,., M_ M, C • TO 

A C' l 0.029 0027 0062 00 11 0 .... "" Cb 00t2 0010 - nil 0.002 - 0.0042 nil 

• (. ) 0026 0.028 0.12 0 .... 0.00'1 nil 
Cb) 0012 OOtO- nil 0002 0.0001 nil 

C C. ) 0.0,. 0.022 0.0.57 0.042 OOOS2 nil 
Cb) 0.012 omo- nil 0002- 0 .... nil 

' 499 alloy' 0.008 OW 0.008 000'1- 0.00'1 0.003-

Sample (al anode I\lrl'ace. 
Sampte (b) anode volullW:. 

• Typkal ..... 1 ..... fu",1.bed bJ' Mr. Jamos Canl~1I '" U .. 51.1)"t'­
"hnufaon wrl,.. Com~n,. ",1 ... lt commu .. I<-to, 1oft 

gones, as follows: 

a. Surrace of anode; 
b. Buli. or .. Mdco; 
c. Cathode coaling plus .urfact of n,ekel core; 
d. Bullr. of nkktl 00«. 

The results of tht spect rochemical anal~ are shown 
in Tables I and II . Note t hat in every case, the con­
cen tration of impurities is grea ter in the anode surface 
Ihan in the bulk. of the anode. This may be ascribed to 
a con tamination of the anode su rface by impurities 
evapor:uM from the cathode. A comparison of analyst'S 
for group A and group B indicates that it is unlikely 
that the results obtained under the interface-resistance 
measurement are due to a s)'stematic differt'nce in 
impurity content between tubes of Pantls I and II 
and tubes of Panels HI and IV. 

A significant difference in impurj lY con tent is sho .... n 
in the sample labelled " cathode COOling plus surface of 
nickel corc" of group C. which consisted of lUbes that 
aged withou t electron emission ..... ithou t tlevelopinlt 
interface resistance. The iron concen trat ion in thi ... 
sample is only one-tent h as grea t as in the same sampl(" 
of group Ij (inle rface -rcsi.stance failures). Mugu 

,., 
- .. 

(, ,f) 
'" 

FIG 5. X r .. " diffraction paUII'rns of intll'rfact compound 
a. Ca thodu . 'lIh inlcorlat"t rfSl\lan("t h. ( .thodt" ",ittKiut inu" 
ract rC'Ji.stanCt 
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Im"".ilr ~1II"'11on in % 
G . ...... !W.n, pIo • " W. W, 

A ,<I 0.38 0'. 0 .... 0.00 

'JI 0 .... 0.10 0 .054 0.01 1 

• ,,' 0.17 010 0.0.15 0057 ", 004' 0 .... 0.<>14 0 ..... .. '" 0 .27 0010 0.052 O.OOW 
\ ,1) 0.0.12 U096 0.070 0.011 

I tf.I9 a lloy· 0005 0.072 0.085 0 .. 

Sample (el coating plul $urface of nickel [ore 
~plf (01) hulk of nide] core. 

C. 

0._ 
0.007 

00056 
00074 

0 .... 
0.0014 

.""' 

T' 

0.021 
0.010-

0 .050 
0.0 10 

0 .022 
0 .010 -

0008 

' T \plr41 "na'r .. L fun,w..-d " r Mr . Jam ... Ca.d~ 1I oIl~ Ma rt"""'" 
l."-n uf .... u'i ... l ""'I",n,.. P<":at~ , ... mmun'~'i"" 

though thi~ cvidcnce i",' it S('cm" to indkate that an 
alloy c"nt aining as much silicon and manganese all 699, 
bUI far Icss iron, mil-,'hl he significantly better as a 
base-m('till for cathode" (0 he operated under 10 ..... duty­
fartu r ,tlll.litions. 

