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. The gmjssion of clertrons by s hol melal or_semiconduetor i ealled
. termionie entission.  TU s the principal practical source of electrons in
%w&h TSM PuQJ ] ’

commerein] pleciron tubes and in Inborntoiy experiments,  The basie
" A .
Plyysical Lilectronic

physies of {hermionie emission is ratber simple.  An eneigy hn[nm
few eleclron volls in hc‘u,hl al the swifuce of a solid prevents e mm»mn
af mosl of the clectrons in the solid, Al any lemperature, howaver, goule
of the eleelrops hinve enough encrgy lo surmount_this barrier.  The cur-
renl of surh pleetirons is o very shurply dnerensing funetion of 7. Ilm
eurrent from’ iy koown solid al room temperntire is oo smndl o
practicully weehtl,  Therelore praciical cmiiters are nlwiys lu-nlml,
ustndly {0 tepperniines bobwoen 1000° and 2300°1K.

In thig seclion we shall first examine (he nafure of the surface-energy
[ ' : barrier, <I'hen we shall endeviate the (hermionie-emission current from
o meted and exnmine the effect of an applied cloetrie fiekd on the cmission,
Finully wo shi] fovestignlo Thermionic emission from semiconductors,

The potentinlenergy of an eleetvon In w melal as a Function of distance
along o line of ntom centers Is illustrated in Fig: 12-1. This plot is like

g

12.1 INTIODUCTION

Physienl clectronics includeg throe differenl subyjeets: (1)

The emisston and absorplion

of solids, which will be u)m:mlv

(2) The collisions of electrons
which will be considored in Se

of electrons and ions in eleetrip
will be counsidered in_Sce. 14-g,

oi oleclpons at Lhe surfuaces
o in Bees. 12-2 to 127,
Ly plomy or tons in o gas,
12-8, {3 The trajeclories
wid muguelie fields, which
These rather different

W

I

-nrans of pliysics ore treated toggther lhpenuse o mastery of

"l three is required Lo unde

or practical devices invo[vmg
Now that the gquantum physi

Chaplers § Lo 10, we ean voluf
the phenomena diseussed in
Chapler 4 and. give & more
hnsie physics involved.

Tho study of Lhe quanium
B Lo 10 provided the bhasisg on
of clectrons [rom surfaces.

hiuu(l physical oxperiments
alsglrpy or ion leams.
s has Deen doveloped in
nfin Uhis chapler to some of
111‘1 intrqduclory mauner in
h?:muglf oxplannkion of the
ottysies of solids in Chapters
yiich o discusa the cmission
'l‘; it slm{jf of tho quanlum

pliysics of ntoms nnd moleculbds in Chaplefs i Lo 7 provided
tho bosia on which lo clnscmss qoll:slon processes.  ‘The

nhysies of cleelron and jon L

'uf ot nrig'a is essontindly parl

of clussienl physies, bud inlprpsting Hmilations are im-

posed on the eluss:cal theory
13+

by quantum physics.

IMig. 8-0 oxcepl thet the present skeleh inchudes the surfuce, and therefore
the regular aerny i8 nol repeated to the right of the vertical line. There
is no sharp definflion of the oxaot position of {he surfuce. Since there
are o wuelel (o the right of te vertical line, Hie pofential energy curve
dova not turn downward pt the vight but approaches o horizontal agymp-

‘tole, which represeuls Lthe poelentind energy of an eleetron outside the

motal. -

Tha conduetion bund olnvl,mn encrgles nre also sketehed on Fig, §2-1,
The ailowed anergy bund exlends upward indelinitely, but at 0°15 all
the encrgy stiles with > 14, are emply, and al any Lempernture most

Efeclron B
ehergy
F]

~—5olid M~ Vacuum —m
o x= X ——pe

"Fig. 12-1, Hehomntie dingrun of Ui surloce of nomelnl. An eleciron with energy

£y -1 e Tnpido Hhe solid woukl huyva zers kinelie enorgy fter emission.