B. EIpe rime n t II 

T Ilt" I,uqw,* of the !>t'cO/ul expe riment was to investi­
gate lilt"" dcpemknct· on the history of dectrtln now of 
the rt· .. , .. I;lIlce and "alti\"ation cnergy" of an interface 
u:si~ta r .. t· nn a high silicon nickel core. A " AAnclwich" 
diode \\.1:. \·onslruct(:d. in ..... hich a wafer of ( HaSr}O was 
..:oml'u· .. ,.nl IM.·I\\,«II 1110.'0 Ilat e lectrodes. as sho ..... n ill 
Fi~. h I he dCLlrudc labelled" A-\'. was of silicon-nickel 
alii,,\" [ .t[" ,U( 5 peftCn t Si), ..... hile ··K," ..... as of " Cirade A" 
ni..:kcl ' k~~ than fI .3 pNt Cnl Silo Two O.7-mil platinum 
..... ire I'r ,'[ ot· ~ iml>rtlde-d Hl Ihe ..... aft'r, as shown in Fig. 6, 
pt'rnun .~1 Ihe dt"lerminatiun Ilf th~ potential difference 
dCfIJ ...... I h' mtt'rfau; by Ihe "double-probc" mctho:l 
which hfh I ... ·l·n uSc.:.t by EiSt.'nstl'in2 and others. 

The "aft'r \\a" l'on~lrut It'd hy spraying a coa ting 011 

1.'1 in three byers ~ilh wolJot·s hetween the layers ; 
a single la,\"er toatill~ .... a.s spmy('(j on A' 2, and the t ..... o 
were muunle,1 in cuntan to f" rm the ..... afer. Since therc 
..... IS al'l>;trrlllly a cena in .1muunt of potential differtllce 
acrn-.s tilt' Ju nctiun of the l'Imtillgs, the probes ..... ere used 
unly to mrasurt the potential across the A" I interface. 
The tCI1lIl;."/";llure of Ihis irnerfaC"t· ..... as measured ..... ith a 
tungsten'nlckel thermocouple. One leg o f this thermo­
cou pit' was the K I elcclrode itself, while the othcr was a 

0" .. w.' .. 
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three-mil tungsten ..... ire ..... elded to the back of the rite· 
trode, as shown in Fig . 6. 

In thr process of cOIl\'ersioll of the carbonates, great 
care ..... as taken to raise the ttmperature of the ..... afer 
slowly ..... ith thc pressure moni tored by an ion gaugr, 
to prevcnt excessi \'e!y rapid liberation of COt. This was 
felt to be necessary because of thc relativdy large 
volume of the wafer, and the sma ll surface area it 
presented to the vacuum. Aftef the conversion of the 
ca rOOllate§. the wafer was activated by the p ......... "-'ge of 
eleclron current a t :\ temperature in c."(ccss of IL01'K 
until no furt her redu((ion'in rl'Sistance took pbce . \ t 
this time. the resistan("c at I}tlf)o " of the wafer (0.2 cmt 
area of cross section, 0 .5 mm thick) was ahoul a ml-g· 
ohm. The pressure at scal-<lfT ..... as Icss than 5X 10 • mm. 

A typical cu rre nt-.... oltage characterist il ubtainClI for 
the K. interface is shown in Fig. 7. l'\ote the rectifying 
naturc of thr interfacc resist:lIIcc, si mi lar to thll t ul, 
servrd by Mutter.~ -nil' high resistance direc tion is the 
direction of electron 110w from the core to thr OAI.!" 

To obtain from these characteristics a. value of (he 
··aC"livat ion ellergy," use ..... as made of tht fau thaI \/I 

the theory of rectifying contacts, the cu rrent can be 
expr~ as a function of" the voltage by all expression 
of the formH 

i-. I(T)f( V/ T ) exp( - ttS> itT) . (1 1 

whert' oil is Ihe activation energy in electron-volts, and 
.1 (T ) varies as T", ..... here " is of the ordrr of one or two ; 
It is the Boltzmann constant. 

Measurements ..... ere taken of the current -voltagr 
characteristic in the high resistancc direction at thrtt 
diffe rent temr)(ra lures ; as few IXlin ts as possiblc were 
rr ad on each curve to avoid difficu lties ..... ith lack of 
reprodur ibility. The logarithm of the current observed 
at R fixed value of V / T for each of the temperatures 
..... as plolted as a function of 1/ 1'. From the slope of 
the best 'traight line that cou ld be drawn through the 
three points, the a((ivation energy was obtained . 

The resul t of a typical measurcmen t of this kind is 
sho ..... n in Fig. 8. The numbered points a rc the repro-

• U~, C' .(I: . Torny utd WhitnlU. c~",.u Rf£! '} tTJ (MCGill'" 
l ilU BooIt eom .... y. Inc , NC'W York, IQ.f.8 I. p . ,1 
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ducihilitr eilKk poilus. which WCTC taken witb tht' 
same potential applied across the wafer after the mta~· 
urcments at 76no K. ~20oK , and 8iOoK, respect ively. 
;-':utt' thai although the oxide has tendet! 10 aClivatc 
during Ihe mea~u rcm('llt!i. the Slall of die in terface has 
Uti' chan!o:cd. 

The !uli!,.' "'as a,c:e<l at a \\afer Il'rnl'craluTt' Clf \O(Mt""': 
as (,,\I(lW": 

/1- 50.\ hours, rtenruns 110w from ox ide 10 A I mlCT­
(a,e; 

.:;,(U -(!6R hou rs ; el«lron" flow from A'r interf.tfC to 
oxide; 

(.oX hours; ell"< lrons flow from o.'«idl' te) A', inter-
face. 

T he (u rrents thai liuwCtJ durill!o: the agt·ing wefe about 
lell or twent), micr.Io1mpt'rcs. and the pOIl'nlhll differ­
"IKe aemss the interface was ahout one or t ..... o volts. 
If a value (rf 10 I em is assurnl"t\ for the thick lit'S-" tlf 
Iht' interface rc~ion, Ihe eI~tric iidd in Ihis reJ;:ion can 
~ calculatefl to han: ~n nf Ihe order of one or I .... n 
thousand volts per em. 

The variation of Ihe U\ th'ulion ('ncr~y of the inl~'rfule 
resis tance with time du rin~ Ihe aKill~ is shown ill 
Fig. 9. As 10llg as ek(trons ilOl.\"('t1 from the oxide 10 
the interface, Ihe artivuliol1 erlt'rgy increased, hut when 
elect rons flowed frum till' interfal'e In Ihe oxillc , Ihe 
al'li\'3lion enl·rj.ty d('c-rea~1 ~lIa rply. ,.\ similar hehavior 
Iq~ ~hown hr the resistancc, as may be seell in Fi~ . 10, 

TIl , INTERPRETATION 

The r('Sult" thai lIa"r III.:('n oblainl'll I,a\'(' pU:.N1 a 
particularly serious question: how mn a taYl' r of 
lJa:$iO I (an insu lator) at Ihe iruerf.u·e bCI \\«'1\ the 
oxide and the wre have a high ,esislamt afll'r ag('in~ 
with no currenl !lOll, and have a 1O'U: ,tsistlJ IIU after 
a~eing ..... ilh e1eo.:lnm Ilow frum rore 10 oxide? To anSWl'r 
th is question, whit h I believl' 10 he fundamental tu 
the underSlandiTlJ.: of the hd,avior of oxide ('ath()(le!> 
under low dUly.faclor opcralion, I will prupuS( a mooel 
of the inU'dace region and ~ho ..... that it is cap,lbl.:- of 
accounting qualitatively fo r the ob~rvatiolls o f oolh 
Ekperimenls J and II. 

!lunnv thl" I\mf'~~ of IIrti ' ·. " .. n of II. r al hndl" rl\lliM 

on a siliron-bnrmg nickel core , II layer of "a~11 J. 
forms al the interfa('e br a reaction ~Iween sili('on in 
the. core and BaO of the. cooting. This reaction i~ 
probably a t least pa rtly resjxJIlsible for the formation of 
the stoichiomet ric excess of barium necess..'\I')· for an 
alli\'e cathode, Sume of this excess of barium un­
IluubtcdJy remains in the layt'r of interfa('C compound. 
p rovid ing it wilh donor cenlers ..... hich tran1\form it from 
1m in~ula\(jr to an "excess" or X-type st'miconiluctnr 
Tilt' ullldul·ti,·i ty of the lIa :5iOI in this slate is high 
enough that llit' ralh(X'le has a nCJ.,:llgible interface rr 
sistance. 