T



A6 Phyaieal Kleelronics

of Jhe stades withe 80 2 [0y weg wnply. [0 should by peentbed that Lhe

kit enerey of fronslation cignals zero al Uy
band, the point murked f9 = Q in Fig. 12-1,
given (o np eleetron that initinlty had the eng

Bollom of the eanduetion

The energy thoal must e
iy g by ordoer 1o remove

JLfrom the solid s g, "This stalement define
in o refinement of the definiiion given in See,

We nest enleulpte the {herionic emissior
medal ot o temparature 7°°I. 7 The eleetrong

g

-,

hoe wdrle unetion eg and

wrrend densily J from o
amilied nro {he clecirons

with suflicient momentum normal Lo the surf

¢ fo ovapepme e surfnge

Larrier. A necessary; hul nol suffidient, co

wlition -fpr_pmission of an

“olpetron is that ils enerpy muﬂl.:hn orepler tha

I

g -1 e, This eondilion

-1 4 S x - B ]
is pol suilicient sinee tho clectron’s momanldm may nol bo diregled

fownrd the siefade.  [f the momentuny s dives
of pourse Lhe eclectron will notl be emitted, If
ganerndly loward the sirfree, bul nol perper

!
|

&b nwny from the suface,
ho mamppium s diveelod

diculur 1g e ssufaes, the

plectran will e turned back fram the surface ynless it lind nt chergy con-

sitderally grentoriban fg + e, Thissilualic
The surface foreg is in the —g-direction and
of .momentum (31:) of eleetrons siriking the

into the metul, regardiess of the value of p
soitinted with the y component of momentun
to surmount the barrior,

The erilicul value p. can be caleulnted T

n!is uatraiod in Fig. 12-2,

teduens Lhe x eomponent

aurfjeh, If pe ds Initinly
tors than & criliegl value py., (he surlace forep

roltpeln the cleotron boek

1 The priergy p2/2im a-
ddoes no} help the electron

yj noting-that the guorgy

barrier has n height Bq 4 eg; the dilference injehergy Lelween an electron

with zero kkinetic encrgy inside the melal and du'electron with zero kinelic

energy gutside the meta). Therefore Lhe eloetiran in order to cseape must

‘l—fa;ve at lenst thi following value of tho encizy nssné_:]n;l_ihl.ed wilh motion

1 Lhe x diruclin‘fn Pecr/dmi =" %mu,” = [ty -k

e, -, Jn-ather words,
L,

"Qf eourse p, must bo posilive,

. "The emission eurrent per upit aren is the
the number of ¢lectrons emilted per secon
riymber of cloclrons emilted is the product
unit volume with p, > pe.. (This caleulalion
I

fion with IPig. 2-1; in the present calculalioh

nppear, since if Pe > Pre then g, muil be popi

include in the number per unil volume the e
Therefore
R 7 = ev. X (Number/m.? with

oyt A

Pro = Y 2m{By -+ ap) i

r

!

c

Pe > pzc)

]

(12-1)

Y N
5

oduct of the charge e and
por squere meter, The

of v; and Lhe number per
of o flug or llow of particles
in terms of v, and the number per unit volumfz

vas explained in conjunc-
the faetor of & does hot
ive, api} hence we do not
'.l,;'(:',n’s"gg'lng toward —u.)

(12-2)
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Ty B F{ -
y' " x= 0
Reglon of
Solld sutlace ifeld  Yacuum

Fig. 12-2. (a) Twuo clectron tnjectories with the smne millnl envrgy (> Eu -+ ~4)
ingitla the sndid and Werefore the snme Initind magnitude of momention po; ol s re-
flecled by the surfnee feld, nnd 4 i emitted. (b} The same situniion 1s in fa} bul
plolled in somentiem apaee natend of eoorslinate spaee,  Fhe veclor derminating al
C reprenenls nn eleetran with the enargy £, The veetars ending al A§ nod 12 represenl|
the reflected nnd emitted vlectrons, respectively, of (a), 4

We caleulate the required density of electrons, as in See. 9-4, by multi-
plylng the donsfiy of stnies S(E) by the probability of cecupation f(E£).
Beesuse of tho tondition an p, we scek this density in terms of the mo-
menla, vather than in lorms of the energy ns in See. 8-1. The munber of
l.mvc!ing—w_u_va stntes por enbic meter with p, hetween p, and p, - dp;,
and similarly for p, and p,, is

(2787} dp, dp, dp. (12-3)
from eq. G-13 of Appendix G, The fraction of Lhese Lhat are ocenpied
is given by the Fermi function (oq. 9-), Bui our caleulntion need be
valid only for 1§ 3> Iy, since the work function eg is of the order of 1 volt
or greater, -, Tlierelore we can use the approximate form of the Fermi
funetion, eq, 0-2:

: f(E) = e—(EHEo]{kl" - e——{px’-l-pv’-f—,m'-—Zmﬁ‘u)iankT (;2””

5
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O We ean now Insert eqgs. 1323
thal me, = pp

. i ._)‘_, FA 3 : kS )
A ;‘:hh‘f f‘ f Petlpsdp)

aned D=1 Qg

Hym—r Pr=m—r ,f!.sp“.

G %o *
= _w.f p Pk u’p,,f ®
i
mh?J

—_
The liest lwo integrals enn

T 4
J o7 = (n'g)'E, and cach
—a

Phird infegral ean he evidunded
stituding o fur the fynetion jo |
’ pel—tm i,

.--!'!l.
W T
BkT Ilp’f

he evalual
integeal hin

hy inserlia

h(‘ XN

%
f’ ¢ Bk s ('I]J,: sar ””"‘Tj
\ T ear ' :

Howe pul these evpduntiony inlo eq. 12-5

. Srmels? -

This s the Riebordson-Dushman thermi

-

"]

1)

BN T

;.
e T np/im 2

e bA-2 and use the fned

. (J_?:"Hfi oyt —dm "'-'n)
Pt Tkt
s

- (i)
Peedpe (12-5)

hy using the l‘n;:t. that

Ve valpe (Qeath T The

B

Pre Tepimy g, 12-1 and suh-
bt
v

g

BT e = kT
g

[

L
.y

o ahlgn

(12-0)

G wuiversal eonstant, oqunls 1,20 X 10" an

1}

ie-pmlasion_equntion. %A;,,l
/m.2 degF We shall deler

pompurison of this-equuiion With exparim

il v modifientjon of il.

The elfeel an § of the application of an
“the mielad will now be consldered.  In ord
Juok more closely ol the nature of the fore

funetion of its distance & from
{haf we siced o know the foree

the surfaen
only sotne ¢

= 0), since nenr © = Q the situntion |
Lelrwelure and the nlomic aleclron distril

foree hetween the electron and

111
the melul edn
ploclrostatios when an electron Is many lnd

arfuee. Under Lhese conditions, the maol,

nszumed 1o he plane and eontinuous, as sl

All the oleetrie field lines must inlorse

tl

i
1}
r
\
0
is

H

i
1)
u“,
L

Ennday nfler Lhe diseaysion
webeie feld 1o Lhe surfaee of
foddo this il Is neesssnrey Lo
e Lhe pmitled electron as a
The metal. T s forlunate
Jfﬁ?‘f\“ﬂ&‘;‘lly from Lhe surineo
ompligted by the eryatad
ou (56 prob, 12-7}. The
ldeomputed from ordinary
e ponstanla away from tho
surfapa 0 Fig, 12-1 can be
vietn Plg 12-3a,

the surfnee ab right angles,

* since the melnl s o conductlor,

the posilive charge on the surface us o fuge

enleulnte the foree exerted on

tvidently §

the eleciro

‘ Thoere is a short cut in Lhis clectrostatic p
ntelhod of fmages. "The fiekd to the right

A
i

i
Q
0

vould hio tedious to ealoulnte
don of position and thon o
- Lhis charge disbeibution,
slep that is based upon the
s ) s identiend in Figs.
*y
v,
v;'g

T
{on

i
|

-

See, 14-2 Thermionie misaton 139
"image” e .
+ z\‘ —
Elaclron —e, al 1
a distance x
from the suriace Eleclron’
; —g At
Yacyum Yacuum Yacum
= ' x=0
g—b—- . L —r
(a) ) (b)