The ener",,}, lel'eI configuratIOn of the interface region 
in th is stOlle "ould he as sho ..... n in Fig, II. The diagram 
has bt"Cn ora .... n in accordance with Ihe \'ic ..... ~ of SJaler~ 
concerning the junc tion l)4!t ..... een I-unductors and semi · 
conductors, with the a Pf W,-i assumption that the Ilmk 
function l)f the aCllvatt.'t1 IlatSiOI du<:s not flifft'r gl't',ttl) 
from the work -function uf the a~tival("(1 o\idc, hut thaI 
thc ..... ork·function of the nickel is greater than either, 
In all probahility. the Scholl ky "dcpletion la),cr" 
barrier at the mterface hel ..... ('("11 the nilkcl and tht' 
1I:!.,:,"i! I, 1,.ls a 1ll'Io(ligiblt· rt'sistance, bel'ause Ihe bound­
ary IS undouhtt'lllr n"t ahrupl. a" "hHwn, hut muth 
mure "diffuse." 

;\ 5 lire catlwdt' i ... Ij{l'll. II'e byer of lIa~Si( I. ttml..t'n~ 
10 the IXlint where reactiun het l\e('n siliwl1 of the nUl' 
and BaO of the roalil\~ I"'tomes nt'lolligihlc, Thc I.w 
havio r of the (·oll l.l'lllratioll of donnr ('('nters in l ilt' 
larer durin~ the alolin~ 11\11 depend on whether :III 

ele(' lric tield I" present , I)('\ :luf,(' the dnnor l't'ntc~ heh,\\ (' 
on the nl'eraJ,:c a1\ P01\I0\'c I'har,l.;('s. 

If no elect ron emi§sion is dmwn frum the f'a tliodl', 
thrre is no eiCl't ric IIt'ld in the inlcrface rC,I(lun. anol (Il(' 
donor ccntet'!'.ran migratc oul of Ihe layer of interfal r 
mmpoun<l 'hy Ihermal ,I illusion . Thc nmtentmtion of 
donor ccnter.., in the layer is mlul'("(1 to Ihe {''ilt'nt Ihal 
it is in"ufrrl:'l('nl I" ma in lain ;l !H'j.tlij{ible rl·si,tallt(· 
thc cath"dl' has Ihl'n rlc\'(,IOIll.'1 1 art intl'rfa('c rl'!>iSl anCt' 

If tlrt' ratho(\e is ;'I,I(ed IkliverinJ( c1cCtmn ('mi"~11)1\ 
an \'It'Clri!: tidd dire( led fmm oxide 10 core c)"isl:;. 1/1 

Ihe interfatc r(',I(inn . Fiel.] inducetl migration of donol 
cen ters in to till' layer of interfat C Ctlm lloUO.! ani] 
th('rmal ,hllu-:inn of donor celJ\('rs "ut "f Iht' laver of 
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inlt1'iaa compou nd arc then in competition . Thc: equi. 
librium ronctntration of donor centers in the Ba,siO, 
layer i~ jtreater than it ..... ould ~ if thermal diffusion 
were Iht' Holy migration process. If the field I) strong 
cnouJ(h. the equilibrium concenlrat ion of donor centers 
is sutli('l('rll to maintain the conductivity of the interfaer 
comp .. uml. The cathode does not develop an interface 
~is'ance . 

The energy level configu rat ion of the interface region 
of a, fllhflfte that aKerl delivering eI«tron emis..,.ion and 
Il id not dt·velop interface resistanl"C ..... ould probably be 
quilt' ,rmilar to that shown in Fig. II , with the exception 
Ihdl Int larcr of interface compound would be thicker. 
FfH II ' .l l1orlc that did develop interface resistance, the 
enrrJl:\ 10· \ .. 1 configuration ..... ould be as shown in Fig. 12. 

In I ,., 11 . the le\·elsof the BatSiO~ have been shiftefl 
up ..... ln t ,,·l .• live to the levels of the nickel and the oxide, 
bccau ... · .f the dependence of the Fermi le\'el (I' ) in the 
Ba ,...""', " II the concentration of donor cen ters. Si nce 
the rt·~ I~I.. nl e of the Schottky "depletion-layer" barrier 
can " ,11 I~ neglectM, the activation energy of the 
illted ... . roistllllce .... ould be equal to <1>, the energy 
difft'rl', h " in I'lectTOn vults between the Fermi level (1' ) 
and I I ... !.ottom of the conduction band in the Ba~I(} I ' 
as sll .... 1\ in the rlgun· . 

If , t ... l'athode were a/o(t'tl with electrons Ilo ..... ing from 
Ihe " " ,I .. In the core, an eleclric field di~ted from 
the , u n 1/ . the oxide would cxist in the interface region. 
'nle 1" • .1 ",IiU(,M migration of donor centers ..... ould 
thl'n I .. " . ~u('h a direction as to reduce Ihe concentra­
tion 111 II ... interface compounrl. and ..... ould aid rat he r 
than " ' 1 •• ,,1 the dcvelflpment of an interface resistance. 
Furl lw'ft l" rt' . a ('umparison of Figs. 11 and 12 shows 
Ihat .• ' !III' concentration of donor centers decreases 
and II .. •• ... ,~t:tn ('e increases. the activation energy also 

Thl~ . 1'\ .11 tly whal wa'\ ohserv('(1 in Experiment II ; 
as 1011": t · tilt· interface \\as a~ed with electrons Howing 
from \1 ,.. •• xi,le to the ('ore, the rCllistance and activation 
cntrK~ "" rt·a~1. nle fact that resistance ami aniva­
t Ion tIl' rKY could be redu('C(1 by the l>assage of elect ron 
('urrl"nt h om Ihl" ('ore to tht oxide is also in agreement 
with tilt ft ,llurc~ of this model, sin('e there is no reason 
why a lu\\ \'on('entration of dnnor centers could not be 
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increased by the establishment of field-induced migra­
tion in the proper direction _ 

To a('wunt for one of the results of Experiment fI , 
it is nt.'cessary to modify the modd slightly, without 
alterinlo( the fundamental featu res already outlin~ . An 
examination of Figs. 9 and 10 shows that the resistance 
is not relatffi to the activation energy by the Simple 
expression 

(j) 

as would be cxpected on tht' basis of Eq . (2). The varia ­
tion observed in R is not nt':uly as grt'at :l S would he 
cxpe<:ted from the va riation oh~rvC(J in 4>. 

This can be accounted for by the fact that the inter­
face layer is probably not at all homo,l(encous. hut 
"'aries in thickness and in donor center m ncentration. 
Conduction -through it deprncl s on parallel conduction 
throup:h many "patches" of different thickness, con· 
dU('tivity, and activation energy . The experimental 
measuremcnts of resistance and a (, tivation tner\Q' rtpre­
sent t .. u different methods of avera,l(ing over the 
pat chts. Sinee tht degre-e of inhomogeneity . on which 
the resistance strongly cit'pen<is. can be quite different 
for two statt."S of the interfact' oarrit'r having the same 
ohservM activation energy, it is nnt surprising that 
the resistanct' and activation energy fa il to be retated 
in tht' simple manner expr~s..'tl by Eq. (3). 

IV. SUMMARY AND CO NCLUSIONS 

The results obtaint.'<i in th is wurk h:ave sho\\n that 
the anomalou!l deterioratiun that OCl'Ur.> in oxidt' ('alb· 
odes co.'\tt'd on silicon-hearing nickt'l cores when the)' 
are operated at a low duiy factor is due ent irely 10 the 
development of a high re5i!lIance in a layer of Ba~iOI 
located al Iht' interface between the oxide and the core . 
The layer itSt'lf was found to be present not only in 
cathodes that had developed interrace resistanre, but 
also in cathodes Ihat had nol. The dt'velopment of a 
resistance in this layer was heavily favored b}' the 
ahsence of electron emission from the cathode during 
life . 