Fla, 1223, ) Eleetede Tiekl Hnes fur an eleetron Sear The surfnee of nometsl,  tn
ISheetele TiekE Ten for no eleebras aned nocharge 40 of egqund distanees either side of
z o= 4 e field for e > 00 identiond with the fiebd B ta), slnee Uie Beld lines in o) pee
perpendivular Lo the metal aierfore, ’

12-3a and 123, This means thal the foree on Lthe eleciron at a distnnee
2 from (he suilnee ix the same ns i the melal surface were replaced by a
charge -Fenl ~p The foree on The eleeteni is therefare —e? 70w eor™s,
sinee (e distangoe from the eloetron to is fmage is 2.

The potentinl energy associnted with this foree is —e2 /U G}, com-

mued on the wgemplion thal £ = 0 al b = =, H there s no externpl™

voedeelpie leld opplicd to the eonittng siefnee, the anby canlribution to [
is Lhe image foree contribution, nud this fern s itlustrted in Fig, 12da,
A un neeelornting feld § 18 applicd, Lhe siuaiion uskealed o Fiz, 12-15
prevails. Theree is now an additional eoutrilntion — et to the potentjol
“onergy of wn eloelron,  The eleetron needs somewhal less (¢ Ag) thun an
'E'mggy f9g 4 e¢ in prder Lo he emitted, Therelore more eleelrons will
Surmount the horrier, and tho resulling inerense in J is ealled Lhe Sehaltly™
affect, i '

In arder {o gadenlute this inerease we first enleulate g, the pasition
of the moxlmum of P in Pig. 12-10, Sivee the tolad petentinl energy
of Lhe nlt‘.:'.lg';nf I8 1 = (—e*/16regr) — Ber, we can focate the position g
of the mnx!mﬁm by seliing d/de = 0:

N ‘1‘2 1

- o 0 . ( [ ) (12.7)
T TRy e = Iy =\~ -
DT !“ﬂ'fumn2 Hireyh
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L Polential eneigy ol
ah election, P

J e

¥
i
1 P=—ebx
N[
T Terigx ebx
’ ' ‘v\ | R,
(a} ‘ . .(b)

Kl 124, f'l:il‘-l‘li-i.lﬂ ey 11 of wis eleelron na nfu 16 Ling of fis llini.mu:n :r.rfrnm thn
sirlace of oomelal,  {a) No oxteennd fleld,  (0) Bxtertdnl fold aeceleeding elockrons

* Lowank - o lowering e A of the work funetion h Ll hoen ,I;mdu('ml {6 nitk A nri
L} al X \ H ‘I;
grontly vxnm::‘rulud). '
ot ! | ); '
We can now caleulalo e Ag, ajnce this is the Yajug of I alz = %ot
. . 8! b »
L e galighs PR\ ‘
oA o5 ag o - {-= (12-8)
(I(hrfn)_}-_‘ B ‘hl'fp
This ¢ A¢ is the amount by which the work funclion ed is lowerad w‘hcn un
aceclorating field & is applied, The thermionjelemission equution inelud-
ing the effect of the applied electrie ficld is ¢ 1L|m[orq'"
G "
[ {4 .
’ ‘ ' ' j = AQTQG k']"[’ (it ,) ] . (12*9)
) . v O F:' Al
T T i
M ’O/J/)/
) . .*.r::._:::g—Value of jal ',f;‘
: M . zero field S
‘ & 02 ’ ]
; ) Space charge fowers e et
- lhese points .
i ' o ] 1. ] |

200 400 600 | |fBOD 1000
B I {valts/ing t 43«

Fig. 12-5. Scholiky efect wilh o tungaten filnmenting 21_(](1"1{_. The current ot 7ur
feld is nhout 0.8 uf the current ab 10° valts jrer meled. §'The wnbla of j and the voerticnl
pesition of the line (Lhe “Scholtky line”) are arhitrufy, kS

e -

Serer, 12-2

Tharntionie Emission A0l

AL n constunt tempornture, n plok of I, ve. v/6 should be i slenight
Fine, This regall ngrees woll with exporiment, as flusteated o Fig, t2-3,
whicl is s plak of the logarithm of e cathode eurrent density in a dingde
nd o function of the square rool of e eleeteie field 1b the el hinde pro-
portional to (e square rool of Hie anode vollage). The current at very
low nnode voltpges is Hmited by spaee chnrge; much of o emittod e
rent s turned baek al the polentinl minimum {(potential energy maxi-
mum) ouisida the enthode crented by the space charge. For higher
vidues of &, g Schof tky-elfeet equntion (e, 12-0) §s well verified. This
agreemint enpbles us (o extrapolnte the Scholtky line (i, 12-5) baek
o & = i order to olinin the zere fiold cmisslon current densily, w iv]y
s tha f predhinted Dy eq, 1244, T

Compnrisan of eq, 12-6 wilh experiment Iy shown o Fig, $2.6. The

wp il nirnd Iugm']jiun of Lhe zero-fiedd j divided hy 72 iy plotted ws o fune-

Ction of HLRE/T, and w stenight Hno s oltained.  From the slope and

N T T ;
‘n‘ @ !
(-;!3- = 0.6 ?{10 amp/rnf,
10 -~ \\ ’ . —
N
bY
N
N
N
. S .
A TO Y -

- \1250';{

. 0.9 pamp/m.2 5:-\1
—30 |- 4

. | I L !
i 2 4 6 8
- {10,000/T) —

Fig. 12-4, 'j‘!mg_ﬁnlunh: emisgiun Fram Gangslon, "Phe ordinnle is the dogneithio to the
hase ¢ of i eerent density (vnp/in.8) divided by T2 Tha o Tactor enn he ile-
Yeemined from the (HLIO0/T) w= 0 intaereepl, nndd the work funetion ean e deters
R i e

1

1
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Pliysical loctronies .
K : ' TABLE 121
'l‘hermiuniq.Eml,s_a_iml Conptiints
Metal i, volta 4, nmp/m_.f . Metak &, ‘”’U{” A, np/m.?
Cro 1.0 048 X 10¢ Pt 542 032 X 107
Fg 448 ¢.20 ' “fu A4 04
Mo’ 4.20 055 teamgllnifiy . 4.7 000)
\1 il 030 Liiilg 2 {itd 0.20,

ll;mu ¢ Uerring aml \I 1. Nifhlll'l feva, Mo
uml 4o ML L.tl}’uh”l..!ppl Plya,, 23, 200 (1061),

(]ﬂ ﬂ(l()/’!) = [} immwpt of syeh a ling wo o

2

Li

I‘Iw.w., 21, 183-270 (11140),

,or

olpin the swork Tune-

tion '+l A-faei (the oxnmu_ncnlul valy
er, §2-0) for voifous matericls, Bemd expes
]ulmi in Tl l.?, 1,
' qunnlum theory nf melals: it g been done
Thire maetals mvh nl tan low lvmpvmlumq
hqmlnrmmm of ¢, but the thear Y is in good ngr
dvlm minntions of ¢,

!u- A vatues bi Table 12-1 ¢an bo compared
of 1220 % 10" amp/m.2 The experimental d

1L iy very dillicult Lo cmlu;

P
iy
i

b
he

\Y
di

of Thy (uantity Ay in
nogt vqhms ara fndm-
llu;n {r ‘values from the
y for l]m abkall motuls,
])n)‘m“ thermlonie de-
mighb wil I pholoeloeieis

o
i

ith Hm thmviu «nl valuo
wmiindlons are nol ge-

ym

eurnte boenuse of e largo extrapolation of di

i

pecujrod (soo Fig, 12-6

nie] prob, 12-6), Hut the dispgrecments are lar

T

‘u‘lnr Thore urg two pum :pul causes for

"1, Wa have hu'llly pwumed in umtiynng (
'¢> Is 0 eonsland independent -of lempernbire

i}

([gnu, of Mg, 12-00 Lhat
d fhinld nal boe exnetly

consinnt, sineo- tha expansion of (he solid wit

1)

lomperaiitroe nnd olber,

more minor effeels change ¢ slowly will 7'

skl compured To ¢ ilself, it-is possiblo to msi

Jecouse this varintion is
a Muoclwurin expansion

r iy Lo experimental -
i di_ﬂll.[,l peinenl;

and Lo write ¢ = ¢y 4= T(dd/dT Vg 10 0 godd] ppproximalion. I this
‘@ |8 subslituled Iplo eq. 12-6, we ohlain e o