Further investigation of the properties of an IIlterface 
resistanct' on a high silicon nickel core has shown the 
resistance and activation energy to bt' strik. ingly de­
pendent on the history of el«tron flow through the 
interface. A model has been presenled that appears 
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FIG. 12. Energy Icv~I'yltctQ of cathode with intmace milllnec. 

capable of accounting for all the experimental observa­
tions, and of providing a frame ..... ork for the under­
standing of the fundamental featurn of the deteriora­
tion that has been under study. 

The application of this undenlanding to the cngi­
nttring problem of developing cathodes that do not 
deteriorate when they are opera.ted at a low duty factor 
leads to two main avenues of approach . 

(I ) UK nickel ooot.ainin« leN ,.i1iCOD and o lller impurities; the 
Layft' of interface compound wiU br; thinneor, and wiU have Iell 
raatance. 

(2 ) Surcb for other wbttanca that (:&II be added to the int.er­
face O)mpound to provide It with permanent donor ccnten that 
.. iU persi't in the llyn inesp«tivt of duty factor. 

The fll'5l of th~ avenues is currently being exploited 
by most of the major tube manufacture"" altbough it 
suffen from t ..... o fault s. First, there is enough variation 
in impurity content among diffe~nt melt! of what is 
nominally the same aUoy that different production lots 
of the same tube can have widely different life exp«:­
tancies. Second. the use of allo>" containing appreciable 
amount s of impurities (i.e., " active" alloys) is often 
high ly desirable as an aid to easy activation of the 
cathodes. 

That the'serond avenue is not beyond the realm of 
possibility appea~ to be indicated .by the rnulLS of the 
spectrochemical analyses of diodes thaI had aged 1J16 
hou~ with no electron emission without developing 
interface ~istance . The cathodes of these diodes we~ 
found to contain far less iron in the "cathode-coating­
plus-surface-of-nichl-cort:" sample, which con tains the 
interface, than cathodes that had developed intrrface 
resistance. It is conceivable that in cathodes containing 
very litt le iron, the presence of BaM nO. in the Ha,siO, 
lattice might provide just such permanent donor cente~. 
The dependence on the iron content stems from the 
fact that the coexistence of HaM nO, and Fe side by 
side at a temperatu~ of 11000K for 4(X)() hou~ would 
be extremely improbable , because the MnO,1- ion is a 
strong oxidizing agent . 

L /1/ 
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However meager' the data, and whatever the mecha 
nism may be, these results appear to indicate at fi~t 

sight that a nickel alloy containing all impurit ies except 
iron to the extent that they art: found in 699 nickel 
alloy might be a satisfactory active nickel alloy for 
corn of cathodes to be operated at a loY( dUlY factor. 
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APPENDIX I. CONSTANT--Cn.RBNT PULSli:R 

A dt.c-ram ol the _ti&I featura of tht cooat&tll C\iHO!OI 
pubu ia abown i.n f1c, 1J. T'bt pid 0( the 6ANS, wbid! it normally 
biued beyond cuto«, it wpplied with !!.at- topped pWaa from. 
voI~puhc: ,tnenlot. The pu~ amplitudt II adjusted until 
the ("UIT"mt ~ the diode durin« lhe pube it 50 rna. Uader 
thc.e conditions, lhe polCl'ltial -=- tht diodt durin, the pu'­
II . bout 4.5 volt&. 

The platt CUITalt of • MN5 dr.winc SO rna wilh 120 vol .... 
.:ncn ~Itqt and 2SO vol ll platt voJ~ iJ -wrozimately in. 
dependent of pLatt vollaC'f Wbm tht lOt&! drop ~ the dMldt 
iDcftue8 by four OC" bve volll durin.c the pulK btu!*: of intttf~ 
raitWlCe. the pLal.e voI~ 01 LIM: dANS iI tecluced by tht .. rne: 
.mount, but the platt C\lnUIt it 1101 ~~Ied. The curn:at r.htoo.IIh 
lht diode it C'OIlM&nI durinc the pWK inapectiY'l: 0( wbtthet- Of 

DOt the diode hu .n i.nterl~ ..-eaL.tanQt. 
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