. : ? . e (‘M ]

S T LTI VA L (AU (12-10)
The quantity in 'brunkels is Lhe predicled 4 fm.t,nr and can be con-
“giderably dilTerent from Ag. | 3
20 We luwc, tnui]y asswined o perfeely unifo m surfam of tha emiller

wilh Lhe snme cf; at nll posilions, bul nelunlly

4 18 difTerent for differont

11

g pre performed on poly-

(.ryst.ul faces of the emitier, and Lhe experime

oy el hall haw g, whore ¢y is considerably gronter than ¢,.

Sve. 12-2 Thermionic Emisxiun 413

Suppose that hidf the emitler e hos o swork fugetion
Proctiendly

nll the emission s from (he palehes with the lower work funetion :'rm.g
The emitting aven is therefore only bolf the nominal cathode area. and

the measured 4 will be one-hall the theorelical Ag for o uniform emitier,
This patch cffeet nlsae complicates the Schotlky effeet, since there nre
slvong loen] eleirdrie fields between adjacent palehes, -

eryalplline \\'iroé.

"

-~
IS

Boil Ilwho (‘{T(‘c-l‘; nre prabably important in the measurements suin-
marized i Tahle 1241 Another possible effect s pmlmblv not of much
&L\(tu ul lln]mrhmu' Init deserves hriel mention.  This is the partinl
reflection of the eleelron wives ng (hey emerge Irom the surlnce. The

refleation effect was deseribed in See. 8-1d; 3t can be serios for o sharg?
slep i the polontinl energey of an elogtron,  But the reflection coelliciont

s fur o Hhiwp unily i the poleniind onergy ehanges slowly with djs-

banea, asreguired by the imnge faree theory, The Inetor (1 — 1) really
should multiply the right side of cqs, 12-6, 12-4, and 12-10, bul is very
nearly cqunl ty unily,  There are novertheless small hut imcresling
inlerferenea effpels helween the partinl rofleetions at & = O and at v = 1y
thad pradure n per fodiv devintion of experimental data from the Schotiky
line. '

Pure tungatep is the only one of the three kinds of practical thermionic
emilters {o which the theory just presenied is divectly applienble.
Tungsten i a yselul emilter beeause it bag the highest melling point nd
bwest vaparlzallon rale at high temperntures of any metal, A tungsien
filnment s ardbinrily opernted al o tempernture of about 2300°1, A
higher temperglure would give groater emission current density (), and
would even giva n gronter 7 per walt of ilament Leating power, higher
Lemperslures would reduen the life of the filnment beeause of evapora-
ot AL 7 ="2500°K the thermionie emission cwrrent density from
laigaten Is nhout 3000 mnp/m,?  Boeausa of the low efficicacy tlow j
per wald of henling power), pure tungsien emillers nre cmploved only
whore olther emitiers cannot be used,  Their application is thevefore
confined 10" power tubes ({ransmitting fubes) and X- -rny tuhes, where
the node Yollige is so high that energotic positive jons ean be prodieed
that damegs ofhoy kinds of emiiters.

The second khul of practieal emitior is the thovinfed-tungzten emii-
Ler, which is n*fllnment of tungsten containing a few per cent of Thil,.
The filament mist be activeted i o vacuum by the following treatment:
Firsl it is hpnled to 2800°K for a few minntes to clean the surface by
evaporalion nd to reduca some ThQz to Th. Then it is cooled to abous
2100°K. AL this temperature more thorium diffuses lo the surface then
evaporalos, and Lhus a thorlwn coaling is created. This coaling is




